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 It has been about 5 years since the publication of the  HIV Protocols  2nd edition. Thus, 
when we were approached by John Walker asking us to compile a new edition, we were 
pleased to know that previous edition had been quite popular both in print and in terms of 
online downloads. During the intervening years, there has been a considerable advance in 
the methods employed in HIV research—especially those pertaining to virology. Therefore, 
we readily agreed, and now here is  HIV Protocols  3rd edition! 

 The protocols included in this book were chosen to complement those in the previous 
edition. Therefore, these two editions are companion volumes and there are no overlaps. 
The HIV protocols are written for use by researchers at all levels including technicians, 
graduate students, and postdoctoral fellows working in HIV/AIDS laboratories both in 
academia and pharmaceutical industry. The protocols include chapters that investigate vari-
ous aspects of HIV-1 replication and hence are helpful for investigating the mechanisms of 
HIV-1 replication or pathogenesis. The book contains 25 chapters grouped into six parts: 
(1) HIV early events; (2) HIV-1 RNA structure and RNA-protein interactions; (3) HIV-1 
post-integration events; (4) HIV-1 pathogenesis in animal models; (5) Tools to study 
HIV-1 latency; and (6) NeuroAIDS. Chapters within each part are related to each other in 
the overall goals, but they are distinct from each other and cover a specifi c protocol or sets 
of protocols. For each of the chapters, we have sought out experts who have developed the 
technique, improved it signifi cantly or simplifi ed it, and applied it to HIV research. 

 As is typical to all MiMB series of books, these chapters are complete with a Notes sec-
tion. These notes come from the experts and contain many tips, tricks, and little details that 
are rarely mentioned in standard protocols. All our authors made a special effort to think up 
those, seemingly small, but highly signifi cant tips that are crucial for the protocols to work. 

 We would like to thank Springer for the opportunity to edit this book, the series editor 
Dr. John Walker for his continuous support and guidance, and Patrick Marton and David 
Casey for their unwavering support. We extend our sincere gratitude to all contributors for 
submitting their valuable contributions to this collection and for their prompt communica-
tion with us. We wish to specially express our gratitude to the members of our two research 
groups (Arthur Ruiz, Annalena La Porte, Christine Timmons, Vasudev Rao, and David 
Ajasin) who have helped with reading the chapters for scientifi c content and with creating 
the subject index. Arthur Ruiz deserves a very special mention for his careful corrections 
and for piloting the chapters from the user point of view. His contribution was above and 
beyond the call of duty.  

  Bronx, NY, USA     Vinayaka     R.     Prasad, Ph.D.       
     Ganjam     V.     Kalpana, Ph.D.      
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    Chapter 1   

 Quantifying CD4/CCR5 Usage Effi ciency of HIV-1 Env 
Using the Affi nofi le System       

     Nicholas     E.     Webb      and     Benhur     Lee       

  Abstract 

   Entry of HIV-1 into target cells involves the interaction of the HIV envelope (Env) with both a primary 
receptor (CD4) and a coreceptor (CXCR4 or CCR5). The relative effi ciency with which a particular Env 
uses these receptors is a major component of cellular tropism in the context of entry and is related to a 
variety of pathological Env phenotypes (Chikere et al. Virology 435:81–91, 2013). The protocols outlined 
in this chapter describe the use of the Affi nofi le system, a 293-based dual-inducible cell line that expresses 
up to 25 distinct combinations of CD4 and CCR5, as well as the associated Viral Entry Receptor Sensitivity 
Assay (VERSA) metrics used to summarize the CD4/CCR5-dependent infectivity results. This system 
allows for high-resolution profi ling of CD4 and CCR5 usage effi ciency in the context of unique viral 
phenotypes.  

  Key words     Affi nofi le  ,   Virus entry  ,   CD4  ,    CCR5    ,   Receptor usage effi ciency  ,    Env    ,   Entry effi ciency  ,   HIV  

1      Introduction 

 HIV-1 entry is driven by the envelope glycoproteins gp120 and 
gp41 ( Env  ). Fusion between the viral and cellular membrane is 
driven by a multistage, concerted mechanism that fi rst requires 
binding of gp120 to cell-surface CD4. This engagement triggers 
conformational changes in gp120 that expose a coreceptor binding 
region, which subsequently binds to one of two chemokine core-
ceptors:  CCR5   (R5) or  CXCR4   (X4). Coreceptor interactions 
trigger the release of a fusion peptide in gp41, which induces 
membrane fusion, ultimately leading to infection. 

 While HIV Envs can be classifi ed as either R5, X4, or dual R5/
X4 tropic based on the coreceptor recognized [ 1 ], coreceptor tropism 
alone does not predict target-cell tropism or pathology. For exam-
ple, although macrophages express higher levels of  CCR5   than 
CD4+ T cells, many R5-tropic viruses can infect CD4+ T cells but 
not macrophages. The majority of transmitted HIV-1  Env  ’s are 
exclusively R5-tropic [ 2 – 4 ], which persist throughout the course 
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of infection to the onset of clinical AIDS, where nearly half of all 
subtype B infections evolve X4-tropism [ 5 – 7 ]. However, 
X4-tropism is not a requirement of advanced disease as R5 Env’s 
are also associated with disease progression, T-cell depletion, and 
clinical AIDS [ 8 ,  9 ]. Indeed, the relative effi ciency of CCR5 usage 
among certain Env’s has been linked to transmission [ 10 ,  11 ], 
macrophage tropism [ 12 – 14 ], and neurovirulence [ 12 ,  15 – 17 ], 
underscoring the importance of CD4 and CCR5 usage effi ciency 
in pathological contexts. 

 Prior studies of CD4 and  CCR5   usage effi ciency commonly 
evaluate infection on multiple cell lines expressing distinct and 
homogenous CD4/CCR5 surface densities [ 18 – 20 ], which, 
although informative, offers a limited resolution of CD4 and 
CCR5 expression combinations. Additionally, differences in 
postentry infection susceptibility and viral gene expression can 
confound interpretations of entry effi ciency. We describe the 
 Affi nofi le system   [ 21 ], a 293-derived CD4/CCR5 dual-inducible 
cell line, and the associated Viral Entry Receptor Sensitivity Assay 
(VERSA) metrics used to assess CD4 and CCR5 usage effi ciency in 
an interdependent context on a single clonal cell line. 

  Affi nofi le cells   express CD4 through the tet-on system where, 
in the presence of tetracycline, inhibition of CD4 expression by the 
tet transactivator is released providing concentration-dependent 
expression of CD4.  CCR5   is expressed through the ecdysone sys-
tem where ponasterone A promotes dimerization of constitutively 
expressed  VgEcr   and RXR nuclear receptor proteins, which drives 
CCR5 expression in a concentration-dependent manner. A sche-
matic of this inducible system is shown in Fig.  1 , and more detail 
regarding the mechanisms of induction can be found in the litera-
ture [ 21 ,  22 ]. Affi nofi le cells can be induced to generate up to 25 
distinct combinations of CD4 and CCR5 (as measured by CD4/
CCR5 antibody epitopes per cell), recapitulating a wide, biologi-
cally relevant range of receptor/coreceptor surface densities [ 13 ]. 
CD4 expression generally ranges between 2000 and 150,000 CD4 
antibody biding sites per cell (ABS/cell) and CCR5 expression 
ranges between 1500 and 25,000 ABS/cell. These induction 
matrices are then infected to profi le viral infectivity across the 
entire range of combined CD4 and CCR5 expression levels. This 
profi le is distilled by the VERSA algorithm into three metrics that 
describe the overall infectivity of an  Env   (mean induction,  M ), the 
stoichiometric contribution of CD4 and CCR5 to infectivity 
(angle,  θ ), and the responsiveness of an Env to the most effi cient 
combination of CD4 and CCR5 expression (amplitude, ∆). These 
three parameters have been used to identify specifi c mechanisms of 
entry inhibitor resistance [ 23 – 28 ], target-cell tropism [ 12 – 14 , 
 29 ], and transmission [ 10 ,  11 ] in terms of an Env’s response to 
changing levels of CD4 and CCR5 expression on Affi nofi le cells. 

Nicholas E. Webb and Benhur Lee
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A more in-depth description of these metrics and how they have 
been applied to specifi c Env phenotypes is reviewed in [ 22 ].

   The protocols provided in this chapter are intended as a guide 
for using the  Affi nofi le system   and interpreting the results in any 
context and, thus, are not specifi c for analyzing a particular  Env   
phenotype. The experiments described can be easily adjusted to fi t 
specifi c research needs so long as the fundamental requirements 
and core concepts discussed are satisfi ed. The fi rst procedure quan-
tifi es CD4 and  CCR5   expression in terms of induction with doxy-
cycline and ponasterone A, respectively, to calibrate this system and 
determine the range of induction to be used in further experiments 
(Subheading  3.1 ). We then describe the preparation and infection 
of an Affi nofi le matrix composed of 25 distinct CD4/CCR5 
expression levels (Subheading  3.2 ). This chapter then closes with 
an in-depth discussion of the fundamental meaning and derivation 
of each VERSA metric to provide users with a strong foundation 
from which to interpret relative differences in CD4 and CCR5 
usage effi ciency in a wide range of contexts (Subheading  3.3 ).  

  Fig. 1    Schematic of the Affi nofi le system. ( a ) The  Tet-On   system drives CD4 
expression where tetracycline prevents the tet transactivator from repressing 
CD4 expression in a dose-dependent fashion. ( b )  CCR5   expression is driven by 
the ecdysone-inducible system.  Ponasterone A   ( star ) induces dimerization of the 
constitutively expressed insect nuclear hormone receptor subunits (VgEcR and 
RXR, represented as PonTransAct) forming VgRXR, which binds the ponasterone 
inducible promoter, driving expression of CCR5 in a manner dependent on pon-
asterone A concentration.       
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2    Materials 

       1.    Affi nofi le media: Dulbecco’s Modifi ed Eagle Medium 
(DMEM) supplemented with 10 % dialyzed fetal bovine serum 
( see   Note 1 ) with 50 μg/mL  Blasticidin   S HCl.   

   2.    Affi nofi les are normally cultured in 10 cm culture dishes and 
split every 2–3 days at 1/5× for no more than 35 passages.      

       1.    One 24-well plate.   
   2.     Doxycycline   hyclate (10 μM in sterile water). Store in 

50–100 μL aliquots at −20 °C.   
   3.     Ponasterone A   resuspended and stored according to manufac-

turer’s instructions.   
   4.    PE quantifi cation beads. These are used to quantify expression 

of  CCR5   by correlating the geometric mean fl uorescence of a 
variety of bead populations with distinct fl uorophore-per-bead 
quantities to the fl uorescence of stained Affi nofi les. We rou-
tinely use QuantiBrite PE beads.   

   5.    APC quantifi cation beads. These are used to quantify expres-
sion of CD4 by correlating the geometric mean fl uorescence of 
a variety of bead populations with distinct fl uorophore-per- 
bead quantities to the fl uorescence of stained Affi nofi les. We 
routinely use Quantum™ APC MESF beads.   

   6.    APC mouse antihuman CD4 (Clone RPA-T4) and appropriate 
isotype (APC isotype for CD4 antibody).   

   7.    PE mouse antihuman  CCR5   (Clone 2D7) and appropriate iso-
type (PE isotype for CCR5 antibody).   

   8.    FACS buffer: 2 % FBS in DPBS.   
   9.    FACS buffer supplemented with 5 mM EDTA.   
   10.    CD4 staining solution: 1/2× APC mouse antihuman CD4 in 

FACS buffer.   
   11.     CCR5   staining solution: 1/2× PE mouse antihuman CCR5 in 

FACS buffer.   
   12.    CD4 isotype staining solution: 1/2× APC mouse IgG1κ isotype 

in FACS buffer.   
   13.     CCR5   isotype staining solution: 1/2× PE mouse IgG2aκ 

isotype.   
   14.    Paraformaldehyde (2 %).   
   15.    Flow cytometer with APC (635 nm excitation/660–668 

emission) and PE (488 nm excitation/575–566 nm emission) 
channels.      

2.1  Cell Culture

2.2  Induction, 
Staining, 
and Quantifi cation

Nicholas E. Webb and Benhur Lee
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       1.    Two 24-well plates.   
   2.     Doxycycline   hyclate (10 μM in sterile water). Store in 

50–100 μL aliquots at −20 °C.   
   3.     Ponasterone A   (powder) resuspended and stored according to 

manufacturer’s instructions.   
   4.    Pseudotyped HIV reporter virus (5 × 10 5  IU minimum per 

matrix to achieve an  MOI   of 0.2). Affi nofi les express low, basal 
levels of  CXCR4   and can be infected by both R5- and X4-tropic 
envelopes. Only R5-tropic envelopes will respond to different 
levels of  CCR5   induction. The particular envelope chosen 
should be relevant to one’s specifi c research purposes.   

   5.    Relevant pseudotype reporter detection reagents.       

3    Methods 

      The induction range of each thawed batch of Affi nofi les must be 
determined before use. This protocol uses a minimized sample set 
whereby CD4 and  CCR5   are measured simultaneously across a 
range of combined doxycycline and ponasterone A serial dilutions. 
Figure  2  shows the sample set and plate map for this protocol, 
where each induction dilution is indicated by samples  1 – 8  and  U1  
and  U2  (uninduced), and isotype controls are indicated by 
samples  A – D  and cytometer voltage adjustment samples  E – H . 
This sample set is intended to provide excess controls for cytome-
ter voltage adjustments. CD4 and CCR5 are measured simultane-
ously using APC-labeled CD4 antibody (clone RPA-T4) and 
PE-labeled CCR5 antibody (clone 2D7) such that no fl uorescence 

2.3  Infection

3.1  Quantitative 
Determination of CD4 
and  CCR5   Induction

  Fig. 2    Plate map for quantitative determination of CD4/ CCR5   expression. Samples 
1–8 are concomitant serial dilutions of doxycycline and ponasterone A with sam-
ples U1 and U2 remaining uninduced. Samples A–B and C–D are duplicate CD4/
CCR5 isotype staining controls, respectively, while samples E–F are induced for 
maximum CD4/CCR5 expression for cytometer voltage adjustment. Samples G 
and H are uninduced Affi nofi les used for live cell gating and FSC/SSC voltage 
calibration.       
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compensation is necessary. This protocol can be adjusted for single 
color analysis of both CD4 and CCR5 by doubling the sample set 
and staining each replicate with CD4 or CCR5 antibodies. Refer to 
Subheading  3.1.3  for a more thorough description of the CD4/
CCR5 antibodies used.

          1.    Seed one 24-well plate with Affi nofi les at a minimum density 
of 1 × 10 5  cells/well ( see  Fig.  2 ) using Affi nofi le media 
( see   Note 2 ).   

   2.    Incubate at 37 °C (5 % CO 2 ) until the cells have adhered and 
wells have reached 70–80 % confl uency.   

   3.    Prepare 100 μL maximum induction solution with 78 ng/mL 
doxycycline and 52 μM ponasterone A ( see   Note 3 ).   

   4.    Prepare seven 0.5× serial dilutions of the maximum induction 
solution by serial diluting 30 μL maximum induction solution 
through seven additional tubes containing 30 μL Affi nofi le 
media.   

   5.    Add 20 μL of the appropriate induction dilution to wells  1 – 8  
(Fig.  2 ).   

   6.    Add 20 μL of the maximum induction solution to wells  E – F  
(Fig.  2 ).   

   7.    Add 20 μL Affi nofi le media to wells  U  and  A – D  (Fig.  2 ).   
   8.    Swish plate left-right and up-down gently to mix.   
   9.    Incubate at 37 °C (5 % CO 2 ) for 16–20 h.   
   10.    Prepare labeled FACS tubes with 2 mL FACS buffer each, one 

tube for each well in Fig.  2 .   
   11.    Aspirate media from each well and replace with FACS buffer 

supplemented with 5 mM EDTA.   
   12.    Incubate for 2–5 min at room temperature and visually con-

fi rm cell detachment.   
   13.    Transfer cells to appropriate FACS tubes using a minimum 

700 μL of FACS buffer from the destination FACS tube to 
wash the well surface.   

   14.    Pellet cells at 300 ×  g  for 5 min at 4 °C.   
   15.    Decant supernatant and break up pellet by vortexing gently.   
   16.    Add 2 mL FACS buffer without EDTA and pellet cells at 

300 ×  g  for 5 min at 4 °C.   
   17.    Decant supernatant and break up pellet by vortexing gently.   
   18.    Add 2 μL CD4 staining solution to tubes  1 – 8 ,  U1  and  U2 , and 

 E  and  F . Vortex immediately after addition.   
   19.    Add 2 μL  CCR5   staining solution to tubes  1 – 8 ,  U1  and  U2 , 

and  E  and  F . Vortex immediately after addition.   

3.1.1  Induction 
and Staining

Nicholas E. Webb and Benhur Lee
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   20.    Add 2 μL CD4 isotype staining solution to tubes  A  and  B  and 
2 μL  CCR5   isotype staining solution to tubes  C  and  D . Vortex 
immediately after addition.   

   21.    Incubate at 4 °C in the dark for 60 min.   
   22.    Add 2 mL FACS buffer to each tube.   
   23.    Pellet cells at 300 ×  g  for 5 min at 4 °C.   
   24.    Decant supernatant and break up pellet by vortexing gently.   
   25.    Resuspend cells in 200 μL paraformaldehyde (2 %) and vortex 

gently to mix.   
   26.    Store at 4 °C in the dark until samples can be analyzed using 

fl ow cytometry.      

   Quantitative PE and APC beads are analyzed concurrently with 
the Affi nofi le samples described in Subheading  3.1.1 . These should 
be prepared according to the manufacturer’s specifi cation. 

 Samples  G ,  H  are intended for FSC/SSC voltage adjustment 
and live cell gating while samples  A ,  B  and  C ,  D  are CD4 and 
 CCR5   isotype controls, respectively. One replicate of these sets is 
intended for fl uorescence voltage adjustment (it is also recom-
mended that PE and APC voltage should consider the fl uorescence 
of PE and APC quantitative bead populations) while the other will 
be recorded as an isotype background for subtraction. Samples 
 E  and  F  are replicates of sample  1  (max CD4/CCR5 induction) for 
fl uorescence channel voltage adjustment. Figure  3a  shows a sample 
FSC/SSC plot with a live cell gate. Once the cytometer voltage is 
adjusted appropriately, a minimum of 5 × 10 4  live cell events should 
be recorded from samples  1 – 8 ,  U1  and  U2  (induced and uninduced 
samples), one of  A  or  B  (CD4 isotype control), and one of  C  or  D  
(CCR5 isotype control). Once these samples are recorded, the 
quantitative PE and APC bead samples should be recorded after 
adjusting FSC/SSC voltage appropriately. Fluorescence channel 
voltage should not be adjusted to ensure that the bead fl uorescence 
is representative of the fl uorescence observed on  Affi nofi le cells  .

   Quantitative calibration of APC and PE fl uorescence is deter-
mined by comparing the geometric mean fl uorescence of each 
bead population with the manufacturer-indicated APC/PE mole-
cules per bead. Figure  3b, d  shows calibration curves for both the 
Quantum™ APC MESF (Fig.  3b ) and QuantiBrite PE beads 
(Fig.  3d ), respectively. Follow the manufacturer’s instructions for 
converting the geometric mean fl uorescence of each bead popula-
tion to fl uorophore molecules. This calibration is then applied to 
the isotype-subtracted geometric mean fl uorescence of each 
Affi nofi le induction sample ( 1 – 8 ,  U1  and  U2 ) to calculate fl uoro-
phore molecules per cell, which is directly equal to antibody bind-
ing sites per cell (Fig.  3c, e ). 

3.1.2  Flow Cytometry 
Analysis

Quantifying HIV-1 CD4/CCR5 Usage Effi ciency
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 Induction ranges for all future experiments involving this 
particular batch of Affi nofi les may be determined from these 
 induction- response curves. The quantity of antibody binding sites, 
once determined for an individual thaw of Affi nofi les, does not 
change signifi cantly until late passages (>25–30).  

    We refer the reader to our recent review [ 22 ] and references therein 
for the CD4 and  CCR5   monoclonal antibodies (MAbs) used. 
Many anti-CD4 MAbs that bind to the D1–D2 domain of CD4 
with low (single digit) nanomolar Kd and compete well for gp120 

3.1.3  Antibody Usage

  Fig. 3    Quantifying CD4 and  CCR5   antibody binding sites per cell. Geometric mean fl uorescences for PE (CCR5) 
and APC (CD4) are calculated from live cells ( a ). Quantitative APC and PE beads are used to correlate geometric 
mean fl uorescence to fl uorophore molecules per bead ( b ,  d ). These calibration curves are then used to calculate 
antibody binding sites per cell for each induced Affi nofi le sample ( c ,  e ).       
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binding (e.g., clone RPA-T4 and Q4120) can be used for 
quantifying CD4 ABS/cell on Affinofiles. However, CCR5 is 
conformationally heterogeneous and some epitopes recognized by 
commercially available anti-CCR5 MAbs might not coincide with 
those necessary for productive gp120-CCR5 interactions [ 30 ]. 
The 2D7 anti-CCR5 Mab is most often used for quantifying CCR5 
for HIV entry studies and has been used in almost all Affi nofi le 
studies to date. Although some CCR5 MAbs such as PA14 may 
recognize an even larger spectrum of relevant CCR5 conforma-
tions [ 30 ]. For historical consistency and comparison purposes, we 
recommend that 2D7 be used for quantifying CCR5 ABS/cell on 
Affi nofi les.   

     This protocol describes infection of a 5 × 5 induction matrix 
containing 25 distinct combinations of CD4 and  CCR5   expression 
in a 24-well format (Fig.  4 ).  Doxycycline   and ponasterone A con-
centrations for this matrix should be determined from the quanti-
tative induction responses described in Subheading  3.1 . Preparation 

3.2  Induction Matrix 
and Infection

  Fig. 4    Infection matrix plate map. This matrix consists of fi ve doxycycline (D1–
D5, high to low) and fi ve ponasterone A (P1–P5, high to low) inductions. 
Uninfected cell samples are included for reporter background measurement [ 27 ], 
and additional cell counting wells (Count) are included for proper  MOI   
determination.       
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of induction solutions is greatly simplifi ed when serial dilution can 
be used, although this is not required. The induction matrix is 
infected with reporter-pseudotyped HIV virus. We recommend 
infecting at an  MOI   of 0.2 ( see   Note 4 ) as determined  on   Ghost 
R5 cells which express saturating levels of CD4 and CCR5 [ 31 ].

     1.    Seed two 24-well plates with 8 × 10 4  cells/well in Affi nofi le 
media ( see   Note 5 ).   

   2.    Incubate at 37 °C (5 % CO 2 ) until the cells have adhered and 
reached 50–60 % confl uence.   

   3.    Prepare fi ve doxycycline induction solutions at 52× the fi nal 
desired concentration, with the fi fth solution containing no 
doxycycline. Each solution should have a minimum, fi nal volume 
of 60 μL.   

   4.    Prepare fi ve ponasterone A induction solutions at 52× the fi nal 
desired concentration, with the fi fth solution containing no 
ponasterone A. Each solution should have a minimum, fi nal 
volume of 60 μL.   

   5.    Add 10 μL of each doxycycline dilution to appropriate wells 
( see  Fig.  4 ) and swish plate left-right and up-down gently to 
mix.   

   6.    Add 10 μL of each ponasterone A dilution to appropriate wells 
( see  Fig.  4 ) and swish plate left-right and up-down gently to 
mix.   

   7.    Incubate 16–20 h at 37 °C (5 % CO 2 ).   
   8.    Trypsinize and count the three  Count  wells ( see   Note 6 ).   
   9.    Remove media from  Cell  wells (Fig.  4 ) and replace with the 

same media used to dilute viral stock.   
   10.    Remove media from all induction wells and add viral inoculant 

at an  MOI   of 0.2 to each well ( see   Note 7 ).   
   11.    Centrifuge plates at 700 ×  g  for 2 h at 37 °C.   
   12.    Remove inoculant/media from all wells and replace with fresh 

Affi nofi le media.   
   13.    Incubate at 37 °C (5 % CO 2 ) to allow reporter expression (typ-

ically 48–72 h).   
   14.    Measure the reporter signal from each of the induction wells 

and subtract reporter signal from the background signal 
obtained from the three  Cell  wells.    

    Using the ABS calibration curve determined in Subheading  3.1 , 
determine the CD4 and  CCR5   ABS quantities for each doxycy-
cline and ponasterone A concentration used in the induction 
matrix (Subheading  3.2 ). The VERSA algorithm accepts single 
header (Fig.  5a ) and double header (Fig.  5b ) formats. The single 

3.2.1  VERSA Metric 
Processing

Nicholas E. Webb and Benhur Lee
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header format correlates CD4/CCR5 ABS to infectivity directly 
while the double header format includes additional fi elds for doxy-
cycline and ponasterone A concentrations associated with each 
CD4/CCR5 ABS value. Example single and double header for-
mats are shown to the lower left of each format description 
(Fig.  5a, b , respectively). The infectivity itself may be reported as 
either background-subtracted reporter signal values or normalized 
infection ( see   Note 8 ).

   The following formatting criteria must be met for VERSA 
analysis:

    1.    The data must be converted to CSV format.   
   2.    The fi rst (or only) matrix data set must start at the fi rst row of 

the CSV fi le.   

  Fig. 5    VERSA format. VERSA includes a single header format ( a ) that associates antibody binding sites to infec-
tivity reporter values and a double header format ( b ) that includes doxycycline and ponasterone A concentra-
tions. Example formats are shown below format descriptions using background-subtracted reporter signals.       
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   3.    Multiple matrices may be included in the same fi le so long as 
they are separated by a single empty row and have the same 
number of headers ( see   Note 9 ).     

 Open the VERSA website –   http://versa.biomath.ucla.edu/     – 
in any browser and click on  DATA ANALYSIS  (upper left hand 
menu). Select the number of headers and indicate the total num-
ber of data sets (matrices) included in the fi le. Select  Choose File  
and locate the appropriate csv fi le, and then click on  Process File  to 
begin calculation. 

 Figure  6  shows a sample of the VERSA output that includes 
the VERSA metric summary (mean induction  M , angle  θ , and vec-
tor amplitude ∆) and  F ( x , y ) polynomial fi tting parameters (a0–a5). 
While the metrics summarize each matrix in terms of overall infec-
tivity and CD4/ CCR5   usage effi ciency, the fi tting parameters can 
be used to reconstruct the surface fi t  F ( x , y ).

        VERSA metrics are derived by fi tting an  Env  ’s infectivity profi le to a 
second-order polynomial surface function  F ( x , y ) (Fig.  7a ). The 
mean infectivity across the entire surface ( M ) describes the overall 
infectivity of the Env throughout all levels of CD4 and  CCR5   
expression (Fig.  7b ). The gradient of  F ( x , y ) ( S ) is defi ned by a  vector 
anchored at the lowest CD4/CCR5 expression level that points in 
the direction of the steepest path along the surface (Fig.  7c ). This 
sensitivity vector ( S ) is composed of an amplitude of responsiveness 

3.3  Analysis 
of VERSA Metrics

  Fig. 6    VERSA output. VERSA metrics (vector angle, vector amplitude, and mean induction) are reported for each 
matrix in this 4-matrix data set, along with the polynomial fi tting parameters (a0–a5) used to construct the 
surface ( boxed rectangle ). It is not necessary for the user to know the values of these fi tting parameters in 
order to understand the biological meaning of the VERSA metrics.       
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(∆) to a specifi c stoichiometric combination of CD4 and CCR5 
expression defi ned as an angle ( θ , e.g., the direction of  S  in the  x , y  
plane). By convention, low angles ( θ  < 45°) indicate that the path of 
greatest responsiveness is weighted toward CD4, while high angles 
( θ  > 45°) indicate a CCR5-weighted responsiveness.

   As the mean level of infection observed across the entire sur-
face,  M  is generally indicative of overall infection effi ciency. This is 
most evident when comparing infection profi les in the absence and 
presence of entry inhibitors [ 25 ,  28 ]. 

 However,  M  is inherently bound by the maximum and mini-
mum levels of infection observed. For example, the infectivity pro-
fi le of YU2 reveals a distinct ability to mediate high levels of 
infection at low CD4 surface densities compared to JRCSF [ 12 ], 

  Fig. 7    VERSA metrics. The VERSA metrics  θ , ∆, and  M  are calculated by fi tting the surface function  f ( x , y ) ( a ) to 
infectivity data across all combined CD4/ CCR5   expression levels. Mean infectivity ( M ) is the mean infectivity 
observed across the entire surface ( b ). A sensitivity vector ( 


S   ) is fi t to the gradient of  f ( x , y ) ( c ). The vector is 

composed of an angle ( θ ) indicating the direction of greatest infectivity response (in the  x , y  plane) and the 
amplitude (∆) of responsiveness. A polar plot ( d ) summarizes these three metrics where  θ  is defi ned as the 
angle of a line anchored at the origin, ∆ is the length of that line, and  M  is the size of the circle set at the end 
of the line.       
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which necessarily increases the mean infectivity (by increasing the 
minimum). The dynamic range and steepness of an infectivity sur-
face has a lesser impact on  M , for example, a short and dramatic 
increase in infectivity that plateaus at low levels of CD4 and  CCR5   
will naturally increase the mean by weighting more CD4/CCR5 
expression levels at high infection. Collectively, these unique effects 
describe specifi c mechanistic components of generalized entry 
effi ciency. 

 The sensitivity vector ( S ) identifi es the path of the greatest 
increase in infection from the lowest CD4/ CCR5   combination, 
taking into account the curvature of the entire surface (Fig.  7c ). 
 S  is more easily visualized as the average of a stepwise path of great-
est increase in infectivity starting at the lowest CD4/CCR5 level 
(shadow arrows in Fig.  7c ). The sensitivity vector has two compo-
nents: an amplitude (∆) that describes the vertical slope and a 
direction defi ned by coordinates in the  x , y  (or CD4/CCR5) plane, 
which is summarized as an angle ( θ ). The angle is a balance of the 
CD4 and CCR5 expression associated with the gradient path and, 
as such, is interpreted as the most effi cient stoichiometric combina-
tion of CD4 and CCR5 used by an  Env  . By convention,  θ  is defi ned 
off of the CD4 axis; thus, Env’s that exhibit a stronger responsive-
ness to changes in CD4 expression will yield a lower angle ( θ  < 45°), 
while Env’s exhibiting a stronger responsiveness to CCR5 expres-
sion will give higher angles ( θ  > 45). For example, a relative increase 
in  θ  that is not associated with signifi cant changes in ∆ or  M  indi-
cates that the Env is more responsive to CCR5 (by comparison). 

 The amplitude (∆) quantifi es the strength of responsiveness to 
this most effi cient,  θ -defi ned combination of CD4/ CCR5  . In the 
simplest context, such as the comparison of two  Env  ’s that exhibit 
no dramatic differences in  θ , a higher ∆ suggests a greater effi -
ciency of infection in response to the ideal CD4/CCR5 combina-
tion and will necessarily be associated with an increase in  M . 

 The metrics themselves can be represented in a polar format 
(Fig.  7d ) that clearly illustrates the functional clustering of  Env  ’s. 
Each infectivity profi le is represented as a single point surrounded 
by a circle with radius  M , angled off the  x  axis (CD4) by  θ  at a 
distance ∆. It is important to note that these three metrics ( M , ∆, 
and  θ ) are derived from a mathematically smoothed surface and 
describe only the properties of the surface itself. The more intri-
cate details of an Env’s response to CD4 and  CCR5   expression 
may not result in signifi cant metric differences due to the fact that 
the metrics are intended to accommodate the entire surface [ 32 ]. 
Alternative representations of these data can offer additional 
insight without the need for mathematical fi tting, such as 2D pro-
fi les or 2D infectivity response plots (published in Fig.  5g, d , e, 
respectively [ 32 ]).   

Nicholas E. Webb and Benhur Lee



17

4    Notes 

     1.    Some lots and brands of FBS have residual tetracyclines that 
may induce CD4 expression. We routinely use dialyzed FBS, 
Thermo Scientifi c.   

   2.    The growth rate of  Affi nofi le cells   can decrease approximately 
50–75 % under induction. A high-density seed or longer prein-
duction culture is necessary to ensure a minimum of 5 × 10 4  
live cell events during fl ow cytometry analysis. Some labs rou-
tinely seed their Affi nofi le cells onto polylysine-coated plates to 
mitigate cell loss. This is appropriate for infectivity experi-
ments ( see   Note 5 ) but is not recommended when the cells are 
to be used for FACS determination of CD4 and  CCR5   expres-
sion levels.   

   3.    In this protocol, doxycycline and ponasterone A concentra-
tions are prepared at 26× of the fi nal concentration. 
Alternatively, the culture media can be entirely replaced with 
Affi nofi le media containing the proper doxycycline/ponas-
terone A concentrations; however, as Affi nofi les are weakly 
adherent, some cell loss may occur.   

   4.    An  MOI   of 0.2 as determined  on   Ghost R5 cells (which are 
highly susceptible to HIV infection due to high expression of 
both CD4 and  CCR5  ) is the upper limit of the linear range of 
infection. This MOI is used to, fi rst, ensure that the majority 
of infected Affi nofi les were infected by a single infectious unit 
and, second, to maximize the dynamic range of infection across 
the CD4/CCR5 expression matrix.   

   5.    As mentioned in  Note 2 , the growth rate of Affi nofi les 
decreases during induction; it is also slower after infection. The 
cell seed used for an infection matrix should be informed by 
both this decreased growth rate and the postinfection culture 
time required for adequate reporter signal. The cell seed pro-
vided is optimized for luciferase reporter pseudotype virus 
requiring a 48 h postinfection culture period. Longer culture 
periods will require lower cell seeds to prevent overgrowth. 
The ultimate goal is to achieve a healthy and adherent cell den-
sity on the day of infection that is low enough to prevent over-
growth until infection is measured. Seeding  Affi nofi le cells   
onto polylysine- coated plates can result in less well-to-well 
variability, especially when highly passaged Affi nofi le cells 
begin to lose their already weak baseline adherence.   

   6.    For the most accurate count, we recommend counting two 
separate 10 μL volumes from each trypsinized well sample.   

   7.    Viral inoculant should be diluted in the same solution the virus 
was stored/cultured.   

Quantifying HIV-1 CD4/CCR5 Usage Effi ciency
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   8.    Both background-subtracted reporter signal and normalized 
infection are valid for VERSA processing. When normalizing, 
the subtracted signals should be normalized to the signal 
observed at saturating or near-saturating CD4 and  CCR5   
induction levels. When properly normalized, there is little dif-
ference in  θ ; however, the scale of mean induction ( M ) and 
amplitude (∆) is necessarily dependent on whether the data is 
normalized or not. A more thorough discussion of normaliza-
tion can be found in [ 22 ]. Normalization is our current 
standard.   

   9.    Multiple matrices may have different CD4 and  CCR5   ABS 
quantities as each matrix is processed independently.         

   References 

    1.    Berger EA, Doms RW, Fenyö EM, Korber BT, 
Littman DR, Moore JP, Sattentau QJ, 
Schuitemaker H, Sodroski J, Weiss RA (1998) 
A new classifi cation for HIV-1. Nature 
391:240. doi:  10.1038/34571      

    2.    Long EM, Rainwater SMJ, Lavreys L, 
Mandaliya K, Overbaugh J (2002) HIV type 1 
variants transmitted to women in Kenya 
require the CCR5 coreceptor for entry, regard-
less of the genetic complexity of the infecting 
virus. AIDS Res Hum Retroviruses 18:567–
576. doi:  10.1089/088922202753747914      

   3.    Salvatori F, Scarlatti G (2001) HIV type 1 
chemokine receptor usage in mother-to-child 
transmission. AIDS Res Hum Retroviruses 
17:925–935. doi:  10.1089/08892220175029
0041      

    4.    van’t Wout AB, Kootstra NA, Mulder- 
Kampinga GA, Albrecht-van Lent N, 
Scherpbier HJ, Veenstra J, Boer K, Coutinho 
RA, Miedema F, Schuitemaker H (1994) 
Macrophage-tropic variants initiate human 
immunodefi ciency virus type 1 infection after 
sexual, parenteral, and vertical transmission. 
J Clin Invest 94:2060–2067. doi:  10.1172/
JCI117560      

    5.    Melby T, Despirito M, Demasi R, Heilek- 
Snyder G, Greenberg ML, Graham N (2006) 
HIV-1 coreceptor use in triple-class treatment- 
experienced patients: baseline prevalence, cor-
relates, and relationship to enfuvirtide response. 
J Infect Dis 194:238–246. doi:  10.1086/
504693      

   6.    Moyle GJ, Wildfi re A, Mandalia S, Mayer H, 
Goodrich J, Whitcomb J, Gazzard BG (2005) 
Epidemiology and predictive factors for che-
mokine receptor use in HIV-1 infection. J 
Infect Dis 191:866–872. doi:  10.1086/428096      

    7.    Wilkin TJ, Su Z, Kuritzkes DR, Hughes M, 
Flexner C, Gross R, Coakley E, Greaves W, 
Godfrey C, Skolnik PR, Timpone J, Rodriguez 
B, Gulick RM (2007) HIV type 1 chemokine 
coreceptor use among antiretroviral- 
experienced patients screened for a clinical trial 
of a CCR5 inhibitor: AIDS Clinical Trial 
Group A5211. Clin Infect Dis 44:591–595. 
doi:  10.1086/511035      

    8.    Brown BK, Darden JM, Tovanabutra S, 
Oblander T, Frost J, Sanders-Buell E, de Souza 
MS, Birx DL, McCutchan FE, Polonis VR 
(2005) Biologic and genetic characterization 
of a panel of 60 human immunodefi ciency 
virus type 1 isolates, representing clades A, B, 
C, D, CRF01_AE, and CRF02_AG, for the 
development and assessment of candidate vac-
cines. J Virol 79:6089–6101. doi:  10.1128/
JVI.79.10.6089-6101.2005      

    9.    Huang W, Eshleman SH, Toma J, Fransen S, 
Stawiski E, Paxinos EE, Whitcomb JM, Young 
AM, Donnell D, Mmiro F, Musoke P, Guay 
LA, Jackson JB, Parkin NT, Petropoulos CJ 
(2007) Coreceptor tropism in human immu-
nodefi ciency virus type 1 subtype D: high 
prevalence of CXCR4 tropism and heteroge-
neous composition of viral populations. J Virol 
81:7885–7893. doi:  10.1128/JVI.00218-07      

     10.    Ping L-H, Joseph SB, Anderson JA, Abrahams 
M-R, Salazar-Gonzalez JF, Kincer LP, 
Treurnicht FK, Arney L, Ojeda S, Zhang M, 
Keys J, Potter EL, Chu H, Moore P, Salazar 
MG, Iyer S, Jabara C, Kirchherr J, Mapanje 
C, Ngandu N, Seoighe C, Hoffman I, Gao F, 
Tang Y, Labranche C, Lee B, Saville A, 
Vermeulen M, Fiscus S, Morris L, Karim SA, 
Haynes BF, Shaw GM, Korber BT, Hahn BH, 
Cohen MS, Montefi ori D, Williamson C, 
Swanstrom R, CAPRISA Acute Infection 

Nicholas E. Webb and Benhur Lee

http://dx.doi.org/10.1038/34571
http://dx.doi.org/10.1089/088922202753747914
http://dx.doi.org/10.1089/088922201750290041
http://dx.doi.org/10.1089/088922201750290041
http://dx.doi.org/10.1172/JCI117560
http://dx.doi.org/10.1172/JCI117560
http://dx.doi.org/10.1086/504693
http://dx.doi.org/10.1086/504693
http://dx.doi.org/10.1086/428096
http://dx.doi.org/10.1086/511035
http://dx.doi.org/10.1128/JVI.79.10.6089-6101.2005
http://dx.doi.org/10.1128/JVI.79.10.6089-6101.2005
http://dx.doi.org/10.1128/JVI.00218-07


19

Study and the Center for HIV-AIDS 
Vaccine Immunology Consortium (2013) 
Comparison of viral Env proteins from acute 
and chronic infections with subtype C human 
immunodefi ciency virus type 1 identifi es dif-
ferences in glycosylation and CCR5 utiliza-
tion and suggests a new strategy for 
immunogen design. J Virol 87:7218–7233. 
doi:  10.1128/JVI.03577-12      

     11.    Parker ZF, Iyer SS, Wilen CB, Parrish NF, 
Chikere KC, Lee F-H, Didigu CA, Berro R, 
Klasse PJ, Lee B, Moore JP, Shaw GM, Hahn 
BH, Doms RW (2013) Transmitted/founder 
and chronic HIV-1 envelope proteins are dis-
tinguished by differential utilization of CCR5. 
J Virol 87:2401–2411. doi:  10.1128/
JVI.02964-12      

       12.    Salimi H, Roche M, Webb N, Gray LR, Chikere 
K, Sterjovski J, Ellett A, Wesselingh SL, 
Ramsland PA, Lee B, Churchill MJ, Gorry PR 
(2013) Macrophage-tropic HIV-1 variants 
from brain demonstrate alterations in the way 
gp120 engages both CD4 and CCR5. J Leukoc 
Biol 93:113–126. doi:  10.1189/jlb.0612308      

    13.    Joseph SB, Arrildt KT, Swanstrom AE, Schnell 
G, Lee B, Hoxie JA, Swanstrom R (2014) 
Quantifi cation of entry phenotypes of 
macrophage- tropic HIV-1 across a wide range 
of CD4 densities. J Virol 88:1858–1869. 
doi:  10.1128/JVI.02477-13      

     14.    Sterjovski J, Roche M, Churchill MJ, Ellett A, 
Farrugia W, Gray LR, Cowley D, Poumbourios 
P, Lee B, Wesselingh SL, Cunningham AL, 
Ramsland PA, Gorry PR (2010) An altered and 
more effi cient mechanism of CCR5 engagement 
contributes to macrophage tropism of CCR5-
using HIV-1 envelopes. Virology 404:269–278. 
doi:  10.1016/j.virol.2010.05.006      

    15.    Gorry PR, Bristol G, Zack JA, Ritola K, 
Swanstrom R, Birch CJ, Bell JE, Bannert N, 
Crawford K, Wang H, Schols D, De Clercq E, 
Kunstman K, Wolinsky SM, Gabuzda D 
(2001) Macrophage tropism of human immu-
nodefi ciency virus type 1 isolates from brain 
and lymphoid tissues predicts neurotropism 
independent of coreceptor specifi city. J Virol 
75:10073–10089. doi:  10.1128/
JVI.75.21.10073-10089.2001      

   16.    Gorry PR, Taylor J, Holm GH, Mehle A, 
Morgan T, Cayabyab M, Farzan M, Wang H, 
Bell JE, Kunstman K, Moore JP, Wolinsky SM, 
Gabuzda D (2002) Increased CCR5 affi nity 
and reduced CCR5/CD4 dependence of a 
neurovirulent primary human immunodefi -
ciency virus type 1 isolate. J Virol 76:
6277–6292  

    17.    Martín J, LaBranche CC, González-Scarano F 
(2001) Differential CD4/CCR5 utilization, 

gp120 conformation, and neutralization sensi-
tivity between envelopes from a microglia- 
adapted human immunodefi ciency virus type 1 
and its parental isolate. J Virol 75:3568–3580. 
doi:  10.1128/JVI.75.8.3568-3580.2001      

    18.    Kozak SL, Platt EJ, Madani N, Ferro FE, 
Peden K, Kabat D (1997) CD4, CXCR-4, and 
CCR-5 dependencies for infections by primary 
patient and laboratory-adapted isolates of 
human immunodefi ciency virus type 1. J Virol 
71:873–882  

   19.    Platt EJ, Madani N, Kozak SL, Kabat D (1997) 
Infectious properties of human immunodefi -
ciency virus type 1 mutants with distinct affi ni-
ties for the CD4 receptor. J Virol 71:883–890  

    20.    Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, 
Kabat D (1998) Effects of CCR5 and CD4 cell 
surface concentrations on infections by macro-
phagetropic isolates of human immunodefi -
ciency virus type 1. J Virol 72:2855–2864  

     21.    Johnston SH, Lobritz MA, Nguyen S, Lassen 
K, Delair S, Posta F, Bryson YJ, Arts EJ, Chou 
T, Lee B (2009) A quantitative affi nity- 
profi ling system that reveals distinct CD4/
CCR5 usage patterns among human immuno-
defi ciency virus type 1 and simian immunode-
fi ciency virus strains. J Virol 83:11016–11026. 
doi:  10.1128/JVI.01242-09      

       22.    Chikere K, Chou T, Gorry PR, Lee B (2013) 
Affi nofi le profi ling: how effi ciency of CD4/
CCR5 usage impacts the biological and patho-
genic phenotype of HIV. Virology 435:81–91. 
doi:  10.1016/j.virol.2012.09.043      

    23.    Pugach P, Ray N, Klasse PJ, Ketas TJ, Michael 
E, Doms RW, Lee B, Moore JP (2009) 
Ineffi cient entry of vicriviroc-resistant HIV-1 
via the inhibitor-CCR5 complex at low cell 
surface CCR5 densities. Virology 387:296–
302. doi:  10.1016/j.virol.2009.02.044      

   24.    Pfaff JM, Wilen CB, Harrison JE, Demarest 
JF, Lee B, Doms RW, Tilton JC (2010) HIV-1 
resistance to CCR5 antagonists associated with 
highly effi cient use of CCR5 and altered tro-
pism on primary CD4+ T cells. J Virol 
84:6505–6514. doi:  10.1128/JVI.00374-10      

    25.    Roche M, Jakobsen MR, Sterjovski J, Ellett A, 
Posta F, Lee B, Jubb B, Westby M, Lewin SR, 
Ramsland PA, Churchill MJ, Gorry PR (2011) 
HIV-1 escape from the CCR5 antagonist mara-
viroc associated with an altered and less- effi cient 
mechanism of gp120-CCR5 engagement that 
attenuates macrophage tropism. J Virol 
85:4330–4342. doi:  10.1128/JVI.00106-11      

   26.    Roche M, Jakobsen MR, Ellett A, 
Salimiseyedabad H, Jubb B, Westby M, Lee 
B, Lewin SR, Churchill MJ, Gorry PR 
(2011) HIV-1 predisposed to acquiring 

Quantifying HIV-1 CD4/CCR5 Usage Effi ciency

http://dx.doi.org/10.1128/JVI.03577-12
http://dx.doi.org/10.1128/JVI.02964-12
http://dx.doi.org/10.1128/JVI.02964-12
http://dx.doi.org/10.1189/jlb.0612308
http://dx.doi.org/10.1128/JVI.02477-13
http://dx.doi.org/10.1016/j.virol.2010.05.006
http://dx.doi.org/10.1128/JVI.75.21.10073-10089.2001
http://dx.doi.org/10.1128/JVI.75.21.10073-10089.2001
http://dx.doi.org/10.1128/JVI.75.8.3568-3580.2001
http://dx.doi.org/10.1128/JVI.01242-09
http://dx.doi.org/10.1016/j.virol.2012.09.043
http://dx.doi.org/10.1016/j.virol.2009.02.044
http://dx.doi.org/10.1128/JVI.00374-10
http://dx.doi.org/10.1128/JVI.00106-11


20

resistance to maraviroc (MVC) and other 
CCR5 antagonists in vitro has an inherent, 
low-level ability to utilize MVC-bound 
CCR5 for entry. Retrovirology 8:89. 
doi:  10.1186/1742-4690-8-89      

    27.    Flynn JK, Paukovics G, Moore MS, Ellett A, 
Gray LR, Duncan R, Salimi H, Jubb B, Westby 
M, Purcell DFJ, Lewin SR, Lee B, Churchill 
MJ, Gorry PR, Roche M (2013) The magni-
tude of HIV-1 resistance to the CCR5 antago-
nist maraviroc may impart a differential 
alteration in HIV-1 tropism for macrophages 
and T-cell subsets. Virology 442:51–58. 
doi:  10.1016/j.virol.2013.03.026      

     28.    Roche M, Salimi H, Duncan R, Wilkinson BL, 
Chikere K, Moore MS, Webb NE, Zappi H, 
Sterjovski J, Flynn JK, Ellett A, Gray LR, Lee B, 
Jubb B, Westby M, Ramsland PA, Lewin SR, 
Payne RJ, Churchill MJ, Gorry PR (2013) A 
common mechanism of clinical HIV-1 resis-
tance to the CCR5 antagonist maraviroc despite 
divergent resistance levels and lack of common 
gp120 resistance mutations. Retrovirology 
10:43. doi:  10.1186/1742-4690-10-43      

    29.    Loftin LM, Kienzle MF, Yi Y, Lee B, Lee F-H, 
Gray L, Gorry PR, Collman RG (2010) 

Constrained use of CCR5 on CD4+ lympho-
cytes by R5X4 HIV-1: effi ciency of Env-CCR5 
interactions and low CCR5 expression deter-
mine a range of restricted CCR5-mediated 
entry. Virology 402:135–148. doi:  10.1016/j.
virol.2010.03.009      

     30.    Berro R, Klasse PJ, Lascano D, Flegler A, 
Nagashima KA, Sanders RW, Sakmar TP, 
Hope TJ, Moore JP (2011) Multiple CCR5 
conformations on the cell surface are used dif-
ferentially by human immunodefi ciency viruses 
resistant or sensitive to CCR5 inhibitors. 
J Virol 85:8227–8240. doi:  10.1128/
JVI.00767-11      

    31.    Lee B, Sharron M, Montaner LJ, Weissman D, 
Doms RW (1999) Quantifi cation of CD4, 
CCR5, and CXCR4 levels on lymphocyte sub-
sets, dendritic cells, and differentially condi-
tioned monocyte-derived macrophages. Proc 
Natl Acad Sci U S A 96:5215–5220  

     32.    Chikere K, Webb NE, Chou T, Borm K, 
Sterjovski J, Gorry PR, Lee B (2014) Distinct 
HIV-1 entry phenotypes are associated with 
transmission, subtype specifi city, and resistance to 
broadly neutralizing antibodies. Retrovirology 
11:48. doi:  10.1186/1742-4690-11-48        

Nicholas E. Webb and Benhur Lee

http://dx.doi.org/10.1186/1742-4690-8-89
http://dx.doi.org/10.1016/j.virol.2013.03.026
http://dx.doi.org/10.1186/1742-4690-10-43
http://dx.doi.org/10.1016/j.virol.2010.03.009
http://dx.doi.org/10.1016/j.virol.2010.03.009
http://dx.doi.org/10.1128/JVI.00767-11
http://dx.doi.org/10.1128/JVI.00767-11
http://dx.doi.org/10.1186/1742-4690-11-48


21

Vinayaka R. Prasad and Ganjam V. Kalpana (eds.), HIV Protocols, Methods in Molecular Biology, vol. 1354,
DOI 10.1007/978-1-4939-3046-3_2, © Springer Science+Business Media New York 2016

    Chapter 2   

 Measuring T Cell-to-T Cell HIV-1 Transfer, Viral Fusion, 
and Infection Using Flow Cytometry       

     Natasha     D.     Durham     and     Benjamin     K.     Chen      

  Abstract 

   Direct T cell-to-T cell HIV-1 infection is a distinct mode of HIV-1 infection that requires physical contact 
between an HIV-1-infected “donor” cell and an uninfected, CD4-expressing “target” cell. In vitro studies 
indicate that HIV-1 cell-to-cell infection is much more effi cient than infection by cell-free viral particles; 
however, the exact mechanisms of the enhanced effi ciency of this infection pathway are still unclear. Several 
assays have been developed to study the mechanism of direct cell-to-cell HIV-1 transmission and to assess 
sensitivity to neutralizing antibodies and pharmacologic inhibitors. These assays are based on the coculture 
of donor and target cells. Here, we describe methods that utilize fl ow cytometry, which can discriminate 
donor and target cells and can assess different stages of entry and infection following cell-to-cell contact. 
HIV Gag-iGFP, a clone that makes fl uorescent virus particles, can be used to measure cell-to-cell transfer 
of virus particles. HIV NL-GI, a clone that expresses GFP as an early gene, facilitates the measure of pro-
ductive infection after cell-to-cell contact. Lastly, a variation of the β-lactamase (BlaM)-Vpr fusion assay 
can be used to measure the viral membrane fusion process after coculture of donor and target cells in a 
manner that is independent of cell-cell fusion. These assays can be performed in the presence of neutral-
izing antibodies/inhibitors to determine the 50 % inhibitory concentration (IC 50 ) required to block infec-
tion specifi cally in the target cells.  

  Key words     HIV entry  ,   Cell-to-cell transfer  ,   Cell-to-cell infection  ,    Virological synapse    ,    Neutralization 
assay    ,   Fluorescent reporter virus  ,    Gag-iGFP    ,   β-lactamase (BlaM) fusion assay  

1      Introduction 

 Direct  cell-to-cell HIV-1 infection   is a major mode of HIV-1 trans-
mission between T cells in vitro and is likely to make a signifi cant 
contribution to in vivo HIV-1 spread and pathogenesis in lymph 
nodes, gut-associated lymphatic tissue ( GALT  ), and other tissues 
containing high numbers of HIV-1 susceptible cells. In CD4+ T cells, 
two major modes of HIV-1 infection have been documented—
infection by cell-free virus and infection facilitated by cell-cell con-
tact. Traditional “cell-free” infection involves the release of viral 
particles from a productively infected cell, followed by particle 
diffusion, viral attachment, and entry into an uninfected cell. 
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The T cell-to-T cell virological synapse is distinct from the synapse 
formed between dendritic cells (DCs) and T cells [ 1 ,  2 ]. HIV-1 
infection of the donor DC is not required for DC-to-T cell infec-
tion. Rather, virus particles are concentrated at the DC-T cell junc-
tion and transferred in  trans  to the target cell after exposure of 
donor DCs to virus particles [ 3 ]. T cell-to-T cell infection is medi-
ated by a stable adhesion called a virological synapse (VS) [ 4 ], 
formed between a de novo HIV-1-infected donor T cell and an 
uninfected target T cell (also see reviews [ 5 – 7 ]). T cell-to-T cell 
infection was fi rst observed for  HTLV-1  , a retrovirus that pro-
duces poorly infectious cell free virions [ 8 ]. For HIV-1, T cell-to-T 
cell infection has also been recognized as a much more effi cient 
mode of HIV-1 infection compared to cell-free HIV-1 [ 9 ,  10 ]. 
HIV-1  Env   and CD4 are required on the infected and uninfected 
T cells, respectively [ 4 ], and integrins may facilitate or reinforce 
the cell- cell adhesions [ 11 – 13 ]. Once contact is established, cell-
surface Env, Gag, and CD4 polarize to the site of cell contact 
through actin cytoskeleton rearrangement, forming an adhesive 
structure that is defi ned as a “virological synapse,” as it resembles 
the immunological synapse formed during T cell activation, but 
with unique characteristics (reviewed in [ 14 ] and [ 15 ]). 

 After virological synapse formation, viral particles have been 
described as following different pathways to viral entry. Some stud-
ies suggest that particles bud from the infected donor cell into the 
synaptic cleft and fuse at the plasma  membrane   of the uninfected 
target cell, similar to cell-free infection, but without extensive par-
ticle diffusion [ 4 ,  16 ,  17 ]. Alternatively, particles may be trans-
ferred directly into the target cell within intracellular compartments 
in a co-receptor-independent manner [ 18 ], before fusion of the 
viral and intracellular membranes which requires the presence of 
either  CXCR4   or  CCR5   co-receptor [ 19 – 21 ] (Fig.  1 ). Subsequent 
to viral fusion, the viral life cycle (uncoating, integration, and viral 
gene expression) is thought to be similar to cell-free infection.

   Some antiviral drugs and antibodies have been described as 
having lower inhibitory potency when blocking cell-to-cell infec-
tion as compared to cell-free infection [ 22 – 24 ]. Cell-to-cell trans-
mission may promote viral persistence when suboptimal therapy or 
immune responses are present. Recently, these have been tested 
extensively in various in vitro cell-to-cell entry/infectivity assays 
[ 9 ,  17 ,  23 – 30 ]. 

 A challenge in measuring cell-to-cell infection is clearly distin-
guishing the infectious signal in the target cells from the input 
signal of the infected donor cells. A common feature of the assays 
described here is the use of inert fl uorescent cell-labeling dyes to 
accurately distinguish between donor and target cells. On the day 
of the synapse-forming assay, donor cells are Ficoll purifi ed, and 
target cells are differentially labeled with cell proliferation dye, 
cocultured for a given duration, trypsinized, fi xed, and analyzed by 
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fl ow cytometry. Methods that employ fl ow cytometry enable rapid 
measurements of thousands of cells per second on a highly quanti-
tative single-cell basis. The three assays in the following sections 
use fl ow cytometry and functional fl uorescent indicators to detect 
distinct stages of cell-to-cell infection through T cell virological 
synapses:

    1.     Cell-to-cell transfer assay  utilizes fl uorescent virus particles to 
measure the CD4-dependent steps that lead up to transfer of 
virus particles to the target cell during cell-to-cell infection 
(Fig.  2a ).

DONOR 
CELL

TARGET
CELL

1. Virological
Synapse

2. Transfer into 
intracellular

compartments

3. Maturation

4. Fusion

5. Uncoating,
RT & trafficking

6. Nuclear 
Import 7. Provirus 

Integration & 
expression

HIV-1 
envelope

CD4

  Fig. 1    Schematic representation of direct T cell-to-T cell HIV-1 entry, illustrating 
a multistep entry model. An HIV-1-infected donor T cell ( top ) expressing cell- 
surface envelope binds to CD4 on the surface of an uninfected target T cell ( bot-
tom ), forming a virological synapse. Gag and other molecules also co-localize to 
the site of adhesion. Virions bud and may be transferred directly into intracellular 
compartments where viral maturation and co-receptor binding occur, followed 
by fusion of the viral and intracellular membranes, uncoating, reverse transcrip-
tion (RT), traffi cking to the nucleus, nuclear import, provirus integration, and 
HIV-1 proviral gene expression. Alternatively, virions may bud into the synaptic 
cleft and undergo maturation, CD4 and co-receptor binding, and fusion of the 
viral and cell plasma membranes, similar to cell-free infection (not shown).       
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       2.     Cell-to-cell infection assay  utilizes a virus that expresses  fl uores-
cent   protein as an early gene and thus measures all the steps 
that lead to productive viral infection, up to and including new 
viral gene expression (Fig.  2b ).   

   3.     Cell-to-cell viral membrane fusion assay  measures the effi ciency 
of viral membrane fusion with target cells by adapting a well- 
described BlaM-Vpr enzymatic assay for detecting viral fusion 
to a cell-to-cell transmission format.     

 These assays can be performed with or without antibodies/
inhibitors, using the 96-well plate format described here. The assays 
described here employ the CD4+ T cell line, Jurkat clone E6-1, as 
donor cells. While other T cell lines or even primary cells may be 
employed, we use Jurkat cells as they are a well-studied and infect-
able CD4+ T cell line that we have optimized for transfection by 
nucleofection methods. By transfecting the cells one can ensure 
that virus has been made de novo in donor cells, as is the case dur-
ing acute infection, and is not derived from residual cell-free virus 
that is bound to the cell surface. The cell-to-cell transfer assay uses 
primary resting CD4+ T cells as target cells. The cell-to-cell infectiv-
ity and viral membrane fusion assays use  MT-4 cells   as target cells 
because of their robust infectivity. With some modifi cation, these 
protocols can also be utilized with activated primary CD4+ T cells.  

HIV Gag-iGFP-expressing
eFluor 670 labeled

Jurkat cells

± Inhibitors (30 min)

eFluor 450 labeled 
CD4+ T-cells

± Inhibitors (30 min)

DONOR 
CELL

TARGET
CELL

VIROLOGICAL
SYNAPSE

GFP+ eFluor 450 cells
=target cells carrying

internalized virus

a

Transfer assay: 
3 h co-culture

VIROLOGICAL
SYNAPSE

eFluor 450 labeled 
MT-4 cells

± Inhibitors (30 min)

GFP+ eFluor 450 cells
= infected target cells

Infectivity assay:
40 h co-culture 

(+10 µM AZT @ 18 h)

HIV NL-GI-expressing
eFluor 670 labeled

Jurkat cells

± Inhibitors (30 min)

b DONOR 
CELL

TARGET
CELL

  Fig. 2    Overview of cell-to-cell viral transfer and cell-to-cell infection assays. ( a ) In the cell-to-cell transfer 
assay, donor Jurkat cells are nucleofected with HIV  Gag-iGFP   proviral DNA 24 h prior to the assay. Donor Jurkat 
cells and primary CD4+ target cells are labeled with Cell Proliferation dyes eFluor 670 and eFluor 450, respec-
tively, and may be preincubated separately for 30 min with inhibitors or antibodies before mixing at a 1:1 ratio. 
After 3 h coculture, GFP expression levels in target cells are detected by fl ow cytometry, indicating HIV-1 
transfer. ( b ) In the cell-to-cell infectivity assay, donor Jurkat cells are nucleofected with  HIV NL-GI   proviral DNA 
24 h prior to the assay. Donor Jurkat cells and MT-4 target cells are labeled with Cell Proliferation dyes eFluor 
670 and eFluor 450, respectively, and may be preincubated separately for 30 min with inhibitors or antibodies 
before mixing at a 1:1 ratio. After 18 h coculture, cell culture media is replaced with media containing 10 μM 
 AZT  . 40 h after initial coculture, GFP expression levels in donor and target cells are detected by fl ow cytometry, 
indicating HIV-1 infection.       
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2    Materials 

       1.    The plasmid encoding the fl uorescent reporter virus HIV 
 Gag- iGFP     (Fig.  3a ) is expressed in donor cells for the cell-to-
cell transfer assay (Subheading  3.4 ). This construct expresses 
green fl uorescent protein (GFP) as a fusion with the viral Gag 
protein, inserted between MA and CA, allowing the GFP to be 
packaged into particles at high copy number.  Viral particles   
contain stoichiometric quantities of fl uorescent protein in 
addition to Gag [ 20 ,  31 ]. Acquisition of fl uorescence in the 
target cell is indicative of a CD4- and  Env  -dependent process 
that transfers virus to the target cell and does not require viral 
fusion, integration, or viral gene expression.

       2.    A second reporter virus  HIV NL-GI   (Fig.  3b ) is expressed in 
donor cells for the cell-to-cell infectivity assay (Subheading  3.5 ). 
This reporter construct expresses GFP in place of the viral  nef  
gene, providing an indicator of early viral gene expression, 
which requires viral integration [ 32 ]. GFP is not tagged to a 
viral protein, so these viral particles are nonfl uorescent. To 
restore  Nef   expression in this clone, an internal ribosome entry 
site ( IRES  ) is inserted upstream of the Nef open reading frame.   

2.1  Plasmids

a HIV Gag-iGFP (for transfer assay)

b HIV NL-GI (for infectivity assay)

GFPGFP CACA NCNC p6p6
p2p2 p1p1

5' LTR5' LTR

gaggag
polpol

vifvif
vprvpr

tattat
revrev

envenv

nefnef

3' LTR3' LTR

vpuvpu

MAMA

5' LTR5' LTR

gaggag
polpol

vifvif
vprvpr

tattat
revrev

envenv

nefnef
3' LTR3' LTR

vpuvpu

GFPGFP IRESIRES

  Fig. 3    Fluorescent HIV-1 reporter virus clones. ( a ) HIV  Gag-iGFP   proviral DNA contains the fl uorescent protein 
GFP in the gag gene between matrix (MA) and capsid (CA), fl anked by viral protease cleavage sites, as 
described in [ 20 ].  Viral particles   contain GFP in addition to MA, CA, and the other viral structural proteins. 
( b )  HIV NL-GI   proviral DNA contains GFP and an internal ribosomal entry site ( IRES  ) directly upstream of the 
nonstructural gene nef [ 32 ]. GFP is expressed in infected cells in place of nef, during early viral gene expres-
sion.  Nef   expression is driven from the IRES.       
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   3.    Full-length HIV-1 molecular clone pNL4-3 [ 33 ] for cell-to-
cell viral membrane fusion assay (Subheading  3.6 ).   

   4.     pMM310   encodes the BlaM-Vpr fusion protein [ 34 ,  35 ] that 
packages the β-lactamase Vpr fusion protein into virus particles 
when cotransfected with an HIV proviral plasmid, e.g., pNL4- 
3. The cell-to-cell viral membrane fusion assay described in 
Subheading  3.6  is a variation of the FRET-based virion fusion 
assay described by Cavrois et al. [ 34 ,  36 ]. A green to blue shift 
in the BlaM fl uorescent substrate  CCF2-AM   indicates fusion 
of cell-associated virus with target cells.      

       1.     Nucleofection   media:  RPMI-1640   medium supplemented 
with 10 % heat inactivated fetal bovine serum (FBS).   

   2.    RPMI complete: RPMI-1640 medium supplemented with 
10 % FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 
and 200 μM  L -glutamine.   

   3.    Phosphate-buffered saline (PBS).   
   4.    Trypsin-EDTA (0.05 % trypsin, 1 mM ethylenediaminetet-

raacetic acid).   
   5.    2 % paraformaldehyde (PFA) solution in PBS.   
   6.    Recombinant Human  IL-2   (IL-2).   
   7.    Cell Proliferation dye eFluor 450, 10 mM stock in DMSO.   
   8.    Cell Proliferation dye eFluor 670, 5 mM stock in DMSO.   
   9.    Amaxa Cell Line Nucleofector Kit V containing Supplement 

V; stored at 4 °C, warmed to room temperature before use.   
   10.    Ficoll-Paque PLUS.   
   11.    Jurkat Clone E6-1 cells.   
   12.     MT-4 cells   (for cell-to-cell infectivity assay).   
   13.    0.4 % trypan blue solution.   
   14.    Unactivated (resting) primary human CD4+ T cells (for cell-

to- cell transfer assay).   
   15.    6-well fl at-bottom tissue culture plates.   
   16.    96-well round-bottom tissue culture plates.   
   17.    Zidovudine ( AZT)  .      

       1.    CO 2 -independent media.   
   2.     CCF2-AM   substrate and β-lactamase loading solutions.   
   3.     Probenecid   stock solution: 250 mM probenecid in 250 mM 

NaOH.   
   4.    Solution B: 100 mg/mL of Pluronic-F127 and 0.1 % acetic 

acid.   

2.2  Cell Culture 
and  Nucleofection   
Reagents

2.3  Additional 
Reagents for Cell-to-
Cell Viral Membrane 
Fusion Assay
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   5.    Loading solution (1 mL): 1 µL of 1 mM  CCF2-AM   stock + 9 µL 
Solution B + 1 mL CO 2 -independent media.   

   6.    Development media (1 mL): 10 μL probenecid stock solu-
tion + 100 μL FBS + 1 mL CO 2 -independent media.      

       1.    1 % PFA solution in PBS.   
   2.    FIX & PERM Cell Permeabilization Kit (Invitrogen).   
   3.    Wash Buffer: 1 % FBS in PBS; at 4 °C.   
   4.    Anti-p24-PE or anti-p24-FITC monoclonal antibody.   
   5.    96-well V-bottom tissue culture plates.      

       1.    Nucleofector Device (single cuvette-based model) (Amaxa, 
Lonza).   

   2.    BD LSR II Flow Cytometer (BD Biosciences).       

3    Methods 

 Subheadings  3.1 – 3.3  describe the shared protocol for the prepara-
tion of donor Jurkat cells and target cells used in the subsequent 
assays (Subheadings  3.4 – 3.6 ). The plasmid DNA used for nucleo-
fection in Subheading  3.1  will depend on the assay being per-
formed (see above and  see   Note 1 ). The cell-to-cell assays in 
Subheadings  3.4 – 3.6  are performed in a 96-well round-bottom 
tissue culture plate and can be adapted to include neutralizing 
antibody/inhibitor titrations, as described in Subheading  3.4 . 

     Virus-producing Jurkat donor cells are generated by nucleofection 
of proviral DNA the day before the cell coculture. This method 
yields high transfection effi ciencies and ensures that virus examined 
in the assay was produced in the donor cell.  Nucleofection   should 
be performed using Amaxa Cell Line Nucleofector Solution V 
containing Supplement V. Allow the solution to warm to room 
temperature before use. Cell survival after nucleofection will vary 
depending on the amount of DNA transfected. In general, approx-
imately 50 % cell death is expected. Perform additional nucleofec-
tion reactions as needed, to prepare suffi cient numbers of live cells 
for subsequent assays:

    1.    For each reaction, place 8 mL of nucleofection media per well 
in a 6-well tissue culture plate ( see   Note 2 ). Incubate at 37 °C 
for 10 min to warm media.   

   2.    Count Jurkat cells. For each nucleofection reaction, spin 7 × 10 6  
cells at 400 ×  g  for 5 min to pellet cells. Carefully remove as 
much supernatant as possible and discard ( see   Note 3 ).   

2.4  Additional 
Reagents 
for Intracellular p24 
Staining of Donor Cells 
for Viral Membrane 
Fusion Assay 
(Optional)

2.5  Specialized 
Equipment

3.1   Nucleofection   
of Jurkat Donor Cells
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   3.    Resuspend cell pellet in 140 µL of room temperature Amaxa 
Cell Line Nucleofector Solution V containing Supplement V 
( see   Note 4 ).   

   4.    Immediately add DNA to cell suspension and pipette several 
times to mix ( see   Notes 1  and  5 ).   

   5.    Immediately transfer suspension to Amaxa cuvette and cover 
with cap ( see   Note 6 ).   

   6.    Select the program “S-18” on the Nucleofector Device, insert 
cuvette, and press the start button to transfect cells.   

   7.    After successful transfection (i.e., “OK” message on the 
Nucleofector Device), remove cuvette. Immediately remove 
the cells gently with a single-use pipette provided with the 
Nucleofector Kit. Slowly add the cell suspension dropwise to 
the pre-warmed nucleofection media.   

   8.    Use the single-use pipette to carefully rinse the cuvette with 
pre-warmed media to remove residual cells. Add cells to the 
6-well plate.   

   9.    Incubate overnight at 37 °C ( see   Note 7 ).    

     The day after nucleofection, donor cells are spun through a Ficoll 
density gradient to remove dead cells:

    1.    For each 8 mL nucleofection reaction, place 4 mL of Ficoll in 
a sterile 15 mL centrifuge tube. Carefully layer nucleofected 
cells onto Ficoll using a 10 mL pipette.   

   2.    Use 1 mL of RPMI complete to rinse the well and remove 
residual cells. Add cells to the 15 mL tube.   

   3.    Spin at 400 ×  g  for 20 min. Set centrifuge brake to “low” or off 
to prevent disruption of layers when centrifuge brakes at the 
end of the spin.   

   4.    Carefully remove tubes from centrifuge. A layer of live cells 
should be visible at the interface of Ficoll and media.   

   5.    Remove and discard a few mL of media from the top of the 
tube. Carefully remove the layer of live cells from the Ficoll- 
media interface using a pipette, and transfer to a clean 15 mL 
centrifuge tube. Avoid removing excess Ficoll.   

   6.    Fill the tube containing live cells with RPMI complete, cap, 
and invert several times to mix. Spin at 400 ×  g  for 5 min to 
wash cells ( see   Note 8 ). Discard supernatant.   

   7.    Resuspend cell pellet in 1 or 2 mL of RPMI complete. Remove 
a sample of cell suspension and determine cell count ( see   Notes 9  
and  10 ).      

        Cell labeling   should be optimized for the cells and dye combina-
tion that one chooses to use. We often use Jurkat donor cells 
labeled with 4 μM Cell Proliferation dye eFluor 670 and MT-4 or 

3.2  Density Gradient 
Purifi cation 
of Nucleofected Jurkat 
Donor Cells Using 
Ficoll

3.3  Cell Labeling
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CD4+ target cells labeled with 6 μM Cell Proliferation dye eFluor 
450, except in the viral membrane fusion assay where donor cells 
are unlabeled and target cells are labeled with eFluor 670. Labeling 
cells with eFluor 670 and eFluor 450 allows detection of distinct 
donor and target populations by flow cytometry using APC and 
Pacific Blue filter sets, respectively, with minimal spectral compen-
sation required. Depending upon the flow cytometer you use, you 
may also choose to use other inert fluorescent dyes from other 
manufacturers that are compatible with formaldehyde-based fixa-
tives. As a flow cytometry control in the assays, it is useful to also 
label uninfected Jurkat cells:

    1.    Spin Ficoll-purifi ed Jurkat donor cells and the desired amount 
of target cells at 400 ×  g  for 5 min to pellet ( see   Note 11 ). Use 
a 15 or 50 mL sterile centrifuge tube for target cells, as appro-
priate. Discard supernatant and resuspend cell pellet in PBS.   

   2.    Fill tube with PBS and spin at 400 ×  g  for 5 min to pellet cells. 
Discard supernatant.   

   3.    Prepare a working solution of 6 µM Cell Proliferation dye 
eFluor 450 in PBS for labeling target cells. Use 1 mL for a 
maximum of 10 × 10 6  cells.   

   4.    Prepare a working solution of 4 µM Cell Proliferation dye 
eFluor 670 in PBS for labeling donor cells. Use 1 mL for a 
maximum of 10 × 10 6  cells.   

   5.    Resuspend target cells in the appropriate volume of 6 µM Cell 
Proliferation dye eFluor 450. Resuspend donor cells in the 
appropriate volume of 4 µM Cell Proliferation dye eFluor 670.   

   6.    Incubate cells at 37 °C for 10 min in the dark.   
   7.    Add 4–5 volumes of RPMI complete to stop the labeling reac-

tion. Spin at 400 ×  g  for 5 min.   
   8.    Remove supernatant and resuspend cells in 4–5 volumes of RPMI 

complete. Spin at 400 ×  g  for 5 min to wash cells (wash #1).   
   9.    Remove supernatant and resuspend cell pellet in 1 or 2 mL of 

RPMI complete. Remove a sample of cell suspension and 
determine live cell count using trypan blue ( see   Note 12 ).   

   10.    Add to 4–5 volumes of RPMI complete and spin at 400 ×  g  for 
5 min to pellet cells (wash #2).   

   11.    Resuspend each cell type at 2.5 × 10 6  cells/mL in RPMI 
complete.    

                Steps 1 – 3  describe the preparation of eight dilutions of anti-
body/inhibitors for neutralization of cell-to-cell transfer from 
infected Jurkat donor cells to uninfected resting CD4+ human T 
cells. A positive control antibody such as Leu3a (an anti-CD4, 
HIV- blocking antibody) should be included to ensure the assay is 

3.4  Cell-to-Cell 
Transfer 
and Neutralization 
Assay
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performed correctly. Leu3a should neutralize both cell-to-cell 
transfer and cell-to-cell infection at 0.5 μg/mL. A negative con-
trol of RPMI complete (no antibody) should also be included 
in the assay:

    1.    Prepare 150 µL of each antibody/inhibitor at twice the high-
est desired concentration in RPMI complete. For example, 
prepare 150 µL of Leu3a at 1 µg/mL in RPMI complete. Mix 
and add to well A1 of a 96-well round-bottom tissue culture 
plate. Repeat for additional inhibitors, using wells B1 to H1, as 
needed ( see   Note 13 ).   

   2.    Add 120 µL of RPMI complete to columns 2–8 for each row 
being used.   

   3.    Make fi vefold titrations by adding 30 µL of antibody/inhibitor 
from column 1 to column 2. Mix and repeat using a multi-
channel pipette, making serial fi vefold dilutions until column 
8. Discard 30 µL from column 8.   

   4.    Mix donor cells gently to resuspend cells. Add 50 μL of donor 
cells (i.e., 0.125 × 10 6  cells) to each well of a clean 96-well 
round-bottom tissue culture plate (plate 1). Reserve remaining 
cells.   

   5.    Repeat  step 4  for target cells, using a clean 96-well round- 
bottom tissue culture plate (plate 2) ( see   Note 14 ).   

   6.    Add 50 µL of antibody/inhibitor to the corresponding wells in 
plate 1 containing donor cells. Pipette several times to mix 
( see   Note 15 ).   

   7.    Repeat  step 6  for plate 2.   
   8.    Incubate plate 1 and plate 2 for 30 min at 37 °C.   
   9.    During incubation, fi x samples of donor and target cells to 

determine infectivity levels at the time of coculture. Add 50 or 
100 µL of donor or target cells to separate wells in a clean 
96-well round-bottom tissue culture plate (plate 3). Samples 
can be prepared in duplicate. Proceed to  steps 12 – 17 .   

   10.    After 30 min, pipette donor cells (plate 1) to resuspend cells, 
and transfer the entire suspension to corresponding wells con-
taining target cells (plate 2).   

   11.    Incubate for 3 h at 37 °C.   
   12.    Spin plate at 500 ×  g  for 5 min to pellet cells. Discard superna-

tant by quickly fl icking the plate contents once into a waste 
container or by carefully using a multichannel pipette without 
disrupting the cell pellet.   

   13.    Add 50 µL 0.05 % trypsin-EDTA to each well and mix to 
resuspend cells. Incubate for 4 min at 37 °C ( see   Note 16 ).   
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   14.    Add 150 µL of RPMI complete to each well to stop reaction.   
   15.    Spin plate at 500 ×  g  for 5 min. Discard supernatant.   
   16.    Add 200 µL of PBS to each well and mix to resuspend cells. Spin 

plate at 500 ×  g  for 5 min to wash cells. Discard supernatant.   
   17.    Add 200 µL of 2 % PFA to each well to fi x cells. Mix to resus-

pend cells.   
   18.    Seal plate and store at 4 °C in the dark until samples are ana-

lyzed by fl ow cytometry for up to 48 h. Figure  4  shows exam-
ple data and a suggested gating strategy for data analysis.
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  Fig. 4    Detection of cell-to-cell transfer and inhibition by fl ow cytometry. Example fl ow cytometry plots of a typi-
cal cell-to-cell transfer assay using HIV  Gag-iGFP  . Gating strategy to determine live cells, doublet exclusion, 
eFluor 670 (APC)-positive Jurkat donor cells vs. eFluor 450 (Pacifi c Blue)-positive primary CD4+ target cells, 
GFP-positive (i.e., HIV+) CD4+ target cells, and GFP-positive (i.e., HIV+) Jurkat donor cells. CD4+ target cells 
are cocultured for 3 h with ( a ) Jurkat donor cells expressing HIV Gag-iGFP in the absence of neutralizing anti-
body, ( b ) donor cells expressing HIV Gag-iGFP in the presence of the antibody Leu3a at 0.5 μg/mL, and ( c ) 
uninfected donor cells.       
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       19.    If using neutralizing antibodies/inhibitors, calculate % 
inhibition: 
 100 − [(% infected target cells with inhibitor/% infected target 
cells without inhibitor) × 100].    

           1.    Label Jurkat donor cells with eFluor 670 and MT-4 target cells 
with eFluor 450 as described in Subheading  3.3 .   

   2.    Prepare antibodies/inhibitors, infected Jurkat donor cells, and 
uninfected MT-4 target cells as described in Subheading  3.4 , 
 steps 1 – 10 .   

   3.    Incubate for 18 h at 37 °C.   
   4.    18 h after coculture, spin plate at 500 ×  g  for 5 min to pellet 

cells. Discard supernatant.   
   5.    Resuspend cell pellet in 200 µL per well of RPMI complete 

containing 10 µM  AZT  . Mix well. Incubate for an additional 
22 h at 37 °C (i.e., for a total of 40 h after coculture).   

   6.    Spin plate at 500 ×  g  for 5 min to pellet cells. Discard 
supernatant.   

   7.    Treat cells with trypsin-EDTA and fi x with 2 % PFA as described 
in Subheading  3.4 ,  steps 13 – 19 . Figure  5  shows example data 
and a suggested gating strategy for data analysis.

                   1.    Label MT-4 target cells with 4 µM Cell Proliferation dye 
eFluor 670 as described in Subheading  3.3 .   

   2.    Prepare antibodies/inhibitors, infected Jurkat donor cells, and 
uninfected MT-4 target cells as described in Subheading  3.4 , 
 steps 1 – 10  ( see   Note 17 ).   

   3.    Incubate for 5 h at 37 °C.   
   4.    Prepare appropriate amount of loading solution and develop-

ment media.   
   5.    5 h after coculture, spin plate at 800 ×  g  for 5 min to pellet 

cells. Discard supernatant.   
   6.    Resuspend cells in 200 μL per well of CO 2 -independent media 

to wash cells. Spin plate at 800 ×  g  for 5 min to pellet cells. 
Discard supernatant.   

   7.    Resuspend cells in 100 µL per well of loading solution, and 
incubate for 1–1.5 h in the dark at room temperature.   

   8.    Spin plate at 800 ×  g  for 5 min to pellet cells. Discard 
supernatant.   

   9.    Resuspend cells in 200 µL per well of Development media to 
wash cells.   

   10.    Spin plate at 800 ×  g  for 5 min to pellet cells. Discard supernatant.   

3.5  Cell-to-Cell 
Infectivity 
and Neutralization 
Assay

3.6  Cell-to-Cell Viral 
Membrane Fusion 
Assay
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   11.    Resuspend cell pellet in 200 µL per well of Development media 
and incubate at room temperature in the dark for 16–18 h.   

   12.    Spin plate at 800 ×  g  for 5 min to pellet cells. Discard 
supernatant.   

   13.    Treat cells with trypsin-EDTA, stop trypsinization, and wash 
cells with PBS as described in Subheading  3.4 ,  steps 13 – 16 .   

   14.    Add 200 μL of 1 % PFA to each well to fi x cells. Mix to resus-
pend pellet.   

   15.    Seal plate and store at 4 °C in the dark until samples are ana-
lyzed by fl ow cytometry for up to 48 h. Figure  6  shows exam-
ple data and a suggested gating strategy for data analysis.
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  Fig. 5    Detection of cell-to-cell infection and inhibition by fl ow cytometry. Example fl ow cytometry plots of a 
typical cell-to-cell infectivity assay using NL-GI. Gating strategy to determine live cells, doublet exclusion, 
eFluor 670 (APC)-positive Jurkat donor cells vs. eFluor 450 (Pacifi c Blue)-positive MT-4 target cells, GFP- 
positive (i.e., HIV+) MT-4 target cells, and GFP-positive (i.e., HIV+) Jurkat donor cells. MT-4 target cells are 
cocultured for 40 h with ( a ) Jurkat donor cells expressing  HIV NL-GI   in the absence of neutralizing antibody, 
( b ) donor cells expressing HIV NL-GI in the presence of the antibody Leu3a at 0.5 μg/mL, and ( c ) uninfected 
donor cells.       
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4            Notes 

     1.    When preparing donor cells for the cell-to-cell transfer assay 
(Subheading  3.4 ), use HIV  Gag-iGFP   proviral DNA. If donor 
cells will be used in the cell-to-cell infectivity assay 
(Subheading  3.5 ), use  HIV NL-GI   proviral DNA. Other ver-
sions of these proviral constructs that contain another fl uores-
cent protein, e.g., mCherry, instead of GFP, can also be used. 
If donor cells will be used in the cell-to-cell viral membrane 
fusion assay (Subheading  3.6 ), use a 3:1 ratio of pNL4-3 pro-
viral DNA to  pMM310   DNA. Other pNL4-3 genetic variants 
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  Fig. 6    Detection of cell-to-cell viral membrane fusion by fl ow cytometry. Example fl ow cytometry plots of a 
typical cell-to-cell viral membrane fusion assay using donor Jurkat cells co-expressing  NL4-3   and  pMM310   
and MT-4 target cells. Gating strategy to determine live cells, doublet exclusion, eFluor 670 (APC)-positive 
MT-4 target cells and eFluor 670 (APC)-negative Jurkat donor cells, and Pacifi c Blue-positive (i.e., cleaved 
 CCF2-AM  ) MT-4 target cells and Pacifi c Blue-positive (i.e., cleaved CCF2-AM) Jurkat donor cells. MT-4 target 
cells are cocultured for 5 h with ( a ) Jurkat donor cells co-expressing NL4-3 and the plasmid pMM310, which 
encodes BlaM-Vpr, ( b ) donor cells co-expressing NL4-3 ∆env and pMM310, and ( c ) uninfected donor cells.       
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can also be tested, for example, pNL4-3 ∆env, by co-transfection 
with pMM310 ( see  Fig.  6b ).   

   2.    Up to two (i.e., duplicate) reactions can be placed in the same 
well containing 8 mL of media.   

   3.    If cells are ≥1 × 10 6 /mL at the time of counting, wash cells 
once with PBS before  step 3 .   

   4.     Steps 3 – 8  should be performed separately for each nucleofec-
tion reaction, to avoid keeping cells in Nucleofector Solution 
for longer than necessary.   

   5.    Use endotoxin-free purifi ed HIV-1 proviral DNA, prepared at 
a concentration of approximately 1 µg/µL. The amount of 
DNA used will vary depending on the desired transfection effi -
ciency. Typically 5 µg of fl uorescent reporter proviral DNA will 
result in approximately 10–20 % positive cells when detected 
by fl ow cytometry the day after nucleofection.   

   6.    Avoid air bubbles when adding the cell suspension to the 
cuvette to prevent an “error” message during nucleofection. 
This is easiest if the exact volume of the suspension (approxi-
mately 160 µL) is transferred to the cuvette with a 1 mL 
pipette. Gently tap the bottom of the cuvette to dispense air 
bubbles and ensure the suspension covers the bottom of the 
cuvette.   

   7.    For nucleofection of proviral DNA encoding a fl uorescent 
reporter virus, fl uorescent virus-expressing cells should be 
readily visible with a fl uorescent microscope the day after 
transfection.   

   8.    If excess Ficoll was removed in  step 5  and is visible after wash-
ing in  step 6 , remove and discard the top layer of RPMI com-
plete, resuspend remaining volume up to 15 mL, invert tube 
several times to mix, and repeat spin.   

   9.    The cell count here is used to determine the volume required 
for cell labeling.   

   10.    An aliquot of cells can be fi xed in a 96-well round-bottom 
tissue culture plate ( see  Subheading  3.4 ,  steps 12 – 17 ) and 
 analyzed by fl ow cytometry to determine the percentage of 
HIV-1-positive donor cells. If several HIV-1 genetic variants 
are being compared, it may be desirable to normalize samples 
to equal transfection effi ciency if the effi ciency of nucleofection 
varies between samples. Measure the transfection effi ciency by 
fl ow cytometry and add uninfected cells to the nucleofected 
donor cells to achieve uniform transfection effi ciency before 
proceeding to Subheading  3.3 .   

   11.    Label approximately 1.5× or 2× more target cells than needed, 
as cells are frequently lost during labeling wash steps.   
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   12.    Cells can be incubated at 37 °C in sterile centrifuge tubes for 
up to 2 h before proceeding to  step 10 .   

   13.    You may also use wells B2-B11 through G2-G11 and fi ll out-
side wells with PBS during coculture to avoid sample evapora-
tion from outer wells of the plate.   

   14.    If no antibody/inhibitor is being tested, target cells can be 
added directly to donor cells. Add 100 µL of RPMI complete, 
pipette several times to mix, and proceed to  step 11 .   

   15.    Mixing the antibody/inhibitor with an equal volume of cells 
dilutes it in half, to the desired fi nal concentration, e.g., from 
1 to 0.5 µg/mL for Leu3a.   

   16.    Treating samples with 0.05 % trypsin-EDTA reduces the num-
ber of cell doublets before fl ow cytometry. In the cell-to-cell 
transfer assay, it also removes cell-surface bound fl uorescent 
virus, ensuring that any fl uorescent signal is from internalized 
virus only [ 9 ].   

   17.    Optional: to determine the transfection effi ciency of donor 
Jurkat cells, stain for intracellular p24 using anti-p24-PE or 
anti-p24-FITC monoclonal antibodies.         
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    Chapter 3   

 HIV-1 Capsid Stabilization Assay       

     Thomas     Fricke     and     Felipe     Diaz-Griffero       

  Abstract 

   The stability of the HIV-1 core in the cytoplasm is crucial for productive HIV-1 infection. Mutations that 
stabilize or destabilize the core showed defects in HIV-1 reverse transcription and infection. We developed 
a novel and simple assay to measure stability of in vitro-assembled HIV-1 CA-NC complexes. This assay 
allowed us to demonstrate that cytosolic extracts strongly stabilize the HIV-1 core (Fricke et al., J Virol 
87:10587–10597, 2013). By using our novel assay, one can measure the ability of different drugs to 
modulate the stability of in vitro-assembled HIV-1 CA-NC complexes, such as PF74, CAP-1, IXN-053, 
cyclosporine A, Bi2, and the peptide CAI. We also found that purifi ed CPSF6 (1-321) protein stabilizes 
in vitro-assembled HIV-1 CA-NC complexes (Fricke et al., J Virol 87:10587–10597, 2013). Here we 
describe in detail the use of this capsid stability assay. We believe that our assay can be a powerful tool to 
assess HIV-1 capsid stability in vitro.  

  Key words     HIV-1  ,   Capsid  ,   Stability  ,   Core  ,    Uncoating    

1      Introduction 

 In its simplest defi nition, uncoating is the shedding of monomeric 
capsid proteins from the retroviral core or ribonucleoprotein com-
plex. Because only ~40 % of the total capsid in the virion comprises 
the retroviral core [ 1 – 3 ], a simple model is that the monomeric 
capsid is in dynamic equilibrium with the assembled capsid (viral 
core). This implies that the core might exist in a meta-stable state 
only when the soluble capsid is in high concentration, keeping the 
equilibrium shifted toward the core formation by mass action. The 
fact that complexes containing capsid have been detected in the 
cytoplasm of cells early during infection implies that cellular factors 
might be involved in stabilization of the core [ 4 ,  5 ]. 

 The capsid protein is required for the successful completion of 
several early steps of HIV-1 replication: (1) successful infection 
requires that capsid  uncoating   occurs during or after reverse 
transcription [ 6 – 9 ]; (2) elegant experiments have shown that the 
capsid sequence is the genetic determinant for the ability of 
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lentiviruses to infect nondividing cells [ 10 – 13 ]; and (3) the stability 
provided by the capsid protein assembled into the viral core is 
important for the occurrence of reverse transcription and produc-
tive infection [ 14 – 16 ]. 

 Over the years, sensitive assays to biochemically measure core 
stability have been developed, such as the “fate of the capsid” assay 
that measures core stability during infection of cells over time [ 6 , 
 7 ,  17 ]. Even though this assay is widely used [ 7 ,  8 ,  14 ,  17 – 23 ], it 
is intensive and laborious and a more rapid assay to measure core 
stability is desirable. 

 Here we present a rapid and simple assay to measure capsid 
stability in vitro using in vitro-assembled HIV-1 CA-NC complexes 
as a surrogate for the HIV-1 core [ 24 ]. This assay will assist the 
evaluation of drugs or proteins that change the stability of capsid. 
Furthermore, this assay could be used to identify novel cellular 
factors that bind to the HIV-1 core.  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). Diligently follow all waste disposal 
regulations when disposing waste materials. 

       1.    1 M Tris–HCl, pH 8. 0  .   
   2.    5 M NaCl.   
   3.    10 mg/ml oligo (TG) 25  (store at −20 °C).   
   4.    HIV-1 CA-NC protein purifi ed as described previously [ 25 ].      

       1.     Destabilization buffer (DB) 5× : 50 mM Tris–HCl (pH 8.0), 
300 mM NaCl, 2 mM MgCl 2 , 10 % (v/v) glycerol, 0.5 % (v/v) 
(NP-40). Make fresh every time.   

   2.     Stabilization buffer (SB) : 10 mM Tris–HCl (pH 8.0), 10 mM 
KCl, 2 mM MgCl 2 , 0.5 mM DTT. Store at 4 °C for up to 1 
week.   

   3.    PBS 1×.   
   4.    Human 293 T cells.   
   5.    Refrigerated tabletop centrifuge.   
   6.    CAI peptide (amino acid sequence, ITFEDLLDYYGP) and 

the CAIctrl peptide (amino acid sequence, IYDPTLYGLEFD) 
(95 % purity) [ 26 ]. Prepare stock solutions at 10 mM in 
dimethyl sulfoxide (DMSO). Store at −20 °C.   

   7.    PF74 (PF-3450074), stock solution 100 mM in DMSO (store 
at −20 °C) [ 27 ].   

2.1  Capsid Assembly

2.2  Stability Assay
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   8.    CPIPB (4-{2-[3-(3-chlorophenyl)-1H-pyrazol-4-yl]-1-[3-
(1H-imidazol-1-yl)propyl]-1H-benzimidazol-5-yl}benzoic 
acid dihydrochloride) stock solution of 20 mM in DMSO [ 28 –
 30 ]. Store at −20 °C.   

   9.    CPSF6 (1-321) purifi ed as described previously [ 31 ].      

       1.    70 % (w/v) sucrose (ACS reagent > 99%purity) in 1× PBS.   
   2.    Ultracentrifuge.   
   3.    SW55 Rotor.   
   4.    SW55 centrifuge tubes.      

       1.    1× SDS sample buffer: 60 m M Tris–HCl (pH 6.8), 2 % (w/v) 
SDS, 5 % (v/v) β-mercaptoethanol, 0.02 % (w/v) bromophe-
nol blue, 9 % (v/v) glycerol.   

   2.    5× SDS sample buffer: 0.3 M Tris–HCl (pH 6.8), 10 % (w/v) 
SDS, 25 % (v/v) β-mercaptoethanol, 0.1 % (w/v) bromophe-
nol blue, 45 % (v/v) glycerol. Store aliquots at −20 °C.   

   3.    10 % (w/v) polyacrylamide NuPAGE gel.       

3    Methods 

 To measure HIV-1 core stability, we developed an assay that mea-
sures the stability of HIV-1 CA-NC complexes in vitro (Fig.  1 ). 
The assay consists of determining the stability of in vitro- assembled 
HIV-1 CA-NC complexes in the presence of different agents such 
as proteins or small-molecule inhibitors to subsequently measure 
the remaining amount of assembled HIV-1 CA-NC complexes 
using a sucrose cushion.  To measure whether an agent stabilizes    the  
   capsid , in vitro-assembled HIV-1 CA-NC complexes are incubated 
with the agent in question in destabilization buffer (Fig.  1 ). The 
total amount of stabilized capsid complexes is measured using a 
sucrose cushion, and the amount of stabilized complexes is com-
pared to complexes obtained in the absence of the agent in ques-
tion.  To measure whether an agent destabilizes the capsid , 
in vitro-assembled HIV-1 CA-NC complexes are incubated with 
the agent in stabilization buffer (Fig.  1 ). The amount of destabi-
lized capsid complexes is measured by subtracting the amount of 
complexes obtained in the presence of the agent from the amount 
of complexes obtained in the absence of the agent.

         1.    Add 2.5 μl 1 M Tris–HCl (pH 8.0), 5 μl 5 M NaCl, and 10 μl 
oligo(TG) 25  to 25 μl of 10–20 mg/ml purifi ed CA-NC protein 
( see   Note 1 ).   

   2.    Add 7.5 μl water to the suspension. The mixture is incubated 
for 5 min at room temperature. Successful assembly is noted by 

2.3  Differential 
Ultracentrifugation

2.4  PAGE 
and Western Blot

3.1  Capsid Assembly
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the appearance of white complexes in solution. The size of the 
complexes can be determined by dynamic light scattering 
( see   Note 2 ).      

        1.    Prepare up to six Eppendorf test tubes with 400 μl stabiliza-
tion buffer. Add additional 100 μl stabilization buffer in the 
fi rst test tube. To the other test tubes, add 100 μl of 5× desta-
bilization buffer. Final volume is 500 μl.   

   2.    Add the indicated agents to test tubes 3–6 (Fig.  2a ). Incubate 
3 μl of in vitro-assembled HIV-1 CA-NC complexes in the 
presence of PF74, CAI peptide, CAIctrl peptide, or purifi ed 
CPSF6 (1-321) (Fig.  2a ). As a second example, the ability of 
CPIPB to change the stability of in vitro-assembled HIV-1 
CA-NC complexes is determined. For this purpose, incubate 
3 μl of in vitro-assembled HIV-1 CA-NC complexes in the 
presence of different concentrations of CPIPB (Fig.  3 ) 
( see   Note 3 ).

        3.    Incubate 3 μl of in vitro-assembled HIV-1 CA-NC complexes 
with the different agents at room temperature for 1 h 
( see   Notes 4  and  5 ).   

   4.    Store an aliquot of this mixture at −20 °C for further analysis, 
henceforth referred to as “input.” For this purpose, add 5× 
SDS sample buffer. Proceed with ultracentrifugation below.      

3.2  Stabilization 
Assay

  Fig. 1    Diagram of the stabilization assay. In vitro-assembled HIV-1 CA-NC complexes, shown here as tubular 
structures, are formed by monomeric recombinant HIV-1 CA-NC fusion proteins under highly ionic conditions 
and recapitulate the surface of the HIV-1 core. When HIV-1 CA-NC complexes are incubated in destabilization 
buffer, they disassemble spontaneously. Disassembled capsids are layered on top of a 70 % sucrose cushion; 
however, the disassembled capsid does not cross the cushion after spinning at 100,000 ×  g  for 1 h. In contrast, 
incubation of HIV-1 CA-NC in stabilization buffer preserves the assembled structures, which pellet when lay-
ered onto a 70 % sucrose cushion with spinning at 100,000 ×  g  for 1 h. Input, a fraction of the sample layered 
onto the sucrose cushion before the centrifugation step. Pellet, a fraction of the capsid pelleted after the 
sample has been centrifuged at 100,000 ×  g  for 1 h. Input and pellet samples were analyzed by Western  blot-
ting   using anti-p24 antibodies.       
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       1.    Culture 293 T cells in DMEM containing 10 % FBS and 
antibiotics (penicillin and streptomycin) in an incubator cali-
brated at 37 °C and 5 % CO 2 . Cells are detached from nearly 
confl uent dishes with trypsin-EDTA. Five million cells are 
seeded in 10 ml medium in 100 mm plastic culture dishes and 
cultured for 1 day prior to the assay. The next day, cultures will 
have grown to approximately 100 % confl uence. 

3.3  Destabilization 
Assay

  Fig. 2    PF74 and CPSF6 (1-321) increase the stability of in vitro-assembled HIV-1 CA-NC complexes, whereas 
the CAI peptide decreases the stability. In contrast, the CAI peptide with a randomized sequence (CAIctrl) did 
not show an effect on the stability of HIV-1 CA-NC complexes. The stability of HIV-1 CA-NC complexes in 
destabilization buffer (stabilization assay) ( a ) or destabilization buffer in cell extracts (destabilization assay) 
( b ) supplemented with 10 μM PF74, 50 μM CAI, or CAIctrl peptide was measured. The assay without cellular 
extract was performed additionally using 10 μg of the protein CPSF6 (amino acids 1-321).       

  Fig. 3    The capsid drug CPIPB (4-{2-[3-(3-chlorophenyl)-1H-pyrazol-4-yl]-1-[3-
(1H-imidazol-1-yl)propyl]-1H-benzimidazol-5-yl}benzoic acid dihydrochloride) 
stabilizes in vitro-assembled HIV-1 CA-NC complexes. The stability of HIV-1 
CA-NC complexes in destabilization buffer using increasing concentrations of the 
drug CPIPB was measured. CPIPB has been shown previously to strongly increase 
HIV-1 capsid crystallization and competes with the novel restriction factor M×B 
for binding to the HIV-1 capsid [ 29 ,  30 ].       
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 Discard the media by decanting and add 400 μl of stabilization 
buffer ( see   Note 6 ).   

   2.    Scrape the cells on the 100 mm plate using a cell scraper and 
transfer cells into 1.5 ml tube.   

   3.    Incubate sample for 15 min on ice.   
   4.    Centrifuge with maximum speed using a 4 °C refrigerated 

tabletop centrifuge.   
   5.    Carefully take the tubes from the centrifuge and transfer the 

supernatant (cell extract) into a fresh tube.   
   6.    Prepare up to six test tubes and fi ll the fi rst two with 400 μl 

stabilization buffer. Add 400 μl of cell extracts resuspended in 
stabilization buffer into test tubes 3–6. Add additional 100 μl 
of stabilization buffer in the fi rst test tube. To the test tubes 
2–6, add 100 μl of 5× destabilization buffer.   

   7.    Add the agents/drugs you would like to assay to test tubes 
4–6. In this example, the well-known HIV-1 capsid drug PF74 
and the peptides CAI and CAIctrl are tested (Fig.  2b ) 
( see   Note 3 ).   

   8.    Add 3 μl of in vitro-assembled HIV-1 CA-NC complexes to all 
test tubes, and incubate the mixture at room temperature for 
1 h ( see   Notes 4  and  5 ).   

   9.    An aliquot of this mixture, henceforth referred to as “input,” 
was stored at −20 °C for further analysis. For this purpose, add 
5× SDS sample buffer.      

       1.    Prepare six centrifuge tubes containing 3 ml 70 % sucrose at 
4 °C ( see   Note 7 ). Check the sucrose levels and if necessary 
adjust using a 200 μl pipette (keep the tubes in the cold room 
until needed).   

   2.    Load the sample from Subheading  3.2 ,  step 4  above carefully 
on top of the sucrose cushion ( see   Note 8 ).   

   3.    Centrifuge at 100,000 ×  g  (30,000 rpm using a SW55 rotor) 
for 1 h at 4 °C.   

   4.    Aspirate the supernatant carefully and resuspend pellet in 1× 
SDS loading buffer ( see   Note 9 ).      

       1.    Load input and pellet with a molecular size marker on a 10 % 
acrylamide NuPAGE gel.   

   2.    Analyze gel by standard western blot using anti-p24  antibodies   
against HIV-1 capsid and anti-FLAG  antibodies   to detect 
CPSF6 (1-321).       

3.4  Ultra-
centrifugation

3.5  PAGE 
and Western Blot
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4    Notes 

     1.    The protein should assemble within 5 min; the solution turns 
into a white suspension. These complexes could be used for at 
least 5 days.   

   2.    The capsid should be assembled at least one night before the 
experiment and stored at 4 °C.   

   3.    If the drug is soluble in an organic solvent, then add the same 
amount of solvent to the control in test tubes 1 and 2.   

   4.    Use the 10 μl pipette about halfway into the solution and 
slowly add the capsid.   

   5.    Do not shake the tube during the incubation time.   
   6.    Remove remaining media using vacuum aspirator.   
   7.    Use a serological 5 ml pipette and load 3.0 ml of the 70 % 

sucrose solution into the SW55 tube. Consider that the 5 ml 
serological pipette retains at least 0.5 ml of the sucrose.   

   8.    Mix the sample carefully before applying to the sucrose cush-
ion by pipetting once up and down.   

   9.    First remove the supernatant carefully, change the tip and 
remove the sucrose layer, and allow time for the sucrose to 
move down from the tube walls.         
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    Chapter 4   

 Detection and Tracking of Dual-Labeled HIV 
Particles Using Wide-Field Live Cell Imaging 
to Follow Viral Core Integrity       

     João     I.     Mamede     and     Thomas     J.     Hope      

  Abstract 

   Live cell imaging is a valuable technique that allows the characterization of the dynamic processes of the 
HIV-1 life cycle. Here, we present a method of production and imaging of dual-labeled HIV viral particles 
that allows the visualization of two events. Varying release of the intravirion fl uid phase marker reveals 
virion fusion and the loss of the integrity of HIV viral cores with the use of live wide-fi eld fl uorescent 
microscopy.  

  Key words     Live cell imaging  ,   HIV uncoating  ,   HIV fusion  ,   Wide-fi eld microscopy  ,   HIV early steps of 
infection  ,   HIV viral core  

1      Introduction 

 The two steps that defi ne retroviral infections are the reverse 
transcription of the positive sense viral RNA genome into double- 
stranded DNA and the integration of this reverse-transcribed 
DNA into the host genome. Our understanding of these earliest 
aspects of the HIV replication cycle remain incomplete even 
though there have been signifi cant recent advances in our knowl-
edge of the viral and cellular determinants in the pathway of infec-
tion. Interestingly, determinants in the viral capsid can have a 
large infl uence on events that happen in the nucleus including the 
pathway of nuclear import and integration site selection. During 
virion maturation, the capsid (CA) protein assembles into a coni-
cal shell that contains the viral genome known as the “viral core.” 
This structure is able to assemble through the interaction of CA 
monomers that form hexameric and pentameric rings, which 
arrange themselves into a conical structure that shields and con-
tains several viral proteins such as RT, NC, IN, PR, Vpr, the viral 
RNA, as well as several host cell proteins such as cyclophilin A. 
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 During the progression of reverse transcription, the conical 
capsid is lost. The timing of the disassembly of the conical core 
structure, a process known as uncoating, remains controversial and 
appears to be dynamic. For example, multiple lines of evidence 
have revealed a relationship between reverse transcription and the 
disassembly of the viral core. However, details of the changes in 
the conical capsid structure are poorly defi ned relating to the 
spatial, temporal, and mechanistic specifi cs of HIV-1 uncoating. 
Single particle imaging of HIV has revealed important details 
about the viral life cycle informing our understanding of traffi cking 
and the step-progressive uncoating from in situ imaging of fi xed 
cells [ 1 – 6 ]. However, an in vivo fl uorescent assay needs to be 
developed to provide insights into the dynamics and kinetics of the 
uncoating process. Here, we present a detailed method for live cell 
imaging of HIV-1, allowing changes in the integrity of the conical 
capsid to be detected in real time. These changes in the conical 
capsid are considered to be the earliest steps in the process of 
uncoating. 

 It has been previously reported that Vpr remains attached to 
HIV-1 reverse transcribing complexes (RTC) after the uncoating 
process has taken place as revealed by the loss of readily detectable 
CA [ 3 ,  4 ,  7 ]. Based on these observations, HIV-1 particles can be 
tracked by fusing fl uorescent proteins to Vpr, such as GFP, 
mCherry, or tdTomato [ 3 ]. Recently, a new system has been devel-
oped that labels HIV particles using a fl uid phase marker. This is 
accomplished by the insertion of a fl uorescent protein (GFP or 
mCherry) between the matrix (MA) and CA cleavage sites of Gag. 
This insertion allows the selected fl uorophore to be released from 
Gag by proteolytic cleavage and trapped inside the virion upon 
budding [ 8 ]. The fl uid phase fl uorescent protein is located both 
within the assembled core and in the virion space between the core 
and the viral membrane. Based on the calculation of a volume esti-
mate for a virion, only a minority of the fl uid phase marker (eGFP 
or mCherry) will be located in the intact conical core. We have 
previously reported that the fl uid phase marker can be retained 
within intact cores as shown by membrane-stripping ultracentrifu-
gations and with a TRIM5 capture assay in the presence of MG132 
[ 9 ]. With the knowledge of these data, it is possible to perform live 
cell time-lapse imaging using dual-labeled HIV-1 particles. 
Therefore, by using this system during infection, we anticipate two 
changes in the levels of intravirion fl uid phase markers that co- 
localize with signal from tagged Vpr. The fi rst loss of fl uid phase 
marker will take place upon fusion, as has been previously reported 
[ 10 ]. However, the subsequent complete loss of the fl uid phase 
marker reveals changes in the integrity of the conical capsid struc-
ture, allowing the fl uorescent protein to escape the reverse tran-
scribing complex, a change consistent with the initiation of 
uncoating. This system can be utilized to provide important new 
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insights into the process of uncoating and the behavior of the HIV 
viral particles and the genome moving toward its ultimate goal of 
integrating into the target cell genome. Here, we present a method 
to produce and image the infection of HIV-iGFP + CherryVpr or 
HIV-iCherry + GFPVpr viruses.  

2    Materials 

       1.    HEK-293 T cells (ATCC). Keep in culture with DMEM sup-
plemented with 10 % FBS and 2 mM  L -glutamine.   

   2.     CHO-pgsA-745   cells. Keep in culture with DMEM supple-
mented with 10 % FBS, 2 mM  L -glutamine, and MEM-NEAA 
( see   Note 1 ).   

   3.     Dulbecco’s Modifi ed Eagle’s Medium   (DMEM).   
   4.    Fetal bovine serum (FBS).   
   5.    FluoroBrite DMEM Media (Life Technologies).   
   6.     L -Glutamine.   
   7.    MEM Non-Essential Amino Acids Solution (MEM-NEAA).   
   8.     Polybrene   (hexadimethrine bromide).   
   9.    10 cm diameter culture dishes.   
   10.    0.45 μm fi lters.   
   11.    20 ml syringes.   
   12.    Cryovials.      

       1.    PEI 1 mg/ml in water.   
   2.     HIV-Gag-iGFPΔEnv   (AIDS Reagent Repository) or  HIV-

Gag- iCherryΔEnv     plasmids. These molecular clones of HIV 
(pNL4-3 derived) had GFP or mCherry inserted in  gag.  The 
fl uorophores are coded between MA and CA. After HIV-1 
protease cleavage of MA and CA, the fl uorophore is trapped 
inside the virion [ 8 ,  10 ].   

   3.    The vector  pCMV-VSV-G   that codes for the G-protein of 
vesicular stomatitis virus. This protein is used to pseudotype 
the viral particles with an envelope protein capable of infecting 
a wide range of cells through the interaction with LDL recep-
tor, therefore mimicking VSV tropism [ 11 ].   

   4.     pGFPVpr  / pCherryVpr  —HIV-1 Vpr protein fusions can be 
used to track  HIV-1 RTC  s. These plasmids provide a fusion 
protein between either GFP or mCherry and Vpr [ 1 ,  3 ].   

   5.    (Optional)  pSPAX2   or  pCMV-dR8.2 dVpr  . Second- or third-
generation lentiviral packaging plasmid ( gag-pol ).      

2.1  Cell Culture 
Materials

2.2  Virus Production

Live Cell Imaging of Viral Core Integrity
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       1.    The protocol below was optimized for a DeltaVision wide-fi eld 
microscope equipped with an EMCCD camera, a SSI light 
path, and a 100× Olympus Lens. The system must be located 
within the appropriate biocontainment environment to main-
tain safe experimental conditions.   

   2.    Delta T Culture Dish Controller (Bioptechs).   
   3.    Delta TPG Culture Dishes 0.17 mm thick (Bioptechs).   
   4.    Lens heater system: Objective Heater Controller (Bioptechs) 

and an Objective Heater adapted to the diameter of the objec-
tive (Bioptechs).   

   5.    CO 2  system with blood gas mixture tank (5 % CO 2 , 20 % 
oxygen).   

   6.    Light-Duty Tissue Wipers.   
   7.    (Optional) OxyFluor (OXYRASE) at a 1:200 dilution supple-

mented with 15 mM sodium DL-lactate.   
   8.    (Optional) DRAQ5 for nuclear staining.      

   Many data analysis software are available (Imaris,  ImageJ  /Fiji, and 
IDL or python libraries for Crocker and Grier algorithms). The 
analysis described below was performed with the TrackMate Plugin 
for ImageJ according to the author’s description [ 12 ].   

3    Methods 

 Carry out all procedures that involve cell lines at 37 °C—5 % CO 2  
unless otherwise specifi ed. 

    Day 1 : Plate 1.5 × 10 6  HEK-293 T cells into 10 cm diameter cell 
culture plates. 

  Day 0 :  Transfect cells : 
 In a 1.5 ml Eppendorf tube, mix:

    1.    6 μg of either  HIV-Gag-iGFPΔEnv   or  HIV-Gag-iCherryΔEnv   
plasmid (for hybrid viruses containing WT  gag  with higher 
viral titer mix 3 μg of  pSPAX2   with 3 μg of HIV- Gag-
iGFP  Δ Env  /HIV-Gag-iCherryΔEnvplasmid).   

   2.    4 μg of pCMV-VSVg (to pseudotype the virions with G-protein 
from vesicular stomatitis virus).   

   3.    1.5 μg of pCMV-CherryVpr/pCMV-GFPVpr (Vpr accompa-
nies the virus through the process of fusion, uncoating, and 
reverse transcription [ 4 ]). If using iGFP, complement with 
pCMV-CherryVpr (or vice versa for fl uorescent protein tag).   

   4.    1000 μl serum-free DMEM/OptiMEM.   
   5.    Add 40 μl of PEI.   

2.3  Wide-Field 
Imaging Components

2.4  Data Analysis 
Software

3.1  Dual-Labeled HIV 
Production
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   6.    Shake and incubate for 15 min. (Do not vortex since it might 
cause DNA shearing.)   

   7.    Apply the solution drop-by-drop to the 10 cm HEK-293 T cell 
culture plate.
    Day 1  (14–16 h post-transfection): Change the medium with 

prewarmed DMEM.  
   Day 2  (36–48 h post-transfection):
   1.    Recover the supernatant with an appropriate-sized syringe 

and fi lter through a 0.45 μm fi lter.   
  2.    Aliquot into Cryovials and store at −80 °C. Titer the 

viruses to determine the infectivity of your stocks. A virus 
with a titer higher than 1 × 10 4  TU/ml (transducing units 
per ml) is highly recommended for an effi cient experimen-
tation ( see   Note 2 ).    

                Day 2 : Plate 40 × 10 3   CHO-pgsA-745   cells on a DeltaT dish diluted 
with appropriate DMEM medium (DMEM supplemented with 
10 % FBS, NEAA, and  L -glutamine) up to a volume of 1.5 ml.  
   Day 0 :

   1.    Change the DMEM medium with 1.5 ml of prewarmed  20 % 
FBS -FluoroBrite DMEM Media (or phenol red-free DMEM) 
complemented with MEM-NEAA and  L -glutamine.   

  2.    Add polybrene to a fi nal concentration of 5 μg/μl.    
     If nuclear staining is required for cell or nuclear identifi cation 
( see   Note 3 ). 

 If  photobleaching   and  phototoxicity   occur ( see   Note 4 ).  

       1.    Install an appropriate DeltaT plate holder into the microscope.   
   2.    Turn on the microscope heating system several hours prior to 

the experiment (overnight if possible), allowing the system 
temperature to stabilize at 37 °C. Turn on both the environ-
mental chamber and the lens warmer. Both temperature- 
regulating systems are necessary for temperature stability.   

   3.    Carefully, apply a drop of imaging oil to the objective.   
   4.    In case of the use of a non-sealed lid: minutes prior to the 

imaging process and without compromising the microscope 
integrity, humidify the area around the DeltaT holder in order 
to avoid evaporation to the fullest, and, optionally, place tissue 
wipers soaked with deionized water around the culture plate.   

   5.    Set up the blood gas mixture with a cover on top of the DeltaT 
dish holder in order to provide CO 2  to stabilize the pH level. 
Start diffusing the system several minutes before imaging.   

3.2  Preparing 
 CHO-pgsA-745   Cells 
for Imaging

3.3  Setting Up the 
Imaging System
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   6.    Place the DeltaT dish containing the cells in the appropriate 
DeltaT dish holder.   

   7.    Cover the plate with the included lid to avoid evaporation to 
the fullest. Preferably, utilize a transparent lid with the DeltaT, 
so that manual eye focus is possible. In the case of the require-
ment of differential interference contrast (DIC, white light), 
the use of a clear DeltaT lid is absolutely required ( see   Note 5 ).   

   8.    (Optional) Focus at the bottom of the plate in order to opti-
mize the acquisition to the whole cell. Confi gure the micro-
scope so that the software recognizes the bottom of the plate 
as the setup point.   

   9.    Add multiple points to the visit list ( see   Note 6  for details on 
multiple visits points).   

   10.    Utilize the ultimate focus system (or similar focus maintaining 
system) to maintain focus throughout the whole acquisition 
( see   Note 7  for details).   

   11.    Set up the acquisition thickness according to the cell type (number 
of z’s), in order to image the whole cell from top to bottom. 
CHO-pgSA-745 cells usually have a thickness from 6 to 9 μm. 
Set up the Z-stacking spacing between 0.4 and 0.6 μm.   

   12.    Set up the time-lapse settings: the time between acquisitions 
per cell should depend on the study at hand. A quick process 
with multiple steps, several intensity changes, and a high num-
ber of particles and/or high movement of viral particles 
requires a higher rate of acquired frames/minute. A slow pro-
cess with particles that have a low displacement rate requires a 
lower rate of acquired frames/minute. For example, the set-
tings for a good measurement of HIV-VSVg membrane fusion 
would be 1 min per  z-stack   acquisition for a total duration of 
45–60 mins.   

   13.    Add viruses to the medium in order to have approximately 
10–15 particles per fi eld of view (empirical assessment is 
required; a typical volume for the production referred above 
can vary from 10 to 50 μl).   

   14.    (Optional) Check if the selected “visit points” maintained 
focus; if not, reset the correct focus of the previously selected 
visit points. Maintaining focus over extended periods is neces-
sary for a successful time-lapse experiment. If problems arise, 
return to  step 8  and begin again.      

       1.    Set up transmission and exposure for every required wave-
length so that the particles have a signal-to-noise ratio that will 
allow post-acquisition analyses. An increase on the amount of 
light transmission increases photobleaching, while a lower 
transmission and higher exposure time might result in spatial 
disparities to the particles between acquisition wavelengths, 
causing a “tail-chase” effect ( see   Note 8 ). Optimize according 

3.4  Setting 
Up the System: 
Choosing the Right 
Amount of Light 
to Correctly Detect 
Dual- Labeled HIV-1 
Particles
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to your system. The optimal amount of light is highly depen-
dent on the particular microscope; therefore, it should be 
empirically assessed according to the signal-to-noise ratio 
needed for detection and analysis.   

   2.    Start acquisition.      

       1.    Deconvolve the image fi les in order to increase signal-to-noise 
ratio.   

   2.    Z project the fi les using “max intensity” method (if 2D analysis 
is preferred).   

   3.    Assure yourself that you are able to perform the required analy-
sis with the present signal-to-noise ratio with the software of 
your choice. If it is not possible to correctly analyze the expected 
phenotype with the current settings, a higher exposure time or 
transmission percentage settings might be required. 

 An example of acquired time-lapses and analysis of decon-
volved Z projections is shown in Fig.  1 .

3.5  Signal-to-Noise 
Ratio Optimization
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  Fig. 1    Time-lapse wide-fi eld imaging of dual-labeled iCherry/GFPVpr HIV-1 particles. ( a )  CHO-pgsA-745   cells 
were imaged for 60 min (starting 20 min post-infection); the snapshots represent different time points. GFP- 
tagged Vpr (emission at 528 nm) is represented in green; iCherry is represented in red (emission at 608 nm); 
and DIC acquisition is represented in gray. The images were Deconvolved and Z-projected operating Softworks 
software from DeltaVision. The tracked particle of interest is encircled in green. ( b ) GFPVpr particles were 
tracked with TrackMate plugin for  ImageJ  , and the mean intensities for the acquisition at 608 nm (mCherry) of 
the particle of interest are represented. An initial fusion event is observed around 22 min post-infection, and a 
second drop of signal is observed around 40 minutes, which is believed to be uncoating. Horizontal bar repre-
sent the limit of detection to the given wavelength.       
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       4.    Be sure that you are able to detect all the desired particles. For 
instance, while employing the iGFP/iCherry system, there is a 
fi rst drop of intensity at the moment of membrane fusion; if 
the level of light and exposure are not properly set, a percep-
tion of full loss of signal might occur despite the remaining of 
fl uorophore inside a given number of particles. 

 (For an example of how to set up the exposure/transmis-
sion values,  see   Note 9 .)   

   5.    Repeat the setting-up process with cells that have not been 
infected with fl uorescent viral particles. For this comparison 
with infected cells, the same transmission and exposure condi-
tions have to be used. This control is crucial to ascertain that 
autofl uorescence events are not being confused with real par-
ticle events.      

   Two of the biggest challenges to live cell imaging are  photobleach-
ing   and  phototoxicity  . While performing live cell imaging experi-
ments, there is a need of fast acquisition of multiple xy “snapshots” 
to produce a  z-stack   that encompasses the whole cell. For a single 
time point, it is not uncommon to take 30–50 snapshots to a given 
cell. The amount of light that is applied to the sample might have 
the undesired effects of photobleaching and phototoxicity. Even 
though these processes are interconnected and the steps that are 
taken to prevent them are frequently the same, these are two 
distinct phenomena. Photobleaching is the process of the irrevers-
ible destruction of a fl uorophore or dye upon light exposure, while 
phototoxicity is the process where continuous or repetitive imaging 
leads to a deregulation of the cell (or other biological processes 
sensitive to light), resulting in cell death or the incapacity to image 
the desired phenotype. For an extended review and further study, 
read Diaspro et al. and Tinevez et al. [ 13 ,  14 ]. Here we will report 
several procedures that might be taken to reduce problems arising 
due to both of these phenomena. 

 The measures that are taken to reduce  photobleaching   are gen-
erally effective in reducing  phototoxicity  , and vice versa, since both 
optimizations rely on both the reduction of the light that is applied 
to the sample and the reduction of toxic species in the sample.

    1.    Reducing the amount of acquisitions. 
 While performing live imaging experiments, the experimenter 
has to adapt their settings to the specifi cs of the experiment at 
hand. For example, if the phenotype that is meant to be 
observed is in the order of minutes with particles that are rela-
tively static in the fi eld of view, it might be futile to acquire an 
image every 200 ms. If a longer time interval between acquisi-
tions is possible, this will reduce the amount of light that is 
applied to the sample, therefore reducing both  photobleaching   
and  phototoxicity  .   

3.6  Setting 
Up the System: 
Reducing 
Photobleaching 
and Phototoxicity
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   2.    Binning 
 Binning is a process that sums the result of pixel signals at the 
level of the camera. 

 Augmenting the binning from 1 × 1 to 2 × 2, or higher, 
results in an increase of signal-to-noise ratio while sacrifi cing 
resolution. Image binning sums the values of pixel intensities 
(4 pixels in a 2 × 2 setting), while leaving the noise relatively 
the same as the value of one pixel, thereby increasing the sig-
nal-to-noise ratio (up to 8:1 in a 2 × 2 setting). This higher 
signal-to-noise ratio will allow us to decrease the amount of 
light that is applied to the sample and therefore protect the 
fl uorophores.   

   3.    Z-stack spacing. 
 Yet another optimization that can diminish the total amount of 
light applied to a cell is to increase the spacing between z’s 
( z-stack   spacing). Again, this will always depend on the experi-
ment at hand. Regarding the experiment portrayed in this text, 
the major goal is to measure the timing of viral particles fusion 
or uncoating; therefore, resolution in z is not an absolute pri-
ority. Throughout optimization experiments, it was observed 
that a stacking of 0.55 μm would be enough for the study at 
hand. Again, reducing the spacing between z’s will reduce the 
number of acquisitions and exposures to the sample and con-
sequently reduce the amount of light applied to the sample.   

   4.    Oxygen scavengers. 
 The repetitive and intense amount of light that is used to 
detect fl uorescence results in the production of oxygen free 
radicals. Production of these species results in a reduction of 
fl uorescence duration and fl uorescence intensity. Moreover, 
oxygen free radicals might also lead to a toxic environment to 
both the cell and the viral particles that often result in the loss 
of the biological function under study ( phototoxicity  ). 
Oxyrase/OxyFluor (  www.oxyrase.com    ) is an enzyme system 
that removes dissolved oxygen from the cell environment, 
therefore protecting the fl uorophores from  photobleaching   
and cells from oxygen free radicals.    

4       Notes 

     1.    This cell line was derived from CHO-K1 cells. It was 
screened for deficiency in proteoglycan synthesis, resulting 
in a lower level of particles that are lost due to deleterious 
endocytosis [ 15 ].   

Live Cell Imaging of Viral Core Integrity
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   2.    Calculate transducing units/ml with the following equation:    

  
Titer

Transducing units
ml

Number of target cells
infecte

æ
è
ç

ö
ø
÷ =

´
% dd cells

Volume of supernatant ml
100
( )    

    3.    Add DRAQ5 if nuclear staining is desired. DRAQ5 is preferred 
over live-Hoechst since the presence of UV light results in sig-
nifi cant  photobleaching  . Other dyes might be added for cell 
tracing, such as the lipophilic tracers, Dil, DiO, DiD, DiA, and 
DiR.   

   4.    In case of a high level of  photobleaching   and  phototoxicity  , 
add an oxygen scavenger, such as OxyFluor at 100x dilution 
complemented with 15 mM of sodium DL-lactate. This will 
decrease photobleaching and phototoxicity.   

   5.    If differential interference contrast (DIC) will be used during 
acquisition, for instance, to detect cell position, clear dishes are 
required. If only fl uorescence-based acquisition is required, 
the black version will allow a lower interference from the envi-
ronmental light in the room.   

   6.    In order to acquire as much data as possible, multiple visit 
points should be selected. The areas of acquisition should be as 
distant as possible to each other to avoid  photobleaching  /
 phototoxicity   effects. The chosen amount of points should 
take into account the time it takes to acquire one cell in every 
wavelength and the full  z-stack   and the desired frame-rate per 
cell.   

   7.    Regarding the example in Fig.  1 , the ultimate focus settings 
used were move threshold = 300 nm, number of iterations = 2, 
and performed in every time point = 2. Note that performing 
higher numbers of iterations in between time points will 
increase the acquisition time.   

   8.    In order to minimize “tail-chase” spatial effects to the acquired 
particles, set up the microscope to acquire every wavelength 
fi rst and then z, possibly sacrifi cing some acquisition speed per 
cell.   

   9.    In order to access the correct amount of light that is needed to 
detect HIV particles, an accumulation of fused viral cores has 
to be performed. It is possible to accumulate HIV-1 viral cores 
containing GFP/mCherry using cells expressing TRIM5 pro-
teins (TRIM5α or  TRIMcypA  ), in the presence of MG132 [ 9 ]. 
With this system, a certain amount of fused particles will 
accumulate in TRIM5 bodies since a high number of intact 
viral cones contain GFP/mCherry proteins.    
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    Chapter 5   

 HIV-1 Reverse Transcriptase-Based Assay to Determine 
Cellular dNTP Concentrations       

     Joseph     A.     Hollenbaugh     and     Baek     Kim      

  Abstract 

   Deoxynucleoside triphosphates (dNTPs) are the building blocks of DNA and their biosynthesis is tightly 
regulated in the cell. HPLC-MS and enzyme-based methods are currently employed to determine dNTP 
concentrations from cellular extracts. Here, we describe a highly effi cient, HIV-1 reverse transcriptase 
(RT)-based assay to quantitate dNTP concentrations. The assay is based on the ability of HIV-1 RT to 
function at very low dNTP concentrations, thus providing for the high sensitivity of detection.  

  Key words     dNTP concentration  ,   HIV-1  ,    Reverse transcriptase    ,   Deoxynucleoside triphosphates  

1      Introduction 

 DNA polymerases use  deoxynucleoside triphosphates   ( dNTPs  ) as 
substrates during DNA replication. dNTPs are generated by either 
the de novo pathway using ribonucleotide reductase or by the 
deoxynucleoside salvage pathway. The functional activities of DNA 
polymerases are dependent on cellular dNTP concentrations, 
meaning that enzymes with high steady-state  K   m   and presteady- 
state  K   d   values (low dNTP binding affi nity) require high dNTP 
concentrations in order to function effi ciently. In normal replicat-
ing cells, chromosomal DNA synthesis by DNA polymerase occurs 
during the S phase of cell division, when dNTP biosynthesis is 
most active and cellular dNTP concentrations are highest. For can-
cer cells and transformed cell lines, cellular dNTP concentrations 
are increased due to their uncontrolled cell division. In primary, 
terminally differentiated, nondividing cells, such as macrophages 
or neurons, have very low dNTP concentrations due to their lack 
of robust dNTP biosynthesis. Measuring the cellular dNTP con-
centrations in these cell types requires a highly sensitive and reli-
able assay to accurately detect the small quantities of dNTPs 
present. Indeed, high-performance liquid  chromatography  -mass 
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spectrometry (HPLC-MS) and polymerase-based  dNTP assay   have 
been developed to determine cellular dNTP concentrations, which 
will be described in this section. For HPLC-MS, a standard curve 
for each dNTP needs to be routinely generated to validate the 
assay and then be used to quantitate dNTP concentrations for sam-
ples. Although  HPLC-MS   is very accurate and quantitative, major 
drawbacks of the method are (1) the requirement of enough bio-
mass to detect dNTPs over background noise, (2) the time required 
for sample collection on the machine, (3) matrix effect (contami-
nants may change the profi le), and (4) time required for data anal-
ysis. Several polymerase-based dNTP assays have been developed 
using DNA polymerase I (Klenow fragment) [ 1 ],  Taq  DNA poly-
merase [ 2 ], or human immunodefi ciency virus type 1 (HIV-1) 
reverse transcriptase (RT) [ 3 ]. The ability to detect very low con-
centrations of dNTPs will depend upon the  K   d   for the particular 
enzyme used in a given assay. Klenow has a  K   d   of 18 μM [ 4 ], 
whereas the  K   d   of HIV-1 RT ranges between 0.3 and 3.9 μM [ 5 ], 
allowing it to function under low substrate conditions.  

2    Materials 

       1.    Prepare 65 % v/v methanol and store at −20 °C before use.   
   2.    PBS without magnesium chloride or calcium chloride.      

        1.    DNA primer sequence is 5′-GTCCCTCTTCGGGCGCCA-3′.   
   2.    DNA template sequences are 5′-ATGGCGCCCGAACAG

GGAC- 3′, 5′-TTGGCGCCCGAACAGGGAC-3′, 5′-GTG
GCGCCCGAACAGGGAC-3′, and 5′-CTGGCGCCCGAA
CAGGGAC-3′.   

   3.    T4 polynucleotide kinase (PNK) enzyme (10,000 units/ml).   
   4.    10× PNK buffer: (700 mM Tris–HCl, 100 mM MgCl 2 , and 

50 mM dithiothreitol, pH at 25 °C: 7.6).   
   5.    Gamma-[ 32 P] ATP ( see   Note 1 ).   
   6.    Sodium chloride-Tris-EDTA (STE) buffer (10×): 5 M NaCl, 

1 M Tris–HCl (pH 7.5), and 0.5 M EDTA.   
   7.    Geiger counter.   
   8.    Pipettes (P20 and P1000) and tips.      

       1.    Reconstitute the 18-mer oligo dT at 200 μM in buffer: 10 mM 
Tris–HCl (pH 7.5) and 1 mM EDTA.   

   2.    RT reaction buffer (4×): 100 mM Tris–HCl (pH 8.0), 400 mM 
KCl, 8 mM dithiothreitol, 20 mM MgCl 2 , and 0.4 mg/ml 
bovine serum albumin.   

   3.    Recombinant HIV-1 reverse transcriptase (RT) ( see   Note 2 ).   

2.1  Cell Lysis

2.2  Primer 
and Template Labeling

2.3   Reverse 
Transcription  
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   4.    Dialysis buffer (5×): 1 M Tris–HCl (pH 7.5), 0.5 M EDTA, 
5 M NaCl, 50 % glycerol.   

   5.    50 μM  dNTPs   (positive control)—dilute the 100 mM stocks 
from commercial supplier in water.   

   6.    Stop dye: 99 % formamide, 40 mM EDTA, 0.003 g/ml bro-
mophenol blue, and 0.003 g/ml xylene cyanol.      

       1.    Part A reagent: 20 % acrylamide/bis-solution (19:1), 8 M 
urea, 0.1 M Tris, 0.08 M borate, 1 mM EDTA, and 0.075 % 
TEMED.   

   2.    Part B diluent: 8 M urea, 0.1 M Tris, 0.08 M borate, 1 mM 
EDTA, and 0.075 % TEMED.   

   3.    Ammonium persulfate—10 % solution in water.   
   4.    10× Tris-Borate-EDTA (TBE) buffer (890 mM Tris, 890 mM 

boric acid, 20 mM EDTA. pH at 25 °C: 8.0).   
   5.    Whatman fi lter paper (No 1) (46 × 57 cm sheets).   
   6.    Plastic wrap (18 in. wide).   
   7.    Gel dryer.   
   8.    Radioactive waste containers—liquid and dry.   
   9.    Protective beta radiation shielding.   
   10.    Beta radiation microcentrifuge tube rack.      

       1.    Phosphorimager screen.   
   2.    Phosphorimager instrument.   
   3.    Data analysis software such as QuantityOne from BioRad 

Imagine.       

3    Methods 

          1.    Determine the number of cells/ml and resuspend cells at a 
fi nal concentration of 2 × 10 6  cells/ml ( see   Note 3 ).   

   2.    Transfer 2 × 10 6  cells to a 1.5 ml Eppendorf tube and close the 
top.   

   3.    Microcentrifuge the Eppendorf tube at 2000 ×  g  for 15 s.   
   4.    Remove supernatant and wash cell pellet with 1 ml of PBS.   
   5.    Pellet cells by centrifugation the tube at 2000 ×  g  for 15 s.   
   6.    Carefully remove PBS and do not disrupt the cell pellet.   
   7.    The cells are lysed by quickly adding 200 μl of ice-cold 65 % 

methanol to the tube.   
   8.    Vigorously vortex sample for 2 min.   

2.4  Urea 
Polyacrylamide Gel

2.5  Data Capture 
and Analysis

3.1  Processing Cells 
for  dNTPs  

3.1.1  Working 
with Nonadherent Cells

dNTP Measurement Assay



64

   9.    Completely lyse the cells by incubating the tube at 95 °C for 
3 min. Make sure an Eppendorf tube lid lock is securely in 
place to prevent the lid from opening during the 95 °C incuba-
tion. Do not use Parafi lm M to seal the tube since it may melt 
at 95 °C.   

   10.    Chill the tube on ice for 1 min to prevent burning your hands 
and loss of material due to lid opening.   

   11.    The tube is centrifuged for 3 min at 18,000 ×  g . Next, the 65 % 
methanol solution is transferred to a new labeled tube. Discard 
the tube with the cell pellet in proper waste receptacle.   

   12.    Speed vacuum the tube until the liquid is completely evapo-
rated. This process usually takes 1–2 h at 55 °C.   

   13.    Store the tube at −80 °C until you are ready to perform the 
HIV-1 RT-based  dNTP assay   ( see   Note 4 ).      

       1.    Wash cell monolayer twice with PBS ( see   Note 5 ).   
   2.    Lyse the cells by quickly adding 200 μl of ice-cold 65 % metha-

nol for a six-well plate. Larger volumes of methanol can be 
used for Petri dishes; however, try and keep the volumes under 
1.5 ml to fi t into an Eppendorf tube.   

   3.    Use a cell scraper to remove cells from plate. Wash the six-well 
plate by adding another 200 μl of ice-cold 65 % methanol in 
order to recover all the biomaterial. Place all the materials into 
one tube. (Place the tubes on ice if processing multiple 
samples.)   

   4.    Follow  steps 8 – 13  as indicated for the nonadherent cell pro-
tocol above.       

   To determine the concentration of each dNTP, four separate 
primer-template combinations are needed. The template provides 
specifi city by having one additional nucleotide (Subheading  2.2 ). 
Therefore, we  32 P-radiolabel the primer in four separate tubes and 
then add one of the four templates to the tube.

    1.    In four 1.5 ml Eppendorf tubes, combine 4 μl of 20 μM primer, 
23 μl of water, and 4 μl of 10× PNK buffer. This can be done 
at the bench. If only one of the four  dNTPs   will be evaluated, 
then only one tube with reaction components is needed.   

   2.    Next, move the tubes behind a beta shield. While wearing 
proper protective equipment, open the radiation container and 
add 5 μl of gamma-[ 32 P] ATP to the fi rst tube. Discard pipette 
tip in the solid radioactive waste. Move to the next tube and 
repeat until all the tubes have radiation added.   

   3.    Add 2 μl of PNK enzyme to each tube. Change the pipette tip 
between tubes.   

3.1.2  Working 
with Adherent Cells

3.2  Primer Labeling

Joseph A. Hollenbaugh and Baek Kim
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   4.    Incubate the tubes in a heating block at 37 °C for 30 min.   
   5.    Add an additional 2 μl of PNK enzyme to each tube. Remember 

to change the pipette tip between tubes and discard the tips in 
the solid radioactive waste container. Incubate the tubes for 
another 30 min at 37 °C.   

   6.    Stop the PNK enzyme reaction by placing the tubes in a heat-
ing block set at 95 °C for 10 min.   

   7.    Removed tubes from the 95 °C heating block. Allow the tubes 
to cool to room temperature behind beat radiation shielding. 
Cooling usually takes about 5 min.   

   8.    Add 12 μl of 20 μM of template to the tube. Each tube with 
 32 P-labeled primer will have a different template added to it. 
Make sure to identify the template used and the date of 
 32 P-labeling on the tubes.   

   9.    Add 10 μl of 10× STE, 38 μl of water, and 700 μl of 1× STE.   
   10.    To anneal the different primer/templates, place a lid lock on 

the tubes and then incubate tubes in a heating block set at 
95 °C for 10 min.   

   11.    Remove the block from the heating apparatus. Allow the block 
with the tubes in it to cool to room temperature. This usually 
takes about 1 h to cool down to room temperature.   

   12.    The different primer/templates are now ready to be used in 
the HIV-1 RT-based  dNTP assay   ( see   Note 6 ). Place the tubes 
containing the  32 P-labeled primer/templates in a beta radia-
tion microcentrifuge tube rack. Store the radioisotope as per 
your institute radiation safety guidelines.   

   13.    Clear up your area using the Geiger counter to detect any 
radioactive contamination.    

         1.    If the sample tubes were stored at −80 °C (Subheading  3.1 ), 
allow the tubes to equilibrate to room temperature for 5 min 
before adding 20 μl of RNase-/DNase-free water to each tube. 
Vortex the tube for 30 s to suspend the pellet. Next, microcen-
trifuge the tube for 1 min at 18,000 ×  g  to pellet cellular 
debris— dNTPs   will be in the solution. Small batches of tubes 
(1–20 tubes) can be kept at room temperature on the bench if 
the reactions are done that day; otherwise, store them at 
−80 °C ( see   Note 4 ).   

   2.    Mark reaction tubes for samples, and include both positive and 
negative control tubes for each  32 P-labeled primer/template.   

   3.    Prepare reaction master mix. Calculate the appropriate vol-
umes for each of the components below, while have enough 
for two additional reactions. The reaction master mix for one 
sample volume is 5 μl of 4× RT reaction buffer, 1 μl of oligo-
nucleotide dT, 6 μl of water, and 2 μl of  32 P-radiolabeled 

3.3  HIV-1 RT-Based 
dNTP Assay
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primer/template. Remember to work behind protective shielding 
and wear proper protective equipment when handling the 
 32 P-radiolabeled primer/templates.   

   4.    Aliquot 14 μl of the reaction master mix into each of the 
marked tubes. Next, add 2 μl of the sample to the proper tube. 
The negative control tube has 2 μl of water added, while the 
positive control has 2 μl of 50 nM  dNTPs   added to it. The next 
set is to prepare for the enzymatic reaction. Set a timer for 
5 min. To the fi rst tube, add 4 μl of HIV-1 RT enzyme ( see  
 Note 2 ) and place the tube at 37 °C. Discard the pipette tip in 
the solid radiation waste and then start the timer. Move to the 
second tube and allow a 5 s interval before adding the enzyme. 
Place the tube in the heating block. Repeat the process until all 
the sample reactions have enzyme added.   

   5.    At the end of 5 min, stop the reactions by adding 10 μl of stop 
buffer and then place the tube in a heating block set at 
95 °C. Stop the reaction in the order in which they were 
started. After 5 min, remove the tubes from the heating block 
and allow them to cool to room temperature behind proper 
shielding. Samples are now ready to be resolved on a 14 % 
urea- PAGE. Alternatively, reactions can be stored at 4 °C for 
several weeks in a beta radiation microcentrifuge tube rack, but 
remember the decay of the radioisotope is occurring and this 
will lead to longer imaging screen exposure times.      

       1.    Clean both the large and the small glass plates with ethanol for 
the apparatus. Treat the small plate with a thin layer of silicone- 
based rain repellent and assemble PAGE apparatus.   

   2.    Cast a 14 % urea-PAGE. Volumes of Part A reagent and Part B 
diluent will depend on apparatus size. Refer to manufactures 
recommendations for total volume required. Wait 30 min for 
gel polymerization to occur.   

   3.    Remove the comb and place the glass plates into the gel appa-
ratus. Add 1× TBE running buffer to the top and bottom res-
ervoirs. Flush the wells out with running buffer using a 20 ml 
syringe with an 18-gauge needle. Then prewarm the gel 
(100 W) for 10 min. Next, fl ush the wells again with running 
buffer. Count the number of wells needed and position your 
samples in the middle of the gel. The fi rst and last wells should 
contain 4 μl of stop reaction buffer, with 4 μl of the samples 
loaded in between. Run the urea-PAGE until the bromophenol 
blue dye runs into the lower reservoir (15 in. from the bottom 
of the comb well), to provide enough separation between the 
primer and the primer +1 product (extended product).   

   4.    Carefully disassemble the apparatus to remove the glass plates. 
Use a plastic wedge to separate the two plates, being careful to  
keep the gel intact on one plate (usually the large, non-silicone- 

3.4   Urea-PAGE  
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based treated plate). The plate should be on the counter top 
with the gel on top. To remove the gel from the glass plate, 
cover the gel with seal wrap and fold over the edges back onto 
the seal wrap. Turn the plate over, and using the plastic wedge, 
carefully remove the gel from the plate, which should be stick-
ing to the plastic wrap.   

   5.    Detect where the radiation is using a handheld Geiger counter. 
Cut a piece of Whatman paper lengthwise so it is longer than 
the fi rst and last stop dyes about 3 in. wide. One can use the 
xylene cyanol dye as a reference point in order help position 
the Whatman paper. Press the Whatman paper on the gel. Use 
scissors to cut the edge of the Whatman paper, removing the 
remaining nonradioactive gel to be discarded in the dry radio-
active waste container. Dry the gel using a vacuum gel dryer 
for at least 45 min. A very large gel can take up to 3 h to dry.   

   6.    Clean up area by discarding the remaining gel in the solid 
radioactive waste and the running buffer in the liquid radioac-
tive waste. Clean the PAGE apparatus with water and allow it 
to air-dry.      

       1.    After the gel has dried onto the Whatman paper, expose a 
phosphorimaging screen. The duration of time for exposure 
will be dependent on the amount of radioactivity. When using 
freshly  32 P-labeled primer/template, screen exposure time will 
be for 1–2 h to prevent oversaturation. Capture the data using 
phosphorimager instrument. We use the program software to 
ensure that the screen is not oversaturated; otherwise, a shorter 
exposure is required. Figure  1  shows a typical gel.

3.5  Phosphoimaging 
and Data Analysis

  Fig. 1    HIV RT-based dNTP urea-PAGE analysis. Sample reactions were resolved 
on a 14 % urea-PAGE. Imaging Screen K (BioRad) was exposed to the dried gel. 
The image data were captured using PharosFX Plus Molecular Imager (BioRad). 
Data analysis was accomplished by using QuantityOne software (BioRad). The 
unextended primer (primer) and the extended primer (primer +1) are shown. 
 Lanes 1  and  2  are the negative and positive controls, respectively.  Lane 3  was 
left empty.  Lanes 4 – 8  were the samples to be quantitated. A quantity box was set 
to capture the raw data. U1, negative control (primer +1 area), was used to sub-
tract background.  Boxes U2 – U6  were for the unextended primer values, whereas 
 boxes U7 – U11  captured data for extended primer +1 values.       
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       2.    Data analysis for  dNTPs   is done using the vendor’s software. 
As depicted in Fig.  1 , a rectangle is set and then applied to the 
negative control primer +1. This accounts for the amount of 
background noise. Apply this same rectangle to primer and 
primer +1 bands for the samples. The densities allow for deter-
mining the amount of extension over the total amount of 
primer in that lane. Table  1  shows how the dNTP concentra-
tions are calculated. As shown in Table  1 , a box is set in the 
negative control primer +1 region, which is used for an inter-
nal blank to be subtracted from all the samples (Table  1 , 
Column D). The amount of extension is calculated by primer 
+1/(primer +1 and primer) (Column E). This is converted to 
a percentage (Column F). Values below 2 % are below the 
linear range of the assay and need to be discarded. Extensions 
over 36 % require additional dilution of that sample [ 3 ] ( see  
 Note 7 ). Column G is the amount of volume the sample was 
suspended in, which is typically 20 μl. Column H is the 
determined cell number at the time of dNTP harvesting. 
The fmol/reaction is calculated using the following formula: 
((200 fmol of primer × % extension × volume suspended cell 
pellet × dilution)/(volume added to the reaction)) and dis-
played in Column K. The fmol/cell number is then calculated 
by dividing the fmol/Rxn by the cell count (Column L). If the 
cell volume is known, then the molar concentration can be 
determined as depicted in Column M. The cell volumes for 
macrophage, resting CD4 +  T cells, and activated CD4 +  T cells 
are 2660 μm 3 , 186 μm 3 , and 320 μm 3 , respectively [ 3 ]. For 
dendritic cells [ 6 ] and HeLa cells [ 7 ], the cell volumes are 
1000 μm 3  and 2600 μm 3 , respectively ( see   Note 8 ).

4            Notes 

     1.    Institutional radiation training using radioactive isotopes 
should be completed before starting any experiments. 
Radiation safety procedures should be followed at all times. 
Proper personally protective equipment to limit exposure to 
radioactive materials should be worn at all times.   

   2.    Recombinant HIV-1 reverse transcriptase can be obtained by 
commercial sources such as Chimerx and EMD Millipore. 
We overexpress the His-tagged p66 subunit from HIV-1 strain 
HXB2 in  E. coli  and purify it using a nickel column 
chromatography.   

   3.    If using cancer cell lines, 600,000 cells can be used since the 
dNTP concentrations are very high. Importantly, empirical 
analysis may be required to determine the minimum number 
of cells needed for a given cell type. For examine, primary 
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human monocytes have very low  dNTPs  , and even 5 million 
cells are just at the level of detection for this assay. Therefore, 
we recommend 2 × 10 6  cells/ml to provide enough biomaterial 
for dNTP analysis for most cell types.   

   4.    Dried sample pellets can be stored indefi nitely at −80 °C.   
   5.    Cell count is required in order to calculate the concentration 

of  dNTPs   per cell. Always have an extra experimental well for 
adherent cells to do cell counts for each experimental group.   

   6.    One can store the primer/template at room temperature for 
several weeks. If one freezes the  32 P-labeled primer/tem-
plate, reannealing it is required. This is accomplished by 
heating the tube, with a lid lock on, in a heating block to 
95 °C for 5 min. Next, remove the block from the apparatus 
and allow it to slowly cool to room temperature, which usu-
ally takes about 1 h.   

   7.    Samples will over 36 % extension require sample diluted and 
retested in order to bring them within the linear range of the 
assay.   

   8.    Conversion of literature reported cell volumes (μm 3 ). 1.0 μm 3  = 
1 × 10 −15  l.         
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    Chapter 6   

 Rapid Determination of HIV-1 Mutant Frequencies 
and Mutation Spectra Using an mCherry/EGFP 
Dual- Reporter Viral Vector       

     Jonathan     M.  O.     Rawson    ,     Christine     L.     Clouser    , 
and     Louis     M.     Mansky      

  Abstract 

   The high mutation rate of human immunodefi ciency virus type-1 (HIV-1) has been a pivotal factor in its 
evolutionary success as a human pathogen, driving the emergence of drug resistance, immune system 
escape, and invasion of distinct anatomical compartments. Extensive research has focused on understand-
ing how various cellular and viral factors alter the rates and types of mutations produced during viral rep-
lication. Here, we describe a single-cycle dual-reporter vector assay that relies upon the detection of 
mutations that eliminate either expression of mCherry or enhanced green fl uorescent protein (EGFP). 
The reporter-based method can be used to effi ciently quantify changes in mutant frequencies and mutation 
spectra that arise due to a variety of factors, including viral mutagens, drug resistance mutations, cellular 
physiology, and APOBEC3 proteins.  

  Key words     Retrovirus  ,   Lentivirus  ,   Retroviral vector  ,    Reverse transcription    ,   Evolution  ,   Diversity  , 
  Mutagenesis  

1      Introduction 

 Human immunodefi ciency virus type-1 (HIV-1) mutates at a rate 
of ~3.6 × 10 −5  mutations/base pair (bp)/cycle (average across all 
studies; range of 1.4–8.5 × 10 −5 ), corresponding to about one 
mutation per three genomes synthesized [ 1 – 8 ]. The rapid muta-
tion rate, in conjunction with high rates of recombination and rep-
lication [ 9 ,  10 ], drives viral evolution within infected individuals 
and poses a signifi cant barrier to the development of effective vac-
cines and drug regimens. Several studies have demonstrated that a 
variety of factors can affect the frequency and/or types of muta-
tions that arise during viral replication, thus potentially altering the 
evolutionary path of the virus within infected individuals. These 
factors include experimental and approved antiviral therapeutics 



72

(e.g., nucleoside analogs that cause chain termination or altered 
base-pairing) [ 11 – 19 ], cell type [ 20 ], drug resistance-associated 
mutations in reverse transcriptase [ 8 ,  11 ,  13 ,  14 ,  21 ], viral acces-
sory proteins ( Vif   and Vpr) [ 3 ,  13 ,  22 ], and host proteins of the 
 APOBEC3   family [ 23 ,  24 ]. The examination of factors infl uencing 
the mutagenesis of HIV-1 remains an area of active investigation, 
necessitating the development of improved vectors and method-
ologies for quantifying and characterizing viral mutants. 

 Several methods have been used to determine mutant frequen-
cies, mutation rates, and mutation spectra in HIV-1, most of which 
rely on reporter genes that confer a phenotype that can be easily 
scored, such as  lacZα  [ 1 ,  6 ],  egfp  [ 15 ,  16 ], and  thymidine kinase  
[ 5 ]. Direct amplifi cation and sequencing of viral genes have also 
been used to determine HIV-1 mutation rates and spectra [ 7 ,  25 ], 
but Sanger sequencing of viral genes is relatively ineffi cient (as 
most sequences lack mutations) and next-generation sequencing 
methods are currently too error-prone (error rates of 10 −2 –10 −4  
mutations/bp depending on how the data is processed) to be of 
much utility [ 26 – 28 ]. Using reporter genes, both the restoration 
of defective reporter gene phenotypes (reversion assays) and the 
elimination of functional reporter gene phenotypes (forward muta-
tion assays) can be detected. Forward mutation assays have gener-
ally been preferred because they allow for the detection of numerous 
types of mutations at many different positions within the reporter 
sequence. Using these assays, forward mutant frequencies can be 
calculated by determining the ratio of mutant proviruses (i.e., 
those lacking LacZα or EGFP expression) to all proviruses. As 
these assays rely on the detection of mutations that eliminate 
reporter gene expression, silent mutations will typically not be 
detected, and thus the calculated mutant frequencies underesti-
mate the intrinsic mutation rates. In the case of  lacZα , mutant fre-
quencies can be converted to mutation rates, as saturation 
mutagenesis has determined the target bases at which substitutions 
or frameshifts can be detected within the  lacZα  gene region [ 29 , 
 30 ]. Currently, other reporter genes have not yet been character-
ized to the same extent such that this type of conversion is not 
possible. In addition to mutant frequencies, these mutation assays 
enable targeted Sanger sequencing of defective reporter genes for 
the characterization of mutation spectra. 

 Here, we describe a replication-defective mCherry/EGFP 
dual-reporter vector that has been used in single-cycle assays for 
determination of HIV-1 mutant frequencies and mutation spectra 
[ 18 ,  19 ]. Recently, a similar vector based on HIV type-2 (HIV-2) 
has been engineered, enabling comparative analyses between 
HIV-1 and HIV-2 [ 31 ]. The vector does not express  Env   and 
must be complemented  in trans  with an envelope gene to produce 
infectious virus. Within  nef , a cassette containing  mCherry  and 
 egfp  has been inserted, separated by an internal ribosome entry 
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site  necessary for translation of EGFP. Thus, the fi nal molecular 
clone has functional open reading frames for all genes except  env  
and  nef . The resulting vector, called  pNL4-3 MIG  , can be used to 
determine viral mutant frequencies as follows: fi rst, infectious viral 
stocks are produced by co-transfecting the vector and the vesicular 
stomatitis virus envelope glycoprotein (VSVG) into  293T cells   
(Fig.  1a ). The supernatants are collected, fi ltered, DNase I-treated, 
and titered to determine infectivity. Next, viral stocks are used to 
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  Fig. 1    Vector and assay design for rapid determination of HIV-1 infectivities and mutant frequencies. ( a ) An 
HIV-1 vector expressing mCherry and EGFP ( pNL4-3 MIG  ) was co-transfected with VSVG to produce infectious 
virus. The supernatant was used to infect U373-MAGI- CXCR4   target cells. Cells were collected 72 h post- 
infection for analysis of infectivity and mutant frequency via fl ow cytometry. Reprinted in adapted form from 
Rawson, J. M. et al. 2013 [ 18 ] with permission from Elsevier. ( b ) Examples of representative fl ow cytometry 
data (EGFP vs. mCherry) from uninfected cells, infected untreated cells, and infected cells treated with a muta-
genic drug combination (50 μM resveratrol + 200 μM KP-1212). The infectivities (I) were calculated by adding 
the percentages of cells in all three positive quadrants, whereas mutant frequencies (MF) were calculated by 
adding the single-positive quadrants (mCherry + /EGFP −  + mCherry − /EGFP + ) and dividing by the infectivities.       
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infect U373-MAGI- CXCR4   cells, which are then analyzed by fl ow 
cytometry to measure mCherry and EGFP expression.  Mutant 
frequencies   are calculated by dividing the number of cells express-
ing only mCherry or EGFP by all infected cells. Lastly, the muta-
tion spectra can be analyzed by sorting out single-positive cells 
(mCherry + /EGFP −  and/or mCherry − /EGFP + ), isolating genomic 
DNA, performing PCR, and sequencing the mutated reporter 
gene(s). The entire assay can be performed in approximately 
2–3 weeks, permitting rapid evaluation of the impact of mutations 
in reverse transcriptase,  APOBEC3   proteins, viral mutagens, or 
alterations in cell physiology on HIV-1 mutant frequencies and 
mutation spectra.

2       Materials 

       1.    Cells: 293T and  U373-MAGI-CXCR4      [ 32 ]. In addition to 
U373-MAGI-CXCR4, many other cell lines can successfully 
be used as target cells in this assay ( see   Note 1 ).   

   2.    293T Medium:  Dulbecco’s modifi ed Eagle’s medium   
(DMEM) supplemented with 10 % fetal bovine serum (FBS) 
and 1 % penicillin/streptomycin.   

   3.    U373-MAGI- CXCR4   Medium (MAGI Medium): DMEM 
supplemented with 10 % FBS, 1 % penicillin/streptomycin, 
0.2 mg/mL  G418  , 0.1 mg/mL hygromycin B, and 1.0 μg/
mL puromycin.   

   4.    Dulbecco’s phosphate-buffered saline (DPBS) without Ca 2+  or 
Mg 2+ .   

   5.    FACS buffer: DPBS, 2 % FC3, 10 mM HEPES (pH 7.2), 
10 U/mL DNase I, 5 mM MgCl 2 .   

   6.    Trypsin-EDTA.   
   7.    Serum-free DMEM.   
   8.    Poly- L -lysine (10×): Dilute 1:10 in sterile water and store at 

4 °C. Stocks can be reused up to fi ve times.   
   9.    Polyethylenimine: Other transfection reagents can also be used 

( see   Note 2 ). Prepare liquid stocks by dissolving the PEI in 
sterile water to a fi nal concentration of 1 mg/mL, adjusting 
the pH to 7.0 with 1 M HCl, and fi ltering through a 0.2 μM 
fi lter. Divide stocks into 1 mL aliquots and freeze at 
−80 °C. Maintain thawed stocks at 4 °C; stocks should retain 
full activity for up to 3 weeks.   

   10.    Plasmids:  pNL4-3 MIG   (available upon request) and pHCMV-
 G (a kind gift from J. Burns, University of California, San 
Diego) or a comparable plasmid, such as pHEF-VSVG. HIV-1 
 Env   constructs may be used in place of VSVG ( see   Note 3 ).   

2.1  Cell Culture, 
Production of Viral 
Stocks, Infections
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   11.    DNase I.   
   12.    Syringes: 10, 20, or 60 mL, depending on the volume of virus 

to be produced.   
   13.    0.2 μm fi lters.   
   14.    Hemocytometer.   
   15.    96-Well polystyrene plates.   
   16.    Polystyrene round-bottom tubes with strainer caps.      

       1.    Dpn I.   
   2.    Genomic DNA purifi cation kit, such as the High Pure PCR 

Template Preparation Kit.   
   3.    High-fi delity amplifi cation system, such as  Phusion Hot Start II  .   
   4.    Taq DNA polymerase.   
   5.     dNTPs  .   
   6.    Primers: EGFP-forward (5′-TCAAGCGTATTCAACAAGG- 3′) 

and EGFP-reverse (5′-CATTGTTAGCTGCTGTATTGC-3′).   
   7.    Gel extraction kit.   
   8.    T/A cloning kit, such as the pGEM-T Vector Kit II.   
   9.    LB plates with ampicillin/IPTG/X-Gal: LB-agar, 100 μg/mL 

ampicillin, 0.5 mM IPTG, and 80 μg/mL X-Gal.   
   10.    LB broth with ampicillin: LB-broth, 100 μg/mL ampicillin.   
   11.    Standard DNA miniprep kit or 96-well miniprep kit, depend-

ing on the desired throughput.   
   12.    Sequencing primers: T7 promoter 

(5′-TAATACGACTCACTATAGGG- 3′) and SP6 upstream 
(5′-ATTTAGGTGACACTATAG- 3′). Sequencing facilities 
often provide these primers at no additional cost.      

       1.    Flow cytometer capable of simultaneously detecting and sepa-
rating mCherry and EGFP signals ( see   Note 4 ), preferably 
attached to a high-throughput sample (HTS) unit.   

   2.    Access to a fl ow cytometer capable of fl uorescence-activated 
cell sorting (FACS); this cytometer must also be able to simul-
taneously detect and separate mCherry and EGFP signals.   

   3.    FlowJo (Tree Star Inc.; Ashland, OR) or similar program for 
analyzing fl ow cytometry data.   

   4.     GraphPad Prism   or similar program for data analysis.   
   5.    Program capable of assembling many Sanger sequences, such as 

SeqMan Pro (Lasergene Core Suite; DNASTAR, Inc.; Madison, 
WI) or Vector NTI (Life Technologies; Carlsbad, CA).       

2.2  DNA Isolation 
and PCR

2.3  Equipment 
and Software
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3    Methods 

       1.    Plate four million  293T cells  /10 cm plate ~24 h before trans-
fection. Optional: Pre-coat plates with poly- L -lysine to mini-
mize cell detachment during the transfection procedure. 
Pre-coat plates by adding suffi cient poly- L -lysine to cover the 
plates (~5 mL/plate), waiting for 5–10 min, aspirating or 
pipetting off the poly- L -lysine, and drying the plates for ~1 h 
in a certifi ed biosafety cabinet. Plates should be ~90–95 % con-
fl uent at the time of transfection.   

   2.    Begin the transfection procedure ~24 h after plating the cells 
by preparing the transfection mixture. For each 10 cm plate, 
mix 10 μg  pNL4-3 MIG  , 1 μg pHCMV-G, and serum-free 
DMEM to a fi nal volume of 0.5 mL in a microcentrifuge tube. 
Mix 33 μL 1 mg/mL PEI (3:1 ratio of μL PEI to μg of DNA) 
and 467 μL serum-free DMEM in a separate microcentrifuge 
tube. Add the DNA/DMEM all at once to the PEI/DMEM, 
mix by pipetting, and incubate for 15–20 min.   

   3.    Replace the medium on the  293T cells   (10 mL/plate).   
   4.    Add the DNA-PEI transfection mixture dropwise to the plates 

of  293T cells  ; mix with gentle swirling.   
   5.    Replace the medium again ~12–16 h post-transfection 

(7–10 mL/plate).   
   6.    Collect viral stocks ~36–48 h post-transfection by fi ltering the 

supernatants through 0.2 μm fi lters. Treat viral stocks with 
10 U/mL of DNase I (in 1× DNase I buffer) at 37 °C for 3 h 
to reduce plasmid contamination ( see   Note 5 ). Freeze stocks in 
0.5–1.0 mL aliquots at −80 °C until the time of infection. If 
desired, the transfected cells can be collected for analysis of 
transfection effi ciency by fl ow cytometry.      

       1.    Plate 31,250 U373-MAGI- CXCR4   cells/well in a 24-well 
plate ~24 h before infection, using 1 mL MAGI medium/well.   

   2.    At the time of infection, aspirate the medium and replace with 
variable volumes of the viral stock to be titered and 293T 
medium, keeping a total volume in each well of 1 mL ( see   Note 
6 ). Note that 293T medium is used to avoid any effect that the 
selection compounds in the MAGI medium could have on 
infectivity. Perform all infections in triplicate and include unin-
fected controls.   

   3.    Replace the medium 24 h post-infection.   
   4.    Collect the cells for fl ow cytometry 72 h post-infection. 

Aspirate the medium and add 0.2 mL trypsin-EDTA/well. 
Transfer the trypsinized cells to a 96-well plate and centrifuge 
at 500 ×  g  for 5 min at 4 °C. Remove the trypsin-EDTA and 

3.1  Production 
of Viral Stocks

3.2  Titering 
Viral Stocks
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wash the samples with 0.2 mL DPBS/2 % FBS/well before 
centrifuging the cells for a second time. Remove the DBPS/2 % 
FBS and again add 0.2 mL DPBS/2 % FBS/well, wrap in par-
affi n fi lm, and store at 4 °C until samples are assessed by fl ow 
cytometry.   

   5.    Perform fl ow cytometry to quantify the number of cells 
expressing mCherry and/or EGFP. Optimize fl ow cytometer 
settings before recording data ( see   Note 7 ). Analyze a mini-
mum of 10,000 gated cells/sample. Gates should be consis-
tent across all samples. Determine the percent infection in each 
sample by taking the sum of the following quadrants: 
mCherry + /EGFP − , mCherry − /EGFP + , and mCherry + /EGFP + . 
Alternatively, subtract the double-negative population 
(mCherry − /EGFP − ) from 100.   

   6.    Using  GraphPad Prism  , plot the volume of virus (in μL) against 
the percent infection. The relationship between the volume of 
virus and the percent infection should be linear up to ~40 %, 
and we recommend excluding data above this value ( see   Note 
8 ). If less than fi ve data points are below 40 % infectivity, repeat 
the titer using less virus. Fit a trend line to the data using linear 
regression; the  r  2  value should be >0.99. The equation of the 
trend line allows calculation of predicted volumes of viral 
stocks to achieve targeted infectivities in future experiments. 
Although not necessary for this protocol, one can also calcu-
late infectious titers from the data, though these titers likely 
underestimate true infectious titers ( see   Note 9 ).      

       1.    Plate 31,250 U373-MAGI- CXCR4   cells/well in a 24-well 
plate ~24 h before infection, using 1 mL MAGI medium/well.   

   2.    At the time of infection, replace the medium with 293T 
medium and the amount of virus predicted to result in 20 % 
infection based upon the viral titer ( see   Note 10 ). Include 
uninfected controls. If testing the impact of small molecules on 
viral mutant frequency, add variable amounts of the com-
pounds 2 h before infection ( see   Note 11 ).   

   3.    Replace the medium 24 h post-infection.   
   4.    Collect the cells for analysis by fl ow cytometry 72 h post- 

infection as described before.   
   5.    Perform fl ow cytometry to quantify the number of cells 

expressing mCherry and/or EGFP. Determine viral infectivity 
to ensure that it is close to the targeted 20 % infection. 
Determine mutant frequency by adding the single-positive 
cell populations and dividing by all infected cells: (mCherry + /
EGFP −  + mCherry − /EGFP + )/(100 − mCherry − /EGFP − ). 
Examples of fl ow cytometry data with corresponding infec-
tivities and mutant frequencies are illustrated in Fig.  1b . 

3.3  Small-Scale 
Infections 
to Determine Viral 
Mutant Frequencies
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HIV-1 wild-type mutant frequencies typically fall within the 
range of 0.04–0.06 in this assay. Using the length of the entire 
cassette (mCherry- IRES  -EGFP; 2072 bp) as the size of the 
mutational target (a conservative means of estimating viral muta-
tion rates), these mutant frequencies correspond to mutation 
rates of 1.9–2.9 × 10 −5  mutations/bp/cycle.   

   6.    In  GraphPad Prism  , graph the infectivity and mutant frequency 
of the infected control (i.e., untreated wild-type virus) against 
the other samples (e.g., cells treated with compounds of inter-
est or infected with mutant viruses), as shown in Fig.  2a . 
Perform at least three independent experiments and graph the 
means ± standard deviations. Although absolute infectivities and 
mutant frequencies can be graphed, we prefer to normalize the 
data relative to the control virus (set to 100 % for infectivity or 
1 for mutant frequency) to simplify data interpretation.

       7.    Perform statistical analysis to assess signifi cance of differences in 
mutant frequencies between samples. One-way ANOVA fol-
lowed by Tukey’s posttest using  GraphPad Prism   or similar soft-
ware is usually suffi cient to examine differences in mutant 
frequencies across multiple treatment groups. ANOVA should 
be performed using absolute (rather than normalized) mutant 
frequencies. As  ANOVA test  s rely upon certain assumptions, the 
data should ideally be transformed prior to one-way ANOVA 
( see   Note 12 ). Other types of ANOVAs may be ideal for more 
complex comparisons of treatment groups ( see   Note 13 ).      

       1.    Plate 1.2 million U373-MAGI- CXCR4   cells/10 cm plate 
~24 h before infection, using 10 mL MAGI medium/plate. 
Prepare two plates/treatment and include uninfected controls.   

   2.    At the time of infection, replace the medium with fresh 293T 
medium and the amount of virus predicted to result in 20 % 
infection based upon the viral titer ( see   Note 14 ). If examining 
the impact of small molecules on viral mutant frequency, add 
the compounds 2 h before infection.   

   3.    Replace the medium 24 h after infection.   
   4.    Collect the cells for FACS 72 h post-infection. Before collect-

ing samples, we advise discussing the procedure with the oper-
ator of the FACS instrument, as they may suggest modifi cations 
to this protocol. Begin by aspirating the medium and adding 
3 mL trypsin-EDTA/plate. Neutralize the trypsin with 7 mL 
293T medium/plate and centrifuge in 15 or 50 mL conical 
tubes for 5 min at 500 ×  g  and 4 °C. Aspirate the trypsin-
EDTA/medium.   

   5.    Wash the cells twice with 10 mL DPBS/2 % FBS/plate. 
Resuspend the fi nal cell pellet in 1 mL FACS buffer/plate of 
cells and transfer to 5 mL polystyrene tubes.   

3.4  Large-Scale 
Infections 
to Determine Viral 
Mutation Spectra
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   6.    Bring the following to the FACS instrument: samples for anal-
ysis, FACS buffer (~10 mL in a 15 mL conical tube), polysty-
rene tubes with strainer caps (one/sample), and collection 
tubes (microcentrifuge tubes with 0.1 mL DPBS/2 % FBS/
tube; bring two/sample).   
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  Fig. 2    Use of the dual-reporter HIV-1 vector to analyze viral infectivities, mutant frequencies, and mutation 
spectra. ( a ) The impact of a mutagenic drug combination (50 μM resveratrol + 0, 5, 50, or 200 μM KP-1212) 
on viral infectivities and mutant frequencies was determined. The data were normalized to the no-drug (ND) 
control, which was set to 100 (infectivity) or 1 (mutant frequency). The data represent the means of three 
independent experiments ± standard deviations. One-way ANOVA with Dunnett’s posttest was performed on 
the un-normalized data to assess statistical signifi cance. *  p -value   <0.05, ** p -value <0.01, *** p -value 
<0.001. ( b ) To examine mutation spectra, mCherry + /EGFP −  cells were isolated by fl uorescence-activated cell 
sorting (FACS). Genomic DNA was extracted, and  egfp  from the proviral DNA was amplifi ed, cloned, and ana-
lyzed by Sanger sequencing. After alignments and identifi cation of mutations, the percentage of mutations 
belonging to each class was determined for the no-drug (ND) control and cells treated with a mutagenic drug 
combination (50 μM resveratrol + 200 μM KP-1212). The drug combination caused an increase in G-to-C 
mutations from 2 to 41 % of total mutations, which was statistically signifi cant ( p -value <0.0001). Total muta-
tions analyzed: 45 (no drug) and 69 (drug combination). Reprinted in adapted form from Rawson, J. M. et al. 
2013 [ 18 ] with permission from Elsevier.       
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   7.    Subject samples to FACS to sort out the mCherry + /EGFP −  and 
mCherry − /EGFP +  cell populations ( see   Note 15 ). Each sample 
should be fi ltered into a polystyrene tube through a strainer cap 
immediately before FACS to remove cell aggregates. The speed 
and effi ciency of sorting can vary widely depending on numer-
ous factors (infectivity, degree of cell death, etc.). We typically 
collect at least 2000 mCherry + /EGFP −  cells per sample, though 
the ideal number depends on the amount of sequencing data 
required for analysis ( see   Note 16 ).      

       1.    Purify genomic DNA from infected cells using Roche’s High 
Pure PCR Template Preparation Kit (or a similar kit), follow-
ing the manufacturer’s instructions. Elute in 50 μL sterile 
water/sample. Isolate genomic DNA from uninfected cells as 
a negative control for the PCR reaction.   

   2.    Treat genomic DNA with 0.2 U/μL DpnI in 1× DpnI buffer 
at 37 °C for 2 h to degrade any residual plasmid DNA.   

   3.    Perform  PCR amplifi cation   of  egfp  using a high-fi delity ampli-
fi cation system that is based on a proofreading polymerase, 
such as  Phusion Hot Start II  . Proofreading polymerases are 
recommended because they exhibit much lower error rates 
than Taq polymerase, which lacks proofreading activity (error 
rates of 10 −6 –10 −7  mutations/bp/cycle or 10 −4 –10 −5  muta-
tions/bp/cycle, respectively). High-fi delity polymerases mini-
mize background errors that could otherwise contribute to the 
mutation spectra data ( see   Note 17  for further discussion). 
Using Phusion Hot Start II, set up the PCR reactions with 
28.5 μL nuclease-free water, 10 μL 5× HF buffer, 1 μL  dNTPs   
(10 mM), 2.5 μL of each primer (EGFP-forward and EGFP- 
reverse primers; 10 μM stocks), 5 μL genomic DNA, and 
0.5 μL Phusion Hot Start II. We advise performing the PCR 
reactions from each sample in triplicate and pooling the result-
ing products in order to increase the number of unique muta-
tions that can be observed by sequencing. The  egfp  gene from 
the  pNL4-3 MIG   plasmid should be amplifi ed as a positive 
control reaction. Use water and genomic DNA from unin-
fected cells as negative control reactions.   

   4.    Perform PCR using the following cycling parameters: 98 °C 
for 30 s, 40 cycles of 98 °C 10 s/60 °C 30 s/72 °C 30 s, and 
a fi nal extension of 72 °C for 10 min. In some cases, the num-
ber of PCR cycles can be reduced to 30 or 35 in order to fur-
ther decrease PCR-mediated background errors, but in general 
this is not recommended because (1) the benefi t in terms of 
reducing background errors is relatively small ( see   Note 17 ), 
and (2) the PCR product may not be suffi ciently visible on a 
gel to allow for DNA purifi cation.   

3.5  Extraction 
of Genomic DNA, PCR, 
and Sequencing
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   5.    Gel-purify the PCR products (981 bp in length) to remove any 
nonspecifi c products or primer dimers. Gel extraction also 
removes the proofreading polymerase (i.e.,  Phusion Hot Start 
II  ), which is crucial for effi cient A-tailing of PCR products.   

   6.    Add A-tails to the blunt-end PCR products by mixing 6 μL 
purifi ed PCR product, 1 μL 10× Taq buffer, 2 μL dATP (1 mM), 
and 1 μL (5 U) Taq polymerase. Incubate at 72 °C for 20 min.   

   7.    Ligate the A-tailed PCR products into a T/A cloning vector 
such as pGEM-T following the manufacturer’s instructions. 
Use 3 μL of PCR product in each ligation reaction and ligate 
overnight at 4 °C for maximum effi ciency.   

   8.    Transform 5 μL of each ligation reaction into JM109 cells. 
Other high-effi ciency competent cells (≥10 8  colony forming 
units/μg) can be used as well, provided that they are compat-
ible with blue-white color screening. Plate several different 
volumes (e.g., 50, 200, 500 μL) onto LB-amp plates contain-
ing IPTG and X-Gal for blue-white color screening.   

   9.    Start 1.5 mL liquid cultures in LB broth with ampicillin from 
white colonies (i.e., those that contain an insert disrupting the 
 lacZα  reading frame in pGEM-T) the following day.   

   10.    Purify plasmid DNA from the liquid cultures the next day. For 
smaller numbers of cultures (<48), we recommend using stan-
dard miniprep kits. For larger numbers of cultures (≥48), use 
96-well high-throughput miniprep kits.   

   11.    Submit the samples for Sanger sequencing using primers that 
fl ank the ligated insert, such as the T7 promoter and/or SP6 
upstream primers ( see   Note 18 ).   

   12.    Align resulting sequences to the wild-type  egfp  sequence (this 
will exclude the primer sequences from analysis, as the primers 
anneal outside of  egfp ) using a program like SeqMan Pro (part 
of the Lasergene Core Suite) or Vector NTI. Perform trim-
ming to remove low-quality sequence data.   

   13.    Use the program to identify all putative mutations within the 
assembled sequences. Verify each mutation by viewing the 
chromatogram. Compile a list of information about each 
mutation—sequence identifi er, position, and mutation type. 
Exclude identical mutations that are found in multiple clones 
from the same sample, as these may have arisen due to sequenc-
ing of amplifi ed products from the same original provirus. It is 
important to note that even if the identical mutations occur 
in distinct sequences (e.g., with different co-occurring 
 mutations), they may still have arisen from one initial provi-
rus, as recombination can occur during PCR. Occasional 
G-to-A hypermutants (likely due to the activity of  APOBEC3   
proteins) may be identifi ed, and the mutation spectra should 
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be analyzed both in the presence and absence of these G-to-A 
hypermutants ( see   Note 19 ).   

   14.    From the list of verifi ed mutations, compile the mutation spec-
tra by determining the absolute numbers and relative percent-
ages that each mutational type contributes to the total. The 
mutation spectra data can be presented in table or pie chart for-
mat (as shown in Fig.  2b ).  Mutation spectra   can be compiled 
both for total mutations and for specifi c classes of mutations, 
such as substitutions. While insertions and deletions can be 
observed in this assay, we have found that they occur much less 
frequently than substitutions, and therefore it is diffi cult to make 
meaningful comparisons of their frequencies between samples.   

   15.    Analyze statistical signifi cance of differences in mutation spec-
tra using the Cochran-Mantel-Haenszel  test   or Fisher’s Exact 
test ( see   Note 20 ). These analyses should be performed on the 
absolute numbers of mutants from each class, rather than rela-
tive percentages of the total.       

4    Notes 

     1.    Many other cell lines may successfully be used as targets for 
infection, particularly when viral stocks are pseudotyped with 
VSVG. Besides U373-MAGI- CXCR4  , we have successfully 
used immortalized T-cell lines, such as  CEM   and SupT1. 
Infectivity of viral stocks can vary widely between cell lines, 
such that they must be titered in each target cell line.   

   2.    We have also produced viral stocks using standard calcium 
phosphate protocols and lipid-based reagents (such as GenJet 
and Lipofectamine 2000), but the PEI method has provided 
the best balance between cost, effi ciency, and speed. If viral 
titers are insuffi cient, lipid-based methods are recommended. 
Alternatively, larger volumes of virus may be produced by PEI 
transfection and then concentrated.   

   3.    VSVG is usually preferable for pseudotyping the HIV-1 vector 
as it results in high-titer viral stocks that can infect a variety of 
cell lines. However, when using VSVG, it is possible for the virus 
to re-infect the producer cells (293T). While this may elevate 
the absolute mutant frequency, it should not affect relative 
mutant frequency comparisons between samples. In place of 
VSVG, constructs expressing  CXCR4  -tropic HIV-1  Env   may be 
utilized. While the use of these constructs prevents re-infection 
of producer cells, infectivity of viral stocks will likely be reduced.   

   4.    For our experiments, we have used a BD LSR II fl ow cytome-
ter equipped with 488, 561, and 640 nm lasers. EGFP is 
excited by the standard 488 nm laser and detected with 505LP 
and 525/50 fi lters, while mCherry is excited with the 561 nm 
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laser and detected with 595LP and 610/20 fi lters. With this 
particular setup, no fl uorescence compensation was necessary. 
We recommend optimizing the fl ow cytometer setup with sin-
gle-color controls (such as  293T cells   transfected with EGFP 
or mCherry) before using the  pNL4-3 MIG   construct. If the 
mCherry and EGFP signals cannot be satisfactorily separated 
(even with compensation), a similar molecular clone of HIV-1 
( pNL4-3 HIG  ) that expresses the mouse heat stable antigen 
(HSA) and EGFP can be used instead [ 15 ,  16 ]. In this case, an 
additional step must be performed in which HSA is stained 
with a phycoerythrin (PE)-conjugated anti-HSA antibody.   

   5.    DNase I treatment of viral stocks is highly recommended to 
reduce plasmid contamination of genomic DNA used for PCR 
and sequencing. Perform this step before freezing and titering 
viral stocks, as the DNase I treatment itself may somewhat 
reduce viral titers. If viral stocks will only be used to determine 
mutant frequencies by fl ow cytometry, DNase I treatment is 
unnecessary.   

   6.    For  NL4-3   MIG-VSVG, infect with 1.25–80 μL of virus (two-
fold dilution series). For NL4-3 MIG complemented with 
NL4-3  Env  , infect with 31.25–500 μL of virus. These ranges 
should comfortably span the target of 20 % infection for fur-
ther experiments. Titers may vary considerably if other target 
cell lines or envelopes are used.   

   7.    When initially performing fl ow cytometry of infected cells, 
include several extra samples (uninfected and infected) for 
optimization of fl ow settings (voltages and thresholds). We 
suggest optimizing the settings in tube mode and then pro-
ceeding with the analysis of all remaining samples in HTS 
mode. After gaining familiarity with the procedure, these extra 
samples can be omitted.   

   8.    Within this assay, cells infected by a single virus or by multiple 
viruses cannot reliably be distinguished. However, at low infec-
tivities, the probability of co-infection is small such that the 
relationship between the volume of virus added and percent 
infection is highly linear. We have found that linearity is main-
tained up to ~40 % infection.   

   9.    Calculate the titer (infectious units/mL) as follows: 
( F  ×  N  × 1000)/ V , where  F  is the percentage of fl uorescent 
cells (expressed in decimal form),  N  is the number of cells at 
the time of infection, and  V  is the volume (μL) of virus stock 
added. Determine the titer for each volume of virus within the 
linear range of infection and average the resulting values. These 
titers may underestimate true infectious titers because (1) some 
cells may be co-infected, and (2) some cells may be infected 
but fail to express mCherry or EGFP (due to mutations in 
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both  mCherry  and  egfp , mutations in  tat , or integration into a 
transcriptionally repressive region of the genome).   

   10.    We highly recommend performing experiments within the 
range of 15–30 % infection (for the untreated control) when-
ever possible. At lower infectivities, mutant frequencies become 
noticeably more variable due to the low number of mutants 
detected. At higher infectivities, changes in mutant frequencies 
become harder to detect due to high levels of co- infection (in 
which case wild-type proviruses can mask mutant proviruses).   

   11.    When testing the impact of small molecules on viral mutant 
frequencies, we generally preincubate the cells with the com-
pounds of interest for 2 h prior to infection. However, some 
compounds may require longer activation periods, necessitat-
ing optimization of the time of compound addition. At the 
desired time point, replace the medium and add the compounds 
of interest (typically 1–2 μL) to a fi nal volume of 0.5 mL/well. 
Test a range that spans at least six concentrations of each com-
pound. Include equivalent volumes of the compound solvent in 
the untreated (infected and uninfected) controls. At the time of 
infection, add virus and medium to bring the fi nal volume to 
1 mL/well. Compound concentrations are based on the fi nal 
volume of 1 mL/well; thus, adding 1 μL of compound results 
in a 1000-fold dilution of the compound stock.   

   12.     ANOVA test  s assume that all treatment groups are normally dis-
tributed and that all treatment groups have equal variance. The 
small fractions obtained using this reporter assay can invalidate 
these assumptions and therefore invalidate the ANOVA. Variance 
stabilization can be performed to account for unequal variance 
among treatment groups that may arise from small fractions. 
Arcsin transformation is one method of variance stabilization 
that does not require specialized software for statistical analysis. 
To analyze the data by this method, fi rst transform mutant fre-
quencies (arcsin(square root of mutant frequency)) prior to 
analysis by ANOVA with Tukey’s posttest. We have used 
ANOVA to evaluate both transformed and untransformed data 
and found little difference in the  statistical results, suggesting 
that the ANOVA is a fairly robust procedure.   

   13.    To compare samples with two factors (e.g., a drug combina-
tion) against samples with a single factor (e.g., single-drug 
treatments), fi rst transform the data using the arcsin square 
root equation (as described in  Note 12 ) and then perform 
either a one-way or a two-way ANOVA. Although both the 
one-way and two-way ANOVA are valid methods for evaluat-
ing the data, the two-way ANOVA is a more powerful method 
for estimating interactions. To compare multiple treatment 
groups to an untreated control, perform one-way ANOVA 
with Dunnett’s multiple comparison test.   
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   14.    Assay results are typically highly comparable across different 
plate formats as long as the numbers of cells and volumes of 
viruses are scaled based on surface area differences. The scaling 
factor between 10 cm plates and 24-well plates is 39.27, 
though this may vary depending on the manufacturer. 
Therefore, one can calculate the amount of virus necessary per 
10 cm plate by taking the amount needed per well of a 24-well 
plate and multiplying by 39.27.   

   15.    Although previous analyses have only included sequences from 
the mCherry + /EGFP −  population, other populations (typically 
up to four total) can be sorted without adding any additional 
time or expense to the experiment. Thus, we suggest isolating 
the mCherry − /EGFP +  cell population as well. Genomic DNA 
from these cells can be used to identify additional unique 
mutations in  mCherry , which may be useful in cases where 
mCherry + /EGFP −  genomic DNA is exhausted.   

   16.    The number of cells isolated by FACS should be maximized such 
that the chance of re-sampling identical mutants is low. 
Re-sampling of sequences can be minimized by increasing the 
number of cells sorted and/or by decreasing the number of colo-
nies selected. For example, very little, if any, re-sampling would be 
expected if 100 colonies were sequenced from 2000 cells. 
Increasing the number of colonies screened to 200 would increase 
the probability of re-sampling, but still less than 10 % of the 
sequences would be expected to be identical due to re-sampling.   

   17.    The frequency of background errors in this assay due to PCR 
can be estimated based on the published fi delities of thermo-
stable DNA polymerases. While error rates vary considerably 
depending on the specifi c polymerase, reaction conditions, and 
template sequence, error rates for Taq generally range from 
10 −4  to 10 −5  mutations/bp/cycle [ 33 – 38 ] while error rates for 
proofreading polymerases range from 10 −6  to 10 −7  mutations/
bp/cycle [ 36 ,  37 ,  39 ].  Phusion Hot Start II    exhibits an error 
rate of 4.4 × 10 −7  mutations/bp/cycle according to the manu-
facturer, while published estimates of its error rate range from 
4.2 × 10 −7  to 2.6 × 10 −6  mutations/bp/cycle [ 36 ,  37 ,  39 ]. 
Based on these error rates, the size of the mutational target 
( egfp -720 bp), and 40 cycles of amplifi cation, the use of 
Phusion should result in ~0.02–0.07 errors/sequence. As we 
typically observe an average of ~1 mutation/sequence, these 
calculations suggest that PCR-mediated errors would contrib-
ute <10 % of the resulting data. In contrast, Taq would be 
expected to result in ~0.3–3.0 errors/sequence, and PCR 
errors would thus substantially contribute to resulting muta-
tional spectra data. PCR errors can also be reduced by limiting 
the number of cycles to 30 or 35, but the benefi t is marginal 
(e.g., 30 cycles with Phusion would lower expected errors to 
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0.01–0.06 errors/sequence), and the resulting products may 
not be readily visible by gel electrophoresis.   

   18.    Most of the mutations in the PCR products can be identifi ed 
by single-sequencing reactions with primers that anneal to 
regions of the vector fl anking the insert, such as the T7 and 
SP6 promoters. However, as the PCR product is 981 bp in 
length, both sequencing reactions are necessary to cover the 
entire 981 bp region. The overlapping region of these 
sequences can also be used to ensure that the same mutation is 
identifi ed in both directions.   

   19.    In this assay, we have observed occasional G-to-A hypermu-
tants, characterized by 2–20 G-to-A mutations in a single- 
sequencing read [ 18 ,  20 ]. The high numbers of G-to-A 
mutations as well as their dinucleotide context (heavily biased 
toward GA dinucleotides) suggest that these hypermutants 
result from the activity of  APOBEC3   proteins. Although these 
sequences are relatively rare, they can contain many G-to-A 
mutations and thus substantially skew the mutation spectra. 
Therefore, we suggest compiling and comparing mutation 
spectra with and without the G-to-A hypermutants from each 
sample.   

   20.    If three independent experiments were performed, analyze the 
data using the Cochran-Mantel-Haenszel  test  , as this proce-
dure can assess differences in mutation types and also account 
for differences among the independent experiments. If the 
experiment was not performed three independent times, 
evaluate the data using Fisher’s exact test. While these analy-
ses are useful, they may not be powerful enough to detect 
small differences between treatment groups. To increase the 
likelihood of detecting differences in mutation types, it is 
always preferable to have a hypothesis that focuses on one 
specifi c mutation type. For example, studies focused on 
 APOBEC3   proteins may only require detecting differences in 
the G-to-A  mutations rather than identifying differences in 
all types of mutations.         
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Chapter 7

Novel Biochemical Tools for Probing HIV RNA Structure

Jason W. Rausch, Joanna Sztuba-Solinska, Sabrina Lusvarghi, 
and Stuart F.J. Le Grice

Abstract

Functional analysis of viral RNA requires knowledge of secondary structure arrangements and tertiary base 
interactions. Thus, high-throughput and comprehensive methods for assessing RNA structure are highly 
desirable. Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) has proven highly useful 
for modeling the secondary structures of HIV and other retroviral RNAs in recent years. This technology 
is not without its limitations however, as SHAPE data can be severely compromised when the RNA under 
study is structurally heterogeneous. In addition, the method reveals little information regarding the three- 
dimensional (3D) organization of an RNA. This chapter outlines four detailed SHAPE-related method-
ologies that circumvent these limitations. “Ensemble” and “in-gel” variations of SHAPE permit structural 
analysis of individual conformers within structurally heterogeneous mixtures of RNA, while probing strate-
gies that utilize “through-space” cleavage reagents such as methidiumpropyl-EDTA (MPE) and peptides 
appended with an ATCUN (amino terminal copper/nickel binding motif) can provide insight into 3D 
organization. Combinational application of these techniques provides a formidable arsenal for exploring 
the structures of HIV RNAs and associated nucleoprotein complexes.

Key words Ensemble SHAPE, In-gel SHAPE, Methidiumpropyl-EDTA, ATCUN, Chemical 
probing, HIV RNA

Abbreviations

ATCUN Amino terminal copper- and nickel-binding motif
MPE Methidiumpropyl-EDTA
ND Non-denaturing
PAGE Polyacrylamide gel electrophoresis
RRE Rev response element
SHAPE Selective 2′-hydroxyl acylation analyzed by primer extension
TAR Trans-activation response element
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1 Introduction

SHAPE, or selective 2′-OH acylation analyzed by primer extension, 
is a biochemical method that has been used to obtain secondary 
structural models for segments of HIV RNA including the 5′ 
untranslated region (5′ UTR; [1]) and the Rev response element 
(HIV-1 RRE; [2]), as well as the HIV-1 RNA genome in its 
entirety, both in vitro and in virio [3]. Unlike traditional chemical 
probing techniques, SHAPE reagents are non-hazardous and 
exhibit minimal nucleotide reactivity bias. Moreover, SHAPE can 
be adapted for use with high-throughput capillary electrophoresis, 
making it the method of choice for biochemical RNA structure 
probing.

The defining feature of SHAPE is exposure of RNA to a probing 
reagent that selectively acylates unpaired ribonucleotides at the 
2′-OH position. The sites and frequencies of RNA acylation are 
then recorded by reverse transcription, where cDNA synthesis pre-
maturely terminates at RNA acylation sites. The resulting cDNA 
library is fractionated by denaturing polyacrylamide gel or capillary 
electrophoresis and detected/quantified as described herein and 
previously [4]. Raw cDNA quantities obtained by fractionating 
reverse transcription products are subjected to mathematical trans-
formations such as signal decay correction, background subtrac-
tion and internal normalization to produce “reactivity values” 
attributable to individual template ribonucleotides. Collectively, a 
set of reactivity values obtained for a given RNA is referred to as 
the reactivity profile of that RNA. This metric may be inputted into 
RNAstructure software [5] to obtain the most energetically favor-
able secondary structural model(s) for the RNA in question. 
Alternatively, in the event that RNAstructure software is unavail-
able or does not meet the user’s needs, a reactivity profile may be 
overlaid onto a secondary structural model generated by other 
methods, and the fit between the profile and model evaluated 
subjectively.

One shortcoming of SHAPE is that it has required the RNA 
under evaluation to be structurally homogeneous throughout the 
course of the acylation reaction. Failure to meet this requirement 
can produce an “averaged” structure model that fails to match any 
of the RNA conformers present in solution. However, two varia-
tions of the methodology have recently been developed that cir-
cumvent the requirement for RNA structural homogeneity: 
ensemble SHAPE and in-gel SHAPE. These variations enable 
assignment of RNA secondary structures to individual conformers 
present in a mixture, provided that these can be segregated by 
non-denaturing polyacrylamide gel electrophoresis. Although 
related, the SHAPE variations differ significantly in the manner in 
which reactivity data is obtained and processed.
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The guiding concept of ensemble SHAPE is that experimentally 
determined reactivity values are actually composite values com-
prised of contributions from each of the individual RNA conform-
ers present in a mixture. In addition, conformer contributions to 
the ensemble reactivity value are in proportion to their molar frac-
tions in solution. As described herein, these principles can be 
expressed algebraically, thus allowing for mathematical extraction 
of theoretical reactivity values and profiles, and therefore struc-
tures, attributable to individual RNA conformers. Experimentally, 
ensemble SHAPE resembles conventional SHAPE except that the 
former additionally requires fractionation and quantitation of 
RNA conformers by non-denaturing polyacrylamide gel electro-
phoresis. SHAPE experiments must also be repeated under condi-
tions that produce differing conformer distributions; specifically, 
at least one unique distribution is required per conformer in order 
for the resulting algebraic formulae to be solved. Ensemble 
SHAPE has been experimentally validated using in vitro-tran-
scribed model RNAs derived from the HIV-1 5′ UTR, and subse-
quently to identify intermediate structures assumed upon folding 
of the HIV-2 RRE [6].

Data acquisition and analysis are more straightforward for in- 
gel SHAPE, although this approach is more labor intensive and 
typically requires more RNA than ensemble SHAPE. During in- 
gel SHAPE, conformeric mixtures of RNA are fractionated by 
non-denaturing gel electrophoresis, bands comprised of individual 
conformers are excised from the gel, and acylating reagent is soaked 
into the slices. Modified RNAs are extracted by electroelution, pre-
cipitated, and subjected to the same reverse transcription and 
downstream procedures required in standard SHAPE. Like ensem-
ble SHAPE, in-gel SHAPE is suitable for examining conformeric 
mixtures of RNA, particularly when the RNA is abundant and indi-
vidual conformers can be completely separated by non-denaturing 
PAGE. In-gel probing is also theoretically applicable to footprint-
ing of RNA-protein complexes, provided that these complexes are 
stable throughout the course of non-denaturing gel electrophore-
sis. In-gel SHAPE has been used to identify structural transitions 
that occur during dimerization of the HIV-1 5′UTR [7], as well as 
to define alternative conformations of the HIV-1 RRE (Rausch, 
J. W., unpublished observations).

While SHAPE is a simple and elegant tool for determining and 
refining RNA secondary structural models, none of its variations 
can be used to directly explore the 3D organization of an RNA. This 
information can be revealed using “through space” probing 
reagents, i.e., reagents that bind within defined motifs in an RNA 
and cleave or modify ribonucleotides in spatial proximity—
including those not within or adjacent to the reagent binding 
site(s). Methidiumpropyl-EDTA (MPE) is one such reagent and 
has been used to validate the computer-generated three-dimensional 

Novel Biochemical Tools for Probing HIV RNA Structure



94

structure of HIV-2 RRE RNA [6]. MPE comprises two functional 
groups: methidium, which has been reported to intercalate between 
adjacent ribonucleotides within defined RNA structural motifs 
such as CpG islands [8], and EDTA, which chelates Fe(II). When 
activated, tethered iron ions generate hydroxyl radicals that diffuse 
to and damage/cleave RNA near the MPE binding site(s). 
Nucleotides thus modified are identified by reverse transcription, 
and cDNAs are fractionated and quantified as in standard 
SHAPE. Such experiments, together with control experiments to 
identify specific methidium-binding sites, can provide useful 
insights into the 3D organization of an RNA.

Finally, in some instances, it is useful to tether a cross-linking 
or chemical cleavage agent to a protein or peptide component of 
a nucleoprotein complex in order to directly probe the ligand 
binding site(s) of an RNA. ATCUNs, or amino-terminal Cu2+/Ni2+ 
binding motifs, are 3-amino acid sequences (typically NH2-Xaa- 
Xaa-His, where X is any amino acid) that have been shown to 
chelate these metal ions and consequently, when activated, dam-
age or cleave proximal RNA. When incorporated into RNA-
binding peptides, the modification patterns produced by these 
peptides correlate with and allow for definition of ligand-binding 
sites. We have generated peptides linking an ATCUN with the 
arginine-rich nucleic acid-binding motif of either HIV-1 or HIV-2 
Rev (ARM1 or ARM2), and used these Rev-ATCUN peptides to 
probe Rev binding sites on their respective RREs. After being 
exposed to/modified by these peptides, RRE RNAs were sub-
jected to reverse transcription and the subsequent processing of 
conventional SHAPE.

Together, ensemble SHAPE, in-gel SHAPE, MPE-Fe(II), and 
peptide-ATCUN probing constitute a formidable arsenal for 
exploring the structures of HIV RNAs and nucleoprotein com-
plexes—even when the RNAs/complexes are not structurally 
homogeneous. These methods are presented together here both 
because of their related applications and because they share a com-
mon backbone protocol of RNA modification, reverse transcrip-
tion, cDNA fractionation and data processing/analysis. An 
additional method, i.e., three-dimensional modeling of RNAs 
using the recently developed RNAComposer software [9], is also 
briefly discussed.

2 Materials

Take precautions working with RNA to prevent non-specific deg-
radation. Use molecular biology-grade chemicals and reagents and 
ultrapure water for preparation of all solutions.
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 1. RNA.
Extract RNA from biological samples or transcribe in vitro. It is 

often preferable to purify RNAs prior to probing, i.e., via 
denaturing polyacrylamide gel electrophoresis [10] or 
using commercially available kits, but this is not always essen-
tial. Shorter RNAs (<400 nt) are generally best suited for 
the applications presented here and may be engineered to 
contain a 3′ structure cassette [4] to maximize the amount of 
native sequence that is readable. Store frozen, in low salt buf-
fer such as TE light: 10 mM Tris-Cl, pH 7.6; 0.1 mM EDTA.

 2. RNA folding.
10× RNA folding buffer: 500 mM Tris–HCl, pH 8.0, 50 mM 

MgCl2, 1.0 M NaCl.
2× ND gel RNA folding buffer: 70 mM Tris–HCl, pH 8.0, 

180 mM KCl, 0.3 mM EDTA, 8 mM MgCl2, 10 % glycerol.
 3. Non-denaturing polyacrylamide gel electrophoresis (ND 

PAGE) and RNA detection/quantitation.
10× TBE: 0.89 M Tris-borate, pH 8.3, 20 mM Na2EDTA.
40 % acrylamide/bis-acrylamide (19:1).
10 % ammonium persulfate (store at 4 °C).
Tetramethylethylenediamine (TEMED).
10× ND gel loading buffer: 50 % glycerol, 0.025 % bromophenol 

blue.
Electrophoresis equipment (power supply, gel box, gel plates, 

combs, spacers).
SYBR Green II RNA gel stain (Life Technologies).
Fluorescent TLC plate.
Clear plastic wrap or plastic bag.
Fluorescence scanner.

 4. RNA modification.
N-methylisatoic anhydride (NMIA) (store desiccated at ambi-

ent temperature).
1-Methyl-7-nitroisatoic anhydride (1M7) (see Note 1).
Dimethyl sulfoxide (DMSO).
5× TBE reaction buffer: 5× TBE, 25 mM MgCl2.

 5. Precipitation.
100 % ethanol (used to make 95 % ethanol).
3 M NaOAc, pH 5.5.
10 mg/mL glycogen.
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 6. MPE cleavage.
Methidiumpropyl-EDTA (see Note 2).
Methidium carboxylate TFA salt (see Note 2).
10 mM sodium ascorbate (prepare fresh with each use, protect 

from light).
0.3 % hydrogen peroxide (prepare fresh with each use).
Fe(SO4)2 (NH4)2 · 6H2O.

 7. ATCUN-peptide RNA modification.
Peptides containing the ATCUN motif (N-terminus-aa1-aa2-

His) can be synthesized in-house using solid-phase synthe-
sis or purchased commercially. Peptides should be HPLC 
purified and stored in water at −20 °C.

RNA buffer: 50 mM Tris–HCl, pH 8.0, 100 mM NaCl, 5 mM 
MgCl2.

NiCl2.
 8. Reverse transcription.

SuperScript™ III Reverse Transcriptase (Life Technologies;  
see Note 3).

10 mM dNTP Mix, PCR grade.
Primers 5′end-labeled with Cy5 or Cy5.5 (see Note 4).

 9. Preparation of sequencing ladders.
Primers 5′end-labeled with WellRed D2 or Licor IR800  

(see Note 4).
USB Cycle Sequencing kit (see Note 5).

 10. Capillary electrophoresis (see Note 6).
Deionized formamide.
Beckman-Coulter CEQ 8000 Genetic Analyzer.
96-Well sample microtiter plate.
Thermowell® 96 well PCR plate.
CEQ™ Separation Buffer (Beckman Coulter).
LPA-1 gel (Beckman Coulter).

 11. RNA modeling.
ShapeFinder software: To obtain this software, contact Morgan 

C. Giddings (http://giddingslab.org/welcome).
RNAstructure software: http://rna.urmc.rochester.edu/

RNAstructure.html
VARNA RNA folding software: http://varna.lri.fr/

Jason W. Rausch et al.
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3 Methods

Ensemble SHAPE is useful for studying RNAs that assume more 
than one conformational state in solution. While the differences 
between ensemble and conventional SHAPE relate primarily to 
data processing, two conditions must be met before an RNA may 
be analyzed using the former method. First, it must be possible to 
segregate RNA conformers by electrophoretic mobility on a non- 
denaturing polyacrylamide gel. This in turn requires that con-
former interconversion occurs only slowly or not at all during 
electrophoresis. Second, at least one distinct mixture of conform-
ers—each with a unique conformer distribution—must be evalu-
ated for every conformer observed. This requirement relates to the 
algebraic relationships among the reactivity values measured for 
each mixture, the distribution of conformers in each mixture, and 
the theoretical reactivity values calculated for each conformer. This 
algebraic relationship is discussed in more detail below.

Ensemble SHAPE was used to determine the structures of 
transient folding intermediates of the HIV-2 RRE (Fig. 1) [6]. In 
this case, three distinct conformers could be segregated by non- 
denaturing gel electrophoresis, and the distribution of conformers 
in the mixture was found to vary with RNA folding time (i.e., the 
amount of time the RNA was incubated at 37 °C in the presence 

3.1 Ensemble SHAPE

Fig. 1 Non-denaturing gel migration and distribution of HIV-2 RRE conformers as 
a function of RNA folding time (artistic depiction). During the early stages of RNA 
folding, the HIV-2 RRE exists as a mixture of three conformers designated A, B, 
and C. The relative abundance of these conformers varies with RNA folding time, 
with the most stable conformer C ultimately predominating.
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of 5 mM MgCl2 after heating/cooling). As folding time increased, 
the less stable conformations were increasingly converted into the 
most stable form. We were able to evaluate five different conformer 
distributions, one each at 5, 10, 20, 40, and 100 min of RNA fold-
ing, thus satisfying both of the aforementioned requirements for 
using ensemble SHAPE.

Parameters that must be considered in an RNA folding procedure 
include (1) RNA quantity and concentration, (2) reaction volume, 
(3) salt concentration, (4) Mg2+ ion concentration, and (5) folding 
duration. Although specific optimization goals may vary, it is gen-
erally desirable to establish conditions that are close to physiologi-
cal and/or produce a structurally homogeneous RNA. Conditions 
used to fold HIV-2 RRE RNA are given below.

For ensemble SHAPE, RNA mixtures must be evaluated by 
non-denaturing gel electrophoresis (to determine the fractional 
contribution of each conformer) as well as by SHAPE. However, 
provided a given set of folding conditions consistently produces 
the same conformer distribution, it is not essential that the two 
experiments be conducted using portions of the same RNA 
sample. For the HIV-2 RRE, conformer distributions were the 
same regardless of RNA concentration. Hence, differing 
amounts of RNA (4 pmol or 40 pmol, respectively) were used 
for non- denaturing gel electrophoresis and for SHAPE. A typi-
cal HIV-2 RRE RNA folding procedure is described here:

 1. Dissolve or dilute 4 (40) pmol RNA in 36 μL of water.
 2. Heat to 95 °C for 3 min and then immediately cool on ice for 

at least 5 min.
 3. Add 4 μL of 10× RNA folding buffer. Mix.
 4. Incubate at 37 °C.
 5. At 5, 10, and 20 min, transfer 10 μL folding mix to precooled 

0.5 mL microfuge tubes on ice to arrest RNA folding.
 6. Analytical ND gel samples: Add 1 μL 10× ND gel loading buf-

fer and fractionate by ND PAGE (Subheading 3.1.2).
 7. SHAPE samples: Dilute with 30 μL 1× RNA folding buffer 

(40 μL total, each) and divide mixture into 20 μL modified (+) 
and control (−) aliquots. Continue with RNA modification 
(Subheading 3.1.4).

Prior to conducting a SHAPE experiment, the structural homo- or 
heterogeneity of the RNA being studied should first be assessed on 
an analytical scale by non-denaturing polyacrylamide gel electro-
phoresis (ND PAGE) [11]. In-gel detection of RNA by SYBR 
Green staining typically requires loading of 25–100 ng RNA per 
well, depending on the length of the RNA in question, the number 

3.1.1 RNA Folding

3.1.2 RNA Fractionation 
by ND PAGE
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and distribution of conformers in the mixture, well width, and 
other parameters that must be empirically optimized. If the RNA is 
found to be heterogeneous, ensemble or in-gel SHAPE may then 
be used to determine the structures of individual conformers. 
However, these methods require additional analytical scale ND gel 
electrophoresis followed by quantification of RNA conformers or 
preparative-scale ND PAGE, respectively.

Because the conditions required for ND PAGE vary consider-
ably according to the RNA probing methodology being used, the 
RNA being fractionated, electrophoresis equipment and a number 
of other factors, we are unable to provide a definitive protocol for 
this technique that is suitable for all of the applications presented 
here. However, the following procedure provides general  guidelines 
for ND-PAGE that may be modified to suit a specific application:

 1. Pouring the gel: We typically pour gels containing 5–8 % 
polyacrylamide (19:1 acrylamide:bis-acrylamide), 1× 
TBE ± 4–5 mM MgCl2 to fractionate RNAs from 100 to 400 nt 
in length. Gel plate dimensions are approximately 15 cm × 15 cm 
and spacers/combs are typically 0.8 or 1.6 mm thick. 
Polymerization of gel solution is activated prior to pouring by 
mixing in of 1/100th volume 10 % ammonium persulfate and 
1/1000th volume tetramethylethylenediamine (TEMED).

 2. Pre-running the gel: Clamp gel into the gel tank and add 
buffer. Remove comb and clean out the wells out with a 
syringe/needle. Gels are typically pre-run for 30–60 min in 
1× TBE (±5 mM MgCl2) at 150–200 V and 4 °C prior to 
sample loading.

 3. Sample loading: Sample volumes and RNA concentrations 
vary widely by method. Typically, 5–20 μL samples containing 
a total of 25–100 ng RNA are loaded in each well for analytical 
ND PAGE and ensemble SHAPE, while 40–200 μL samples of 
10 μg RNA or more may be required for in-gel SHAPE. Unless 
glycerol was already present in the RNA folding buffer, add 
1/10th volume of 10× ND gel loading buffer to the samples, 
so they layer evenly at the bottoms of the wells.

 4. Running the gel: Gels are run under conditions matching the 
pre-run, i.e., typically at 150–200 V and 4 °C. It is important 
that the RNA remains cool both immediately prior to and dur-
ing the gel run to minimize interconversion among conform-
ers and smearing of the associated bands.

Small quantities of RNAs that have been fractionated by ND PAGE 
are detected using the fluorescent dye SYBR Green, and quantified 
as necessary for ensemble SHAPE.

 1. Remove gel sandwich from gel box and place flat on work-
bench. Carefully remove top plate using spacers and/or spatulas. 

3.1.3 Detection 
and Quantitation of RNA
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Pour or wick away with a paper towel any pooled buffer on the 
surface of the gel.

 2. Dilute 1 μL SYBR Green dye in 10 mL water and pour solu-
tion evenly over gel surface. Use roller where necessary to 
ensure complete coverage. Wait for 5 min to allow dye to soak 
into gel and bind RNA.

 3. Pour off or wick away SYBR Green solution from the gel. 
Carefully place clear plastic wrap over the gel surface and 
around the bottom plate to seal in residual liquid.

 4. Scan gel in fluorescence scanner at 520 nm and quantify frac-
tionated conformers using appropriate software.

1M7 and NMIA are the best-characterized SHAPE reagents, with 
half-lives in aqueous solution of ~70 s and ~8 min, respectively 
[12]. However, in order to minimize the opportunity for RNA 
conformers to interconvert during the course of the acylation reac-
tion, the more reactive 1M7 reagent is generally preferred for use 
in ensemble SHAPE experiments.

 1. Prepare a 30 mM solution of 1M7 by adding small amounts of 
reagent to a 1.5 mL microfuge tube and then adding an appro-
priate volume of DMSO (see Note 7).

 2. Add 2 μL 1M7 solution or DMSO, respectively, to the 20 μL 
(+) and (−) aliquots produced in the RNA folding step 
(Subheading 3.1.1).

 3. Incubate reactions at 37 °C for 5 min (see Note 8).
 4. Precipitate RNA. Add 52.5 μL cold 100 % ethanol, 2.1 μL 3 M 

NaOAc (pH 5.5) and 0.2 μL glycogen (10 mg/mL). Mix gen-
tly. Incubate at −20 °C for 2 h.

 5. Collect precipitated RNA by centrifugation at 14,000 × g for 
30 min, carefully remove supernatant, and air-dry the pellet for 
1–5 min (see Note 9).

 6. Dissolve RNA in 10 μL of TE buffer. Proceed to reverse tran-
scription (Subheading 3.1.5), or store at −20 °C.

This step generates cDNA products that indirectly identify the 
degree to which RNA nucleotides have been modified by 1M7 or 
NMIA. If reverse transcription reactions are primed with fluores-
cently tagged oligonucleotides, the relative abundance of each 
cDNA fragment can be assessed via capillary electrophoresis (CE). 
Oligonucleotides labeled with Cy5 and Cy5.5 are used to prime 
the (+) and (−) reactions, respectively. These primers should be 
stored in small aliquots in amber microfuge tubes at −20 °C. Note 
that 5′ 32P-labeled primers (5′-RP) may be used as an alternative to 
fluorescent primers in the reverse transcription reactions, in which 
case lower concentrations of both primer and template may be 

3.1.4 RNA Modification 
and Recovery

3.1.5 Reverse 
Transcription
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used. Additional comments addressing the use of radiolabeled 
primers are designated 5′-RP below.

 1. Prepare (+) and (−) RNA samples for reverse transcription in 
0.5 mL microfuge tubes. Transfer 5 μL of (+) and (−) samples 
from modification step (~2.5 pmol RNA each) into 0.5 mL 
microfuge tubes. Store the unused portion at −20 °C. For the 
(+) RT reaction, add 6 μL of water and 1 μL Cy5-labeled 
primer (10 μM); for the (−) RT reaction, add 6 μL water and 
1 μL Cy5.5-labeled primer (10 μM).

 2. Thaw the RT mix reagents (5× RT buffer, 100 mM DTT, 
RNase-free water, and 10 mM dNTPs) and place on ice.

 3. Place (+) and (−) reaction tubes in a thermal cycler and initiate 
the following program: 85 °C, 1 min; 60 °C, 5 min; 35 °C, 
5 min and 50 °C, 50 min (see Note 10).

 4. During annealing, prepare 2.5× RT mix by combining 4 μL 5× 
RT buffer, 1 μL 100 mM DTT, 1.5 μL water, 1 μL 10 mM 
dNTPs and 0.5 μL SuperScript™ III reverse transcriptase for 
each RT reaction. Mix well and incubate at 37 °C for 5 min.

 5. Once the temperature of the annealing reactions reaches 
50 °C, add 8 μL of 2.5× RT mix to each and continue incuba-
tion at 50 °C for 50 min (see Note 11).

 6. Add 1 μL 4 M NaOH to each RT reaction and incubate at 
95 °C for 3 min to hydrolyze the RNA. Cool the tubes on ice 
and neutralize with 2 μL of 2 M HCl (see Note 12).

 7. Combine (+) and (−) reactions in a single tube and precipitate 
by adding 54 μL water, 10 μL 3 M NaOAc, 0.8 μL glycogen 
(10 mg/mL), and 300 μL 100 % ethanol. Incubate at −20 °C 
for 2 h. Pellet cDNA by centrifugation at 13,000 × g for 
30 min, 4 °C.

 8. Wash pellet(s) twice with 400 μL of cold 70 % ethanol and 
centrifuge immediately at 13,000 × g for 5 min (see Note 13).

 9. Remove supernatant and dry pellet for 3 min by centrifugal 
vacuum evaporation (see Note 14).

 10. Dissolve DNA in 40 μL of deionized formamide (see Note 15).

5′-end-labeled sequencing ladders generated by cycle sequencing 
(USB cycle sequencing kit, product #78500) are co-fractionated 
with (+) and (−) reverse transcription products by CE in order to 
map the 3′ termini of modified cDNAs. PCR-generated transcrip-
tion templates can serve as sequencing templates, provided that 
they are purified from PCR primers and dNTPs prior to use. Due 
to the relatively low fluorescence of WellRed D2 and IRDye800, 
sequencing reactions must be scaled up severalfold to ensure suf-
ficient yield for detection by capillary electrophoresis. In the exam-
ple below, ddA and ddC are used as chain terminating nucleotides. 

3.1.6 Preparation 
of Sequencing Ladder
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However, any combination of dideoxynucleotide triphosphates 
may be used to generate sequencing ladders. 5′-RP: Use the USB 
cycle sequencing kit protocols for 5′ end-labeling and cycle 
sequencing.

 1. Mix 16 μL ddA termination mix, 0.5 pmol of DNA template, 
1.8 μL 10× Sequenase buffer, 2.0 μL WellRed D2 labeled 
primer (5 μM) in a 0.5 mL thin-walled microfuge tube. Add 
water to bring the total volume to 30 μL, mix, add 2.0 μL 
Sequenase, and mix again. Store on ice until cycling.

 2. Prepare a second, parallel sequencing reaction including primer 
labeled with IRDye800 and ddC termination mix.

 3. Cycle both sequencing mixes according to the program rec-
ommended by the kit manufacturer.

 4. Combine the ddA and ddC sequencing reactions into one 
1.5 mL microfuge tube (64 μL)

 5. Precipitate sequencing products by adding 6.4 μL 3 M NaOAc 
(pH 5.5), 6.4 μL 100 mM EDTA, 0.5 μL 10 mg/mL glyco-
gen, and 192 μL 95 % ethanol. Mix well, incubate at 4 °C for 
2 h, and centrifuge at 13,000 × g for 30 min at 4 °C.

 6. Remove supernatant by pipetting and dry pellet by vacuum 
centrifugation for 5 min.

 7. Resuspend pelleted DNA in 100 μL of deionized formamide 
by heating to 65 °C for 10 min, followed by vortexing for at 
least 30 min.

 8. Mix 10 μL pooled sequencing reactions with 40 μL pooled (+) 
and (−) RT reactions. Store the remaining sequencing reaction 
mix at −20 °C.

High-throughput capillary electrophoresis with fluorescence 
detection allows simultaneous fractionation and detection of four 
differently labeled DNA products in a single sample. The Beckman- 
Coulter CEQ 8000 Genetic Analyzer can fractionate as many as 
eight sets of pooled reactions simultaneously, while as many as 96 
samples can be fractionated consecutively in a single program.

 1. Load 40 μL of the pooled reactions (i.e., (+) Cy5-labeled 
cDNAs, (−) Cy5.5-labeled cDNAs, and two sequencing ladders 
labeled with WellRed D2 and IRDye800) into a single well in a 
96-well sample plate. Repeat as necessary for additional pooled 
reactions, making sure to load them into the same row.

 2. Program and prepare capillary electrophoresis instrument 
according to the previously published capillary automated 
footprinting analysis (CAFA) method parameters [13] and ini-
tiate run as per the manufacturer’s instructions.

 3. Export raw fluorescence traces into ShapeFinder.

3.1.7 Capillary 
Electrophoresis
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5′-RP: Radioactive reverse transcription and cycle sequencing 
products can be fractionated over a denaturing slab gel (5–8 % 
19:1 polyacrylamide:bis-acrylamide, 1× TBE, 7 M urea). Typically, 
samples are loaded in adjacent wells, and loading is staggered to 
maximize the amount of readable sequence. Gels are dried and 
exposed to a phosphorimaging cassette.

ShapeFinder is free available software that allows the user to math-
ematically transform and graphically visualize CE migration data. 
To acquire ShapeFinder software, contact the Giddings lab 
(http://www.giddingslab.org). We provide here an overview of 
how SHAPE data are transformed to obtain an RNA reactivity 
profile. Detailed instructions for data handling in ShapeFinder are 
provided with the software documentation.

 1. Adjust raw data to account for (1) fluorescent background, (2) 
spectral overlap between fluorescent traces, (3) differential 
mobility of equivalent DNAs labeled with different fluoro-
phores, and (4) signal decay resulting from the imperfect pro-
cessivity of reverse transcriptase (see Note 16).

 2. Correlate peaks in the adjusted electropherogram to specific 
ribonucleotides in the RNA sequence using the “Setup” func-
tion of the “Align and Integrate” tool. Errors in initial assign-
ments can be corrected manually using the “Modify” function 
of the same tool.

 3. Calculate the areas under the aligned (+) and (−) reaction 
peaks using the “Fit” function. These values are automatically 
tabulated in a tab-delimited text file readable in Microsoft 
Excel or other spreadsheet software.

5′-RP: Bands corresponding to individual cDNAs are detected 
by phosphorimaging and quantified using software such as 
ImageQuant TL (GE Healthcare Life Sciences). Band volumes for 
(−) reaction products are subtracted from the corresponding (+) 
reaction products to generate raw reactivity values. Note that 
while cDNAs co-migrate with chain-terminated sequencing prod-
ucts of the same length, reactivity values should be attributed to 
ribonucleotides in the RNA sequence one position 5′ to the com-
plementary cDNA stop position. Also, unlike ShapeFinder, 
ImageQuant TL cannot systematically correct for signal decay or 
band overlap as slower migrating products become less intense 
and closer together. For this, SAFA, or semiautomated footprint-
ing analysis software, has proven useful [14]. This software is free 
and can be downloaded from http://ribosnitch.bio.unc.edu/
The_Laederach_Lab/Software.html.

Before raw reactivity values can be used for secondary structure 
modeling, SHAPE data must be normalized according to the 
“2–8 % rule” described previously [15, 16]. After this transformation, 

3.1.8 Data Analysis by 
ShapeFinder

3.1.9 Data Normalization
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reactivity values of <0.2 and >0.8 (for example) are deemed to 
reflect highly or minimally constrained nucleotide bases that are 
most likely base-paired or single-stranded, respectively. Extreme 
values (i.e., those <−0.2 or >1.5) must be interpreted with caution, 
as they are often indicative of natural RT pause sites (“stops”) or 
are artificially produced by imperfect signal decay correction  and/
or data scaling. Because they typically represent <1 % of the data, 
excluding outliers from the reactivity profile inputted into the 
RNAstructure software is often the most prudent course of action. 
A general summary of the data normalization process follows:

 1. In a new column in Microsoft Excel, order raw reactivity values 
and identify quartiles (Q1, Q2, and Q3).

 2. Identify “outlier” values; i.e., values greater than Q3 + 1.5 ×  
(Q3 − Q1).

 3. Excluding outliers, calculate the average of the highest 8 % of 
the remaining values. This average is defined as the “effective 
maximum” of the data.

 4. Normalize the original, unsorted reactivity data by dividing all 
values (including outliers) by the effective maximum, thereby 
producing normalized reactivity values for all nucleotides for 
which SHAPE data was obtained.

 5. For ensemble SHAPE, proceed to “Mathematical 
Deconvolution” below (Subheading 3.1.10), after which 
steps 6 and 7 here should be followed to eliminate bad values 
and to format conformer-specific reactivity profiles for use with 
RNAstructure. For the other three methods, proceed directly 
to steps 6 and 7 below.

 6. Eliminate values less than −0.09 and those associated with 
unusually strong natural pause sites (i.e., “stops”). Replace 
omitted values with “−999”, the preferred skipped-value indi-
cator in the RNAstructure software.

 7. Save the paired nucleotide numbers and associated, normal-
ized reactivity data as tab-delimited pairs arranged in adjacent 
columns as a text file with the suffix “.shape”. This file provides 
the “SHAPE reactivity values” used to generate pseudoenergy 
constraints in RNAstructure software.

Normalized reactivity values obtained in ensemble SHAPE are 
comprised of contributions from all RNA conformers in a mixture. 
Because these are averaged values, they cannot be used to direct the 
secondary structural prediction of any single conformational varia-
tion of the RNA being probed. In order to obtain a reactivity pro-
file attributable to an individual RNA conformer, theoretical 
reactivity values must be mathematically extracted from the experi-
mentally obtained ensemble values, as described below. The result-
ing profile(s) may be inputted into RNAstructure software in the 
same manner as a profile generated by conventional SHAPE. In this 

3.1.10 Mathematical 
Deconvolution (Ensemble 
SHAPE Only)
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case, however, the set of theoretical reactivity values will be used by 
the software to generate pseudoenergy constraints that reflect the 
structure of the respective RNA conformation exclusively.

For an RNA that can assume any of the conformations A, B, or 
C (and perhaps others), and for each nucleotide position probed 
by SHAPE, the following mathematical relationship applies:

 R p R p R p RT A A B B C C= + + ¼  

In this equation, RT is the experimentally determined, normalized 
ensemble reactivity value for a specific nucleotide position, and pA, 
pB, and pC are the fractional contributions of individual conformers 
to total RNA, as determined by quantitative ND gel electrophore-
sis. RA, RB, and RC are the theoretical reactivity values for the same 
nucleotide in the respective conformers; these values are calcu-
lated, and should remain constant regardless of the conformer dis-
tribution established in a given set of experimental conditions.

In the simplest possible example for which ensemble SHAPE 
may be applied, two RNA conformers are differently distributed 
under two distinct folding/solution conditions 1 and 2. Given the 
experimentally established mathematical relationship presented 
above, a two-variable, two-equation system may be established for 
this scenario as follows:

Conditions—1: R p R p RT A A B B1 1 1= +

Conditions—2: R p R p RT A A B B2 2 2= +

Variable assignments are the same as in the general case above 
except that the subscript “1” or “2” indicates the value in question 
was measured using RNA folded under the specified set of condi-
tions. Also, for the system of equations to be soluble in all but the 
trivial instance in which RT1 = RT2, conformer distributions must 
differ under the two sets of conditions (i.e., so that pA1 ≠ pA2 and 
pB1 ≠ pB2). Note that the theoretical reactivity values RA and RB are 
inherent to the respective conformers and do not vary with differ-
ing folding conditions. The system may be solved for RA and RB 
using conventional algebraic techniques and/or matrix mathemat-
ics, and the process repeated for all nucleotides for which normal-
ized ensemble reactivity values have been determined. This is most 
easily accomplished using Microsoft Excel or other spreadsheet 
software. The theoretical reactivity profiles obtained in this manner 
may be used to generate secondary structural models for individual 
RNA conformers as in conventional SHAPE.

Prediction of experimentally supported RNA secondary struc-
ture requires RNAstructure, a stand-alone application that con-
verts SHAPE-derived reactivity values into pseudo-free energy 
constraints which are then incorporated into the RNA folding 

3.1.11 RNA 2D Modeling
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algorithm [5]. The software generates 2D representations of 
RNA structures both in graphical format and dot-bracket nota-
tion. The latter can be inputted into RNA structure viewers such 
as PseudoViewer [17] or Varna [18] to produce publication-
quality images.

 1. RNAstructure software is available at: http://rna.urmc.roches-
ter.edu/RNAstructure.html.

 2. Input the RNA sequence and SHAPE data as formatted text 
files containing “.seq” and “.shape” suffixes, respectively. 
Sequence data may also be inputted manually.

 3. The user may alter “slope” and “intercept” parameters in the 
linear function that defines the relationship between reactivity 
and pseudo-free energy [15]. We generally do not find it nec-
essary to adjust the default settings of 2.6 kcal/mol and 
−0.8 kcal/mol for slope and intercept, respectively.

 4. RNAstructure ranks the models it produces by pseudo free 
energy, where the structure having the lowest energy is the one 
that best matches (1) the empirically determined thermody-
namics rules for base-pairing embedded in the folding algo-
rithm and (2) the pseudoenergy constraints imposed by the 
SHAPE reactivity profile. To facilitate qualitative analysis of 
the match between reactivity values and base pairing predic-
tions, the software permits addition of a color-coded overlay of 
the reactivity profile onto the graphical representations. In a 
high- quality structure, weakly or unreactive and highly reactive 
nucleotides should generally be found in base-paired and 
unpaired regions, respectively.

One drawback to using RNAstructure as the exclusive means 
of predicting base pairing interactions is the inability of the soft-
ware to predict the existence of pseudoknots, kissing loops, or 
other complex tertiary interactions. These must either be detected 
manually or through use of alternative RNA structure prediction 
software that, while useful, cannot optimize their models to match 
experimentally determined reactivity values. To address this short-
coming, a modification of the conventional SHAPE methodology, 
designated antisense-interfered or aiSHAPE, was developed to 
interrogate long-range tertiary interactions. In brief, a short oligo-
nucleotide containing a combination of locked nucleic acid and 
2′-O-methyl substitutions is site-specifically hybridized to a site 
within such a putative structural motif. Hybridization of the inter-
fering oligonucleotide disrupts native base-pairing, with the conse-
quence that the displaced complement is rendered susceptible to 
acylation. Reactivity profiles obtained in the presence and absence 
of the oligonucleotide are then compared, and a determination is 
made as to whether the differences between the two reactivity pro-
files are consistent with the existence of the predicted tertiary 
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interaction. aiSHAPE has been used to verify the existence of 
 pseudoknot and kissing loop interactions within the MusD RNA 
transport element MTE [19], as well as the Dengue virus [20] and 
HIV RNA genomes [21], and should be appropriate for use with 
the ensemble and in-gel SHAPE methods presented here. A more 
detailed summary of the aiSHAPE methodology has been pre-
sented elsewhere [22].

RNAComposer is a server-based modeling program that generates 
3D models of RNA structure from inputted RNA sequences of up 
to 500 nts in length, the corresponding secondary structure(s) 
and, when available, atomic distance constraints [9]. Sequence and 
secondary structure information is provided as strings of text—the 
latter formatted into dot-bracket notation. Other formatting 
requirements are described in detail on the hosting website. In 
brief 3D RNA structure models are generated as follows: (1) the 
secondary structure is fragmented into small pieces; (2) the algo-
rithm searches FRABASE, a comprehensive database of RNA 
structures that have been solved in three dimensions, for motifs 
matching or near-matching the secondary structure of each frag-
ment; (3) the 3D structures of the best-matching motifs are 
selected for assembly; (4) a second algorithm assembles the motifs 
into a complete, intact structural model; and (5) the model is sub-
jected to multiple rounds of energy minimization and, where pos-
sible, fit into conserved folding patterns. RNAComposer is available 
at http://rnacomposer.cs.put.poznan.pl/.

Because in-gel SHAPE requires recovery of RNA fractionated by 
ND PAGE, more starting material is required than for any of the 
other techniques presented here. This preparative scale folding 
protocol was optimized for analysis of a truncated HIV-1 RRE 
RNA construct by in-gel SHAPE (Fig. 2) (Rausch, J. W., unpub-
lished observations). In general, it is assumed that prior to prepara-
tive scale RNA folding, folding and fractionation conditions will 
have been optimized on an analytical scale.

 1. Mix RNA (100 pmol), water, and 2 μL 10× RNA folding buf-
fer to a final volume of 20 μL on ice.

 2. Heat to 85 °C for 3 min, and then cool to 25 °C at a rate of 
0.1 °C/s.

 3. Add 20 μL of 2× ND gel RNA folding buffer. Mix.
 4. Incubate at 37 °C for 20 min, then immediately place on ice 

prior to fractionation by ND PAGE.

For in-gel SHAPE, RNA samples should be evenly distributed over 
several lanes to facilitate even division into modified (+) and con-
trol (−) samples during gel excision. It is assumed that conformers 

3.1.12 3D Modeling: 
RNAComposer

3.2 In-Gel SHAPE

3.2.1 RNA Folding

3.2.2 RNA Fractionation 
by ND PAGE
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of the RNA in question migrate differently and are distinguishable 
following electrophoresis. Other ND PAGE guidelines can be 
found in Subheading 3.1.2.

It is impractical to detect large quantities of fractionated RNA 
using SYBR Green as background fluorescence produced during 
preparative scale ND PAGE is too high. Moreover, intercalation of 
SYBR Green into the RNA may alter its reactivity to NMIA or 
other probing reagents. As a consequence, an indirect detection 
method [7] or UV shadowing is preferable. The latter approach 
was used to detect HIV-1 RRE conformers (Rausch, J. W., unpub-
lished observations) and is presented here.

 1. Remove gel plate or gel sandwich from gel box and place flat 
on workbench. Remove top plate using spacers and/or spatu-
las. Pour off or blot any pooled buffer from the gel with a 
paper towel.

 2. Wrap an appropriately sized fluorescent TLC plate in clear 
plastic wrap, minimizing wrinkles over the silica-coated sur-
face. Alternatively, the TLC plate may be placed inside a 
smooth, clear plastic bag. Place wrapped or bagged TLC plate 
silica-side down on the gel surface. Invert gel sandwich and use 
a spatula to carefully remove the glass plate.

3.2.3 Detection, 
Quantitation, and Isolation 
of RNA by UV Shadowing 
(Preparative Scale)

Fig. 2 In-gel RNA detection and probing. [1] Illuminate ND gel TLC plate overlay 
with UV lamp (254 or 300 nm). [2] Locate RNA bands and excise them with a 
clean scalpel. [3] Submerge (+) and (−) gel slices in NMIA and DMSO solutions, 
respectively.
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 3. Wearing eye protection and covering exposed skin, use a 
handheld short-wave UV lamp (254–300 nm) to illuminate 
the TLC plate. RNA bands will be evident as “shadows” of UV 
absorption amidst a background of white fluorescence.

 4. Using a clean spatula, excise gel slices containing the fraction-
ated conformers, segregating equivalent modified (+) and con-
trol (−) RNA conformer samples. Work quickly to minimize 
UV damage to RNA.

For in-gel SHAPE, it is essential that the acylating reagent have a 
half-life in solution sufficient to allow it to soak into the gel before 
being hydrolyzed. Consequently, a relatively slow-acting reagent 
such as NMIA is best suited for these experiments. The protocol 
below was used to chemically modify two distinct HIV-1 RRE 
RNA conformers.

 1. Prepare 50 mL each of 5× TBE reaction buffer and 1× 
TBE. Store at 4 °C.

 2. For each conformer to be probed, mix 1050 μL water and 
300 μL 5× TBE reaction buffer in each of two 2 mL microfuge 
tubes labeled NMIA(+) and DMSO(−). Heat to 37 °C.

 3. Prepare 100 mM NMIA solution in DMSO. Keep desiccated 
and protected from light until use.

 4. Submerge the (+) and (−) gel slices obtained from UV shad-
owing and gel excision in the corresponding labeled tube.

 5. Immediately add 150 μL NMIA solution to the NMIA(+) 
reaction. Add 150 μL DMSO to the control reaction. Mix 
both reactions well.

 6. Incubate all reactions at 37 °C for 50 min, then cool to 4 °C, 
and remove reaction solution.

 7. Wash gel slices by adding 1.5 mL wash buffer (1× TBE), 
inverting 3–4 times, and then centrifuging briefly at ~2500 × g 
on a tabletop centrifuge. Repeat twice to completely remove 
NMIA hydrolysis byproducts.

 8. Recover RNA by electroelution in 1× TBE buffer according to 
the manufacturer’s recommendations.

 9. Add 0.1 volumes 3 M NaOAc (pH 5.5), 3 volumes 95 % 
EtOH, and 0.5 μL 10 mg/mL glycogen to recovered RNA 
solutions.

 10. Centrifuge 20 min at 13,000 × g in refrigerated tabletop centri-
fuge. Decant supernatant, and wash with ice-cold 70 % EtOH.

 11. Centrifuge an additional 5 min to recover RNA pellet. 
Decant supernatant, and air-dry for 10 min. Resuspend in 
12 μL TE light.

3.2.4 RNA Modification 
with NMIA
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 12. Determine concentration of recovered RNA by UV absorption.
 13. Determine the molar concentration of each RNA, and dilute in 

TE light to a concentration suitable for reverse transcription 
(e.g., 0.5 pmol/μL). Proceed to reverse transcription, or store 
samples at −20 °C.

Once RNA has been modified and electroeluted from the gel, sub-
sequent processing and data analysis closely resembles that required 
for ensemble SHAPE. Accordingly, proceed with reverse transcrip-
tion (Subheading 3.1.5), preparation of sequencing ladder 
(Subheading 3.1.6), capillary electrophoresis (Subheading 3.1.7), 
ShapeFinder data analysis (Subheading 3.1.8), Data Normalization 
(Subheading 3.1.9), RNA 2D Modeling (Subheading 3.1.11), and 
RNA 3D Modeling (Subheading 3.1.12) as appropriate.

MPE is a bifunctional reagent composed of methidium, an interca-
lator reported to site- bind RNA at select sites, and EDTA, a chela-
tor of metal ions such as Fe2+ (Fig. 3). Under oxidizing conditions, 
the MPE-Fe(II) complex generates highly reactive hydroxyl radical 
species inducing strand scission at the MPE-binding site(s) as well 
as in neighboring regions of RNA. MPE cleavage can therefore 
provide information on RNA nucleotides that are proximal to the 

3.2.5 Further Processing 
and Data Analysis

3.3 Probing RNA 
with MPE-Fe(II)
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Fig. 3 Examining RNA tertiary interactions by through-space hydroxyl radical 
cleavage (•OH) with the threading intercalator MPE. Once the secondary struc-
ture of the studied RNA is experimentally determined, an MPE cleavage experi-
ment can be performed to provide clues regarding its 3D organization.
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reagent binding site, even when these nucleotides and the binding 
site are separated in primary sequence.

MPE-Fe(II) has been used to probe the 3D structure of tRNA 
containing engineered CpG islands [23]. In a separate study, how-
ever, binding of MPE-Fe(II) to RNA was considered to be non- 
specific, and the reagent was used to map solvent accessibility 
throughout the RNAs of interest [8]. The following protocol 
describes the application of MPE-Fe(II) to validate the two- 
dimensional models generated for RRE2 and provide clues regard-
ing the 3D organization of RRE2 substructures [6].

The following protocol was optimized for MPE and Rev-ATCUN 
probing of the HIV-2 RRE [6]. As with all protocols presented 
here, RNA heterogeneity should be verified by analytical scale fold-
ing and ND PAGE.

 1. Working on ice, bring RNA (20 pmol) to a total volume of 
36 μL in water.

 2. Heat RNA to 85 °C for 3 min and then cool to 25 °C at a rate 
of 0.1 °C/s.

 3. Add 4 μL of 10× RNA folding buffer. Mix.
 4. Incubate at 37 °C for 20 min, and then immediately place  

on ice.

The activated metal ion chelated by MPE (Fe2+) is responsible for 
RNA damage.

 1. Transfer 18 μL folded RNA (Subheading 3.3.1) into each of 
the two 0.5 mL microfuge tubes labeled (+) and (−), 
respectively.

 2. Prepare fresh solutions of 10 mM sodium ascorbate and 0.03 % 
hydrogen peroxide (H2O2).

 3. Form the MPE–Fe(II) complex by mixing equal volumes of 
20 μM MPE and 8 μM Fe(SO4)2 (NH4)2 · 6H2O solutions to 
achieve final concentrations of 10 μM MPE and 4 μM Fe(II) 
(1:0.4 ratio). Incubate for 10 min at room temperature. This 
solution is 10× relative to the binding and cleavage reaction, so 
2 μL is required per 20 μL reaction. Prepare enough for all 
experiments.

 4. For use in the (−) control reactions, mix equal volumes of 
20 μM MPE and water to generate the 10× MPE control solu-
tion. Again, prepare enough for all (−) control reactions (2 μL 
required per reaction).

 5. Add 2 μL 10× MPE–Fe(II) complex and 10× MPE control to 
the (+) and (−) RNA solutions, respectively. Incubate for 1 min 
at room temperature to allow methidium to bind RNA.

3.3.1 RNA Folding: MPE

3.3.2 MPE Binding 
and Cleavage
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 6. Initiate cleavage by adding sodium ascorbate and hydrogen 
peroxide solutions (final concentrations of 1 mM and 0.003 %, 
respectively) to both the (+) and (−) reactions. Incubate at 
room temperature for 15 s.

 7. Quench reactions by adding 2 μL 3 M NaOAc, 1 μL of 10 mg/
mL glycogen, and 50 μL ice-cold 95 % ethanol.

 8. Pellet RNA by centrifugation at 14,000 × g for 30 min. 
Carefully remove supernatant and air dry the pellet for 1–5 min.

 9. Dissolve the RNA in 10 μL of H2O and proceed to reverse 
transcription (Subheadings 3.3.3 and 3.3.4).

Hydroxyl radical footprinting can be used to indirectly identify 
methidium-binding sites. In brief, RNA is incubated with methid-
iumpropyl compound devoid of the EDTA moiety and the result-
ing complex probed by exogenous Fe2+-EDTA. In contrast to 
MPE probing, hydroxyl radical footprinting target nucleotides 
that are not protected by methidium binding, thus revealing the 
methidium footprint(s). Once methidium-binding sites have been 
identified, comparing these sites with those targeted by MPE 
reveals which cleavages are produced by diffusion of hydroxyl radi-
cals to nearby sites in the RNA that do not directly contact MPE.

 1. An additional 20 pmol RNA must be folded in the same man-
ner as described in Subheading 3.3.1.

 2. Transfer 9 μL folded RNA (Subheading 3.3.1) into each of the 
two 0.5 mL microfuge tubes labeled (+) and (−).

 3. Prepare fresh 10 μM methidium carboxylate solution in 
double- distilled water.

 4. Add 1 μL of 10 μM methidium carboxylate solution to the (+) 
reaction and 1 μL of H2O to the (−) reaction. Incubate for 
10 min at room temperature.

 5. Perform hydroxyl radical footprinting according to previously 
published procedures [24]. Briefly, prepare Fe(II)-EDTA 
solution (10 mM Fe(II), 20 mM EDTA), 0.6 % H2O2 and 
10 mM sodium ascorbate. Carefully place 1 μL of each 
reagent in separate droplets on the inside wall of the 
(+)-labeled microfuge tube containing folded RNA. Centrifuge 
the tube to mix the reagents and initiate the footprinting 
reaction. Incubate the reaction mixture for 30 s at room tem-
perature. A control experiment should be performed in the 
same manner, except add water rather than methidium car-
boxylate to the reaction.

 6. Quench as described above for the MPE experiment (step 6).
 7. Proceed to reverse transcription (Subheading 3.3.4), or store 

at −20 °C.

3.3.3 Determining 
Methidium-Binding Site by 
Hydroxyl Radical Cleavage
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Once MPE and methidium-binding/cleavage reactions have been 
performed, subsequent processing and data analysis closely resem-
bles that required for ensemble SHAPE. Accordingly, proceed 
with reverse transcription (Subheading 3.1.5), preparation of 
sequencing ladder (Subheading 3.1.6), capillary electrophoresis 
(Subheading 3.1.7), ShapeFinder data analysis (Subheading 3.1.8), 
and Data Normalization (Subheading 3.1.9).

After modification data have been normalized, values can be over-
laid onto RNA secondary structure maps in RNAstructure by 
color-coding. This means of viewing the data can be helpful for 
discerning patterns or groupings among affected nucleotides. 
However, the secondary structure maps themselves must be gener-
ated using SHAPE or other methods. MPE or methidium foot-
printing data cannot be used directly to generate RNA secondary 
structural models.

Values obtained by MPE probing or methidium footprinting indi-
cate sites damaged by MPE and/or bound by methidium. As such, 
they may be used to help validate 3D RNA structural models such 
as those obtained for RRE2 folding intermediates [6]. It might 
also be possible to use MPE probing data to generate atomic dis-
tance constraints useful for modeling in RNAComposer [9]. More 
information on RNAComposer and imposing distance constraints 
during 3D modeling can be found in Subheading 3.1.12, the 
RNAComposer website (http://rnacomposer.cs.put.poznan.pl/), 
and the original RNAComposer ref. 9.

Much like MPE, ATCUN-peptides can be used to damage or 
cleave RNA in the vicinity of the peptide binding site(s) (Fig. 4). 
The method presented here was adapted from previous work in 
which ATCUN-peptides containing the arginine rich motif (ARM) 
of Rev1 were incubated with RRE RNA and activated to cleave the 
HIV-1 RRE [25], These peptides were developed as antiviral 
agents, and bound Cu2+ rather than Ni2+ as described here. In our 
experiments, ATCUN-ARM peptides derived from HIV-1 or 
HIV-2 Rev were complexed with Ni2+, activated with the oxidizing 
reagent MMPP and used to map the binding sites of Rev1 and 
Rev2 on their respective RREs (Lusvarghi, S., unpublished obser-
vations). This approach also offers the potential to map Tat, Gag, 
NC, and/or other HIV-related protein-binding sites on HIV 
RNAs.

RNA is folded during setup for the ATCUN-binding/cleavage 
reaction (Subheading 3.4.2).

3.3.4 Further Processing 
and Data Analysis

3.3.5 RNA 2D Modeling

3.3.6 RNA 3D Modeling: 
RNAComposer

3.4 ATCUN Probing

3.4.1 RNA Folding: 
ATCUN
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 1. Prepare experimental (+) (400 pmol peptide, 360 pmol NiCl2) 
and control (−) (400 pmol peptide only) peptide solutions in 
20 μL of 1× RNA folding buffer (50 mM Tris–HCl, pH 8.0, 
100 mM NaCl, 5 mM MgCl2). Incubate peptide solutions for 
20 min at 37 °C prior to mixing with RNA. Solutions may be 
stored at −20 °C for later use.

 2. Heat 10 μL aliquots of RNA (4 μM in water) to 95 °C for 
3 min, and then immediately place on ice for 3 min.

 3. To complete RNA folding, add 2 μL of 10× RNA folding buf-
fer and 8 μL water to the RNA sample, mix, and incubate at 
37 °C for 20 min.

 4. Divide RNA solutions evenly between experimental (+) and 
control (−) reactions (10 μL each). Mix RNA solutions with 
ATCUN peptide solutions with (+) or without (−) Ni2+, respec-
tively, at the different peptide:RNA ratios (e.g., 0.5:1, 1:1, or 
2:1). The final volume of each reaction should be adjusted to 
20 μL with 1× RNA folding buffer. Incubate samples for 
20 min at 37 °C to allow peptide binding. The peptide:RNA 
ratio yielding optimal levels of RNA modification must be 
empirically determined.

 5. Add 1 μL freshly prepared 20 mM magnesium monoper-
oxyphthalate (MMPP) solution to each sample. Incubate an 
additional 20 min at 37 °C.

3.4.2 ATCUN Peptide 
Binding/RNA Modification

Fig. 4 Peptides containing the amino terminal copper- and nickel-binding motif (ATCUN) can be used to map
specific sites of metallopeptide-RNA interactions.
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 6. Terminate reaction and desalt RNA samples by spin- 
chromatography through Sephadex-G50 columns or ethanol 
precipitation.

 7. Use 2–10 pmol of the recovered RNA for reverse transcription.

Once exposed to the activated ATCUN peptide and recovered, 
treated RNA is ready for subsequent processing as required for 
ensemble SHAPE. Therefore, proceed with reverse transcription 
(Subheading 3.1.5), preparation of sequencing ladder 
(Subheading 3.1.6), capillary electrophoresis (Subheading 3.1.7), 
ShapeFinder data analysis (Subheading 3.1.8), and Data 
Normalization (Subheading 3.1.9).

As with MPE-Fe(II) probing data, normalized ATCUN-peptide 
data can be overlaid onto RNA secondary structure maps in 
RNAstructure. This means of viewing the data can be helpful for 
identifying ATCUN-peptide-binding sites. Secondary structure 
maps must be generated using SHAPE or other methods.

4 Notes

 1. 1M7 was synthesized according to previously published proce-
dure [12].

 2. These reagents were synthesized according to previously pub-
lished procedure [26].

 3. Of the RT variants we have tested, SuperScript III works best 
for SHAPE-related applications.

 4. 5′ fluorescently labeled primers can be either purchased or syn-
thesized in-house. Primers 5′-labeled with Cy5, Cy5.5, 
WellRedD2 (Beckman Coulter), and IRDye800 (LI-COR) 
(Beckman Coulter) are best suited for the Beckman Coulter 
8000 CEQ. Primers should be designed to hybridize near the 
RNA 3′ terminus or within the structure cassette in order to 
maximize the number of nucleotides for which SHAPE data 
can be obtained. Store in amber test tubes in water at −20 °C 
in 10 μM aliquots.

 5. Of the commercial kits we have tested, the USB Cycle 
Sequencing kit works best for this application.

 6. All equipment, accessories and reagents are supported by 
Beckman Coulter for use with their CEQ 8000 Genetic 
Analyzer. We have tried using other accessories and reagents 
with equipment, but have generally found the results to be 
inferior.

 7. 1M7 should be stored in a desiccator at 4 °C and allowed to 
warm gradually to room temperature prior to use.

3.4.3 Further Processing 
and Data Analysis

3.4.4 RNA 2D Modeling
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 8. Precision in reaction time duration is not absolutely essential 
here, as 1M7 is over 90 % reacted with RNA or hydrolyzed 
after 5 min.

 9. Do not dry the RNA by vacuum centrifugation. Over-drying 
the pellet may make it difficult to resuspend.

 10. The first three steps of the program serve to anneal the labeled 
primers to the RNA template.

 11. It is our experience that incubation for longer than 50 min can 
result in aberrant cDNA products.

 12. Omitting this step results in poor separation of cDNA 
products.

 13. Centrifugation at a higher speed or for a longer period may 
result in difficulties in resuspending the pellet(s) and/or copre-
cipitation of salt, which can adversely affect capillary 
electrophoresis.

 14. Always vacuum dry DNA pellets and avoid over-drying.
 15. Pellets may require prolonged vortexing and/or gentle heat-

ing (e.g., 65 °C for 5 min) to dissolve. Failure to adequately 
dissolve the pellet at this stage may result in a lack of signal or 
weak signal during capillary electrophoresis.

 16. In order to analyze the data from SHAPE experiment, two 
initial calibration reactions are necessary: (1) matrixing—to 
correct for fluorescent overlaps in multifluor runs, necessary 
only if you use older Beckman capillary electrophoresis instru-
ments; (2) mobility shift—to correct for small differences in 
the electrophoretic mobility between fluorescent dyes.
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    Chapter 8   

 Analysis of HIV-1 Gag-RNA Interactions in Cells 
and Virions by CLIP-seq       

     Sebla     B.     Kutluay      and     Paul     D.     Bieniasz      

  Abstract 

   Next-generation sequencing-based methodologies have revolutionized the analysis of protein-nucleic acid 
complexes; yet these novel approaches have rarely been applied in virology. Because it has an RNA genome, 
RNA-protein interactions play critical roles in human immunodefi ciency virus type 1 (HIV-1) replication. 
In many cases, the binding sites of proteins on HIV-1 RNA molecules in physiologically relevant settings 
are not known.  C ross- l inking- i mmuno p recipitation  seq uencing (CLIP-seq) methodologies, which com-
bine immunoprecipitation of covalently crosslinked protein-RNA complexes with high-throughput 
sequencing, is a powerful technique that can be applied to such questions as it provides a global account 
of RNA sequences bound by a RNA-binding protein of interest in physiological settings at near-nucleotide 
resolution. Here, we describe the application of the CLIP-seq methodology to identify the RNA molecules 
that are bound by the HIV-1 Gag protein in cells and in virions. This protocol can easily be applied to 
other viral and cellular RNA-binding proteins that infl uence HIV-1 replication.  

  Key words      HIV-1    ,   Gag  ,    RNA   packaging  ,    RNA  -binding protein  ,    Protein  – RNA   interaction  ,   CLIP- 
seq    ,   UV cross-linking  ,   Next-generation sequencing  ,   Cells  ,   Virions  ,   Bioinformatics  

1      Introduction 

 Viral and host  RNA  -binding proteins regulate all major stages of 
 HIV-1   replication, including transcription, splicing and export of 
viral mRNAs, assembly of  infectious   virions, and reverse transcrip-
tion. HIV-1 Gag is one such viral RNA-binding protein that coor-
dinates all major steps in virion assembly, including the selective 
packaging of the dimeric, unspliced viral RNA genome [ 1 – 3 ]. 

  HIV-1   genomic  RNA   packaging has long been thought to be 
driven by the binding of the nucleocapsid (NC) domain of Gag to 
a  cis -acting packaging element, psi (Ψ), located within the 5′ leader 
of the viral genome [ 4 – 7 ]. However, several lines of evidence indi-
cate that Gag-Ψ interaction is not suffi cient for packaging and that 
Gag-RNA interactions are more complex. First, knowledge of the 
viral RNA sequences that are directly bound by Gag has largely 



120

been inferred from genetic studies and limited in vitro data. To 
date, no assay has been able to demonstrate a direct and specifi c 
interaction between Ψ and Gag protein in a relevant context, i.e., 
in live cells and in virions. Second, deletion of Ψ does not com-
pletely abolish genome encapsidation [ 8 – 10 ], suggesting that 
other regions within the viral genome may contribute. Third, Gag 
undergoes several changes in localization [ 11 ,  12 ] and multimer-
ization state [ 12 ] and is proteolytically processed during particle 
genesis. It is completely unknown how these changes affect the 
RNA-binding properties of Gag. Fourth, Gag is also thought to 
promiscuously bind to and package cellular RNAs in proportion to 
their abundance in the cytosol [ 13 ,  14 ]. Whether these interac-
tions take place within cells and virions, and if so, how they change 
during the genesis of viral particles is largely unknown. 

 To identify the  RNA   molecules directly bound by Gag in physi-
ological settings, we have recently applied CLIP-seq methodologies 
[ 15 ,  16 ] to various stages of particle genesis [ 17 ]. One CLIP-seq 
approach that is referred to as  p  hoto  a  ctivatable- r  ibonucleoside - 
enhanced  -CLIP (PAR-CLIP) relies on the incorporation of photo-
reactive ribonucleoside analogs, such as 4-thiouridine (4-SU) and 
6-thioguanosine (6-SG), into nascent RNAs in live cells. Exposure 
of cells to UV light at 365 nm wavelength prior to cell lysis induces 
the covalent cross-linking of the RNA-binding proteins to their tar-
get RNA molecules primarily at these 4-SU and 6-SG-modifi ed 
sites. Following cell lysis and limited RNase digestion, protein-RNA 
adducts are immunopurifi ed and the RNA molecules, often about 
15–50 nucleotides long, are isolated. Following sequential adapter 
ligations, RNA is reverse- transcribed, the resulting cDNA is PCR 
amplifi ed and deep sequenced using the Solexa technology. One dis-
tinct advantage of the PAR-CLIP methodology is the introduction 
of T-to-C (for 4-SU) or G-to-A (for 6-SG) mutations during reverse- 
transcription, which defi nes the precise sites within target RNA mol-
ecules that are cross-linked to the RNA-binding protein of interest. 

 As 4-SU/6-SG-mediated cross-linking is more effi cient than 
conventional UV cross-linking, PAR-CLIP yields more abundant 
protein- RNA   complexes, which can be critical for the success (i.e., 
high signal-to-background ratios) of a given CLIP-seq experiment. 
However, one potential disadvantage of the PAR-CLIP approach 
is the potential for alteration of RNA structure by incorporation of 
the ribonucleoside analogs. Therefore, it is worthwhile to perform 
CLIP-seq experiments in which protein-RNA cross-links are 
induced by conventional UV cross-linking for confi rmatory pur-
poses (i.e., HITS-CLIP). In addition, it is important to validate 
results obtained from a given experiment by using a different 
immunoprecipitating antibodies, varying the ribonucleoside ana-
log and the RNase. Overall, we think that this protocol will not 
only provide a useful tool for analysis of  HIV-1   Gag-RNA interac-
tions, but that it can also be adapted to other viral and cellular 
RNA-binding proteins that regulate viral replication.  
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2    Materials 

       1.    4-Thiouridine (Sigma-Aldrich Chemical Company, St. Louis, 
MO, USA): Dissolve in water to a fi nal concentration of 
100 μM.   

   2.    Stratalinker 1800/2400 or an equivalent UV-cross-linking 
chamber equipped with UV365nm bulbs.   

   3.    Phosphate-buffered saline (PBS), without calcium and 
magnesium.   

   4.    Ultracentrifuge tubes.   
   5.    20 % sucrose solution (w/v): Prepare in 1× PBS, fi lter, and 

store at 4 °C.   
   6.    Protease inhibitor cocktail.   
   7.    NP-40 lysis buffer: 50 mM HEPES, pH 7.5, 150 mM KCl, 

2 mM EDTA, 0.5 % NP-40, supplemented with 0.5 mM DTT 
and protease inhibitor cocktail ( see   Note 1 ).   

   8.    RIPA buffer: 50 mM Tris pH 7.4, 1 % NP-40, 0.25 % Na- 
deoxycholate, 0.1 % SDS, 150 mM NaCl, 1 mM EDTA, sup-
plemented with 0.5 mM DTT and protease inhibitor cocktail.   

   9.    RNase A.   
   10.    DNase I.      

       1.    Citrate-phosphate buffer: 4.7 g/L citric acid, 9.2 g/L 
Na 2 HPO 4 , pH 5.0.   

   2.     Protein   G magnetic beads.   
   3.    Magnetic stand.   
   4.    Calf intestinal alkaline phosphatase.   
   5.    T4 polynucleotide kinase.   
   6.    ATP, [γ- 32 P], 3000 Ci/mmol, 10 mCi/mL.   
   7.    ATP.   
   8.    Low-retention microcentrifuge tubes.   
   9.    IP wash buffer: 50 mM HEPES-KOH, pH 7.5, 300 mM KCl, 

0.05 % NP-40, supplemented with 0.5 mM DTT.   
   10.    LiCl buffer: 250 mM LiCl, 10 mM Tris pH 8.0, 1 mM EDTA, 

0.5 % NP-40, 0.5 % Na-deoxycholate, supplemented with 
0.5 mM DTT.   

   11.    NaCl buffer: 50 mM Tris pH 7.4, 1 M NaCl, 1 mM EDTA, 
0.1 % SDS, 0.5 % Na-deoxycholate, 1 % NP-40, supplemented 
with 0.5 mM DTT.   

   12.    KCl buffer: 50 mM HEPES-KOH, pH 7.5, 500 mM KCl, 
0.05 % NP-40, supplemented with 0.5 mM DTT.   

   13.    Dephosphorylation buffer: 50 mM Tris–HCl, pH 7.9, 100 mM 
NaCl, 10 mM MgCl 2 , supplemented with 1 mM DTT.   

2.1  UV Cross- 
Linking, Lysis, 
and RNase Treatment 
Components

2.2  Immuno-
precipitation, Alkaline 
Phosphatase 
Treatment and 
End-Labeling 
Components
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   14.    Phosphatase wash buffer: 50 mM Tris–HCl, pH 7.5, 20 mM 
EGTA, 0.5 % NP-40, supplemented with 1 mM DTT.   

   15.    PNK buffer: 50 mM Tris–HCl, pH 7.5, 50 mM NaCl, 10 mM 
MgCl 2 , supplemented with 1 mM DTT.   

   16.     Protein   sample buffer (4×): 0.5 M Tris, 1.6 mM EDTA, 8 % 
SDS, 40 % glycerol, 0.002 % bromophenol blue. Adjust pH to 
8.5.   

   17.    Thermal mixer.      

       1.    4–12 % Bis-Tris protein gels.   
   2.    MOPS SDS running buffer (20×): 50 mM MOPS, 50 mM 

Tris base, 0.1 % SDS, 1 mM EDTA. Adjust pH to 7.7.   
   3.    Nitrocellulose membrane.   
   4.    Tris-glycine transfer buffer (10×): 250 mM Tris, 1.92 M gly-

cine. Prepare 1× buffer containing 20 % ethanol.   
   5.    Autoradiography cassettes and fi lm.   
   6.    Proteinase K, recombinant, PCR grade.   
   7.    Proteinase K buffer (2×): 200 mM Tris–HCl, pH 7.5, 100 mM 

NaCl, 20 mM EDTA, 2 % SDS.   
   8.    Glycoblue co-precipitant (Life Technologies, Carlsbad, CA, 

USA).   
   9.    3 M sodium acetate, pH 5.2.   
   10.    Ethanol:isopropanol (1:1).   
   11.    Acid phenol:chlorofom:isoamyl alcohol (125:24:1).      

       1.    80% ethanol.   
   2.    Nuclease-free water.   
   3.    RNase inhibitor.   
   4.    Pure BSA.   
   5.    DMSO.   
   6.    50 % PEG8000.   
   7.    T4  RNA   ligase 2, truncated K227Q (New England Biolabs, 

Ipswich, MA, USA).   
   8.    T4  RNA   Ligase 1 (New England Biolabs).   
   9.    6 and 15 % TBE-urea gels.   
   10.    TBE-urea sample buffer (2×): 45 mM Tris, 45 mM boric acid, 

1 mM EDTA (free acid), 6 % Ficoll type 400, 3.5 M urea, 
0.005 % bromophenol blue, 0.025 % xylene cyanol.   

   11.    TBE running buffer (10×): 890 mM Tris, 890 mM boric acid, 
20 mM EDTA, pH 8.3.   

2.3   RNA    Purifi cation   
Components

2.4  Adapter 
Ligations and Library 
Preparation 
Components
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   12.    Sterile centrifuge tube fi lters with cellulose acetate membrane 
(pore size 0.22 μm).   

   13.    Low-molecular-weight marker (range of 10–100 nt).   
   14.    SuperScript ®  III First-Strand Synthesis System (Life Technologies).   
   15.    High-fi delity DNA polymerase.   
   16.    Low-molecular-weight DNA ladder (range of 50–500 nt).   
   17.    Diffusion buffer: 0.5 M ammonium acetate, 10 mM magne-

sium acetate, 1 mM EDTA, pH 8.0, 0.1 % SDS.   
   18.    DNA gel extraction kit.   
   19.     Adapters and primer pairs :

   3′ adapter: 5′adenylated/TCG TAT GCC GTC TTC TGC 
TTG-3′dideoxyC  

  5′ barcoded adapters:  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC AGU 

NNN UC-3′  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC GAU 

NNN UC-3′  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC GUG 

NNN UC-3′  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC ACG 

NNN UC-3′  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC UAG 

NNN UC-3′  
  5′-rGUU CAG AGU UCU ACA GUC CGA CGA UC AUC 

NNN UC-3′  
  Positive control  RNA   oligo: 5′-rAUAGCUACGAUUGCA-3′  
  RT/Reverse PCR primer: 5′-CAAGCAGAAGACGGCATACGA-3′  
  Forward PCR primer:  
  5 ′-AATGATACGGCGACCACCGACAGGTTCAGA

GTTCTACAGTCCGA-3′        
 All adapters used in ligation are  HPLC   purifi ed. PCR reactions 

can be performed with standard desalted primers.   

3    Methods 

       1.    2 days prior to UV cross-linking, transfect HEK293T cells 
with proviral plasmid DNAs. For each CLIP-seq experiment, 
use six 10 cm dishes, each transfected with 10 μg of proviral 
plasmid DNA ( see   Note 2 ).   

3.1  UV Cross- 
Linking, Lysis, 
and RNase Treatment
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   2.    One day post-transfection and 14 h prior to UV cross-linking, 
change media on plates with 100 μM 4-SU containing media 
( see   Note 3 ).   

   3.    On the day of UV cross-linking, collect cell culture superna-
tants containing virions and set aside for processing as detailed 
in  steps 8 – 12 .   

   4.    Wash cells with 10 mL of ice-cold PBS, aspirate and irradiate 
the dish containing cells uncovered at an energy setting of 
0.15 J/cm 2  in a Stratalinker UV-cross-linking chamber 
equipped with UV365 nm bulbs ( see   Note 4 ).   

   5.    Add 3 mL of PBS to each plate and collect cells using a rubber 
policeman. Pellet cells by centrifugation at 500 ×  g  for 5 min 
and discard the PBS. Cells can be fl ash-frozen and stored at 
this stage.   

   6.    Lyse cells in 2.5 mL of NP40-lysis buffer and keep on ice for 
10 min ( see   Note 5 ).   

   7.    Transfer lysates to microcentrifuge tubes. Clear lysates by cen-
trifugation at 20817 ×  g  at 4 °C for 10 min and collect the 
supernatants.   

   8.    In parallel, process cell culture supernatants containing virions. 
Pellet cellular debris by centrifugation at 500 ×  g  for 5 min and 
fi lter the supernatant through a 0.2 μM fi lter.   

   9.    Add 13 mL of 20 % sucrose solution in ultracentrifuge tubes 
and layer 25 mL of cleared cell culture supernatant on top. 
Pellet the virions by ultracentrifugation at 131218 ×  g , 4 °C, 
for 90 min.   

   10.    Aspirate the supernatant and resuspend the virions in a total of 
volume of 500 μL PBS.   

   11.    In a six-well cell-culture dish UV-cross-link the virions twice as 
above at an energy setting of 0.15 J/cm 2 . Mix between two 
irradiations.   

   12.    Collect the virions and add 125 μL of 5× NP40 lysis buffer 
( see   Note 6 ).   

   13.    Add RNase A and DNase I to lysates at a fi nal concentration of 
20 U/mL and 60 U/mL, respectively. Incubate samples at 
37 °C for 5 min and transfer to ice ( see   Note 7 ).      

       1.    For each cell and virion lysate, prepare 60 μL and 40 μL of 
protein G magnetic beads, respectively. Wash beads twice with 
1 mL and resuspend in two bead volumes of citrate-phosphate 
buffer.   

   2.    Add 5–10 μg of antibody per 100 μL of beads. Incubate on a 
rotating wheel at room temperature for 45 min ( see   Note 8 ).   

3.2  Immuno-
precipitation, Alkaline 
Phosphatase 
Treatment and 
End-Labeling
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   3.    Wash beads twice with 1 mL and resuspend in one bead volume 
of citrate-phosphate buffer.   

   4.    Add the proper amount of antibody-conjugated magnetic 
beads to cell and virion lysates and incubate on a rotating wheel 
at 4 °C for 1 h.   

   5.    Collect beads on a magnetic stand in low-retention microcen-
trifuge tubes. Wash beads twice each with 1 mL of IP wash 
buffer, LiCl buffer, NaCl buffer, KCl buffer, and dephosphor-
ylation buffer. Briefl y spin the beads and remove the remaining 
buffer.   

   6.    Resuspend beads in one bead volume of dephosphorylation 
buffer containing calf intestinal alkaline phosphatase at a fi nal 
concentration of 0.5 U/μL. Incubate for 10 min at 37 °C in a 
thermal mixer programmed to mix at 1400 rpm for 20 s every 
2 min.   

   7.    Wash beads twice with 1 mL of phosphatase wash buffer. 
Incubate on a rotating wheel for 5 min between washes.   

   8.    Wash beads twice with 1 mL of PNK buffer. Briefl y spin the 
beads and remove the remaining wash buffer.   

   9.    Resuspend beads in one bead volume of 1× PNK buffer con-
taining 0.5 μCi/μL γ- 32 P-ATP and 1 U/μL T4 PNK. Incubate 
at 37 °C for 40 min in a thermal mixer programmed to mix at 
1400 rpm for 20 s every 2 min.   

   10.    Add nonradioactive ATP at a fi nal concentration of 100 μM 
and incubate as above at 37 °C for an additional 10 min.   

   11.    Wash beads once each with 1 mL of PNK Buffer, LiCl buffer, 
KCl buffer, and NaCl buffer as described above. Briefl y spin 
the beads and remove the remaining wash buffer.   

   12.    Resuspend beads in 50 μL of 1×  SDS-PAGE   loading buffer 
and elute protein- RNA   complexes by incubation at 72 °C for 
10 min in a thermal mixer set to constantly mix at 1400 rpm. 
Collect the eluates.      

       1.    Run 45 μL of the eluate on a 4–12 % Bis-Tris polyacrylamide 
gel and transfer to a nitrocellulose membrane. Use the remain-
ing eluate to test for the effi ciency of immunoprecipitation by 
western blotting.   

   2.    Place the membrane in a plastic wrap and expose to autoradi-
ography fi lm until the protein- RNA   adducts can be visualized 
( see   Note 9 ).   

   3.    Using a clean scalpel or razor blade, cut a region of the mem-
brane directly above the expected molecular weight of the 
 protein of interest. Cut the membrane further into smaller 
pieces and place in low-retention microcentrifuge tubes.   

3.3  Separation 
of  Protein  - RNA   
Adducts  and 
  Purifi cation of RNA
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   4.    Add 400 μL of 1× Proteinase K buffer containing 2 mg/mL 
Proteinase K to each sample. Incubate for 30 min in a thermal 
mixer set to 55 °C with constant agitation at 1100 rpm.   

   5.    Supplement with an additional 400 μg Proteinase K and incu-
bate for 15 min as above ( see   Note 10 ).   

   6.    Lower the temperature to 37 °C and add one volume of 
phenol:chlorofom:isoamyl alcohol. Vortex and incubate at 
37 °C in a thermal mixer as above for 10 min.   

   7.    Centrifuge samples at 14,000 rpm, 3 min, RT.   
   8.    Collect the supernatants and add 100 μL 3 M sodium acetate, 

1 μL glycoblue, and 1 mL ethanol:isopropanol (1:1). Mix well 
and place samples at −20 °C overnight.      

       1.    Pellet  RNA   by centrifugation at 20817 ×  g , 4 °C for 30 min.   
   2.    Wash with 500 μL 80 % ethanol. Centrifuge as above for 5 min.   
   3.    Air-dry  RNA   pellet and resuspend in 8 μL water.   
   4.    In parallel, bring 1 pmole of the end-labeled positive control 

 RNA   up to 8 μL with water.   
   5.    Add 100 pmoles of 3′ adapter (1 μL of 100 μM stock), 2 μL 

DMSO and 5 μL PEG8000 (50 %). Mix well and denature 
 RNA   by incubation at 72 °C for 2 min. Place samples immedi-
ately on ice.   

   6.    To each sample add 2 μL 10× T4  RNA   ligase 2 buffer without 
ATP, 20 U of RNase inhibitor, 1 μL 2 mg/mL BSA, and 1 μL 
of T4 RNA ligase 2, truncated K227Q (200 U/μL). Mix well.   

   7.    Incubate samples overnight at 16 °C.   
   8.    Add 20 μL of 2× TBE-urea loading buffer to each sample and 

incubate at 72 °C for 2 min. Transfer samples to ice.   
   9.    Load samples on a 15 % TBE-urea gel, while leaving at least 

one empty well between each sample to avoid cross- 
contamination. Run at 180 V, 70 min.   

   10.    Place gel in plastic wrap and expose to autoradiography fi lm.   
   11.    Cut a gel piece corresponding to the ligated  RNA   products, 

including the ligated positive control RNA. Crush the gel into 
smaller pieces ( see   Note 11 ).   

   12.    Add three volumes of 0.4 M NaCl supplemented with 200 U/
mL of RNase inhibitor.   

   13.    Incubate samples overnight in a thermal mixer set to constant 
shaking at 1400 rpm, 4 °C.   

   14.    Pass gel slurry through a spin column with cellulose acetate 
fi lter. Add 1 μL glycoblue and 2.5 V of ethanol:isopropanol 
(1:1). Place samples on ice for 20 min.   

   15.    Precipitate  RNA   as above and resuspend in 10 μL of ultrapure 
water. Add 20 pmoles (1 μL of 20 μM stock) of barcoded 5′ 

3.4  Adapter 
Ligations
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adapter and 2 μL DMSO. Incubate samples at 72 °C for 2 min 
and immediately transfer to ice.   

   16.    To each sample add ligation mix containing 2 μL 10× T4  RNA   
ligase 1 buffer, 20 U of RNase inhibitor, 1 μL of 2 mg/mL BSA, 
2 μL ATP (10 mM), and 1 μL T4 RNA Ligase 1 (10 U/μL).   

   17.    Incubate samples overnight at 16 °C.   
   18.    If barcoded adapters are used, samples can be pooled at this 

stage. After adding 20 μL of 2× TBE-Urea loading buffer to 
each sample, incubate at 72 °C for 5 min. Transfer samples on 
ice and combine them as desired ( see   Note 12 ).   

   19.    Process samples as described in  steps 9 – 15 . Resuspend pel-
leted  RNA   in 10 μL of ultrapure water.      

       1.    Use the SuperScript III First Strand Synthesis System as detailed 
by the manufacturer. To 8 μL of  RNA  , add 1 μL of reverse 
transcription primer (10 μM) and 1 μL of dNTP (10 mM). 
Incubate at 65 °C for 5 min. Transfer samples on ice.   

   2.    Add 4 μL MgCl 2  (25 mM), 2 μL 10× reverse transcription buf-
fer, 2 μL DTT (0.1 M), 1 μL RNaseOUT (40 U/μL), and 
1 μL SSIII RTase (200 U/μL).   

   3.    Reverse transcribe according to the manufacturer’s instructions.   
   4.    Set up a 100 μL PCR reaction containing 10 μL of cDNA, 

50 pmoles of forward and reverse primers, 20 μL 5× high- 
fi delity buffer, 2 μL dNTPs (10 mM), and 2 μL high-fi delity 
polymerase (2 U/μL). Run PCR for a total of 15 cycles pro-
grammed at 98 °C 15 s, 55 °C 30 s, and 72 °C 15 s. Take 
20 μL aliquots at the end of PCR cycle 6, 9, 12, and 15.   

   5.    Run samples on a 6 % TBE-urea gel. Stain with EtBr in 1× 
TBE buffer and excise a region corresponding to the CLIP 
library ( see   Note 13 ).   

   6.    Weigh the gel and add one to two volumes of diffusion buffer.   
   7.    Incubate at 50 °C for 30 min in a thermal mixer set to constant 

agitation at 1400 rpm.   
   8.    Collect the supernatant and extract CLIP DNA library using a 

gel extraction kit.   
   9.    As CLIP libraries are derived from short  RNA   sequences, they 

can be sequenced on an Illumina platform for 50 cycles.      

   Despite the astounding progress in the development and 
accessibility of next-generation sequencing-based experimental 
approaches, data analysis still remains the major limiting step in 
many laboratories and institutions. Several tools have been devel-
oped and are publicly available for data analyses. We perform our 
data analysis by running these programs from the command line 

3.5  Reverse 
 Transcription   and PCR 
Amplifi cation of CLIP 
Library

3.6  Bioinformatics 
Analyses
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on our local Linux server, for which a basic knowledge of UNIX 
operating system and other programming languages is necessary. 
Below we outline the basic analysis of the CLIP-seq data, including 
sample command line instructions:

    1.    Raw reads obtained from the sequencing facility can be pro-
cessed prior to mapping to human or viral genomes using the 
FASTX toolkit (  http://hannonlab.cshl.edu/fastx_toolkit/    ).   

   2.    Discard reads that contain ambiguous nucleotides, did not 
contain the 3′ adapter sequence, or are shorter than 15 nucle-
otides: fastx_clipper –c –a TCGTATGC –l 23 –i INFILE.
fastq –o OUTFILE ( see   Note 14 ).   

   3.    Separate reads based on their 5′ barcode sequences: cat 
OUTFILE | /usr/local/bin/fastx_barcode_splitter.pl --bcfi le 
barcodes.txt --bol --mismatches 0 --prefi x OUTFILE_split.   

   4.    Collapse reads to generate a set of unique sequences: fastx_
collapser -i OUTFILE_split -o OUTFILE_collapsed.   

   5.    Trim the 5′ adapter sequence: fastx_trimmer -f 9 -v -i 
OUTFILE_collapsed -o OUTFILE_trimmed.   

   6.    After the reads are “cleaned up” they can be aligned to the 
appropriate viral and human genomes using several short-
read aligners (i.e., Bowtie, BWA). For alignment to the 
human genome, we typically allow up to two mismatches and 
report locations for reads with the minimum number of 
observed mismatches for each read (Bowtie criteria: -m 10 -v 
2 --best --strata for mapping to hg19, and - m 1 -v 2 for map-
ping to the viral genomes).   

   7.    Following the alignment, SAMtools [ 18 ] and BEDtools [ 19 ] 
can be used to further process the data.   

   8.    Clusters, which represent binding sites derived from overlap-
ping mapped reads, can be generated using the PARalyzer 
algorithm [ 20 ].   

   9.    The generated clusters can be annotated by in-house scripts 
using publicly available databases (i.e., ENSEMBL, UCSC) as 
reference.   

   10.    Following annotation, motif searches within clusters can be 
performed by the cERMIT algorithm [ 21 ].       

4    Notes 

     1.    Sigma-Aldrich has replaced NP-40 with Igepal-CA 630, which 
works equally well in our hands.   

   2.    As an alternate to transfection, infected HEK293T cells or other 
cell types (i.e., suspension cells) can be used in CLIP assays.   
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   3.    6-Thioguanosine (6-SG, Sigma-Aldrich) at a fi nal 
concentration of 100 μM can be used as an alternative ribo-
nucleoside analog, which yields G-to-A mutations in the 
sequenced reads. However, the effi ciency of UV cross-linking 
with 6-SG and the resulting mutation rates are signifi cantly 
lower than 4SU- mediated cross-linking.   

   4.    If CLIP is done on suspension cells, resuspend cells in 10 mL 
PBS and spread on a 15-cm cell culture dish. Perform UV 
cross-linking twice, mixing cells in between.   

   5.    Following UV cross-linking, subcellular fractionation can be 
performed prior to immunoprecipitation. To this end, we found 
out that a commercially available fractionation kit (Minute 
plasma membrane isolation kit (Invent Biotechnologies)) works 
quite well. As has been observed before [ 22 ] immunoprecipita-
tion of Gag from the plasma membrane fraction requires harsher 
detergent conditions (i.e., RIPA buffer). On the other hand, 
fractionation of cells by membrane fl otation on sucrose cushions 
followed by immunoprecipitation does not yield suffi cient Gag-
 RNA   complexes, likely due to the presence of high concentra-
tions of sucrose and increased immunoprecipitation volumes.   

   6.    Although immunoprecipitation of Gag from immature virions 
was very effi cient in 1× NP40-lysis buffer, immunoprecipita-
tion of NC from mature particles required harsher detergent 
conditions (i.e., 1× RIPA buffer).   

   7.    RNase T1 can be used as an alternative to RNase A. The con-
centration of RNase for each protein and stock of RNase shall 
be determined separately. We suggest trying several dilutions 
of RNases in pilot experiments and move forward with the 
RNase concentration that yields protein- RNA   complexes 
migrating ~5–10 kDa above the expected molecular weight of 
the protein of interest in  SDS-PAGE  . The goal is to obtain 
RNA molecules that are short enough to be sequenced on an 
Illumina platform but long enough to be unambiguously 
mapped to the viral and human genomes.   

   8.    To facilitate the purifi cation of Gag- RNA   adducts, we typically 
utilize proviral clones carrying three consecutive copies of a 
HA-tag within the stalk region of matrix domain and perform 
immunoprecipitations using a mouse monoclonal anti-HA 
antibody (HA.11, Covance). This approach yields abundant 
and fairly pure Gag-RNA adducts [ 17 ].   

   9.    If protein- RNA   complexes cannot be visualized following 
4–5 h of exposure, we think it is critical to optimize the preced-
ing steps to obtain more abundant crosslinked protein- RNA 
complexes, which is critical for obtaining meaningful results 
from a given CLIP-seq experiment.   
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   10.    The goal at this step is to maximize the amount of  RNA   
recovered from the nitrocellulose membrane. If suffi cient RNA 
is recovered after the initial round of Proteinase K digestion, 
this step can be omitted.   

   11.    To crush gel pieces, poke four holes on the bottom of a 0.5 mL 
microcentrifuge tube and place it in a 1.5 mL low-retention 
microcentrifuge tube. Place the gel piece in the 0.5 mL tube 
and centrifuge at 20817 ×  g , RT for 3 min. Alternatively, a 
Tefl on pestle can be used.   

   12.    If  RNA   abundance varies signifi cantly between samples, it is 
preferable to pool them at equimolar concentrations to obtain 
relatively similar number of sequencing reads from each 
sample.   

   13.    We usually observe two bands, one corresponding to adapter- 
adapter ligations that migrate at ~75 nt and the CLIP library 
that migrate at 90–150 nt. From the smallest number of PCR 
cycle (typically 9–12) that yields a visible library, carefully cut 
the region that corresponds to the CLIP library from the gel. 
If necessary, repeat the PCR using the purifi ed CLIP library as 
template.   

   14.    Length fi lter at this step is 23 nucleotides (-l 23) as this includes 
the length of the 5′ adapter (8 nucleotides).         
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    Chapter 9   

 Isolation of Cognate Cellular and Viral 
Ribonucleoprotein Complexes of HIV-1 RNA Applicable 
to Proteomic Discovery and Molecular Investigations       

     Deepali     Singh    ,     Ioana     Boeras    ,     Gatikrushna     Singh    , 
and     Kathleen     Boris-Lawrie      

  Abstract 

   All decisions affecting the life cycle of human immunodefi ciency virus (HIV-1) RNA are executed by 
 ribonucleoprotein complexes (RNPs). HIV-1 RNA cycles through a progression of host RNPs composed 
of RNA-binding proteins regulating all stages of synthesis, processing, nuclear transport, translation, 
decay, and co-localization with assembling virions. RNA affi nity chromatography is a versatile method to 
identify RNA-binding proteins to investigate the molecular basis of viral and cellular posttranscriptional 
control of gene expression. The bait is a HIV-1 RNA motif immobilized on a solid support, typically mag-
netic or Sepharose beads. The prey is pre-formed RNPs admixed in lysate from cells or concentrated virus 
particles. The methodology distinguishes high-affi nity RNA-protein interactions from low-affi nity com-
plexes by increases in ionic strength during progressive elution cycles. Here, we describe RNA affi nity 
chromatography of the 5′ untranslated region of HIV-1, obtaining mixtures of high-affi nity RNA binding 
proteins suitable for mass spectrometry and proteome identifi cation.  

  Key words     High-affi nity RNA–protein interaction  ,   Ribonucleoprotein particle (RNP)  ,   Streptavidin- 
biotin affi nity  ,   Isotype-specifi c antibody  ,    Immunoprecipitation    ,   Magnetic beads  ,   Cis-acting RNA 
element  ,   Posttranscriptional control of gene expression  

1      Introduction 

 RNA  affi nity isolation   has been a valuable tool to discover cellular 
cofactors of retroviruses, and their investigation consistently pro-
vides fundamental insights into cell biology [ 1 ,  2 ]. The combination 
of RNA  affi nity isolation   with subsequent mass spectrometry is a 
powerful discovery tool [ 2 ,  3 ] and is producing a genome-wide view 
of RNP components on HIV-1 RNA [ 4 ]. 

 Every step in the life cycle of HIV-1 is dependent upon cellular 
machineries composed of RNA-binding proteins and noncoding 
RNA [ 5 ]. HIV-1-bound ribonucleoprotein particles (RNPs) are 
the molecular basis for balanced expression of all viral gene  products 
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and the traffi cking of HIV-1 unspliced RNA that becomes packaged 
into progeny virions [ 6 ]. Distinct HIV-1 RNP components are 
 isolated   by cis-acting RNA elements: Tat trans-activation respon-
sive ( TAR  ) sequence, 5′  UTR   posttranscriptional control element 
(PCE), 5′ splice site, and packaging signal (psi) [ 2 ,  7 – 9 ]. Distinct 
RNP components and cognate cis-acting elements work in com-
mon purpose to produce over a dozen mRNA templates for viral 
proteins and to balance an appropriate reserve of virion precursor 
RNA [ 10 ]. A variety of cellular RNA-binding proteins enable the 
immense utility of HIV-1 RNA and their identifi cation is necessary 
to fully elucidate HIV-1 biology. 

 The premise of RNA  affi nity chromatography   is the ability to 
isolate a cognate RNA and its partners from a complex mixture of 
RNPs, along the lines of retrieving a needle in a haystack. The 
RNA bait is secured to streptavidin-coated magnetic or Sepharose 
beads, which are effi ciently collected by a magnet or centrifuga-
tion. The RNA bait is tagged with UTP-11-biotin by in vitro  tran-
scription   of HIV-1 sequences (Fig.  1a ); or by ligation of 
CTP-11-biotin to oligonucleotides complementary to  HIV-1 
RNA   (Fig.  1b ). The strong affi nity of biotin to streptavidin on 
solid support implements collection of the HIV-1 RNA and associ-
ated RNP components from cell lysate or virion preparation. The 
captured RNPs are subject to stringent washes and are collected in 
progressive elution cycles. The samples are suitable for peptide 
sequencing using mass spectrometry or molecular analyses.

   The following procedures direct UTP-11-biotin-labeled RNA 
labeling, cell lysate  preparation  , RNP collection, and preparative 
analysis suitable for mass spectrometry with subsequent proteomic 
identifi cation. Versatility is inherent to this method by varying the 
cognate RNA bait or providing different sources of RNPs. Here 
we describe the isolation of HIV-1 RNP components from both 
cells and HIV-1 particles.  

2    Materials 

         1.    RiboMAX Large Scale RNA Production System.   
   2.    T7 RNA polymerase (included in the Ribomax system).   
   3.    Biotin-labeled UTP (bio-11-UTP).   
   4.    DNase I (included in the Ribomax system).      

   This approach enables capture of HIV-1 RNPs formed under 
native conditions in live cells. One or a small collection of oligo-
nucleotides complementary to unpaired RNA segments are end- 
labeled with CTP-11-biotin (Fig.  1b ). To facilitate sequence-specifi c 

2.1  RNA  Affi nity 
Isolation   of Cell- 
Associated HIV-1 RNPs

2.1.1  Synthesis 
of Body-Labeled 
Biotinylated HIV-1 RNA

2.1.2  Design 
of Complementary RNA 
Oligonucleotides

Deepali Singh et al.
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hybridization with the HIV-1 RNA, avoid RNA regions with 
known secondary structures that may preclude complementary 
base pairing with the oligonucleotides. HIV-1 RNPs associated 
with the biotin-labeled oligonucleotides are captured on the strep-
tavidin beads.  

In vitro, biotin-labelled RNA In vitro, unlabelled RNA with bound protein

RNA-bound proteins Biotin StreptavidinRNA

a b

Add RNA to protein mixture Add biotin-labeled complimentary oligonucleotides

Strepavidin binds biotin to isolate RNA+protein Strepavidin binds biotin to isolate RNA+protein

Collect and process for mass spectrometry

  Fig. 1    Isolation of HIV-1 RNA-protein complexes from a mixture of heterogeneous RNPs. ( a ) The HIV-1 5′  UTR   
(1–350 nt) incorporated biotin-UTP  during   in vitro transcription; following incubation in cell lysate or virion 
lysate, the biotin-RNPs are captured by biotin-streptavidin affi nity column. ( b ) Oligonucleotides complemen-
tary to HIV-1 5′ UTR sequences are 3′ end-labeled with biotin-11-CTP and mixed with HIV-1-infected cell 
lysate and hybridized by sequence complementarity. The biotin-HIV-1 RNPs are collected on streptavidin beads 
and subject to elution cycles. HIV-1 RNA bait,  dashed blue line ; complementary RNA oligonucleotides,  thick 
black line ; biotin,  orange asterisks ; RNA-binding proteins,  various spheres .       

 

Identifi cation of HIV-1 RNA Binding Proteins
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   RNA 3′ End biotinylation reagents include:

    1.    10× T4 RNA ligase buffer.   
   2.    T4 RNA ligase (20 U/μl).   
   3.    Biotinylated cytidine (Bis)phosphate (1 mM).   
   4.    RNase inhibitor (40 U/μl).   
   5.    PEG 30 %, and nuclease-free water.   
   6.    RNA ligation reaction mix: 10× RNA ligation buffer 3 μl, 

RNase inhibitor 1 μl (fi nal concentration—1.33 U/μl), RNA 
oligonucleotide 5 μl (fi nal concentration—50 pmol), biotin- 
cytidine (bis)-phosphate 1 μl (fi nal concentration—1 nmol), T4 
RNA ligase 2 μl (fi nal concentration 1.33 U/μl), 30 % PEG 
15 μl (fi nal concentration—15 %), and nuclease-free water 3 μl.      

       1.    Dynabeads M-280 Streptavidin   
   2.    1× binding buffer and washing: DEPC-treated 10 mM Tris–

HCl (pH 7.5), 1 mM EDTA, 500 mM NaCl.   
   3.    Solution A: DEPC-treated 0.1 M NaOH and DEPC-treated 

0.05 M NaCl.   
   4.    Solution B: DEPC-treated 0.1 M NaCl.   
   5.    Magnetic stand.      

       1.    HIV-1 infected cells.      
   2.    PBS.   
   3.    1× lysis buffer: 25 mM Tris–HCl (pH 7.5), 150 mM NaCl, 

1 mM EDTA, 1 % NP40, 5 % glycerol prepared in autoclaved 
DEPC water.      

       1.    Rotating tabletop platform.   
   2.    Magnetic stand.   
   3.    1× binding buffer and washing buffer: DEPC-treated 10 mM 

Tris–HCl (pH 7.5), 1 mM EDTA, 500 mM NaCl.   
   4.    Sepharose-bound streptavidin or magnetic Dynabeads M-280- 

bound streptavidin.      

       1.    SDS-PAGE running apparatus.   
   2.    1× SDS-PAGE buffer.   
   3.    4–20 % SDS-PAGE gel.   
   4.    4 % SDS sample buffer.   
   5.    Silver-stain Plus or Coomassie Brilliant Blue.       

2.1.3  The 3′  Biotinylation 
of HIV-1   RNA Bait

2.1.4  Isolation of Biotin- 
Labeled RNA 
Oligonucleotides

2.1.5  Cell Lysate 
Preparation

2.1.6  Incubation for RNP 
Affi nity and Isolation

2.1.7  Preparative PAGE 
and Protein Visualization
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         1.    RPMI medium supplemented with 10 % FBS and 1× 
antibiotic–antimycotic.   

   2.    CEM × 174 lymphocytes.   
   3.    T125 tissue culture fl asks.   
   4.    Stock of infectious HIV-1 of  > 10 5  IU/ml.   
   5.    Tissue culture incubator at 37 °C and 5 % CO 2  that contains 

an oscillating platform.      

       1.    Cell fi xation/permeabilization solution.   
   2.    FITC-conjugated HIV-1 Gag p24 antibody.   
   3.    Guava fl ow cytometer.      

       1.    Beckman ultracentrifuge.   
   2.    Beckman SW28 swinging bucket rotor and ultra-clear tubes.   
   3.    45 μm fi lters.   
   4.    20 % sucrose solution in TNE: 50 mM Tris, 100 mM NaCl, 

1 mM EDTA.   
   5.     RIPA   buffer use to resuspend virion preparation: 50 mM Tris, 

150 mM NaCl, 1 % NP40, 0.25 % deoxycholic acid, 1 mM 
EDTA.      

       1.    Magnetic beads that have been conjugated with either protein 
A or protein G.   

   2.    Appropriate antibody and isotype-matched IgG control 
( see   Note 3 ).   

   3.    NETN-150 buffer: 20 mM Tris, 150 mM NaCl, 0.5 % NP40, 
0.1 mM EDTA.   

   4.    1× wash buffer: 50 mM Tris, 150 mM NaCl.   
   5.    Magnet stand.   
   6.    Antibodies used in the immunoprecipitation process [ 11 ]: 

Rabbit  IgG  , Mouse IgG, CBP80, eIF4E, and DHX9/RNA 
helicase A. Use 10 μg per immunoprecipitation.      

       1.    TRIZOL LS reagent.   
   2.    Chloroform.   
   3.    Isopropanol.   
   4.    Ultrapure RNase-free water.   
   5.    RNAeasy clean-up Kit.      

       1.    Omniscript RT.   
   2.    Random hexamers or RNA-specifi c antisense primers.

2.2  Preparation 
of Particle- Associated 
RNP Mixtures

2.2.1  Propagation 
of HIV-1 Infected 
Lymphocytes

2.2.2  Monitoring 
the HIV-1 Infection by 
Intracellular Gag Detection

2.2.3  Collecting the Virus 
 for   Lysate Preparation

2.2.4  Isolation of Select 
RNA-Binding Proteins 
from Virion Preparations 
( See   Notes 1  and  2 )

2.2.5  Extraction of RNA 
from Coprecipitated 
RNA-Binding Protein

2.2.6   Reverse 
Transcription   of RNA

Identifi cation of HIV-1 RNA Binding Proteins
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   (a)     Reverse transcription   mix (total volume 20 μl): RNA 13 μl 
( see   Note 4 ), buffer 10 × 2 μl, dNTP (5 mM) 2 μl, random 
hexamer (100 μM) 2 μl, RNase Out 0.25 μl, and 
Omniscript reverse transcriptase 1 μl.          

       1.    Taq polymerase.   
   2.    Specifi c primers.   
   3.     dNTPs  .   
   4.    Thermocycler.   
   5.    PCR reaction mix: cDNA 2–4 μl, 10× buffer 2 μl, dNTP 

(10 mM stock) 0.5 μl, forward primer 1 μl, reverse primer 1 μl, 
Taq polymerase 0.25 μl, and water 13.25 μl.      

       1.    4× Laemmli sample buffer.   
   2.     SDS-PAGE   reagents.   
   3.    Transfer reagents.   
   4.    Immunoblot antibody that is raised in an alternative species 

from the antibody used for IP in order to avoid cross-reactivity 
on the immunoblot.     

 HIV-1  NL4-3 -specifi c   primers ( see   Note 5 ):

    gag  -   Forward—5′ GTAAGAAAAAGGCACAGCAA
GCAGC3′  

   Reverse—5′ CATTTGCCCCTGGAGGTTCTG3′  
   (yields 94 bp product)   

    env  -  Forward—5′ GGGCGGCGACTGGAAGAAG3′  
    Reverse—5′ GGACCACACAACTATTGCTATT

ATTATTGC3′  
   (yields 150 bp product)   

    nef  -  Forward—5′ CGGCGACTGGAAGAAGCG3′  
   Reverse—3′ CTCGGGATTGGGAGGTGGGTC3′  
   (yields 200 bp product)   

    rev  -  Forward—5′ CTCGGGATTGGGAGGTGGGTC3′  
   Reverse—5′ CGGCGACTGCCTTAGGCATC3′  
   (yields 120 bp product)   

    tat  -  Forward—5′ GGAACCACCCGGGAAGTCAG3′  
   Reverse—5′ CTTCTTCTTCGATTCTTTCGGGC3′  
   (yields 240 bp product)       

2.2.7  Amplifi cation 
of Target Sequence 
from cDNA Template

2.2.8  Protein Analysis

Deepali Singh et al.
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3    Methods 

         1.    Resuspend Dynabeads M-280 Streptavidin in the supplier’s 
tube by gentle mixing.   

   2.    Aliquot 30 μl Dynabeads M-280 Streptavidin to a nuclease- 
free tube.   

   3.    Place the tube on magnetic stand to collect the beads and care-
fully pipet to decant the liquid.   

   4.    Add 500 μl of 1× binding buffer to the beads and rotate for 
5 min on the tabletop platform. Place the tube on magnetic 
stand to collect the beads and decant the liquid.   

   5.    Repeat  steps 4  and  5  twice.   
   6.    Add 200 μl Solution A to the tube and mix by gentle 

pipetting.   
   7.    Place the tube on the magnetic stand to collect the beads and 

decant the liquid.   
   8.    Repeat  steps 6  and  7  twice.   
   9.    Add 200 μl Solution B to the tube and mix by gentle 

pipetting.   
   10.    Place the tube on the magnetic stand and decant the liquid.   
   11.    Add 500 μl 1× binding buffer to the tube and rotate for 5 min 

on the tabletop platform.   
   12.    Transfer the RNA ligation reaction to the Dynabeads M-280 

Streptavidin tube and rotate on the tabletop platform for 1 h 
at room temperature.   

   13.    Place the tube on magnetic stand and decant the liquid.   
   14.    Wash the beads with 500 μl 1× washing buffer twice as 

described in  steps 6  and  7 .      

       1.    Thaw all reagents  on   ice including the RiboMAX Large Scale 
RNA Production System, biotin-labeled UTP (bio-11-UTP), 
and template DNA.   

   2.    In a nuclease-free tube, combine the manufacturer’s recom-
mended volumes of reagents and incubate at 37 °C for 4 h.   

   3.    Add 1 unit of DNase 1 and incubate the reaction for 30 min at 
37 °C to digest template DNA.   

   4.    Add 500 μl DEPC-treated water and 0.1 volume of 3 M NaOAc; 
mix with an equivalent volume of phenol:chloroform:isoamyl 
alcohol (25:24:1) and vigorously vortex. Centrifuge the tube for 
3 min at 9,300 ×  g  in a microcentrifuge.   

3.1  Isolation of HIV-1 
RNPs from Infected 
Lymphocytes

3.1.1  Isolation of RNA 
Oligonucleotides 
on Streptavidin-Conjugated 
Magnetic Beads

3.1.2  In Vitro 
 Transcription   of Biotin- 
Labeled HIV-1 RNA
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   5.    Decant the aqueous phase to fresh nuclease-free tube and add 
1 μl glycogen and 2.5 volumes of cold ethanol (stored at 
−20 °C). Incubate the mixture at −80 °C for 30 min.   

   6.    Centrifuge the tube for 15 min at 9,300 ×  g  in a refrigerated 
microcentrifuge.   

   7.    Decant the supernatant using a fi ne-tipped pipet. Resuspend 
the pellet in 30 μl RNase-free water.   

   8.    Pipet the entire 30 μl sample to the side of a G25 Sepharose 
spin column, which captures residual unincorporated  dNTPs  . 
Place the column in a 15 ml adaptor tube of a swinging bucket 
rotor of a tabletop centrifuge and run for one min at 800 ×  g .   

   9.    Collect the solution with a fi ne-tipped pipet and place in a new 
labeled tube.   

   10.    Perform PAGE on an aliquot of the RNA sample, typically 
10 %, stain the sample with ethidium bromide and view to 
verify the appropriate size and homogeneity of the biotin- 
labeled RNA ( see   Note 6 ).   

   11.    Determine the concentration of RNA in the sample by placing 
1 μl on a NanoDrop spectrometer. Store the biotin- labeled 
RNA at −80 °C for up to 3 months.      

   This procedure ligates biotin-labeled cytidine (bis) phosphate 
nucleotide that contains a 3′, 5′ phosphate on the ribose ring to 
accommodate ligation of the cytidine with the biotin linker. The 
ligation should be performed in a nuclease-free tube on a nuclease- 
free lab bench while wearing sterile latex gloves and a lab coat.

    1.    Reagents are thawed on ice and remain on ice throughout the 
procedure with the exception of the 30 % PEG, which is 
thawed at room temperature.   

   2.    Dilute the RNA oligonucleotide in nuclease-free water to fi nal 
concentration 10 pmol/μl.   

   3.    Transfer 6 μl to a sterile microfuge tube and incubate at 85 °C 
for 5 min.   

   4.    Promptly move the tube onto ice and incubate for 5 min.   
   5.    In the meantime, prepare the RNA ligation reaction mix.   
   6.    Combine the mix and the RNA oligonucleotide and incubate 

the RNA ligation reaction overnight at 4 °C.      

   Adequate collection of HIV-1 from  i  nfected cells is a vital param-
eter in this experimental procedure. Cell culture and cell harvest-
ing are executed in a Bio-safety level 2 (BSL-2) laminar fl ow hood 
wearing gloves and lab coat and minimizing aerosols.

    1.    Collect cells by centrifugation at 800 ×  g  for 3 min in a tabletop 
centrifuge. Decant the culture medium and wash the cells twice 
by resuspension in 1/5th volume of 1× PBS ( see   Note 7 ).   

3.1.3  Preparation of RNA 
Oligonucleotide Labeled 
with Biotin at 3′ Terminus

3.1.4  Cell Lysate 
Preparation
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   2.    Prepare the lysis buffer immediately prior to use by the  addition 
of protease inhibitor and RNase inhibitor.   

   3.    Add 200 μl lysis buffer per aliquot of 1 × 10 6  cells, mix by pipet-
ting, and incubate on an orbital shaker for 5 min.   

   4.    Collect the cell lysate in a nuclease-free tube and microfuge at 
9,300 ×  g  for 2 min.   

   5.    Transfer the supernatant to a fresh nuclease-free tube.   
   6.    Warm the cell lysate at 60 °C for 10 min and place the tube on 

ice ( see   Note 8 ).    

         1.    In a nuclease-free tube, prepare a slurry of streptavidin-coated 
agarose beads in 5 volumes of binding buffer; gently mix by 
inverting the tube fi ve times. Each treatment group requires a 
25 μl aliquot of beads.   

   2.    Centrifuge the tube at 1200 ×  g  for 1 min. Decant the 
supernatant.   

   3.    Resuspend the beads in 5 volumes of binding buffer; invert the 
tube fi ve times. Repeat  steps 2  and  3  twice.   

   4.    Resuspend the streptavidin beads in 300 μl of binding buffer 
and supplement the preparation with 8 μg of biotin-labeled 
RNA (bait); gently rock the tube on table top rotator at 4 °C 
for 1 h. In addition to each RNA-streptavidin treatment group, 
prepare a duplicate tube defi cient in biotin-labeled RNA (bait); 
this reaction will be used to benchmark proteins binding beads 
relative to those binding the RNA bait.   

   5.    Collect the complexes by centrifuging at 1200 ×  g  for 1 min at 
4 °C. Decant the supernatant.   

   6.    Resuspend the beads in 1 ml of binding buffer. Gently rock the 
tube at room temperature for 5 min with buffer coating the 
beads.   

   7.    Centrifuge the slurry at 1200 ×  g  for 1 min at 4 °C. Decant the 
supernatant, which eliminates residual biotin in solution.   

   8.    Resuspend the beads in 1 ml binding buffer and incubate with 
gentle rocking at 4 °C for 5 min.   

   9.    Repeat  step 7 .      

       1.    Resuspend the bead preparations in 200 μl  b  inding buffer and 
add 300 μg of cell protein and binding buffer to generate 
0.5 ml reaction volume. Incubate at 4 °C for 2 h with gentle 
rocking.   

   2.    Collect the beads using 1200 ×  g  for 1 min. Decant the 
supernatant.   

   3.    Resuspend the beads in 1 ml of elution buffer at 4 °C.   

3.1.5  Preparation 
of Streptavidin Beads 
Bound to Biotinylated RNAs

3.1.6  RNA Affi nity 
Chromatography 
on Sepharose Beads
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   4.    Supplement the elution buffer to 40 mM washes, which serve 
to release low-affi nity RNA-binding proteins. Mix by inverting 
the tube fi ve times, incubate at room temperature for 5 min, 
and centrifuge at 1200 ×  g  for 1 min. Decant the supernatant. 
Repeat  steps 12  and  13  three times with 100 mM KCl, 
200 mM KCl, and 400 mM KCl in each of the three progres-
sive washes.   

   5.    Supplement the elution buffer to 2 M KCl and use 200 μl to 
resuspend the beads. Mix by inverting the tube fi ve times, 
incubate at room temperature for 5 min, and centrifuge at 
1200 ×  g  for 1 min. Decant the supernatant.   

   6.    Collect the 200 μl sample and dialyze overnight at 4 °C against 
binding buffer.      

       1.    Resuspend the beads in 100 μl binding  buffe  r and then add 
300 μg of cell lysate in 200–500 μl binding buffer. Incubate 
with gentle rocking at 4 °C for 2 h.   

   2.    Place the tube on magnetic stand to collect the beads and 
decant the binding buffer.   

   3.    Wash the beads thrice with 500 μl washing buffer by collec-
tions on the magnetic stand.   

   4.    Remove washing buffer and add 100 μl of 1× SDS-PAGE sam-
ple buffer.   

   5.    Boil the reactions for 5 min to elute complexes from the beads. 
Allow the tube to cool to room temperature.   

   6.    Collect the eluent at 9,300 ×  g  for 2 min. Transfer the aqueous 
material a fresh labeled tube and store at −20 °C.      

       1.    Use 80 % of the collected protein sample for  SDS-PAGE   with 
8 % acrylamide ( see   Note 9 ).   

   2.    Stain the gel with Coomassie Brilliant Blue or Silver stain to 
visualize protein content.   

   3.    Harvest the entire lane in one gel slice. Submit for protease 
digestion, typically using trypsin, and peptide mass spectro
photometry.       

         1.    In a volume of 1–2 ml, mix in a sterile 15 ml tube 1 × 10 6   naïve   
CEM × 174 cells and supernatant medium containing 
1 × 10 6  IU/ml HIV-1 NL4-3 .   

   2.    Incubate for 3 h in 5 % CO 2  incubator at 37 °C with rotation 
at ~600 rpm.   

   3.    Move to a fl ask containing 8 ml  RPMI   and continue  incubation 
at 37 °C for 2–3 days.   

3.1.7  RNA Affi nity 
Chromatography 
on Magnetic Beads

3.1.8   Preparative 
SDS-PAGE    and   
Visualization of Protein

3.2  Isolation  of 
  Virion- Associated 
RNPs

3.2.1  Cell-Free Infection 
and Propagation of HIV-
1 NL4 - 3    Producer Cells
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   4.    Monitor infection by intracellular staining with Gag p24 
 antibody in 24-h intervals until the intracellular staining indi-
cates 50 % of the cells are infected. Designate this culture—the 
producer cells.      

       1.    In a 15 ml tube, mix 1 × 10 6  producer cells and 9 × 10 6  naive 
CEM × 174 cells in 1 ml medium; the producer:naive cell ratio 
is 1:10.   

   2.    Incubate for 3 h in 5 % CO 2  incubator with rotation at 
~600 rpm at 37 °C.   

   3.    Add 28 ml fresh RPMI and incubate the culture for 36–42 h 
at 37 °C.   

   4.    Discard media and replace with fresh medium.   
   5.    Incubate 18–24 h and collect supernatant medium that con-

tains the HIV-1 particles ( see   Note 10 ).      

       1.    Pellet CEM × 174 cells at 1000 ×  g  for 5 min and collect  the   
supernatant. The cells may be conserved for coculture 
expansion.   

   2.    Pass the supernatant through a 0.45 μm fi lter.   
   3.    Overlay the fi ltrate to a 0.5 ml of 20 % sucrose placed in 15 ml 

ultracentrifuge tube.   
   4.    Place the tubes in the SW28 rotor and centrifuge at 100,000 ×  g  

for 2 h at 4 °C in Beckman Optima ultracentrifuge.   
   5.    Remove supernatant by decanting.   
   6.    Add 300 μl of cell lysis buffer.   
   7.    Reserve 10 μl as protein input and designate 100 μl as RNP 

input.   
   8.    Use the rest  for   RNA affi nity isolation ( see   Note 11 ).      

       1.    Aliquot to a 1.5 ml Eppendorf tube 50 μl protein A or G beads 
into 900 μl NENT-150.   

   2.    Invert the tube several times to wash the beads, add tube to the 
magnet and decant the NETN-150 buffer with a pipetman.   

   3.    Add 500 μl 1× wash buffer to the tube and gently resuspend 
the beads.   

   4.    Label the tubes, accordingly add antibodies and place on rota-
tor for 1 h at 4 °C.   

   5.    Place tubes on the magnet stand and decant the supernatant.   
   6.    Add 500 μl of the virion preparation and 500 μl 1× wash 

buffer.   
   7.    Rotate at 4 °C for 3 h.   

3.2.2  Propagation 
of Infected Cells 
by Coculture 
with Producer Cells

3.2.3  Collect HIV-1 
Particles to Be Subject 
to RNA IP

3.2.4   RNA 
Immunoprecipitation   (RIP)
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   8.    Apply to magnet. Retain fi rst supernatant and label as 
 fl ow- through. Freeze for future quality control by immunob-
lotting (using 20 μl).   

   9.    Execute repeated buffer exchanges using ice-cold wash buffer 
as follows:

    (a)    Three washes with 1 ml NETN-150 wash buffer.   
   (b)    Two washes with 1 ml wash buffer.       

   10.    Resuspend the beads in 1 ml wash buffer and aliquot 100 μl 
and 900 μl to separate tubes.   

   11.    Collect the beads in each tube using the magnet, decant the 
wash buffer and remove residual buffer using a fi ne-tipped pipet.   

   12.    Resuspend the beads as follows:
    (a)    Vortex the 100 μl aliquot with 30 μl 2× Laemmli buffer 

( see   Note 12 ).   
   (b)    Vortex 900 μl aliquot with 250 μl wash buffer, supplement 

with 750 μl Trizol LS and vortex; incubate at room tempera-
ture for 5 min.       

   13.    Retrieve the input lysate from −80 freezer and add 150 μl 1× 
wash buffer, vortex, supplement with 750 μl Trizol LS, vortex, 
and incubate at room temperature for 5 min.      

       1.    To each tube, add 100 μl chloroform, vortex, and incubate for 
another 3 min.   

   2.    Collect at 13,400 ×  g  for 15 min in a refrigerated 
microcentrifuge.   

   3.    Decant the aqueous supernatant to a new tube and mix with an 
equal volume of isopropanol. Repeat  step 2 .   

   4.    Discard supernatant and add 100 μl RNase-free water to the 
tube and vortex to resuspend the precipitate that is typically 
invisible.   

   5.    Apply the Qiagen RNAeasy Clean-up protocol to the 100 μl 
sample.   

   6.    Resuspend RNA in a fi nal volume of 30 μl of RNase-free water 
and store at −80 °C.      

       1.    Prepare the reverse transcription reaction mix.   
   2.    Incubate for 1 h at 37 °C.      

       1.    Prepare the PCR reaction mix.   
   2.    Program the thermocycler and incubate the PCR reaction: 

 Step 1 —initial denaturation, 5 min at 94 °C;    step 2 —denatur-
ation, 5 min at 94 °C;  step 3 —annealing, 30 s at 60 °C;  step 4 —
Extension 1 min at 72 °C;  step 5 —fi nal extension, 3 min at 
72 °C; step 6—hold at 4 °C.        

3.2.5  Extraction of RNA 
from the Immuno-
precipitate

3.2.6   Reverse 
Transcription   of RNA 
to cDNA ( See   Note 13 )

3.2.7  PCR 
to Amplify cDNA

Deepali Singh et al.
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4    Notes 

     1.    The abundance of RNA in the IP reactions is minimal and 
great care must be taken to preserve the integrity of the sam-
ples. The lab bench and all pipets should be treated with an 
RNase removal agent. Maintenance of RNase-free tubes, tips 
and reagents is critical to successful isolation and detection of 
the immunoprecipitated RNA.   

   2.    RNase-free water and containers are used to make every buffer 
in this protocol.   

   3.    We strongly recommend pilot experimentation to establish 
that the IP antibody exhibits suffi cient specifi city and avidity 
for effective RNA coprecipitation.   

   4.    Equivalent volumes of RNA preparations are used for reverse 
transcription given that RNA quantity is insuffi cient for spec-
trophotometry and productive reverse transcription.   

   5.    The primer pairs that can distinguish between spliced and 
unspliced viral RNA were previously described [ 10 ].   

   6.    A critical parameter is the homogeneity of the biotinylated 
RNA. The preparative gel electrophoresis of the RNA sample 
may be used to isolate the appropriately sized transcript by gel 
elution [ 2 ].   

   7.    General guidelines for lysate preparation are to start with 
1 × 10 8  cells in logarithmic growth and 16–20 h after medium 
exchange.   

   8.    The purpose of warming the cell lysate at 60 °C for 10 min is 
to reduce nonspecifi c RNA–protein interactions and promote 
isolation of higher affi nity RNPs.   

   9.    The preparative  SDS-PAGE   partitions RNA binding proteins 
by size, but to engage an unbiased screen, proceed with ~80 % 
protein sample and conduct in-solution digestion prior to the 
mass spectrometry.   

   10.    Virions suffi cient for RNP isolation are released over a 24-h 
period from culture of 50 % HIV-1-positive cells ( MOI   = 1).   

   11.    It is advisable for HIV-1 virions to be extracted immediately after 
collection and freeze/thaw cycles may reduce yield of RNPs.   

   12.    The reserved protein samples will enable comparison of IP effi -
ciency; the immunoblots are loaded with 10 μl input sample, 
20 μl fl ow-through sample, and 15 μl of the IP protein 
sample.   

   13.    The detection limit for the immunoprecipitated RNA warrants 
use of  RT-qPCR   rather than less sensitive approaches.         

Identifi cation of HIV-1 RNA Binding Proteins
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Chapter 10

Methods for the Analyses of Inhibitor-Induced Aberrant 
Multimerization of HIV-1 Integrase

Jacques J. Kessl, Amit Sharma, and Mamuka Kvaratskhelia

Abstract

HIV-1 integrase (IN) is an important therapeutic target as its function is essential for the viral lifecycle. The 
discovery of multifunctional allosteric IN inhibitors or ALLINIs, which potently impair viral replication by 
promoting aberrant, higher order IN multimerization as well as inhibit IN interactions with its cellular 
cofactor, LEDGF/p75, has opened new venues to exploit IN multimerization as a therapeutic target. 
Furthermore, the recent discovery of multimerization selective IN inhibitors or MINIs, has provided new 
investigational probes to study the direct effects of aberrant IN multimerization in vitro and in infected 
cells. Here we describe three complementary methods designed to detect and quantify the effects of these 
new classes of inhibitors on IN multimerization. These methods include a homogenous time-resolved 
fluorescence-based assay which allows for measuring EC50 values for the inhibitor-induced aberrant IN 
multimerization, a dynamic light scattering-based assay which allows for monitoring the formation and 
sizes of oligomeric IN particles in a time-dependent manner, and a chemical cross-linking-based assay of 
interacting IN subunits which allows for the determination of IN oligomers in viral particles.

Key words HIV-1 integrase, Protein multimerization, Homogenous time-resolved fluorescence, 
Dynamic light scattering, Chemical cross-linking

1 Introduction

A tetramer of HIV-1 integrase (IN) assembles on the reverse- 
transcribed viral DNA ends, forming the stable synaptic complex 
(SSC) or intasome, and catalyzes integration of viral DNA into the 
host chromatin [1]. In this two-step reaction, IN first removes a 
GT dinucleotide from the 3′ end of each viral DNA (termed 3′ 
processing), and subsequently catalyzes the concerted trans- 
esterification reactions (termed DNA strand transfer) to join the 
recessed viral DNA ends into the host target DNA. Cellular 
chromatin- associated protein LEDGF/p75 engages the IN tetra-
mer as part of the preintegration complex [2–8], which in addition 
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to the intasome contains viral and cellular proteins. Through a 
bimodal interaction with chromatin and viral IN, LEDGF/p75 is 
able to target HIV-1 integration to active genes.

The catalytic activity of HIV-1 IN has been successfully 
exploited as a therapeutic target in the clinic. The first generation 
of HIV-1 IN strand transfer inhibitors (INSTIs) raltegravir (RAL) 
and elvitegravir (EVG) engage the SSC following the 3′ processing 
reaction and inhibit the subsequent DNA strand transfer activity 
[9–11]. Escape mutations in HIV-1 IN that were initially detected 
in cell culture have also emerged in patients receiving INSTI-based 
treatment [12–14]. While a second generation INSTI, dolutegra-
vir (DTG), similarly impairs the strand transfer activity, a signifi-
cantly higher genetic barrier for resistance to this inhibitor has 
been observed as compared with its first generation counterparts. 
Yet, substitutions in the IN coding region that confer low-level 
resistance to DTG have also been identified [15]. Therefore, the 
development of novel small-molecule inhibitors that impair IN 
function with distinct mechanisms of action while retaining potency 
against current INSTI resistant mutants is an important goal.

One such potential mechanism is to modulate the ordered 
multimerization of HIV-1 IN. For example, dynamically interact-
ing IN subunits could be prematurely stabilized by a small mole-
cule that binds and bridges between interacting IN subunits to 
induce aberrant IN multimerization (the term “aberrant IN mul-
timerization” refers here to formation of IN multimers, which are 
significantly higher than the functional tetramer required for its 
catalytic function) (Fig. 1). Initial proof-of-concept studies have 
shown that IN activity can be compromised by small-molecule 
tetra-acetylated chicoric acid binding at the IN dimer interface 
and stabilizing interacting IN subunits into incorrectly assembled 
multimeric states [16, 17]. This concept has been significantly 
extended by the recent discovery of quinoline-based allosteric IN 
inhibitors (ALLINIs) that potently impair HIV-1 replication 
(reviewed in ref. 18–21). ALLINIs are multifunctional in nature 

Fig. 1 Schematics of the inhibitor-induced aberrant IN multimerization. Unliganded IN exists in a dynamic 
equilibrium between monomeric, dimeric, and tetrameric species (for clarity only monomers and dimers are 
shown). The addition of active compound stabilizes interactive species and consequently induces the forma-
tion of aberrant, higher order multimerization of IN.

Jacques J. Kessl et al.
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as they bind at the IN dimer interface in the LEDGF/p75 binding 
pocket and thus inhibit IN-LEDGF/p75 binding as well as pro-
mote aberrant IN multimerization. While ALLINI IC50 values for 
inhibiting IN-LEDGF/p75 binding and EC50 values for inducing 
aberrant IN multimerization are comparable in vitro, in infected 
cells the primary mechanism of action of this class of inhibitors is 
through promoting aberrant, higher order IN multimerization 
[22–25]. Strikingly, ALLINIs are more potent when added to 
virus producer cells than in target cells [23, 25–28]. It was 
observed that during the late stage of virus replication, ALLINIs 
induce aberrant, higher order IN multimerization, which results 
in eccentric viral particles that are impaired for the subsequent 
round of reverse transcription. The recent discovery of multimer-
ization selective IN inhibitors (MINIs) further underscores IN 
multimerization as a plausible therapeutic target [29]. Collectively, 
these findings have prompted a strong interest in better under-
standing the structural and mechanistic foundations for IN multi-
merization as a therapeutic target.

Accordingly, new methods had to be developed to allow for 
monitoring the inhibitor-induced changes of IN multimeric states. 
In this chapter, we describe three complementary methods 
designed in our laboratory to detect and quantify the effects of 
ALLINIs, MINIs, and related compounds on aberrant IN multi-
merization both in vitro and within viral particles [29, 30]. These 
methods include homogeneous time-resolved fluorescence 
(HTRF) resonance energy transfer, dynamic light scattering (DLS), 
and chemical cross-linking in the virion.

The HTRF-based assay allows for the determination of EC50 
values for inhibitor-induced formation of higher order HIV-1 IN 
multimers (Fig. 2). In this assay, we use two recombinant INs con-
taining either a hexahistidine (6xHis) tag or the FLAG epitope at 
the protein’s N-terminus. Commercially available anti-6xHis-
 XL665- and anti-FLAG-EuCryptate-conjugated antibodies, which 
bind to the 6xHis and FLAG tags, respectively, are added to mea-
sure time-resolved fluorescence resonance energy transfer between 
the XL665 and EuCryptate fluorophores upon IN multimeriza-
tion. In the assay, compounds that induce IN multimerization 
result in a corresponding increase in the FRET signal. Additionally, 
the titration of a test compound into the assay will yield the EC50 
value for IN multimerization. Because of the simplicity of the 
HTRF-based assay (add reagents, mix, incubate, and measure) and 
the need for only minute amount of reagents, this method can also 
be adapted to automated handling and used in a high-throughput 
screening format.

The DLS-based method allows for measuring sizes of the large 
IN particles, which are formed upon addition of the inhibitor, in a 
concentration- and time-dependent manner. DLS measures fluctua-
tions in intensity of light scattered from a sample irradiated by a laser. 

Integrase Multimerization
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These fluctuations contain information about the motion of the 
scattering particles, thus allowing for the determination of diffusion 
coefficients of the particles in the sample solution. The diffusion 
coefficients depend on particle size and shape and can be affected 
by inter-particle interactions. The ability to monitor the temporal 
evolution of these parameters makes DLS a useful tool for studying 
particle aggregation and protein assembly [31]. When recombi-
nant full length IN is maintained in a fully soluble state by a high 
ionic strength buffer, dynamically interacting individual IN sub-
units are not detected by DLS due to their small sizes. Upon addi-
tion of a multimerization-inducing compound the reaction 
equilibrium shifts towards the higher order IN multimers, result-
ing in corresponding increases in particle sizes in a time-dependent 
manner, which can be monitored by DLS.

The chemical cross-linking-based method allows for the detec-
tion of HIV-1 IN multimeric states within the virus particles. This 
method uses the cross-linking reagent BS3, which contains an 
amine-reactive N-hydroxysulfosuccinimide (NHS) ester at each 
end of an 8-carbon spacer arm. The NHS esters react with the pri-
mary amines present within IN to form intra- and intermolecular 
stable amide bonds. This allows for the covalent bridging between 
interacting IN subunits and the determination of its oligomeric 
species in the virion, which can then be detected by immunoblot-
ting. Using this methodology, one can monitor the relative varia-
tions in quantities of monomeric, dimeric, as well as higher order 
oligomeric species of IN within viral particles that are produced in 
the presence or the absence of the test compound.

Fig. 2 Schematics of the HTRF-based IN multimerization assay. The assay monitors the interaction between 
two IN molecules tagged at the N-terminus: one containing 6xHis tag and the other containing the FLAG epit-
ope. The antibodies conjugated with europium cryptate (Eu) and XL665 fluorophores yield HTRF signal upon 
protein-protein interaction. Europium cryptate is excited at 320 nm, and emissions at 665 and 620 nm are 
measured. The HTRF signal is calculated from the 665:620 nm emission ratio. While dimeric IN is shown for 
simplicity, drug-induced aberrant IN multimerization produces large multimeric species resulting in significant 
increase in the HTRF signal.

Jacques J. Kessl et al.
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2 Materials

 1. Recombinant full-length HIV-1 IN tagged at the N-terminus 
with hexahistidine (6xHis-HIV-1 IN) from frozen concen-
trated stock at −80 °C (see Note 1).

 2. Recombinant full-length HIV-1 IN tagged at the N-terminus 
with FLAG epitope (FLAG-HIV-1 IN) from frozen concen-
trated stock at −80 °C (also see Note 1).

 3. Commercially available anti-FLAG EuCryptate antibody 
reconstituted to 0.2 μM in H2O (according to the manufac-
turer’s guidelines), aliquoted in small volumes, and stored in 
the dark at −20 °C.

 4. Commercially available anti-6xHis XL665 antibody reconsti-
tuted to 2.6 μM in H2O (according to the manufacturer’s 
guidelines), aliquoted in small volumes, and stored in the dark 
at −80 °C.

 5. HTRF buffer: 25 mM Tris pH 7.4, 150 mM NaCl, 2 mM 
MgCl2, 0.1 % Nonidet P40, 1 mg/ml bovine serum albumin 
(BSA) (see Note 2) prepared on the day of the experiment and 
stored on ice.

 6. 1 M KF solution in H2O prepared on the day of the experi-
ment and stored on ice.

 7. The “Ab MIX” is prepared by diluting together anti-FLAG 
EuCryptate antibody to 1.8 nM, anti-6xHis XL665 antibody 
to 40 nM and KF to 200 μM in HTRF buffer. The volume of 
Ab MIX required for the experiment is obtained by multiply-
ing 20 μl by the number of assays. Equilibrate the mixture to 
RT in the dark for 30 min before use.

 8. Dimethyl sulfoxide (DMSO) (HPLC grade).
 9. BI-1001 or related compound capable of inducing IN multi-

merization (see Note 3) is used as a positive control, whereas 
RAL or another small compound that does not affect IN mul-
timerization is used as a negative control. The test and control 
compounds are dissolved in DMSO.

 1. 386-Well polypropylene V-bottom microplates.
 2. 386-Well low-volume high-base white microplates.
 3. Plate reader instrument equipped with a time-resolved fluores-

cence (TRF) module and filters (see Note 4).
 4. Data analysis software for curve fitting.

2.1 HTRF-Based 
HIV-1 IN 
Multimerization Assay

2.1.1 HTRF Reagents 
and Proteins

2.1.2 HTRF Microplates 
and Instrument

Integrase Multimerization
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 1. Recombinant full-length 6xHis tagged HIV-1 IN from frozen 
concentrated stock at −80 °C (see Note 5).

 2. DLS buffer: 1 M NaCl, 2 mM MgCl2, 2 mM DTT, 50 mM 
HEPES pH 7.4 (see Note 6) prepared on the day of the 
experiment and stored on ice.

 3. DMSO (HPLC grade).
 4. Compounds to be tested are dissolved in DMSO.
 5. Milli-Q grade water.
 6. Methanol (HPLC grade).

 1. Malvern Zetasizer Nano S90 (dynamic light scattering 
instrument).

 2. Malvern Low Volume Microcuvette.
 3. Cuvette washer with vacuum flask.
 4. Microsoft Excel software.

 1. Replication competent full-length HIV-1 molecular clone 
pNL4-3.

 2. Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine 
serum (FBS), antibiotic-antimycotic.

 3. Complete medium: DMEM + 10 % FBS + 1 % antibiotic- 
antimycotic.

 4. Reduced serum media.
 5. DNA transfection reagent: We routinely use X-tremeGENE 

HP DNA transfection reagent.
 6. HIV-1 p24 antigen ELISA.

 1. 25 % (w/v) sucrose solution prepared in 1× phosphate-
buffered saline (PBS).

 2. 13.2 ml ultracentrifuge tubes.
 3. Swinging bucket ultracentrifuge rotor.
 4. L-80 ultracentrifuge (Beckman).

 1. Virion lysis buffer: PBS + 0.25 % (v/v) Triton X-100.
 2. Bis(sulfosuccinimidyl)suberate (BS3) cross-linking reagent.
 3. Conjugation buffer: 20 mM HEPES, pH 7.5.
 4. Quenching buffer: 0.5 M Tris–HCl, pH 7.5.

 1. Polyacrylamide gel 4–12 % Bis-Tris precast gel, 1.0 mm, 10 well.
 2. 4× sample loading buffer.
 3. Pre-stained molecular weight marker.

2.2 DLS-Based 
IN Multimerization 
Assay

2.2.1 DLS Reagents 
and Proteins

2.2.2 DLS Instrument 
and Software

2.3 IN 
Multimerization 
in Viral Particles

2.3.1 Plasmid, 
Mammalian Cell Culture, 
and Transfection Reagents

2.3.2 Virion Pelleting

2.3.3 IN Cross-Linking

2.3.4 Immunoblotting

Jacques J. Kessl et al.
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 4. SDS gel running buffer 20×.
 5. Nitrocellulose membrane 0.45 μm.
 6. Semidry transfer cell.
 7. 20× transfer buffer.
 8. PBS-T solution: PBS + 0.1 % (v/v) Tween® 20.
 9. Blocking solution: 5 % (w/v) nonfat milk in PBS-T.
 10. Primary antibody: Mouse monoclonal anti-HIV-1 IN 

antibody.
 11. Secondary antibody: Anti-mouse horseradish peroxidase 

(HRP)-linked antibody.
 12. Chemiluminescence-based HRP antibody detection reagent.

3 Methods

 1. Slowly thaw on ice 6xHis-HIV-1 IN and FLAG-HIV-1 IN 
aliquots from −80 °C frozen stocks.

 2. Perform a serial dilution of the compound to be tested in 
DMSO. Include additional control setup with DMSO alone, 
RAL as a negative control, and BI-1001 as a positive control.

 3. Prepare the “IN MIX” by mixing together 6xHis-HIV-1 IN 
and FLAG-HIV-1 IN to a final concentration of 30 nM (for 
each protein) in the HTRF buffer. Calculate the volume of 
the IN MIX required for the experiment by multiplying 40 μl 
by the number of assays. Typically, each data point/drug con-
centration must be measured in triplicate. Allow the IN MIX 
to reach room temperature (~30 min) before going to the 
next step.

 1. Add 40 μl/well of the IN MIX equilibrated at room tempera-
ture in a 386-well polypropylene V-bottom plate.

 2. To the 40 μl IN MIX, add and mix thoroughly 1.2 μl of DMSO 
or tested compound dissolved in DMSO (see Note 7). Avoid 
the formation of bubbles by carefully controlling the pipetting 
speed.

 3. Incubate the plate containing the IN MIX with compounds for 
3 h at room temperature.

 4. To the 40 μl IN MIX with test compound, add 20 μl of Ab 
MIX and mix. Avoid the formation of bubbles by carefully 
controlling the pipetting speed.

 5. Incubate the assay plate in the dark for 2 h at room 
temperature.

3.1 HTRF-Based 
IN Multimerization 
Assay

3.1.1 HTRF Reagent 
Preparation

3.1.2 HTRF-Based Assay 
and Incubations

Integrase Multimerization
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 1. Transfer 20 μl/well from the assay plate to a 386-well 
low- volume white plate. Avoid the formation of bubbles by 
carefully controlling the pipetting speed.

 2. Insert the plate in the instrument and perform the HTRF mea-
surement (see Note 8) three times on the same plate.

 3. Average the HTRF signal of the three measurements to mini-
mize instrument reading deviation. Calculate the average 
and standard deviation of each triplicate data point. Plot the 
HTRF signal versus compound concentration and perform a 
computational nonlinear curve fitting using the Hill equa-
tion (Fig. 3):

 
y

x
k x

n

n n=
+  

where x is the compound concentration, y is the HTRF signal, 
k is the inhibitor IC50, and n is the Hill slope.

3.1.3 HTRF Signal 
Detection and Data 
Analysis

Fig. 3 Example data set for HTRF-based IN multimerization assay. HTRF data 
obtained with increasing concentration of BI-1001 (black squares) and RAL 
(black circles). Each data point represents the mean of three independent reac-
tions with standard deviations shown. The curve fitting of dose–response 
effects of ALLINI BI-1001 on IN multimerization is shown. The sharp HTRF signal 
increase observed with BI-1001 is typical with compounds that promote aber-
rant IN multimerization. The INSTI RAL (negative control) does not induce any 
signal variation.
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 1. Take out and slowly thaw on ice full-length 6xHis-tagged 
HIV-1 IN aliquots from −80 °C frozen stocks.

 2. Calculate the volume of IN dilution required for the experi-
ment by multiplying 500 μl by the number of assays. Typically, 
each data point must be measured in triplicate.

 3. Divide IN dilutions into 500 μl aliquots and maintain them on 
ice until ready.

 1. Set the DLS instrument for size distribution recording (see 
Note 9).

 2. Equilibrate 500 μl IN dilution aliquots to room temperature 
for 30 min.

 3. To a 500 μl IN dilution aliquot, add and mix thoroughly 0.5 μl 
of DMSO or test compound dissolved in DMSO  
(see Note 10). Avoid the formation of bubbles by carefully 
controlling the pipetting speed.

 4. Immediately transfer 100 μl of the mixture into the microcu-
vette and record the size distribution using the DLS 
instrument.

 5. Measure additional size distribution of the mixture at regular 
time intervals until it reaches a total time of 30 min incubation 
(leave the microcuvette in the instrument).

 6. Between measurements of different samples, thoroughly wash 
the microcuvette with Milli-Q-grade water and then rinse it 
with methanol.

 7. Using the same procedure, record the size distributions of 
negative controls (DLS buffer, DLS buffer with 0.5 μl of test 
compound).

 1. Transfer size versus number distribution data from Malvern 
measuring software into Microsoft Excel.

 2. Using Excel, plot the particle diameter in nm size versus the 
number distribution at different incubation time (Fig. 4). 
Signal detected below the 1 nm diameter threshold should be 
regarded as background noise.

 1. Seed 2 × 106 HEK293 cells in 10 ml complete medium in a 
100 mm tissue-culture dish and culture overnight at 37 °C and 
5 % CO2.

 2. Next day, transfect cells with HIV-1 proviral plasmid (see Note 11). 
Take 500 μl of reduced serum media in an Eppendorf tube, 
add 10 μg of pNL4-3 plasmid DNA, and incubate at room 
temperature for 5 min. Next, add 30 μl of DNA transfection 
reagent (see Note 12) directly into the reduced serum media-
DNA mixture without touching the sides of the tube and 

3.2 DLS-Based 
IN Multimerization 
Assay

3.2.1 DLS Reagent 
Preparation

3.2.2 DLS 
Measurements

3.2.3 DLS Data Analysis

3.3 IN 
Multimerization 
in Viral Particles

3.3.1 Generation, 
Isolation, and Lysis of Viral 
Particles
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incubate at room temperature for 15 min. Add the transfection 
complex to the cells in a dropwise manner. Culture the cells for 
24 h at 37 °C and 5 % CO2.

 3. Twenty-four hours post-transfection, wash the cells once with 
complete medium by gently removing the culture supernatant 
and replacing with 5 ml of complete medium. Next, replace 
the complete medium with 5 ml of complete medium contain-
ing the desired concentration of tested compound or diluent 
control (see Note 13). Culture the cells for 1 h at 37 °C and 
5 % CO2.

 4. After 1 h, replace the culture supernatant again with fresh 
10 ml of complete medium containing the tested compound 
or diluent control. Culture the cells for 24 h at 37 °C and 
5 % CO2.

 5. Harvest the virus-containing culture supernatant in a 15 ml 
tube. Centrifuge at 2000 × g for 5 min at room temperature to 
pellet the cell debris. Collect the cell-free virus-containing 

Fig. 4 Example data set of DLS-based IN multimerization assay. Size distribution 
of IN at 2 min (grey ), 8 min (black, dashed ), and 30 min (black, dotted ) after 
addition of MINI KF116. Recorded signals indicate an equilibrium shift toward 
higher order oligomers in a time-dependent manner. Of note, these particle sizes 
are significantly larger than functional HIV-1 IN tetramers (which has a diameter 
of ~7.5 nm) seen by atomic force microscopy analysis of in vitro-assembled 
HIV-1 intasomes [32]. No detectable signal above 1 nm diameter was recorded 
with buffer alone, buffer with DMSO, buffer with compound, and IN with DMSO 
incubated for up to 30 min.
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supernatant and filter it through 0.45 μm sterile filter. Aliquot 
25 μl of virus-containing, filtered supernatant in an Eppendorf 
tube and store the rest at 4 °C.

 6. Use 25 μl of virus-containing, filtered supernatant to perform 
HIV-1 p24 ELISA using the manufacturer’s kit and protocol. 
Generate the standard curve in the range of 7.8–125 pg/ml of 
HIV-1 p24 using HIV-1 p24 antigen supplied with the kit.

 7. Calculate the volume of virus-containing, filtered supernatant 
equivalent to 1000–1500 ng of HIV-1 p24 using the HIV-1 
p24 standard curve. Aliquot the calculated volume of virus- 
containing, filtered supernatant in a new 15 ml tube and bring 
the volume up to 12 ml with complete medium.

 8. Load 12 ml of virus-containing, filtered supernatant in a 
13.2 ml ultracentrifuge tube. Gently underlay 1 ml of 25 % 
sucrose solution using a Pasteur pipette. Load the ultracentri-
fuge tube in the swinging bucket rotor. Ultracentrifuge at 
135,000 × g for 2 h at 4 °C.

 9. Decant the supernatant and carefully wipe the inside of the 
tube with rolled-up Kimwipes to remove traces of supernatant 
and sucrose. Avoid touching the bottom of the tube.

 10. Add virion lysis buffer to adjust the concentration of virions to 
15 ng/μl of HIV-1 p24. For example, if supernatant equiva-
lent to 1500 ng of HIV-1 p24 was pelleted then add 150 μl of 
virion lysis buffer. Incubate the tube at 37 °C for 15 min, 
briefly vortex the tube to dislodge the viral pellet, and resus-
pend by pipetting. Collect the lysed virions in a new Eppendorf 
tube.

 1. In an Eppendorf tube add lysed virions equivalent to 50 ng of 
HIV-1 p24 and the calculated volume of conjugation buffer.

 2. Prepare 200 μM BS3 cross-linking solution (see Note 14).
 3. Add BS3 cross-linking agent to a final concentration of 50 μM 

in a final reaction volume of 12 μl.
 4. Incubate the reaction mixture at room temperature for 20 min.
 5. Quench the reaction by adding quenching buffer to a final 

concentration of 50 mM.
 6. Incubate the quenching reaction mixture at room temperature 

for 20 min.

 1. Add sample loading buffer, to a final concentration of 1×, to 
the cross-linked reaction products. Heat at 90 °C for 3 min.

 2. Load the cross-linked reaction products into the wells of a 
4–12 % gradient polyacrylamide gel. Also load 10 μl of molec-
ular weight marker in one well.

 3. Run the gel at 200 V for 40 min in 1× SDS gel running buffer.

3.3.2 Virion-Associated 
IN Cross-Linking Reaction

3.3.3 Immunoblotting 
to Detect Cross-Linked 
Reaction Products
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 4. Transfer the resolved proteins onto a nitrocellulose membrane 
in 1× transfer buffer using a semidry transfer cell. Transfer at 
15 V for 50 min.

 5. Post-transfer, block the membrane for 1 h at room tempera-
ture in blocking solution.

 6. Incubate the membrane with the primary antibody diluted 
1:2000 in blocking solution overnight at 4 °C.

 7. Wash the membrane three times in PBS-T solution for 5 min 
each time.

 8. Incubate the membrane with the secondary antibody diluted 
1:2000 in blocking solution for 1 h at 4 °C.

 9. Wash the membrane four times in PBS-T solution for 5 min 
each time.

 10. Detect proteins using HRP antibody detection reagent and 
expose on X-ray film.

 11. Scan the exposed X-ray film and analyze signal with an imaging 
software (Fig. 5).

4 Notes

 1. The recombinant 6xHis-HIV-1 IN and FLAG-HIV-1 IN are 
purified from E. coli as previously described [22]. The concen-
tration of the purified proteins must be maintained between 10 
and 30 μM in the storage buffer (50 mM HEPES pH 7.5, 1 M 

KF116

10 10 10 10 25 25

higher order oligomer
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kDa
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Fig. 5 Example of inhibitor-induced IN multimerization in HIV-1 viral particles. HIV-1 virions were produced in 
the presence of DMSO or the inhibitor, cell-free virions were harvested, detergent-lysed, and treated with BS3 
cross-linking reagent. The indicated volumes of cross-linked reaction products were resolved by SDS-PAGE 
and immunoblotted with HIV-1 IN antibody. The bands corresponding to IN “monomer,” “dimer,” and “higher 
order oligomers” are indicated. When virions were produced in the presence of MINI KF116, the levels of IN 
dimers increased as well as the appearance of new higher molecular weight bands, which likely to correspond 
to higher oligomeric states of IN. Adapted and reprinted from Sharma et al. [29].
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NaCl, 7.5 mM CHAPS, 2 mM β-mercaptoethanol, and 10 % 
glycerol) to avoid auto-aggregation. Purified recombinant INs 
are aliquoted into small volumes, flash-frozen by liquid N2 
immersion, and stored at −80 °C. Importantly, once thawed 
the protein aliquot must be used immediately or discarded.

 2. The BSA must be of TRF grade (Perkin Elmer #CR84-100) 
and free from trace amounts of heavy metals to minimize criti-
cal interference with the donor EuCryptate fluorophore label 
conjugated on the anti-FLAG antibody.

 3. RAL can be obtained from the NIH AIDS Reagent program. 
The complete step-by-step synthesis of BI-1001 has been pre-
viously described [22].

 4. We recommend using PerkinElmer Enspire plate reader instru-
ment with Time Resolved Fluorescence module installed and 
mounted with 320 nm excitation filters. The Molecular Devices 
plate reader M1 instrument was also successfully tested and 
used for this assay.

 5. The recombinant 6xHis-HIV-1 IN was purified from E. coli as 
previously described [22]. The 6xHis tag does not interfere 
with the assay and can be left to simplify the IN purification 
procedure.

 6. The DLS buffer must be prepared using Milli-Q grade water 
and thoroughly filtered using syringe-mounted 0.2 μm filter 
units.

 7. The HTRF-based multimerization assay has been successfully 
tested with DMSO at final concentrations between 0.2 and 
4 %.

 8. The following plate reader instrument settings in time-resolved 
fluorescence mode have been optimized for the use of the 
CISBIO reagent pair EuCryptate/XL665:

●● Measurement A: excitation 320 nm, emission 665 nm, 
number of flashes 100, delay 50 μs, window time 450 μs.

●● Measurement B: excitation 320 nm, emission 620 nm, 
number of flashes 100, delay 50 μs, window time 450 μs.

●● HTRF signal is defined as: measurement A/measurement 
B × 10,000.

 9. DLS instrument settings are size mode, measurement recorded 
in number distribution (not intensity or percentage), and aver-
age of ten measurements.

 10. The DLS-based multimerization has been successfully tested 
with DMSO at final concentration up to 0.5 %.

 11. The virion-associated IN cross-linking assay can also be per-
formed on single-cycle, pseudotyped HIV-1 virions. For this, 
transfect cells with 10 μg of envelope-defective HIV-1 clone 
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with firefly luciferase gene inserted into the nef gene pNL4-3.
Luc.Env− and 5 μg of vesicular stomatitis virus G glycoprotein 
(VSV-G) eukaryotic expression vector pMD.G.

 12. We routinely use X-tremeGENE HP DNA transfection reagent 
to get higher transfection efficiency. We recommend using 
X-tremeGENE HP at 1:3 ratio (volume: μg of total DNA 
transfected). Other transfection reagents and methods such as 
calcium-phosphate, lipofection, or polyethylenimine can also 
be used.

 13. Always set up control treatment in which the volume of diluent 
(for example DMSO) is equal to the test IN inhibitor that is 
added to the cells.

 14. Always prepare BS3 cross-linking solution immediately before 
use. Do not prepare and store stock solutions of BS3 cross- 
linking reagent as the N-hydroxysuccinimide ester moiety 
of BS3 undergoes rapid hydrolysis making the cross-linking 
reagent nonreactive. We also recommend using the no-
weigh microtube format of BS3 cross-linking reagent in 
which pre- weighed 2 mg BS3 aliquots are supplied in the 
ready-to-use microtubes.
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    Chapter 11   

 Quantifi cation of HIV-1 Gag Localization Within 
Virus Producer Cells       

     Annalena     La Porte     and     Ganjam     V.     Kalpana      

  Abstract 

   Traffi cking of newly synthesized Gag protein to the plasma membrane is one of the important steps during 
HIV-1 assembly. It requires participation of both viral and cellular determinants. Several techniques have 
been used to measure the amount of Gag that is associated with plasma membrane. Here we describe a 
microscopy-based method to estimate the distribution of Gag protein within the producer cell. This 
method can be used in conjunction with other biochemical techniques to quantify the distribution of Gag 
within a virus-producing cell and its accumulation at the plasma membrane. Since this method is micros-
copy based, it allows one to quantitate Gag across the cytoplasm, from the nuclear periphery to plasma 
membrane, at the single-cell level.  

  Key words     HIV-1 Gag  ,   Quantitating Gag protein  ,   Gag traffi cking  

1      Introduction 

 The late events of HIV-1 replication involve several steps including 
transcription of the provirus, nuclear export of singly and multiply 
spliced RNAs, translation of viral RNAs to produce viral proteins, 
and the traffi cking of these proteins to the plasma  membrane, 
  where these proteins are assembled to produce infectious particles 
[ 1 – 4 ]. While Envelope protein ( Env  ) is synthesized on the rough 
endoplasmic reticulum (ER) and gets transported through the 
Golgi and trans-Golgi network, the Gag (pr55 Gag ) and  Gag-Pol   
polyproteins are synthesized on the cytoplasmic ribosomes and 
traffi c through the cytoplasm to the plasma  membrane   for assem-
bly [ 2 ]. The process by which Gag traffi cs through the cytoplasm 
is not well understood. Both viral and cellular determinants are 
involved in this process [ 2 ,  4 ]. Several methods, described else-
where, have been used to determine the traffi cking of Gag to the 
plasma membrane including cell fractionation and membrane fl o-
tation assays [ 5 – 7 ]. In this protocol, we describe a simple 
microscopy- based method to quantify the traffi cking of the Gag 
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protein by measuring the density of the protein across the cytoplasm 
from the site of synthesis to the plasma  membrane   within the cells, 
by visualizing Gag by immunofl ourescence microscopy and by 
quantifying the intensity of signals using image analysis  software  . 
Using this method, the gradient of Gag levels from the nucleus to 
 the   plasma membrane can be determined to characterize the pat-
tern of Gag distribution. A clear accumulation of the Gag protein 
at the plasma membrane can be seen in a producer cell infected with 
wild type HIV-1. However, factors that affect Gag traffi cking may 
infl uence this distribution and hence the localization of Gag within 
these cells can be seen as diffuse (both nuclear and cytoplasmic), 
nuclear, cytoplasmic or perinuclear. 

 To quantitate Gag distribution, typically, HIV-infected cells 
are stained by using α-p24 antibody, the cells are imaged using 
confocal microscopy, and  z-stack  s of the cell are obtained to visual-
ize the protein distribution at various planes. The saved images are 
analyzed and pixel intensity of the images representing the protein 
in question (such as Gag) within the cell is quantitated using analy-
sis programs such as  ImageJ  . The immunofl uorescence signals are 
analyzed to obtain intensities or gray value of each pixel within a 
given area ( see   Note 1 ). By plotting the intensities or gray values/
pixel as a function of distance (in pixels) across the cytoplasm, a 
quantitative measure of the protein distribution is obtained. If a 
line is drawn from the nucleus to  the   plasma membrane, then one 
can obtain an estimation of the intensity of the protein distribution 
from the plasma membrane to the nucleus within the area covered 
by the line. There are many advantages to using this method of 
quantifi cation using microscopy. (1) The method allows the quan-
tifi cation of  proteins   within the single cells and hence cell-cell vari-
ation can be assessed within a given population. (2) If there is 
limited amount of sample (as with the clinical specimen), this is the 
method of choice, as biochemical methods require large quantities 
of the proteins. (3) If there are variations within a subcellular com-
partment (for example within the cytoplasm), then the micros-
copy-based methods will allow the determination of distribution in 
these subcellular regions. However, the disadvantage may be that 
the cells are of different size and shape and in some cells (such as 
T-cells) there may be very little cytoplasm present. One can over-
come these disadvantages by imaging and quantitating a large 
number of cells, as well as by noting different patterns of distribu-
tion within the cells. Quantifying 50–100 cells per given sample 
provides suffi cient information, where the mean of the values 
across the drawn line can be plotted as a function of distance from 
a fi xed point in the image. For example, the starting point could be 
plasma  membrane or   the nuclear periphery and the distribution of 
the protein going inwards/outwards from this point for about 50 
pixels can be plotted. This method is best when used in conjunc-
tion with other biochemical methods to establish the distribution 
of the proteins within the cells. 
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 Here we provide an example to illustrate the quantitation of 
Gag within the producer cells under conditions that affect its traf-
fi cking to the membrane. It is well established that MA protein is 
responsible for targeting Gag polyprotein to the plasma membrane 
[ 5 ]. Accumulating evidence suggest that in addition to MA, cel-
lular proteins infl uence the traffi cking of Gag protein to the mem-
brane. We have demonstrated that the expression of a dominant 
negative mutant derived from a cellular protein inhibits traffi cking 
of Gag to  the   plasma membrane [ 8 ]. INI1 (integrase-interacting 
protein 1) is an IN-binding cellular protein. The expression of a 
INI1 fragment harboring a minimal IN-binding domain [termed 
S6(Rpt1)] has been shown to inhibit particle production in part by 
affecting the traffi cking of Gag/ Gag-Pol   to the plasma membrane 
[ 8 ,  9 ]. Furthermore, it has been demonstrated that sub-cellular 
localization of S6 affects the distribution of Gag [ 8 ]. While 
S6(Rpt1) is diffusely distributed both in nucleus and cytoplasmic, 
NLS-S6(Rpt1) is exclusively localized in the nucleus. While the 
presence of S6(Rpt1) in the cytoplasm inhibits HIV-1 particle 
production and Gag trafficking, relocation of S6(Rpt1) into 
the nucleus by fusing it to a strong NLS prevents its inhibitory 
effect on Gag/Gag-Pol traffi cking and particle production. 
Examples of Gag distribution pattern in cells expressing CFP-
S6(Rpt1) that inhibits Gag traffi cking or CFP-NLS-S6(Rpt1) that 
does not inhibit traffi cking, are provided in Fig.  1 . This fi gure illus-
trates the difference in distribution patterns of Gag/Gag-Pol 
expressed from HIV-1  NL4-3   , when detected by immunofl uorescence 
using α-p24 antibodies (Fig.  1 ). Analysis of pixel intensities of the 
immunofl uorescence signal across the cytoplasm from large num-
ber of cells, and plotting the results as a function of distance in 
pixels, indicates the distribution pattern of Gag/Gag-Pol within 
these cells (Fig.  1 ). While cells expressing HIV-1 NL4-3  and CFP-
NLS-S6(Rpt1) show a clear peak of accumulation of Gag/Gag-Pol 
at  the   plasma membrane (Fig.  1a ), cells expressing CFP-S6 show a 
diffuse pattern of Gag/Gag-Pol distribution without a peak of 
accumulation at the membrane (Fig.  1a ). Plotting mean gray 
intensities of p24 staining in multiple cells, graphed as a function 
of distance in pixels, illustrates the difference in Gag/Gag-Pol 
accumulation in two different cells (Fig.  1b ). These results suggest 
that the presence of cytoplasmic CFP-S6(Rpt1) affects Gag mem-
brane targeting. However, nuclear CFP-NLS-S6(Rpt1) allows Gag 
traffi cking and accumulation of Gag/Gag-Pol at the membrane.

2       Materials 

       1.    Humidifi ed CO 2  tissue culture incubator.   
   2.    BSL-2 tissue culture facility.      

2.1  General 
Laboratory Equipment

Quantitating HIV-1 Gag Distribution 
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  Fig. 1    Quantifi cation of subcellular distribution of Gag/ Gag-Pol   in cells express-
ing variants (with or without NLS) of S6. ( a ) Confocal images illustrating subcel-
lular distribution of Gag/Gag-Pol in cells expressing CFP fusions of S6(Rpt1) or 
NLS-S6(Rpt1) along with HIV-1  NL4-3   . Confocal images (63× with 6× zoom) of cells 
were captured as described. The images illustrate the representative z-section 
of the cells.  Left most column , CFP fl uorescence indicating expression of CFP- 
fusion proteins;  middle column , PE fl uorescence indicating expression of p24; 
 right column , the merge of the two. Plasmids pECFP-S6(Rpt1), pECFP-NLS- 
S6(Rpt1), and pNL4-3 were transfected into  293T cells   in 4-chambered wells. 
Transfected cells were subjected to immunofl ourescence analysis using α-p24 
antibodies and secondary antibodies conjugated to PE, as described. ( b ) Graphic 
representation of differential distribution of Gag/Gag- Pol in the cells expressing 
CFP-S6(Rpt1) or CFP-NLSS6(Rpt1). Cells transfected either with CFP-S6(Rpt1) or 
CFP-NLS-S6(Rpt1) along with pNL4-3, were subjected to quantifi cation using 
 ImageJ   as described. Mean pixel intensities, or gray value of the pixels repre-
senting intensities of p24 staining from the plasma membrane towards the 
nucleus across the cytoplasm, were plotted as a function of distance in pixels. 
The graph represents the mean of measurements taken from eight different 
transfected cells each (+/− SEM). The statistical difference in the distribution 
pattern was determined by performing two-way ANOVA to obtain the  p  value 
using Graphpad Prism.       
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       1.    Cell culture medium: DMEM high glucose supplemented 
with 10 % heat-inactivated FBS, 100 U/ml  penicillin-strepto-
mycin   and 2 mM  l -glutamine.   

   2.    Wash buffer: DPBS (1×).      

       1.    4-chambered culture slides.   
   2.    Serological pipettes (1 ml, 10 ml).   
   3.    Syringe fi lter 0.2 μm.   
   4.    10 ml syringe.      

       1.    Cover slips.   
   2.    Nail polish—instant-dry type.      

       1.    Fixing solution (Eddy fi x): 3.65 % formaldehyde, 0.1 % glutar-
aldehyde, and 0.15 mg of saponin.   

   2.    Permeabilization (Triton) solution: 0.5 % Triton ×100 in DPBS.   
   3.    Blocking solution: 2.5 % BSA in DPBS.   
   4.    Primary antibody: 1:500 dilution of goat α-p24 antibody, 

1.5 % BSA in DPBS.   
   5.    Secondary antibody: 1:133 dilution of bovine α-goat IgG-PE 

(phycoerythrin) and 1.5 % BSA in DPBS.   
   6.    Mounting medium for fl uorescence with DAPI.      

       1.    Confocal microscope (Leica SP5) with the capacity of lasers at 
405 and 543 nm wavelengths for detecting DAPI and PE fl uo-
rescence, respectively.   

   2.    A computer with Leica Confocal Software  Leica Microsystems 
LAS   AF (Leica Application Suite, Advanced Fluorescence).   

   3.    95 % ethanol.   
   4.    Immersion oil.      

       1.     ImageJsoftware       (http://rsb.info.nih.gov/ij/download.html).      

         1.    Prepare 50 mg/ml stock solution of saponin by adding 50 mg 
of saponin to 1 ml of water in a 15 ml conical tube. Gently 
rotate the tube for 30 min at room temperature. Do not vor-
tex. Vortexing may result in foaming. Discard the solution 
after one time use.   

   2.    Prepare an 8 % glutaraldehyde working solution from a stock. 
This working solution can be kept at 4 °C for several months.   

2.2  Cell 
Culture Media

2.3  Tissue Culture 
Plasticware 
and Materials

2.4   Immuno-
fl uorescence   Materials

2.5   Immuno-
fl uorescence   Buffers 
and Fixing Reagents

2.6  Imaging 
Materials

2.7  Image Analysis 
 Software   
for Quantifi cation

2.8  Reagent 
Preparation

2.8.1  Preparation 
of Fixing Solution

Quantitating HIV-1 Gag Distribution 
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   3.    To prepare the fi xing solution take 8.845 ml of DPBS in a 
15 ml conical tube, add 125 μl of 8 % glutaraldehyde, 1 ml of 
36.5 % formaldehyde, and 30 μl of 50 mg/ml saponin. The 
fi xing solution should be made fresh.      

       1.    Make enough blocking buffer. You need 200 μl of blocking 
buffer/chamber well.   

   2.    The blocking buffer (2.5 % BSA in DPBS) should be passed 
through 0.2 μm syringe fi lter using a 10 ml syringe.      

       1.    Make enough antibody solution. You need 200 μl/chamber well.   
   2.    Prepare 1.5 % BSA in DPBS, and mix until fully dissolved.   
   3.    Pass solution through 0.2 μm syringe fi lter using a 10 ml syringe.   
   4.    Dilute goat α-p24 antibody to 1:500 in the above BSA solu-

tion to prepare primary antibody solution.   
   5.    Dilute bovine α-goat antibody conjugated to PE to 1:133 in 

the above BSA solution to make secondary antibody solution.        

3    Methods 

       1.    Plate  293T cells   in a 4-chamber well culture slide the day before 
transfection at 15–20 % confl uency to achieve 35–40 % confl u-
ency the next day, at the time of transfection ( see   Note 2 ).   

   2.    Transfect the cells with HIV-1 DNA such as pNL4-3 or other 
viral DNAs encoding  gag  ( see   Note 3 ).   

   3.    Incubate the cells at 37 °C for 24 h post media switch.   
   4.    Proceed with staining protocol.      

       1.    Wash the cells using 200 μl DPBS/chamber well for 5 min at 
room temperature. Aspirate after each subsequent step.   

   2.    Fix the cells for 15 min using 200 μl Eddy fi x/chamber well for 
15 min at room temperature in the dark. Keep chamber well 
culture slides in the dark from here on. For this purpose, you 
can work in the hood with very little light. Or when working 
on the bench, you can use a box covered with alluminium foil 
to covert the slide.   

   3.    Wash the cells using 200 μl DPBS/chamber well for 5 min at 
room temperature.   

   4.    Permeabilize the cells by adding 200 μl Triton solution/cham-
ber well for 10 min at room temperature.   

   5.    Wash the cells twice using 200 μl DPBS/chamber well for 
5 min at room temperature.   

   6.    Block samples using 200 μl blocking solution/chamber well 
for 1 h at 37 °C.   

2.8.2  Preparation 
of Blocking Solution

2.8.3  Preparation 
of Primary and Secondary 
Antibody Solutions

3.1  Transfection 
of 293T Cells

3.2   Immuno-
fl uorescence   Staining 
of Cells Expressing 
HIV-1 Gag Protein 
( See   Note 4 )
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   7.    Wash the cells using 200 μl DPBS/chamber well for 5 min at 
room temperature.   

   8.    Incubate samples with 200 μl of the primary antibody solution/
chamber well for 3 h at 37 °C. For the no-primary antibody 
control, incubate samples with DPBS + 1.5 % BSA solution.   

   9.    Wash cells three times using 200 μl DPBS/chamber well for 
5 min at room temperature.   

   10.    Incubate samples with 200 μl of the secondary antibody solu-
tion/chamber well for 1 h at 37 °C.   

   11.    Wash the cells three times using 200 μl DPBS/chamber well 
each for 5 min at room temperature.   

   12.    Detach the chambers from the slides using the tool provided 
with the chamber well slide packet.   

   13.    Aspirate the remaining liquid at the edges.   
   14.    Add one drop of mounting media with DAPI solution/

chamber.   
   15.    Mount cover slip and let settle for 20 min or overnight at room 

temperature (or at 4 °C) in the dark.   
   16.    Adhere cover slip to slide using nail polish, gently applying 

around all sides of the cover slip.   
   17.    Store slides at 4 °C in the dark.      

       1.    Turn on the computer attached to microscope.   
   2.    In the following order, turn on the scanner power, the laser 

power, and the external light source for the Leica SP5 micro-
scope. For easy visualization by eye, increase the intensity of 
the external light source to the second highest intensity setting 
(indicated by second largest circle along dial).   

   3.    Log in and open Leica Microsystems LAS AF  software  . Do not 
initialize the DM1600 stage (when prompted).   

   4.    Acquisition mode should be set to xyz.   
   5.    Change objective to 63× oil objective.   
   6.    Check “Pinhole” and select “Airy1” as your unit.   
   7.    Turn on the 405 laser for DAPI staining and the 543 laser for the 

α-p24-PE staining by entering the “confi guration” panel, select-
ing “laser” and checking the boxes next to the lasers shown.   

   8.    Clean the slide gently using 95 % ethanol and add a drop of 
immersion oil directly onto 63× objective.   

   9.    Place clean slide with the cover slip facing down onto the 63× 
objective.   

   10.    Open the shutter on the microscope, press the blue button (to 
visualize your DAPI or CFP), and adjust the focus until DAPI-
stained nuclei become clearly visible.   

3.3  Imaging of  HIV-1 
Gag   Protein

Quantitating HIV-1 Gag Distribution 
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   11.    Turn on the “live” button in the software to visualize DAPI- 
stained nuclei on the screen.   

   12.    To select your lasers using the software follow these instruc-
tions. In the “Acquire” mode, select the “acquisition” panel. 
Set up lasers for your experiment by selecting “sequ” (the 
sequential scan settings). To set up the DAPI channel, double 
click PM1, enter your spectral range from 380 to 478, adjust 
the 405 laser intensity to 15 %, pick blue from the color scheme, 
check the “active” box by clicking, and save the laser setting as 
“DAPI.” To set up the PE channel, click the “+” button, dou-
ble-click PM3 as your PE setting, enter your spectral range 
from 553 to 623, adjust the 543 laser intensity to 25 %, pick 
Red from the color scheme (or preferred color), check the 
“UV,” “visible” options, as well as the “active” box, and save 
the laser setting as “PE.” You can select CFP channel instead 
of DAPI if you are visualizing the CFP fusion protein.   

   13.    To adjust the gain and offset settings for image acquisition fol-
low these instructions. Click the “quick LUT (Look Up 
Table)” button on the top left of the scanning screen to turn 
on the heatmap mode. This mode uses a heat map to show 
staining intensity levels. Increase the gain to just below over-
saturated levels. Oversaturation is indicated by blue color, so 
increase the gain until the blue color becomes visible and then 
reduce the gain just enough for the blue color to disappear. 
Increase the offset until a speckled appearance of green color is 
visible. These settings should be ideal for visualization and 
quantifi cation of the different ranges of Gag protein staining, 
since they allow for maximum signal intensity but are still 
quantifi able.   

   14.    To reduce background signal, set the line average to four. This 
allows four images to be taken and pixels in these images are 
counted only if they appear in all four images. This reduces 
non-specifi c signal.   

   15.    Select a fi eld of image in which the p24-Gag staining is present 
within transfected cells and increase the zoom by 6.5×.   

   16.    If using single cell images for quantitation, focus to the middle 
of the cell and capture the image.   

   17.    If are taking  z-stack  s for quantitation, click open the “z-stack” 
window and focus to the top of the desired cell and set it as 
z-stack starting point ( see   Note 5 ). Then focus to the bottom 
of the cell and set it as z-stack endpoint. Determine the number 
and thickness of stacks you would like to image and click “Start” 
to obtain the stack.   

   18.    Save the raw “. lif”  fi les by clicking “save all” button and desig-
nate the storage location.   
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   19.    Export all images by right-clicking the folders and saving them 
as . tiff  fi les. Click the “export LUT” box to save the images in 
color. Overlays can be saved separately by clicking the “overlay 
channels” box.   

   20.    Shut off the microscope.      

       1.    Open  ImageJ software      on your computer.   
   2.    Drop selected .tiff fi les of the images/stack into the opened 

software window. Images will open automatically.   
   3.    In the “Analyze” panel select “select scale” and change scale to 

1 pixel/unit by typing “pixel” into the “unit of length” descrip-
tion box.   

   4.    Draw a line on one of the cell images, then select “edit,” 
“options,” and “line width” and change the line width to 8 
pixels. This is the thickness of the line used. You can chose to 
select thicker lines.   

   5.    Then draw a line from  the   plasma membrane towards the 
nucleus, fi xing the length of the line to desired pixel length 
(for example, 50 pixels).   

   6.    After each line drawn, select “Analyze,” and then “Plot Profi le” 
to obtain the gray value. The gray value indicates the pixel 
intensity of the staining across the line drawn.   

   7.    A new window will pop up labeled “Plot of Image x.” This 
window will display the histoplot of the pixel intensity detected 
as a function of distance from the beginning to the end of the 
line. The histoplot represents the distribution of Gag from 
plasma membrane towards the nucleus along the line.   

   8.    To obtain the individual gray values/pixel intensity of the line 
drawn, click “list.” The list provides individual gray values 
depending on pixel location along the line. These values indi-
cate the intensity of Gag staining from  the   plasma membrane 
towards the nucleus within the cytoplasm.   

   9.    Since cell shapes are variable, collect plot profi les from as many 
cells as required for analysis to determine the localization of 
Gag staining intensity.   

   10.    Here we have provided a representative analysis using a line 
width of 8 pixels. This can be increased depending on the cell 
type or the requirement for the experiment.       

4    Notes 

     1.    The gray value indicates the brightness of a pixel and is an arbi-
trary unit. This method is not intended to obtain  absolute 
  quantifi cation of Gag proteins and therefore is best used in 
comparative settings, such as when assessing Gag distribution 

3.4  Quantitation 
of  HIV-1 Gag   Protein
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within the cytoplasm in the presence and absence of inhibitors 
or with and without a dominant-negative mutant.   

   2.    The method described here can be used to analyze the Gag 
distribution in infected or transfected cells.   

   3.    Transfection of cells with HIV molecular clones and maintenance 
of HIV-producer cells should be done within a BSL2+ facility.   

   4.    Here we have used HIV Gag as an example to quantify the 
proteins within the cells, but the localization of other proteins 
can be quantifi ed using this method.   

   5.    Depending on the type of analysis desired, either single images 
or  z-stack  s can be analyzed. The type of data generated from a 
z-stack vs. a single image will likely be correlative in this type of 
analysis. In order to reduce bias of lines drawn by the user, a 
commonality of the line drawing itself, such as only using hori-
zontal or vertical lines can be implemented. However, since cell 
shape varies and this might not always be possible, bias can also 
be reduced by using more than one line drawn from the nucleus 
to  the   plasma membrane from various starting points on the 
plasma membrane within a single cell and averaging the values.         
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    Chapter 12   

 Methods to Study Determinants for Membrane Targeting 
of HIV-1 Gag In Vitro       

     Gabrielle     C.     Todd     and     Akira     Ono      

  Abstract 

   Assembly of HIV-1 viral particles is a critical step of the HIV-1 life cycle; yet many details of this complex 
process are unknown. The Gag polyprotein drives viral particle assembly at the plasma membrane via three 
different types of interactions: protein-protein, protein-RNA, and protein-membrane interactions. As an 
approach to tease apart the importance of these interactions during viral particle assembly, in particular at 
the step of Gag membrane binding, we have developed an in vitro liposome-binding assay. Below we 
describe how to prepare liposomes, which serve as model membranes, and how to assess their interaction 
with Gag by liposome fl otation centrifugation. Additionally, we outline extensions of this basic assay that 
can be used to address the role of RNA in regulating Gag-membrane interactions.  

  Key words     HIV-1 assembly  ,   Gag  ,   RNA  ,   Membrane binding  ,    Liposome fl otation   centrifugation  

1      Introduction 

 Assembly of HIV-1 particles is choreographed by the Gag polyprot-
ein, which uses each of its four major domains to carry out different 
roles in the assembly process [ 1 ,  2 ]. The matrix domain (MA) recruits 
Gag to the plasma  membrane   (PM), the capsid domain (CA) is 
involved in Gag multimerization, the nucleocapsid domain (NC) 
packages a dimer of genomic RNA, and the p6 domain recruits cel-
lular factors to pinch off completed particles from the cell surface. 

 Of particular interest is the initial targeting of Gag to the PM, 
which is directed by MA [ 1 – 4 ]. MA has an N-terminal myristoyl 
group that is sequestered in a hydrophobic binding pocket in MA 
and exposed upon Gag-membrane binding [ 5 ]. A second impor-
tant feature of MA is a concentrated region of basic amino acids 
between residues 17 and 31 known as the  highly basic region   
(HBR). These residues enable Gag to specifi cally recognize the 
phospholipid, phosphatidylinositol (4,5) bisphosphate, or   PI(4,5)
P 2    [ 6 – 9 ]. PI(4,5)P 2  is enriched in the inner leafl et of the PM; thus 
specifi c recognition of this lipid by Gag promotes productive viral 
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particle assembly at the PM rather than unproductive assembly on 
other intracellular membranes [ 10 ]. 

 MA also binds to RNA [ 11 – 13 ], presumably via the HBR [ 11 , 
 13 ], and the presence of RNA inhibits interactions between Gag 
and membranes lacking  PI(4,5)P 2    [ 8 ,  14 – 16 ]. Thus RNA-MA 
interactions appear to provide an additional layer of regulation for 
Gag-membrane association. To study the interplay among Gag, 
RNA, and membranes we have developed an in vitro liposome fl o-
tation assay to monitor relative membrane binding of Gag under 
various conditions [ 7 ,  8 ,  16 ,  17 ].  

2     Materials 

       1.    Lipids from Avanti Polar Lipids, Inc.
   (a)     POPC  —[1-palmitoyl-2-oleoyl- sn -glycero-3-phosphoch

oline]. 
 MW 760.076 g/mol, can be stored for 6 months at −20 °C.   

  (b)     POPS  —[1-palmitoyl-2-oleoyl- sn -glycero-3-phospho-L- serine 
(sodium salt)]. 
 MW 783.988 g/mol, can be stored for 6 months at −20 °C.   

  (c)    Brain  PI(4,5)P 2   —[L-α-phosphatidylinositol-4,5-bisphosphate 
(Brain, Porcine) (ammonium salt)]. 
 MW (ave)  1096.385 g/mol, can be stored for 3 months at 
−20 °C.       

   2.    250 μl Hamilton syringe.   
   3.    Glass vials (0.5–1 ml).   
   4.    Chloroform, methanol, water for rinsing Hamilton syringes.   
   5.    N 2 (g) tank or house nitrogen.   
   6.    Vacuum source.   
   7.    20 mM Hepes pH 7.0.   
   8.    Dry ice and acetone bath.   
   9.    Mini Extruder, Avanti Polar Lipids, Inc.   
   10.    Membranes, Avanti Polar Lipids, Inc., of the desired pore size 

(100 nm).   
   11.    Filter Supports, Avanti Polar Lipids, Inc.   
   12.    Forceps.   
   13.    Sonicating water bath.      

       1.    Plasmid containing the  gag  gene downstream of either a T7, 
T3, or SP6 phage transcription promoter. In our experiments, 
a fragment from the pNL4-3 strain of HIV-1 from nucleotides 
639–5748 ( gag  is 790–2292) is oriented downstream of an 
SP6 promoter in a pGEM vector backbone.   

2.1  Liposome 
Preparation

2.2  TNT Rabbit 
Reticulocyte Lysate
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   2.    Promega TnT ®  Coupled Reticulocyte Lysate Systems (we use 
the kit with SP6 RNA polymerase, L4600, but other variations 
are also available).   

   3.     Optional : Homemade 1 mM amino acid mix (-Met) in 10 mM 
Hepes pH 7.0.   

   4.    RNasin (Promega).   
   5.    EXPRE 35 S 35 S Protein Labeling Mix (Perkin Elmer).   
   6.    RNase A (Thermo Fisher).   
   7.    10×  Rabbit reticulocyte lysate   (RRL) buffer [ 18 ]: 200 mM 

Hepes-KOH pH 7.0, 1 M KCl, 5 mM MgCl 2 .   
   8.    Yeast total tRNA (Ambion).      

       1.    Prepare solutions of 85.5, 65, and 10 % (w/v) sucrose in 
20 mM Hepes pH 7.0.   

   2.    Centrifuge tubes (Beckman Coulter).   
   3.    Rotor AH-650, or equivalent  swinging bucket rotor .   
   4.    Ultracentrifuge.      

       1.    4× Resolving  gel   buffer: 1.5 M Tris–HCl pH 8.8, 0.4 % sodium 
dodecyl sulfate (SDS).   

   2.    4× Stacking gel buffer: 500 mM Tris–HCl pH 6.8, 0.4 % SDS.   
   3.    3× SDS loading buffer: 188 mM Tris–HCl pH 6.8, 30 % (v/v) 

glycerol, 15.2 % (v/v) β-mercaptoethanol, 9.4 % (w/v) SDS, 
0.02 % (w/v) bromophenol blue.   

   4.    10× Running buffer: 248 mM Tris base, 1.92 M glycine, 
35 mM SDS.   

   5.    Gels (29:1 acrylamide:bis-acrylamide): 10 % resolving, 4 % 
stacking.   

   6.    Rotator platform.   
   7.    Fixing solution: 40 % methanol, 10 % acetic acid.   
   8.    Soaking solution: 1 M salicylic acid, 2 % (v/v) glycerol.   
   9.    Whatmann paper (3 mm).   
   10.    Slab gel dryer.   
   11.    Phosphor storage screen.   
   12.    ImageQuant software.       

3    Methods 

   To study  Gag-membrane interactions  , we prepare liposomes that 
have a 20 mM fi nal lipid concentration with a 2:1 ratio of 
 POPC  : POPS  . When  PI(4,5)P 2    is incorporated, it typically 

2.3  Liposome 
Flotation

2.4   SDS-PAGE  

3.1   Preparing 
Liposomes  

In Vitro Gag-Membrane Binding Assay



178

comprises 7.25 mol %; the remaining mol % of lipid is divided in a 
2:1 ratio of POPC:POPS [ 4 ,  8 ,  16 ]. We generally prepare 150 μl 
of each liposome solution using the volumes listed in Table  1  below 
for ease of extrusion. Detailed instructions and theory about lipo-
some preparation can also be found on the website of Avanti Polar 
Lipid, Inc. (  http://avantilipids.com/    ).

   There are two types of liposomes that can be used to study 
 Gag-membrane interactions  .  Unilamellar liposomes   prepared by 
extrusion are composed of a single bilayer while  multilamellar lipo-
somes   prepared by sonication consist of several concentric bilayers 
similar to the layers of an onion. The advantages of  unilamellar 
liposomes   are that they have well-defi ned diameters of varying 
sizes depending on the pore size of the membrane used during 
extrusion, and the amount of liposome surface available for protein 
binding is consistent between each liposome preparation. 
 Multilamellar liposomes  , however, are advantageous in that they 
are less dense than  unilamellar liposomes   and therefore fl otation 
levels are somewhat higher. Thus different types of liposomes can 
be used depending on the desired application.

    1.    Before and after measuring out each type of lipid, rinse the 
Hamilton syringe fi ve times using the same solvent in which 
the lipid is dissolved. Removing trace amounts of lipid with a 
good solvent is critical to prevent clogging of the syringe with 
precipitated lipid ( see   Note 1 ).
   (a)    For  POPC   and  POPS  , rinse the syringe with chloroform.   
  (b)    For  PI(4,5)P 2   , rinse the syringe with a chloroform/metha-

nol/water mixture (20:9:1).    
      2.    Combine the desired amount of each lipid (Table  1 ) into a 

small glass vial. Vortex gently to mix the lipids.   
   3.    Remove the solvent with a gentle stream of N 2 (g) until the lip-

ids form a milky fi lm on the sides of the glass vial ( see   Note 2 ).   

    Table 1  
  Required lipid quantities for liposome preparation   

 Stock concentration  2:1  POPC  : POPS    2:1  POPC  : POPS   + 7.25 %  PI(4,5)P 2    

 Lipid  (μg/μl)  (μl)  (μl) 

  POPC    10  152  141 

  POPS    10   78   73 

  PI(4,5)P 2     1  –  239 

  Quantities of each lipid needed for 20 mM fi nal total lipid concentration in 150 μl of liposomes  

Gabrielle C. Todd and Akira Ono
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   4.    Once all of the bulk solvent is removed, place the uncapped 
vials under vacuum for 4 h or overnight to remove any trace 
amount of solvent.    

        1.    Resuspend the lipid fi lm in 150 μl of 20 mM Hepes pH 7.0 and 
vortex for 1 min. The solution should be cloudy ( see   Note 3 ).   

   2.    Let the liposome suspension stand for 1 h at room temperature 
(RT) to hydrate.   

   3.    Disrupt the nonuniform,  multilamellar liposomes   by ten cycles 
of freeze-thaw between an acetone-dry ice bath and a water 
bath set above the transition temperature (for rapid thawing 
we use a water bath set to 50 °C).   

   4.    Assemble the extruder according to the instructions on the 
website of Avanti Polar Lipids, Inc. Briefl y:
   (a)    In the retainer nut (side B), place the Tefl on bearing fol-

lowed by the internal membrane support, O-ring side up.   
  (b)    Inside of the O-ring, place a fi lter support.   
  (c)    Place a polycarbonate membrane with the desired pore 

size over the fi lter support such that it covers the internal 
membrane support O-ring completely. We use membranes 
with a pore size of 100 nm for our experiments.   

  (d)    Place a second fi lter support in the center of the polycar-
bonate membrane ( see   Note 4 ).   

  (e)    Place the second internal membrane support on top of the 
stack, O-ring side down.   

  (f)    Slide the extruder outer casing (side A) over the top inter-
nal membrane support and screw it into the retainer nut. 
Tighten by hand, making sure that the apexes of the outer 
casing and retainer nut line up.       

   5.    Rinse the extruder syringes three times with water and three 
times with 20 mM Hepes pH 7.0.   

   6.    To reduce the dead volume in the extruder, pass one to three 
syringe volumes worth of 20 mM Hepes pH 7.0 through the 
extruder and discard.   

   7.    Take up the liposome solution into syringe A and insert it into 
side A of the extruder set up. Remove any excess buffer that is 
pushed out of side B with a Kim wipe.   

   8.    Insert an empty syringe B into side B of the extruder setup.   
   9.    Place the assembly in the holder ( see   Note 5 ).   
   10.    Gently push the liposome solution from syringe A to syringe B 

and back again, repeating 10–60 times.   
   11.    Push the liposome solution into syringe B and remove the 

assembly from the holder. Holding the assembly vertically with 

3.1.1   Unilamellar 
Liposomes  : Extrusion
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syringe B on the bottom, remove syringe A, and pull down on 
the plunger in syringe B to remove all of the liposome solution 
from the chamber. Transfer the extruded liposome solution 
from syringe B into an Eppendorf tube and store at RT 
(or above the transition temperature) until use ( see   Note 6 ).   

   12.    Clean the extruder syringes three times with 20 mM Hepes 
pH 7.0, three times with water, and once with 100 % ethanol 
( see   Note 7 ).   

   13.    Disassemble the extruder and discard the membrane and fi lter 
supports. Rinse all of the components with milli-Q water.      

       1.    Resuspend the lipid fi lm in 150 μl (or adjusted volume) of 
20 mM Hepes pH 7.0 and vortex for 1 min to mix. The solu-
tion should be cloudy.   

   2.    Let the liposome suspension stand for 1 h at room temperature 
(RT) to hydrate.   

   3.    Transfer the liposomes to a plastic Eppendorf tube and soni-
cate the liposomes for 30 min.   

   4.    Shake the liposome solution overnight at 4 °C.       

   Preparation of recombinant full-length,  myristoylated   Gag using 
bacterial expression systems is often challenging due to poor solu-
bility and proteolytic degradation. Therefore, to obtain full-length 
myristoylated Gag, we generate it by in vitro transcription/transla-
tion (TNT) in either rabbit reticulocyte lysates or wheat germ 
extracts, both of which can be purchased as kits from Promega. 
Below, we give a brief description of a typical experiment using 
rabbit reticulocyte lysate which can be altered as desired to use 
wheat germ extract [ 19 ], purifi ed full-length Gag [ 20 ], purifi ed 
Gag domains [ 5 ], or cell-derived Gag [ 16 ] ( see   Note 8 ). 

       1.    Combine the components listed in Table  2 , adding the DNA 
template last.

       2.    Incubate the reaction for 90 min at 30 °C for optimal synthesis 
of Gag protein.   

   3.    Follow the steps for the liposome fl otation assay (see below).      

       1.    Prepare a master mix of the TNT reaction with enough for two 
25 μl reactions.   

   2.    Incubate the master mix pool for 90 min at 30 °C for optimal 
synthesis of Gag protein.   

   3.    Dilute RNase A (10 μg/μl) 1:10 in 20 mM Hepes pH 7.0.   
   4.    For a negative control, remove 25 μl of the Gag TNT reaction 

from the pool and add 1.5 μl of 20 mM Hepes pH 7.0.   

3.1.2   Multilamellar 
Liposomes  : Sonication

3.2  In Vitro 
 Transcription     /
Translation of Gag 
Polyprotein

3.2.1  Rabbit Reticulocyte 
Lysate  Transcription  /
Translation Reaction

3.2.2  Monitoring 
the Gag-Membrane 
Interactions 
in the Absence of RNA
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   5.    For the RNase-treated condition, remove 25 μl of the Gag 
TNT reaction from the pool and add 1.5 μl of the diluted 
RNase A (1.5 μg RNase A per reaction).   

   6.    Incubate the negative control and RNase-treated reaction at 
37 °C for 20 min.   

   7.    Follow the steps for the liposome fl otation assay (see below).      

       1.    Prepare a master mix of the TNT reaction with enough for 
three 25 μl reactions.   

   2.    Incubate the master mix pool for 90 min at 30 °C for optimal 
synthesis of Gag protein.   

   3.    Dilute RNase A (10 μg/μl) 1:10 in 20 mM Hepes pH 7.0.   
   4.    For a negative control, remove 25 μl of the Gag TNT reaction 

from the pool and add 1.5 μl of 20 mM Hepes pH 7.0.   
   5.    For the rest of the pool, add the diluted RNase A (1.5 μl per 

reaction).   
   6.    Incubate the negative control and RNase-treated reaction at 

37 °C for 20 min.   
   7.    Inactivate the RNase A by addition of RNasin, 8 μl to the neg-

ative control reaction and 8 μl per reaction to the RNase 
A-treated pool. Incubate for 10 min at 37 °C.   

   8.    Add 8 μl of 1× RRL buffer to the negative control reaction.   
   9.    Remove 34.5 μl from the RNase A-treated pool as the RNase 

control and add 8 μl of 1× RRL buffer.   

3.2.3  Testing the Effect 
of Specifi c RNAs 
on Gag-Membrane 
Interactions: RNA 
Add-Back Assay

   Table 2  
  Recipe for rabbit reticulocyte lysate transcription/translation assay   

 Component  Volume (μl) 

 Milli-Q H 2 O  8 

 25× TNT reaction buffer  1 

 TNT rabbit reticulocyte lysate  12.5 

 RNasin  0.5 

 SP6 RNA polymerase  0.5 

 1 mM amino acid mixture (-Met)*  0.5 

  35 S Met/Cys (10 μCi/μl)  1 

 DNA template (1 μg/μl)  1 

 25 

  *Composition of a standard TNT reaction ( see   Note 9 )  
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   10.    Remove 34.5 μl from the RNase A-treated pool and add 8 μl of 
RNA, refolded in RRL buffer ( see  the Refolding RNA section).   

   11.    Incubate negative control, RNase control, and RNA add-back 
reaction(s) at 37 °C for 30 min.   

   12.    Follow the steps for the liposome fl otation assay (see below) 
adding 7.5 μl of liposomes (the fi nal reaction volume should 
be 50 μl).      

   To test the impact of various RNAs on  Gag-membrane interac-
tions  , RNAs can be chemically synthesized or prepared by in vitro 
transcription and purifi ed using standard techniques [ 21 ]. Prior to 
adding these RNAs to our Gag protein, they should be refolded. 
If refolding conditions for a particular RNA species are known, 
they can be used. If no specifi c conditions have been established, 
we recommend refolding in a buffer similar to that of the rabbit 
reticulocyte lysate. Although the exact composition of Promega’s 
rabbit reticulocyte reaction buffer is proprietary information, the 
literature from which Promega’s protocol is derived is known [ 18 ]. 
Thus we refold under these buffer conditions. 

 Yeast total tRNA can be used as a positive control. At 1 μg/μl 
fi nal concentration in our 50 μl add-back reaction, yeast tRNA can 
completely inhibit Gag binding to PC + PS liposomes, but has no 
impact on Gag binding to PC + PS +  PI(4,5)P 2    liposomes. 
At 100 ng/μl yeast tRNA, Gag binding to PC + PS liposome is 
inhibited by ~50 % relative to the RNase-treated condition. Thus 
the desired fi nal concentration of your RNA of interest may need 
to be titrated to optimally discern its impact on Gag-membrane 
binding.

    1.    To maintain a 50 μl fi nal reaction volume, 8 μl of RNA stock 
can be added.   

   2.    For refolding, mix the desired amount of RNA with water to a 
fi nal volume of 7.2 μl.   

   3.    Heat the RNA for 1 min at 95 °C to denature and snap cool 
on ice.   

   4.    Add 0.8 μl of 10× RRL buffer, mix well, and incubate at 37 °C 
for 15 min ( see   Note 10 ).   

   5.    Keep the refolded RNA on ice until use.    

         1.    Following Gag synthesis (and possible RNase treatment and/
or RNA add-back), add 7.5 μl of liposomes and incubate at 
37 °C for 15 min ( see   Note 11 ).   

   2.    Bring the fi nal reaction volume up to 200 μl with 20 mM 
Hepes pH 7.0.   

   3.    In a 5 ml ultracentrifuge tube add 1 ml of 85.5 % sucrose.   

3.2.4   Refolding RNA  

3.2.5  Liposome 
Flotation Assay
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   4.    Add the 200 μl reaction to the 85.5 % sucrose solution and 
vortex  gently  for 5 s.   

   5.    Carefully layer on 2.8 ml of the 65 % sucrose solution.   
   6.    Carefully layer on 1 ml of the 10 % sucrose solution.   
   7.    Balance pairs of tubes with additional 10 % sucrose solution if 

necessary.   
   8.    Centrifuge for 16 h at 35,000 rpm (100,000 ×  g ) at 4 °C.   
   9.    Collect fi ve 1 ml fractions from the top of the gradient by 

pipetting.   
   10.    Vortex each fraction thoroughly. Then mix 100 μl of each frac-

tion with 50 μl of 3× SDS loading buffer.   
   11.    Boil samples for 5 min and resolve on a 10 % gel by standard 

 SDS-PAGE   techniques ( see  Subheading  2  for our buffer 
compositions).   

   12.    Remove the stacking gel and incubate the resolving gel in fi x-
ing solution for 30–60 min on a rotating platform.   

   13.    Rinse the gel twice briefl y with water.   
   14.    Incubate the gel in soaking solution for 30–60 min.   
   15.    Dry the gel onto a piece of Whatman paper at 80 °C for 2 h.   
   16.    Expose the gel to a Phosphor Storage screen overnight, scan, 

and quantify Gag bands (~55 kDa) using ImageQuant soft-
ware. We consider the top two fractions of each gradient to 
contain all fl oated liposomes and therefore membrane-bound 
Gag. Unbound Gag will remain at the bottom of the gradient. 
The proportion of liposome-bound Gag can be quantifi ed as 
the sum of Gag signal in fractions 1 and 2 over the total amount 
of Gag present in fractions 1–5. For representative data, please 
see previously published results [ 7 ,  8 ,  16 ,  17 ].        

4    Notes 

     1.    Avoid using plastic pipette tips or storage vessels when work-
ing with chloroform. Chloroform can dissolve some plastics 
leading to contamination of your liposomes with unknown 
quantities and types of hydrophobic compounds.   

   2.    For solutions containing  PI(4,5)P 2   , the dried fi lm may form 
large white chunks as the water component of the solvent from 
this lipid will be the slowest to evaporate. Once all of the water 
is removed by N 2 (g), resuspend the lipids in ~100 μl of chloro-
form with gentle vortexing and dry once more with N 2 (g). 
The lipids should now dry in a smooth fi lm.   

   3.    Care must be taken to ensure that liposomes are resuspended 
and extruded at temperatures above the gel-liquid crystal tem-
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perature of the lipid with the highest transition temperature. 
The liposomes described in this chapter all have transition 
temperatures well below room temperature; thus we perform 
all subsequent extrusion steps at room temperature. More 
information about the transition temperatures of lipids can be 
found on the Avanti Polar Lipids, Inc. website.   

   4.    If having diffi culty placing the fi lter supports or membrane due 
to static electricity, place a droplet of water between each layer.   

   5.    If the transition temperature of the lipid mixture is above room 
temperature, the extruder holder can be placed on a heat block 
set to the desired temperature so that extrusion can be carried 
out at elevated temperatures.   

   6.    Liposomes can be extruded starting from either side of the 
assembly. However, it is critical that liposomes are removed 
from the apparatus in the syringe opposite the one from which 
they entered the extruder to ensure that all liposomes have 
passed through the membrane. Thus we fi nd it easiest to label 
the sides A and B and always input from side A and extract 
from side B.   

   7.    It is important that organic solvents other than alcohols are 
not used with the extruder syringes because organic solvents 
can dissolve the glue holding on the Tefl on plunger tip.   

   8.    These protocols involve radiolabeling of the Gag protein. 
Specifi c protocols for handling radioactive samples and for col-
lecting radioactive waste vary among institutions.  Be sure to 
follow the standard procedures outlined by your institution .   

   9.    We used a homemade preparation of amino acids (-Met) 
because several lots of amino acids (-Met) prepared by Promega 
were mislabeled and actually contained Met, resulting in very 
low levels of  35 S Met incorporation.   

   10.    Do not heat RNA in the presence of divalent ions! This will 
result in degradation of your RNA. Therefore it is important to 
add the stock buffer containing Mg 2+   after  the RNA has 
cooled.   

   11.    The amount of liposomes needed to obtain good levels of fl o-
tation may need to be titrated for specifi c applications.         
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    Chapter 13   

 Visualizing the Behavior of HIV-Infected T Cells In Vivo 
Using Multiphoton Intravital Microscopy       

     Radwa     Sharaf    ,     Thorsten     R.     Mempel    , and     Thomas     T.     Murooka       

  Abstract 

   The introduction of multiphoton microscopy has dramatically broadened the scope of intravital imaging 
studies and has allowed researchers to validate and refi ne basic mechanistic concepts in many areas of biol-
ogy within the context of physiologically relevant tissue microenvironments. This has also led to new 
insights into the behavior of immune cells at steady state, and how their behaviors are altered during an 
immune response. At the same time, advances in the humanized mouse model have allowed for in vivo 
studies of strictly human pathogens, such as HIV-1. Here, we describe in detail an intravital microscopy 
approach to visualize the dynamic behavior of HIV-infected T cells within the lymph nodes of live, anes-
thetized humanized mice.  

  Key words     Multiphoton intravital microscopy  ,   In vivo imaging  ,   Popliteal lymph node  ,   Lymphocyte 
motility  ,   HIV-1  ,   Humanized mice  ,   Fluorescent protein  ,   Mean track velocity  

1      Introduction 

 Multiphoton intravital microscopy (MP-IVM) is a powerful imag-
ing modality that allows for the direct dynamic observation of bio-
logical processes in their physiological tissue environment at 
cellular and subcellular resolution. The physical principle of multi-
photon excitation allows for deeper optical penetration into tis-
sues, compared to conventional fl uorescence techniques, as well as 
for prolonged, continuous observations due to minimized photo-
toxicity and photobleaching [ 1 ,  2 ]. The study of the migratory 
behavior and function of immune cells, especially in the context of 
a developing immune response, is particularly amenable to this 
technology [ 3 ,  4 ]. 

 Current humanized mouse models of HIV infection closely 
recapitulate several key aspects of HIV-1 infection in humans, 
including high viral loads upon vaginal [ 5 – 7 ] and rectal transmission 
[ 8 ], CD4 +  T cell depletion in the peripheral blood and mucosal 
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tissues [ 5 ,  9 ], the generation of functional CTL responses [ 10 ], and 
viral latency [ 11 ]. Accordingly, the mouse models have been used to 
evaluate the effi cacy of several preclinical vaccine and anti- retroviral 
strategies. Here, we describe a new in vivo imaging approach that 
utilizes fl uorescent HIV reporter strains to visually track and charac-
terize the dynamic behavior of infected cells in lymph nodes of 
humanized mice. The technique can be adapted to understand the 
cellular and molecular mechanisms that govern the effi cient spread 
of HIV within lymphoid and non-lymphoid organs in real time.  

2    Materials 

       1.    DNA plasmid containing a fl uorescent protein-expressing, 
full-length HIV-1 proviral cDNA, such as the CCR5-using, 
NL4-3 IRES GFP reporter strain (HIV-GFP) [ 7 ] ( see   Note 1 ).   

   2.     HEK 293T cell line   (human embryonic kidney cells expressing 
SV40 T antigen).   

   3.    MAGI-CCR5 cell line (NIH AIDS Reagent Program).   
   4.    DMEM supplemented with 10 % FCS, 2 mM  L -glutamine, 

1 mM sodium pyruvate, and 10 mM HEPES.   
   5.    Calcium phosphate transfection kit.   
   6.    150 mm tissue culture plates.   
   7.    Ultracentrifuge with a swinging bucket rotor and buckets 

(e.g., sw32Ti).   
   8.    Ultraclear ultracentrifuge tubes (e.g., 38.7 mL capacity tubes).   
   9.    20 % sucrose solution in phosphate-buffered saline.   
   10.    50 mL conical tube.      

       1.    Spleen and lymph node cells harvested from humanized mice.   
   2.    Immunomagnetic human CD4 +  T cell-positive selection kit.   
   3.    Anti-human CD3ε/CD28 antibody-conjugated Dynabeads.   
   4.    Human recombinant IL-2.   
   5.     RPMI   medium supplemented with 10 % FCS, 2 mM 

 L - glutamine , 1 mM sodium pyruvate, and 10 mM HEPES.   
   6.    CellTracker Orange (CMTMR; 5-(and-6-)-(((4-chloromethyl)

benzoyl)amino) tetramethylrhodamine).   
   7.    PBS supplemented with 1 % FCS.      

2.1  Construction 
and Preparation 
of Fluorescent 
Reporter HIV

2.2  Human CD4 +  
T Cell Isolation 
and Expansion into 
 Central Memory  -Like 
T Cells (Tcm)
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       1.    96-well, fl at-bottom culture plates.   
   2.    Polybrene (hexadimethrine bromide).   
   3.    25 cm 2  tissue culture fl ask.      

       1.    Ketamine HCl solution, 100 mg/mL (e.g., Ketaset).   
   2.    Xylazine HCl solution, 20 mg/mL (e.g. Rompun).   
   3.    NaCl 0.9 % for injection.   
   4.    Insulin syringe (19G).      

       1.    Custom-built microscope stage ( see  Fig.  1b ,  see   Note 2 ).
       2.    Small animal clipper (e.g., Pocket Pro pet trimmer).   
   3.    Depilation crème (e.g., Nair).   
   4.    Cotton tip applicators.   
   5.    2 × 2 in. gauze sponges.   

2.3  In Vitro Infection 
of CD4 +  Tcm 
with a Fluorescent 
Reporter HIV Strain

2.4  Surgical 
Anesthesia

2.5  Microsurgical 
Preparation 
of the Mouse Popliteal 
Lymph Node 
for Intravital 
Microscopy

  Fig. 1    General overview of the methodological steps required to visualize HIV-infected cells in the lymph node. 
( a ) Flowchart view of (1) HIV production, (2) intravital imaging, and (3) image analysis. ( b ) Fully assembled 
popliteal LN preparation. ( c ) Schematic of the temperature control system.       
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   6.    Surgical instruments: Straight “tough-cut” iris scissors (1), 
Vannas spring scissors with 3–5 mm blades (1), Dumont #5 
Forceps standard tip, straight, 0.1 mm × 0.6 mm, Inox, 11 cm 
total length (2), Dumont #5 Forceps, Biologie tip, 
0.05 mm × 0.02 mm, Inox, 11 cm total length (2).   

   7.    18 mm #1 round cover glasses.   
   8.    Ethyl-2-cyanoacrylate glue (e.g., Crazyglue).   
   9.    Adhesive tape.   
   10.    Suture material (e.g., 5-0 braided silk).   
   11.    High-viscosity vacuum grease.   
   12.    Plasticine modeling clay.   
   13.    Miniature K type thermocouple.      

       1.    Upright multiphoton microscope equipped with (a) at least 
three non-descanned PMT detectors (e.g., Ultima IV, Bruker 
Corporation; TriMScope, LaVision Biotec; TCS SP8, Leica; 
LSM 7 MP Zeiss; FluoView MPE-RS, Olympus); (b) a high 
numerical aperture objective lens (e.g., Olympus 
XLUMPLFL20XW 20×, 0.95 NA, water immersion, 2 mm 
working distance); and (c) a femtosecond-pulsed infrared laser 
(e.g., Insight DS + , Spectra-Physics/Newport or Chameleon 
Vision II, Coherent).   

   2.    Small water bath.   
   3.    Roller pump (e.g., Masterfl ex L/S with Easyload II).   
   4.    Digital thermometer (e.g., model 710, BK).   
   5.    Polyethylene tubing (e.g., Intramedic PE160).      

       1.    Image analysis computer workstation with high graphics 
processing capability.   

   2.    Image analysis  software   that allows processing and analysis of 
4-dimensional (3-D and time) data sets (e.g., Volocity or 
Imaris). As a more cost-effective alternative to these commer-
cial products, the freeware program ImageJ with its wide array 
of freely available plug-ins (  http://rsb.info.nih.gov/ij/    ) can 
substitute for some of the most relevant functions of image 
processing and analysis.       

3    Methods 

 We describe two approaches to visualize the behavior of HIV- 
infected cells in the lymph node of live, anesthetized humanized 
mice: (1) footpad injection with reporter HIV to visualize in situ- 
infected cells ( see  Fig.  2a ), and (2) footpad injection with HIV- 
infected, CD4 +  central memory-like T cells (Tcm) to visualize 

2.6  Multiphoton 
Intravital Microscopy 
of the Mouse Popliteal 
Lymph Node ( See  
 Note 3  ) 

2.7  Image 
Processing 
and Quantitative 
Analysis of HIV-
Infected Cell Motility

Radwa Sharaf et al.
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adoptively transferred cells ( see  Fig.  2b ). Each protocol is designed 
to address distinct questions, and the investigator can choose the 
approach that best suits their study objectives. The generation of 
humanized  b one marrow/ l iver/ t hymus “BLT” mice is not dis-
cussed in this chapter; a detailed description of how to generate 
these mice has been previously reported [ 9 ]. Notably, imaging 
studies were conducted using  BLT mice   reconstituted on the 
NOD.scid genetic background, where skin-draining lymph nodes 
(e.g., popliteal LNs) are well developed and suitable for intravital 
imaging. We found that mice with a minimum human peripheral 
blood reconstitution of >50 % human CD45 +  cells, and >30 % T 
cells within the CD45 +  gate, worked best for T cell imaging stud-
ies. A fl owchart illustrating the overall methods described below is 
shown in Fig.  1a .

         1.    The day before transfection, seed 7 × 10 6  HEK 293T cells in a 
150 mm tissue culture plate in complete DMEM.   

   2.    Referring to Table  1 , add plasmid DNA (e.g., HIV-GFP) to 
nuclease-free water in a 50 mL conical tube and gently mix by 
pipetting.

3.1   Preparation 
of High-Titer Reporter   
HIV for Footpad 
Injection

  Fig. 2    Intravital microscopy of HIV-infected cells in lymph nodes. ( a ) Visualization of in situ HIV-infected lymph 
node cells. The popliteal LN was prepared for microscopy at day 4 after footpad injection with HIV-GFP. Elapsed 
time in minutes:seconds. Migratory tracks are shown on the  right . ( b ) Visualization of adoptively transferred 
uninfected and HIV-infected Tcm in the lymph node. The popliteal LN was prepared at 12 h after adoptive 
transfer of Tcm. Selected intravital micrographs of infected (GFP + ;  green ) and uninfected (CMTMR + ;  red ) in the 
lymph node show differences in the morphologies that these two populations adopt in the LN. Elapsed time in 
minutes:seconds. T cell migratory tracks are shown on the  right .       
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       3.    Again referring to Table  1 , add the appropriate amount of 2 M 
CaCl 2  to the DNA/water mixture and thoroughly mix.   

   4.    While gently vortexing the tube containing the DNA/water/
CaCl 2  mixture, add 2× HBS dropwise. Incubate the mixture 
for 3 min at room temperature.   

   5.    Gently vortex the mixture and add dropwise directly onto the 
medium and gently rock the tissue culture plates. Incubate the 
cells at 37 °C.   

   6.    Replace the medium at 16–18 h post-transfection after a single 
wash with PBS.   

   7.    At 40–42 h post-transfection, harvest the viral supernatant and 
centrifuge for 5 min at 400 ×  g . This will remove cellular debris 
that may be present in the viral supernatant. An additional col-
lection may be performed after incubating for another 24 h 
with 20 mL of fresh complete DMEM.   

   8.    Fill 32 mL of clarifi ed viral supernatant into a 38.7 mL capacity 
ultracentrifuge tube, and underlay with 4 mL of 20 % sucrose 
solution.   

   9.    Centrifuge the viral supernatant at 90,000 ×  g  for 2 h at 
4 °C. Set the deceleration rate on low to avoid disruption of 
the viral pellet.   

   10.    Decant the supernatant and resuspend the pellet with 32 μL of 
PBS to achieve a concentration of approximately 1000× from 
the starting material.   

   11.    Aliquot viral stocks into cryovials and keep in a −80 °C or 
−152 °C freezer for long-term storage. Repeated freeze-thaw 
cycles will result in reduced infectivity and should be avoided.   

    Table 1  
  Reagents and volumes required for calcium phosphate transfection   

 Reagent  Volume per 150 mm culture dish 

 HIV plasmid  36 μg 

 2 M CaCl 2   174 μL 

 Nuclease-free water  Up to 1400 μL 

 2× HBS, pH 7.05  1400 μL 

 Total  2800 μL 

Radwa Sharaf et al.
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   12.    Viral titers are measured using MAGI-CCR5 cell lines, as 
described previously [ 12 ]. HIV titers obtained using this 
method are typically 5 × 10 6 –5 × 10 7  infectious units/mL.   

   13.    Inject HIV (typically 50,000–150,000 infectious particles) 
into the right footpad of humanized mice using an insulin 
syringe. The right popliteal lymph node is then prepared for 
intravital imaging at days 2–6 post-infection.      

       1.    Spleen and lymph node cells are harvested from a humanized 
mouse ( see   Note 4 ). Naïve CD4 +  T cells are isolated using an 
anti-CD4 microbead separation kit.   

   2.    T cells are washed and resuspended at 1 × 10 6  cells/mL in 
complete  RPMI medium.   Plate one million cells into each well 
in a 24-well tissue culture plate and incubate with 75 μL of 
anti-CD3ε/CD28 antibody-conjugated Dynabeads to achieve 
a 3:1 ratio of beads to cells. Incubate at 37 °C.   

   3.    At day 2, remove the Dynabeads by running the cell suspen-
sion through a magnetic column, and reseed T cells at 2 × 10 5  
cells/mL in complete RPMI medium supplemented with 
50 IU/mL human recombinant IL-2. At days 4 and 6, centri-
fuge T cells again and reseed at 2 × 10 5  cells/mL in fresh  com-
plete   RPMI medium supplemented with 50 IU/mL IL-2 to 
gradually increase cell numbers.   

   4.    At day 8, analyze T cell cultures for CD4, CCR7, CD45RO, and 
CD62L cell surface expression. Central memory CD4 +  T cells 
are CCR7 +  CD45RO +  CD62L + , as described previously [ 7 ].   

   5.    Pellet fi ve million cells by centrifugation at 400 ×  g  and resus-
pend in a mixture of concentrated HIV-GFP viral stocks and 
complete RPMI medium to reach a fi nal volume of 200 μL. Add 
polybrene to a fi nal concentration of 8 μg/mL and plate the T 
cell/HIV suspension into a 96-well, fl at-bottom tissue culture 
plate. Typically, a multiplicity of infection (MOI) of 0.5–1 is 
used to infect T cells.   

   6.    Seal the lid onto the plate with paraffi n wax and centrifuge the 
plate at 1200 ×  g  for 2 h at 37 °C.   

   7.    After the spin, remove T cells, add 5 mL of complete RPMI 
1640 supplemented with 50 IU/mL hrIL-2, and plate in a 
25 cm 2  tissue culture fl ask, standing up.   

   8.    At day 2 post-infection, T cells are collected and the proportion 
of GFP +  infected T cells is enumerated by fl ow cytometry.   

   9.    Recipient humanized mice are given daily intraperitoneal injec-
tions of  emtricitabine   (FTC, 100 mg/kg) and  tenofovir   (TDF, 
150 mg/kg) for 2 days prior to T cell transfer ( see   Note 5 ).   

3.2  Human CD4 +  
Central Memory T Cell 
 Expansion  ,  Infection, 
  and Adoptive Transfer 
into Humanized  Mice  
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   10.    Resuspend T cells in 50 μL (or less) of PBS and inject into the 
right footpad of humanized mice using an insulin syringe. 
Injection of 250,000–500,000 GFP +  T cells typically seeds 
the draining lymph node with suffi cient cell numbers for 
intravital imaging.   

   11.    (Optional) Prepare and label one million uninfected T cells 
with 10 μM CMTMR for 15 min in PBS + 1 % FCS and wash 
with equal volume of 100 % FCS. Adoptively transfer CMTMR +  
T cells into the same right footpad to seed the draining popliteal 
lymph node with an uninfected, control T cell population.   

   12.    Prepare the right popliteal lymph node for intravital micros-
copy 10–12 h after adoptive cell transfer.      

       1.    Mice are anesthetized by initially intraperitoneal injection of a 
mixture of ketamine, xylazine, and NaCl 0.9 % (to achieve a 
dose of 100 mg/kg body weight for ketamine and 10 mg/kg 
for xylazine). A surgical plane of anesthesia is achieved if the 
mouse does not react to fi rm pinching of the footpad. Repeat 
injections during the surgical procedure and later on during 
the imaging session can be carried out intramuscularly to 
achieve slower release and more even plasma levels.      

   We have previously described a detailed protocol for the lymph 
node preparation, which will not be discussed in this chapter [ 13 ] 
(Fig.  1b ). Notably, we found no differences in the positioning and 
size of the popliteal LN between conventional C57BL/6 
and humanized mice. When performing surgeries on HIV-infected 
mice, biosafety measures approved by the relevant institutional 
agency must be strictly followed. Standard personal protective 
equipment in BSL 2 +  facilities typically includes Tyvek coveralls, 
hairnet, protective mask, goggles, shoe covers, and double gloves. 
Additional safety measures such as the use of syringes with retractable 
needles, puncture-proof gloves, and DecapiCone mouse restrain-
ers are recommended.  

       1.    Through the eyepieces of the microscope, the popLN can be 
distinguished from the surrounding tissue structures by its oval 
shape and its green autofl uorescence under mercury arc lamp 
illumination ( see   Note 7 ). Flow in negatively contrasted blood 
vessels can be assessed for robustness of perfusion. Any residual 
movement of the specimen that is noticeable at this point will 
preclude acquisition of high-resolution 3D image stacks and 
should be corrected by readjustment of the preparation under 
the dissecting microscope.   

   2.    T cell migration is highly temperature dependent [ 14 ]. Since 
the water immersion objective lens functions as a heat sink, 
the ambient popLN temperature must be actively maintained 

3.3  Surgical 
Anesthesia

3.4  Microsurgical 
Preparation of the 
Mouse Popliteal 
Lymph Node for 
Intravital Microscopy 
( See   Note 6 )

3.5  Multiphoton 
Intravital Microscopy 
of the Mouse Popliteal 
Lymph Node

Radwa Sharaf et al.



197

close to 37 °C. Perfusing the circular metal tube overlying the 
cover glass is a cost-effective and convenient approach, since 
the temperature can be quickly adjusted by changing the fl ow 
rate (Fig.  1c ).   

   3.    The laser source is tuned to 920 nm and the microscope 
equipped with appropriate fi lter combinations to detect blue, 
green, and orange-red fl uorescence emission (e.g., using 
455/50, 525/50, and 590/50 nm bandpass fi lters). After 
switching to viewing by multiphoton fl uorescence excitation, 
back-scattered second harmonic signals from the collagen-rich 
organ capsule and the lymph node reticulum are visible in the 
blue channel and serve as convenient landmark structures to 
assess the current location within the popLN. The green chan-
nel will show fl uorescence of eGFP, and the red channel will 
show fl uorescence of CMTMR. Any autofl uorescence will be 
detected in all channels.   

   4.    To test the viability of the preparation, the baseline migratory 
behavior of labeled lymphocytes is recorded. To this end, a 
fi eld of view containing the T cell area (typically 150–200 μm 
away from the LN capsule) is chosen and a stack of optical sec-
tions (e.g., 11 sections spaced 4 μm apart in the  z -axis, corre-
sponding to 40 μm of depth) repetitively recorded (e.g., at 
15-s intervals) for 15 min without optical zoom (when using a 
20× lens this typically results in a fi eld size of 500–700 μm). 
Most commercial image acquisition software allows subse-
quent browsing through the acquired image sequence along 
the time axis to visually assess cell motility. At this point, atten-
tion should also be paid to the stability of the preparation. In 
particular, movement artifacts caused by the respiratory move-
ment of the mouse or the pulsation of a nearby arterial vessel 
as well as a gradual drift of the specimen need to be corrected 
by readjustment of the preparation under the dissection micro-
scope. At this point, the optimal microscope settings (laser 
power, PMT gain, offset, etc.) to obtain balanced signals of 
GFP and CMTMR are determined and loaded.   

   5.    Once a representative location with a suffi cient number of fl u-
orescently labeled cells is identifi ed, begin image acquisition. 
Ideally, a continuous recording of several hours should be gen-
erated, but because of practical limitations, typically multiple 
sequential recordings have to be obtained ( see   Note 8 ).      

   Image analysis software that  allows   for processing and analysis of 
4-dimensional (3-D and time) data sets is used (e.g., Volocity, 
Improvision or Imaris, Bitplane). Each lymphocyte track is visually 
inspected, and those that track artifacts (e.g., autofluorescent 
structures) are manually deleted from the analysis ( see   Note 9 ). 
Information on the calibrated spatial position in the  x ,  y , and  z  

3.6  Image 
Processing 
and Quantitative 
Analysis of Cell 
Migration Behavior

In Vivo Imaging of HIV-Infected Cells
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dimension and on the green (infected) and red (uninfected) 
integrated fluorescence for all individual time points of measured 
T lymphocyte tracks is exported as tab-delimited .txt files. These 
can then be computed to obtain parameters describing cell motility 
(e.g., instantaneous migratory velocity, turning angles) in a spread-
sheet calculation program such as Excel (Microsoft corporation) or 
a matrix-based computing environment such as Matlab 
(Mathworks). The speed of cellular movement is a useful parame-
ter describing cell motility, and is often reported. The instantane-
ous migratory velocity is measured by dividing the distance traveled 
between two subsequent time frames by the time between frames, 
and provides information on the short-term fluctuations of cell 
motility of individual cells. Track velocity, on the other hand, 
describes the average velocity of individual cells. Finally, the arrest 
coefficient describes the fraction of time an individual cell is 
“arrested” (defined as velocities below an arbitrarily defined thresh-
old velocity, e.g., 4 μm/min). Only determining the mean arrest 
coefficient or track velocity of a population can obscure the behav-
ior of minor but biological relevant subpopulations, which may be 
revealed by analyzing the distribution of these parameters. The 
turning angle is also an important feature describing the direc-
tional persistence or bias of migrating cells and can be used to 
detect subtle changes in movement behavior. A cell displaying ran-
dom migration would exhibit an even distribution of turning 
angles, whereas a preferred range of turning angles may be over-
represented in biased random or nonrandom movement. It is 
important to note that the speed and turning angle are dependent 
on the acquisition parameters, and larger time intervals between 
frames will generally lead to a larger error. We refer readers to a 
comprehensive review on the analysis of these and additional 
parameters of cellular migration [ 15 ]. Taken together, the speed, 
turning angle, and mean displacement of a cell population are all 
powerful measures to describe cell motility and to characterize 
subtle changes in movement behavior in vivo .    

4    Notes 

     1.    HIV encodes only a small number of genes, whose open reading 
frames overlap. This makes it diffi cult to insert fl uorescent 
reporter genes or tags within the genome without negatively 
affecting multiple genes or critical regulatory elements required 
for viral infection and replication. The R5-tropic HIV-GFP 
reporter used in our experiments expresses Nef and GFP from 
a single bicistronic RNA via an IRES element, and had 
 comparable in vivo infection kinetics when compared to the 
parental, non-GFP-encoding strain [ 7 ]. 

Radwa Sharaf et al.
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 All newly constructed reporters must be rigorously validated 
to ensure that the introduced reporter sequence does not neg-
atively impact the infectivity, replication kinetics, and bud-
ding/release of HIV in primary cells. If a fl uorescent 
protein-based reporter is used [ 7 ,  16 ,  17 ], additional consider-
ations including the brightness, photostability, oligomerization 
property and maturation time of the fl uorescent protein (FP), 
the impact of FP fusions on the function of the protein they are 
fused to, and whether the FP used is optimally excited and 
detected by the imaging setup being employed [ 18 ] need to be 
taken into account. When non-fl uorescent protein-based 
reporters are used [ 19 ,  20 ], potential toxicity of the labeling 
procedure and the low signal-to-noise ratio in many tissues 
must be considered.   

   2.    Our microscope stage is manufactured using a Plexiglas plate 
as the base, onto which various elements for the fi xation of the 
mouse are mounted. These elements for the most part consist 
of materials available in any hardware store that are shaped to 
suit their particular function. We found small steel corner 
brackets, angle-style steel shelf support pegs, screws and nuts 
of various calibers, silicone-based windshield sealer, and the 
casting resin to be very useful items. The only expensive ele-
ment is a 3-D micromanipulator, which allows for the con-
trolled positioning of the cover glass on the popLN.   

   3.    The microscope must be situated in the appropriate biosafety 
containment-level facility for the handling of HIV-infected 
mice. All required biosafety and animal care protocols must be 
approved by the relevant institutional agencies in order to con-
duct all imaging studies described in this chapter.   

   4.    Typically, 10–20 humanized mice are implanted with tissue/
cells from a single human donor and are immunologically tol-
erant to each other within the same “batch.” Donor (source of 
T cells) and recipient (host receiving adoptive T cell transfers) 
humanized mice from the same batch are used to prevent 
immune rejection and/or inappropriate alloreactivity of trans-
ferred T cells in all experiments.   

   5.    The pretreatment of recipient mice with a combination of anti-
retroviral drugs prevents the infection of recipient mice to 
ensure that only the transferred HIV-infected T cells are 
visualized.   

   6.    Our choice of the popLN for MP-IVM studies over other 
skin- draining LNs was based on two observations: (1) The 
quantity of footpad-injected reagents that drains to the LN 
can be controlled more accurately with the popLN than with 
other  skin- draining LNs. (2) Due to the popLN’s remote 
location to the animal’s trunk, the respiratory movements, 
which would inevitably cause motion artifacts during the slow 

In Vivo Imaging of HIV-Infected Cells
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image acquisition achieved by laser-scanning microscopy, 
could be shielded off effectively without applying pressure to 
the surrounding tissues.   

   7.    If a conventional epifl uorescence unit is unavailable, marking 
the position of the lymph node by drawing a circle around it 
on the dry cover glass with a fi ne marker pen can help with 
locating and focusing of the tissue under the multiphoton 
microscope. Oblique bright-fi eld epi-illumination with a 
handheld fl ashlight then allows viewing of the specimen 
through the eyepieces of the microscope.   

   8.    The duration of the recording is limited by (1) the require-
ment to obtain access to the animal in order to maintain surgi-
cal anesthesia, (2) evaporation of the immersion water, and (3) 
restrictions of either the acquisition software or the computer 
hardware on the maximum size of the recorded data fi les. 
Besides the total length of the recording, the fi le size can typi-
cally be adjusted through the pixel resolution, the number of  z  
planes, and the cycle time. We typically use a pixel resolution of 
512 × 512, 11 optical sections, and a cycle time of 15 s, since 
this provides us with a good compromise between fi le size, 
image detail, and the ability to follow individual motile cells for 
suffi cient time to obtain meaningful data.   

   9.    Specifi c points to consider when visually inspecting tracks: (1) 
Tracks with very low meandering indices (large displacement 
values between the fi rst and last track despite a low length of 
distance travelled) may indicate noncellular artifacts, (2) tracks 
that contain few time points may indicate cells leaving the fi eld 
of view (FOV) and possibly not suitable for analysis (this 
should be recorded and kept constant for the entire data set), 
(3) tracks with low displacement values may be indicative of 
non-motile autofl uorescent artifacts, (4) two intersecting 
tracks leading to a switching of the two tracks should be manu-
ally corrected, and (5) tracks that border the FOV where only 
a portion of the cell is visible should be deleted. It is important 
to note that these are guidelines, and manual inspection of all 
tracks is essential not to over/underestimate cellular motility.         
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    Chapter 14   

 Modeling HIV-1 Mucosal Transmission and Prevention 
in Humanized Mice       

     Milena     Veselinovic    ,     Paige     Charlins    , and     Ramesh     Akkina      

  Abstract 

   The new generation humanized mice (hu-mice) that permit continuous de novo generation of human 
hematopoietic cells have led to novel strategies in studying HIV-1 pathogenesis, prevention and therapies. 
HIV-1 infection of hu-mice results in chronic viremia and CD4+ T cell loss, thus mimicking key aspects of 
the disease progression. In addition, the new generation hu-mice are permissive for HIV-1 sexual transmis-
sion by vaginal and rectal routes thus allowing in vivo effi cacy testing of new anti-HIV-1 drugs for preven-
tion. Two leading models are currently being used, namely the hu-HSC mice and the BLT mice. Here we 
describe the methodology for generating both hu-HSC and BLT mice and their use in the study of HIV-1 
transmission and prevention of infection by topical and oral administration of anti-retroviral drugs. 
Practical aspects of the methodologies are emphasized.  

  Key words     Modeling HIV transmission and prevention  ,   HIV pre-exposure prophylaxis  ,   HIV-1 
PrEP  ,   HIV-1 animal models  ,   Preparation of humanized mice  ,   Hu-HSC and BLT mice  ,   HIV infec-
tion in humanized mice  ,   HIV mucosal transmission  ,   HIV vaginal and rectal transmission  ,   PK-PD in 
HIV-1 PrEP  

1      Introduction 

 As HIV-1 is a human pathogen, conventional animal models are 
not suitable to study its pathogenesis, prevention and therapeutic 
strategies. To overcome this limitation, immunodefi cient mice 
engrafted with human cells that are permissible  for   HIV-1 infec-
tion (hu-mice) have been developed. Hu-mouse models have 
undergone progressive improvements during the last two decades 
and the new models have proven to be far superior to earlier mod-
els [ 1 ]. The early hu-mice versions, namely the hu-PBL-SCID 
mice and SCID-hu mice, while susceptible to HIV-1 infection, do 
not permit de novo generation of all hematopoietic lineages and 
thus have drawbacks. The advent of new generation immunodefi -
cient mice that also harbor  IL-2   gamma chain mutation permit 
higher levels of human cell reconstitution and more robust human 
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hematopoiesis [ 2 ]. These mice, after reconstitution with human 
hematopoietic stem cells (HSC) generate human T cells, B cells, 
monocytes/macrophages, NK cells as well as dendritic cells, which 
are principal components of both innate and adaptive immune 
responses. Infection of these mice with HIV-1 results in chronic 
viremia and CD4+ T cell depletion which are hallmarks  of   HIV-1 
infection and AIDS. In contrast to the early hu-mouse models, 
there is also an HIV-1 specifi c immune response. Two new genera-
tion hu-mouse models are currently used. The hu-HSC model 
(sometimes referred to as RAG-hu mice in the literature) employs 
engraftment of human  CD34+ HSC   whereas the BLT mouse 
model is generated by transplantation of human fetal thymic and 
liver tissues under the kidney capsule in addition to engraftment of 
CD34+ HSC [ 3 ,  4 ]. While both models  support   HIV-1 infection 
and immune responses, an advantage with the BLT mouse model 
is the maturation of human T cells occurring in the autologous 
human thymus and thus permitting human HLA restricted human 
T cell responses to antigens. 

 The primary mode of HIV-1 transmission is by sexual routes 
via the vaginal or rectal mucosa. To prevent HIV-1 infection 
through these routes, strong and sustained mucosal immune 
responses are necessary. However, currently no vaccine has been 
successful to impart such protective immunity [ 5 ]. Therefore, 
other alternative methods are urgently needed. In this regard, pre- 
exposure prophylaxis ( PrEP  ) approaches that encompass either 
oral or  topical   administration of anti-HIV-1 retroviral drugs have 
shown considerable promise and many clinical trials are currently 
underway [ 6 – 8 ]. 

 Due to the lack of an ideal in vivo model for HIV-1 mucosal 
transmission until recently, the SIV/SHIV-1 model had been used 
extensively to study the viral transmission and its prevention in 
non-human primates (NHP) [ 9 ]. However, among the limitations 
with using NHPs are high cost and the inability to use HIV-1 itself 
for challenge studies. These disadvantages are now overcome by 
the recent demonstration that hu-mice can be infected by HIV-1 
by both vaginal and rectal mucosal routes since both hu-HSC and 
BLT models were shown to harbor HIV-1 susceptible cells in the 
vaginal and rectal mucosa [ 1 ]. Viremia is detected within 1–3 weeks 
after mucosal HIV-1 challenge with either  CCR5   or  CXCR4  - 
tropic  HIV. Using these models, both oral  and   topical PrEP strate-
gies were shown to be successful and a number of antiretroviral 
drugs were shown to be effective [ 1 ,  3 ]. The stage is now set to 
evaluate a number of new anti-HIV-1 compounds in the current 
anti-retroviral drug pipeline. 

 Here we describe the methodologies of how to prepare hu- 
mice, infection by parenteral (intraperitoneal) and mucosal routes, 
assessment of HIV-1 viremia, CD4+ T cell loss, effi cacy testing of 
anti-retroviral drugs administered either by topical or oral routes 
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and collection of mucosal tissues after drug administration 
( see   Notes 1  and  2 ). While both the hu-HSC and  BLT mice   can be 
used for these purposes, the hu-HSC mice have some advantages 
in terms of lower cost, little or no graft versus host disease, no sur-
gery involved and the capacity to generate larger number of ani-
mals in a single cohort using tissues from one donor. A major 
question in the PrEP fi eld currently is what concentration of the 
drug is necessary in the mucosal tissues to afford full protection 
[ 10 ]. Thus, detailed PK-PD studies are necessary to establish pro-
tective concentration of various anti-HIV-1 drugs. Recent data 
from our laboratory have demonstrated the utility of hu-HSC mice 
in this regard as detailed below [ 11 ].  

2    Materials 

       1.    BSL-2 laboratory with biosafety cabinet.   
   2.    Personal protective equipment (PPE)—lab coat, gloves, face 

mask, protective glasses.   
   3.    Disposable protective absorbent pads.   
   4.    Petri dishes (100 mm).   
   5.    20 ml syringe.   
   6.    1.5 ml microcentrifuge tubes.   
   7.    15 and 50 ml conical vials.   
   8.    5, 10 and 25 ml serological pipettes.   
   9.    1× phosphate buffered saline (PBS).   
   10.    Microcentrifuge.   
   11.    Bench top centrifuge.   
   12.    Single channel manual pipettes and tips p20, p200, and p1000.      

       1.    Human fetal liver tissue.   
   2.    2× AB/AM AIMs media: AIM-V media + AlbuMAX (BSA) 

supplemented with 0.5 μg/ml amphotericin B, 200 μg/ml 
streptomycin, and 200 units/ml penicillin.   

   3.    DNase—322 Kunitz/ml, hyaluronidase—1 mg/ml, collage-
nase type IV—1 mg/ml—(for making a concentrated 100× 
stock  see   Note 3 ).   

   4.    Ficoll-Paque PLUS.   
   5.    CD34+ cell isolation buffer: 1× PBS with 0.5 % BSA and 2 mM 

EDTA, sterilized by vacuum fi ltration ( see   Note 4 ).   
   6.    MACS magnetic bead separation system: Pre-separation fi lters, 

Midi MACS separation magnets, MACS separation multis-
tand, LS columns, FcR human blocking reagent, CD34+ 
(human) microbeads.   

2.1  General 
Laboratory Materials 
and Equipment

2.2  Isolation 
and Maintenance 
of Human  CD34+ HSC    

HIV Infection and Prevention in Humanized Mice
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   7.    CD34+ cell media:  Iscove’s Modifi ed Dulbecco’s Media   
 supplemented with 0.5 μg/ml amphotericin B, 200 μg/ml 
streptomycin, and 200 units/ml penicillin, 10 % fetal bovine 
serum, 25 ng/ml of IL-3, IL-6, and SCF, sterilized by vacuum 
fi ltration ( see   Note 5 ).   

   8.    Stainless steel disposable scalpels.   
   9.    40 μm cell strainer.   
   10.    Mouse anti-human CD34-PE.   
   11.    Stem cell cryopreservation media.   
   12.    Flow cytometer.      

       1.    1–4 day old neonate   BALB/c-Rag1   null   γc   null    ,   BALB/c- Rag2   null   
γc   null            or  NOD- scid  IL2R γ  null    ( NSG  ) mice.   

   2.    Sterile ½ cc U-100 Insulin syringe.   
   3.    CD34+ cell media:  Iscove’s Modifi ed Dulbecco’s Media   

(IMDM) with 0.5 μg/ml amphotericin B, 200 μg/ml strepto-
mycin, and 200 units/ml penicillin, 10 % fetal bovine serum, 
25 ng/ml of IL-3, IL-6, and SCF, sterilized by vacuum fi ltra-
tion ( see   Note 5 ).   

   4.    Isolated  human   CD34+ HSC ( see   Note 6 ).   
   5.    Gamma irradiation source.      

       1.    7–10 week old  BALB/c-Rag1   null   γc   null  ,  BALB/c- Rag2   null   γc   null       , or 
NOD- scid  IL2R γ  null  (NSG) mice.   

   2.    Human fetal liver and thymus ( see   Note 7 ).   
   3.    Autologous  isolated   CD34+ HSC ( see   Note 7 ).   
   4.    Electric shaver.   
   5.    Banamine 2.5 mg/kg.   
   6.    Buprenorphine (slow release formulation) 0.6 mg/kg.   
   7.    Anesthesia apparatus.   
   8.    2 % Isofl urane in O 2 .   
   9.    Surgical instruments: SWISS jeweler style forceps, utility for-

ceps, KELLY forceps 5 1/2″ curved, Iris scissors straight 4″, 
9 mm Autoclip Applier, 9 mm Autoclips, trochar (laboratory 
animal cancer implant needle 16 gauge 8.3 cm), needle holder 
forceps, sutures size 4-0, C-13 size needle ( see   Note 8 ).   

   10.    Sterile ½ cc U-100 Insulin syringe.   
   11.    Betadine.   
   12.    70 % alcohol swabs.   
   13.    Cotton gauze.   
   14.    Gamma irradiation source.      

2.3   Preparation   
of  hu-HSC Mice  

2.4   Preparation   of 
BLT Mice
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       1.    Heparinized micro-hematocrit capillary tubes.   
   2.    Human erythrocyte lysing kit.   
   3.    Mouse blocking buffer: Normal mouse serum (Jackson 

Immuno Research Labs),  Rat anti-mouse CD16/CD32   
(Mouse FC Receptor Monoclonal),  Human gamma globulin   
(Jackson Immuno Research Labs).   

   4.     Mouse anti-human CD45-PE  .   
   5.    1 % v/v Paraformaldehyde: paraformaldehyde in PBS without 

Ca 2+  and Mg 2+ .   
   6.    12 × 75 mm 5 ml polystyrene round-bottom tubes.   
   7.    Flow cytometer.      

       1.    22 gauge 1.25 mm straight gavage needle ( see   Note 8 ).   
   2.    HIV-1 viral stock, titer ≥10 6  IU/ml.   
   3.    Anesthesia apparatus.   
   4.    2 % Isofl urane in O 2 .   
   5.    Gauze.   
   6.    Dry ice.   
   7.    Ice Bucket.   
   8.    Timer.   
   9.    Sterile 1 ml syringe.      

       1.    Sterile ½ cc U-100 Insulin syringe.   
   2.    HIV-1 viral stock, titer ≥10 6  IU/ml.   
   3.    Ice bucket.      

       1.    Micro-hematocrit capillary tubes.   
   2.    Microtainer tubes with EDTA.   
   3.    PBS without Ca 2+  and Mg 2+ .   
   4.    E.Z.N.A Viral RNA Kit.   
   5.    iTaq Universal Probes One-Step Kit.   
   6.    HIV-1 LTR Forward Primer-5′GCCTCAATAAAGCTTGC

CTTGA 3′   
   7.    HIV-1 LTR Reverse Primer-5′GGCGCCACTGCTAGAGA

TTTT3′   
   8.    HIV-1 LTR Probe-5′FAM/AAGTAGTGTGTGCCCGTC

TGTTRTKTGACT 3′   
   9.    HIV-1 RNA standard (NIH AIDS Reagent Program).   
   10.    Low 96-well clear plate.   

2.5  Screening 
of hu-Mice 
for Engraftment Levels

2.6   HIV-1 Infection 
  by Vaginal or Rectal 
Mucosal  Route     

2.7  HIV-1 Infection 
by Parenteral 
(Intraperitoneal) 
 Routes  

2.8   Monitoring   
of HIV-1 Viremia by 
qRT-PCR

HIV Infection and Prevention in Humanized Mice
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   11.    Microseal ‘B’ seal.   
   12.    Bio-Rad C1000 Thermal Cycler with a CFX96 Real-Time 

System.      

       1.    Heparinized micro-hematocrit capillary tubes.   
   2.    Mouse blocking buffer: Normal mouse serum,    Rat anti-mouse 

CD16/CD32 (Mouse FC Receptor Monoclonal),  Human 
gamma globulin.     

   3.    Human erythrocyte lysing kit.   
   4.     Mouse anti-human CD45-FITC  .   
   5.     Mouse anti-human CD4-PE-Cy5  .   
   6.     Mouse anti-human CD3-PE  .   
   7.    1 % v/v Paraformaldehyde: paraformaldehyde, PBS without 

Ca 2+  and Mg 2+ .   
   8.    12 × 75 mm 5 ml polystyrene round-bottom tubes.   
   9.    Flow cytometer.      

       1.    Antiretroviral pharmaceutical tablets, such as Selzentry™ 
(maraviraoc) 150 mg tablets, Isentress™ (raltegravir) 400 mg 
tablets, Viread ®  ( tenofovir   disoproxil fumarate) 300 mg tab-
lets, or pure compounds in powder form.   

   2.    Mortar and pestle.   
   3.    Sterile PBS.   
   4.    70 % alcohol swabs.   
   5.    20 gauge 2.25 mm curved gavage needle ( see   Note 8 ).   
   6.    Sterile 1 ml syringes.      

       1.    Antiretroviral pharmaceutical tablets or pure powder 
compounds.   

   2.    2.2 % hydroxyethylcellulose (HEC) vehicle.      

       1.    CO 2  euthanasia chamber.   
   2.    Surgical instruments (scissors, tweezers) ( see   Note 8 ).   
   3.    Heparinized micro-hematocrit capillary tubes.   
   4.    Micro-hematocrit capillary tubes.   
   5.    Microtainer tubes with EDTA.   
   6.    2 ml cryovials.   
   7.    70 % ethanol.   
   8.    Digital scale.   
   9.    Liquid nitrogen container.       

2.9  Monitoring 
of CD4+ T Cell Levels 
 by FACS  

2.10  Antiretroviral 
Drug  Preparation   
and Administration 
of  Oral PrEP  

2.11  Topical 
Microbicide  PrEP  : 
Antiretroviral Drug 
 Preparation 
and   Administration

2.12   Blood   
and  Tissue   Sampling 
for Pharmacokinetic 
Analysis
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3    Methods 

     CD34+ HSC are   employed to engraft immunocompromised 
mice to generate hu-mice that support multilineage human 
hematopoiesis [ 12 ]. 

  Day 1 

    1.    Wash the tissue two to three times at room temperature with 
1× PBS in a 100 mm dish. Aspirate fi nal wash and weigh the 
tissue under sterile conditions ( see   Note 6 ).   

   2.    Use 100× stock aliquots of DNase, hyaluronidase, and collage-
nase and add to create 50 ml of the 2× AB/AM AIMs media 
with digestive enzymes. Add serum free 2× AB/AM AIMs 
media containing the digestive enzymes to the washed and 
weighed tissue. Use 35 ml media to add to the dish with the 
tissue and save 15 ml media for  step 5  ( see   Note 3 ).   

   3.    Mince the tissue into small pieces using two scalpels, and then 
use a 20 ml syringe to disperse the tissue until all visible clumps 
are gone.   

   4.    Dispense into 3–4 100 mm plates depending on the size of the 
tissue and incubate 3–5 h at 37 °C.   

   5.    After 30–60 min of incubation add 5 ml fresh enzyme media 
to each plate, resuspend well and split into more plates if 
necessary.   

   6.    Mix suspension every 40–45 min by pipetting until a single cell 
suspension is obtained as seen under the light microscope 
( see   Note 9 ).   

   7.    Pipette the solution one last time and fi lter through a 40 μm 
cell strainer into a 50 ml conical tube.   

   8.    Distribute the solution evenly between 4 and 8 50 ml tubes for 
Ficoll prep. Add fresh 2× AB/AM AIMs media (no digestive 
enzymes) to make 25 ml in each tube.   

   9.    Take 12 ml of Ficoll-Paque and underlay by slowly pipetting 
out the Ficoll-Paque creating a distinct layer between the tis-
sue solution and the Ficoll-Paque ( see   Note 10 ).   

   10.    Centrifuge at 530 ×  g  at room temperature with NO BRAKE 
in a swinging bucket rotor for 30 min.   

   11.    Aspirate off the top layer and collect the interphase. Dispose of 
the rest.   

   12.    Dilute collection at least 1:2 with CD34+ cell isolation buffer; 
use as many 50 ml conical as needed here.   

   13.    Centrifuge tubes at 1200 ×  g  with brake for 10 min at room 
temperature.   

3.1  Isolation 
and Culturing 
of  Human   CD34+ HSC 
from Fetal Liver

HIV Infection and Prevention in Humanized Mice
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   14.    Carefully vacuum off the supernatant (leave 2–3 ml in the 
 conical) and resuspend and combine the pellets in a total vol-
ume of 50 ml isolation buffer. Take a sample to determine cell 
count and spin again at 1200 ×  g  with brake for 10 min 
( see   Notes 6  and  11 ).   

   15.    After centrifugation and cell count, resuspend pellet in 300 μl 
isolation buffer per 10 8  total cells.   

   16.    Add 100 μl FcR human blocking reagent per 10 8  total cells to 
inhibit nonspecifi c binding of the magnetic beads.   

   17.    Label cells by adding 100 μl CD34+ human Microbeads per 
10 8  total cells, mix well and incubate at 4 °C for 30 min.   

   18.    Wash cells one time—add isolation buffer to 50 ml, spin 
1200 ×  g  for 10 min. After the spin resuspend in the isolation 
buffer (2 × 10 8  cells per ml buffer—10 ml max).   

   19.    Set-up the magnetic separation stage using the Midi MACS 
separation magnet and MACS separation multistand. Place LS 
column with a pre-separation fi lter into the magnet. Place a 
collection tube under the LS column (50 ml conical).   

   20.    Rinse column with 3 ml isolation buffer and allow it to fl ow 
through into the collection tube ( see   Note 4 ).   

   21.    Rinse pre-separation fi lter with 1 ml isolation buffer prior to 
passing cells through fi lter and allow the wash to fl ow through 
the LS column.   

   22.    Pass cells through pre-separation fi lter and allow cells to pass 
through the column.   

   23.    Wash three times with 3 ml isolation buffer. Allow for each 
wash to fl ow through before applying the next one.   

   24.    Remove column from magnet and place in a sterile collection 
tube (15 ml conical). Add 5 ml of isolation buffer to the 
 column and plunge the column into the 15 ml conical vial.   

   25.    Repeat  steps 20 – 24  with a fresh magnetic column without a 
pre-separation fi lter.   

   26.    After the fi nal elution step from the second column, centrifuge 
cell suspension at 360 ×  g  for 5 min at room temperature.   

   27.    Resuspend cells in CD34+ cell culture media with cytokines 
and plate in a 6 well plate ( see   Note 12 ).   

   28.    Incubate cells overnight in the CD34+ cell culture media 
at 37 °C and 5 % CO 2 .    

   Day 2 

    29.    Change the CD34+ cell culture media—take two samples of 
cell suspension to count the cells and determine the CD34+ 
cell purity.   
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   30.    Determine CD34+ cell purity by following  steps 31 – 37 .   
   31.    Take 1–3 × 10 5  cells from the CD34+ cell suspension—wash 1× 

PBS, resuspend in 200 μl 1× PBS.   
   32.    Separate into two 100 μl samples ( see   Note 13 ).   
   33.    Add 2 μl FcR human blocking reagent to both samples.   
   34.    Add 2 μl CD34-PE to one sample (label as positive).   
   35.    Incubate 20 min in the dark (room temperature).   
   36.    Wash 1× PBS.   
   37.    Resuspend in 300 μl PBS and transfer to 12 × 75 mm polysty-

rene round-bottom tubes for analysis on the fl ow cytometer 
for CD34+ cell percentage.    

     CD34+ HSC are used to reconstitute immunocompromised mice 
to generate hu-mice capable of multilineage human hematopoiesis 
[ 13 – 15 ].

    1.    Following the cell count, centrifuge 0.2–1 × 10 6  CD34+ cells 
per pup at 360 ×  g  for 5 min. Resuspend the CD34+ cells in 
CD34+ media at 30–50 μl media per injection. Keep cells on 
ice and inject immediately ( see   Note 14 ).   

   2.    Using a sterile ½ cc Insulin syringe, inject 30–50 μl of CD34+ 
cell suspension intrahepatically into pups that have been 
 preconditioned by irradiation ( see   Note 15 ).    

     Fetal liver and thymus tissue fragments are transplanted under the 
kidney capsule of immunodefi cient mice together with injection of 
autologous CD34+ HSC to prepare BLT mice [ 3 ,  16 ,  17 ].

    1.    Irradiate mice with 350 rads from a gamma source on the day 
of surgery prior to the tissue implantation.   

   2.    Conduct all manipulations using aseptic techniques.   
   3.    Prepare the surgical site by shaving the left fl ank region.   
   4.    Administer Banamine subcutaneously and then anesthetize the 

mouse with 2 % Isofl urane by inhalation ( see   Note 16 ).   
   5.    Disinfect surgical region by scrubbing with betadine scrub for 

2–3 min, and rinsing with 70 % alcohol swabs.   
   6.    Make an incision along the left lateral fl ank of the mouse to 

expose the kidney and the kidney capsule.   
   7.    Implant small pieces of human fetal thymus and liver (1–2 mm) 

under the left kidney capsule by use of the trochar (laboratory 
animal cancer implant needle) ( see   Note 17 ).   

   8.    After insertion of the tissues under the kidney capsule, suture 
together the inside muscle layer with 1–2 stitches and staple 
the outer skin with wound clips. Remove the wound clips 
10 days later.   

3.2     Preparation 
of  hu-HSC Mice  

3.3   Preparation   
of BLT Mice
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   9.    To alleviate pain following surgery, immediately administer 
buprenorphine subcutaneously ( see   Note 18 ).   

   10.    Allow implants to grow for 2–4 months prior to engraftment 
screen and experimental use of  BLT mice  .    

         1.    Collect one heparin capillary tube via tail vein bleed from each 
hu-mouse and place into a labeled 1.5 ml microcentrifuge tube 
at room temperature ( see   Note 19 ).   

   2.    Add 5 μl of mouse blocking buffer to each sample, briefl y 
 vortex and incubate 10 min at room temperature.   

   3.    Add 2 μl of  mouse anti-human CD45-PE   to each sample and 
gently vortex. Incubate samples for 20–30 min at room 
 temperature in the dark.   

   4.    Place 2 ml of 1× erythrocyte lysis buffer into labeled 15 ml 
conical vials.   

   5.    When staining is complete, add 1 ml lysis buffer to each 
 sample, pipette to mix, then transfer to corresponding 15 ml 
conical vial containing the additional 2 ml of lysis buffer and 
vortex briefl y to mix.   

   6.    Incubate samples for 12 min at room temperature in the dark.   
   7.    Add 11 ml of wash buffer to each vial, mix by inversion, and 

then centrifuge at 650 ×  g  at room temperature for 5 min.   
   8.    Aspirate supernatant and resuspend pellet in 1 ml wash buffer 

and transfer to a new labeled 1.5 ml microcentrifuge tube. 
Centrifuge at 450 ×  g  at room temperature for 5 min.   

   9.    Aspirate supernatant and resuspend pellet in appropriate vol-
ume of 1 % paraformaldehyde, transfer to 12 × 75 mm 5 ml 
round-bottom tubes for CD45+ cell population analysis by 
fl ow cytometry.      

     Humanized mice are susceptible to HIV-1 infection by vaginal and 
rectal mucosal  routes   [ 13 ,  18 ,  19 ].

    1.    For the duration of the procedure (up to 10 min), anesthetize 
mice by 2 % Isofl urane inhalation.   

   2.    Thaw HIV-1 virus stock and keep on ice throughout the pro-
cedure to ensure viability of the virus.   

   3.    Take a sample of the viral stock for each individual challenge 
(keep the syringe cold throughout the procedure).   

   4.    Anesthetized mice are placed on their back, with the head/
nose underneath the inhalational anesthesia tube outlet.   

   5.    Using a blunt end needle to ensure no trauma/abrasions of 
the vaginal mucosa, apply the virus (20–30 μl) to the vaginal 
cavity.   

3.4  Screening 
of hu-Mice 
for Engraftment Levels

3.5  HIV-1 Infection 
by Vaginal or Rectal 
Mucosal  Route     
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   6.    Following virus application, hold anesthetized mice with pelvis 
and lower extremities elevated for 5 min post-inoculation to 
prevent immediate discharge of virus.    

         1.    Thaw HIV-1 virus on ice prior to injection.   
   2.    Restrain mice with their stomach exposed and head pointed 

downward.   
   3.    Aspirate 100–150 μl of virus into a sterile ½ cc Insulin syringe. 

Insert the needle into the peritoneal cavity in the lower right 
quadrant of the abdomen at an approximately 15–20° angle 
directing the needle towards the head. Prior to injection, aspi-
rate the syringe to ensure no vital organs or blood vessels have 
been penetrated.      

    HIV-1 plasma viral loads can be quantitatively measured by qRT- 
PCR [ 15 ,  20 ].

    1.    Collect two micro-hematocrit capillary tubes via tail vein bleed 
from each hu-mouse and place into microtainer tubes with 
EDTA and keep on ice ( see   Note 19 ).   

   2.    Add 90 μl PBS without Ca 2+  and Mg 2+  to each tube. Centrifuge 
tubes at 1700 ×  g  for 5 min at room temperature.   

   3.    Transfer 150 μl of plasma from each tube to a nuclease free 
1.5 ml microcentrifuge tube ( see   Note 20 ).   

   4.    Extract RNA from the entire plasma sample following E.Z.N.A 
Viral RNA Kit protocol. Elute in 60 μl DEPC water. Store 
samples on ice for immediate qRT-PCR analysis or store at 
−80 °C.   

   5.    Prepare qRT-PCR reaction mixes following the iTaq Universal 
Probes One-Step Kit for a 20 μl fi nal reaction volume. In brief, 
iTaq Universal Probes Reaction Mix, HIV-1 LTR Forward 
Primer at a fi nal concentration of 500 nM, HIV-1 LTR Reverse 
Primer at a fi nal concentration of 500 nM, HIV-1 LTR Probe 
at a fi nal concentration of 100 nM, Reverse Transcriptase, and 
water are mixed together on ice to create a master mix.   

   6.    Pipette 15 μl of the master mix into a low 96-well clear plate 
and add 5 μl of the extracted RNA to each well and mix by 
carefully pipetting to achieve a fi nal reaction volume of 20 μl.   

   7.    HIV-1 LTR RNA based standards are used to quantify 
samples.   

   8.    After the samples and standards are added to the PCR plate, 
cover the plate with a Microseal ‘B’ seal.   

   9.    Run samples in a Bio-Rad C1000 Thermal Cycler with a 
CFX96 Real-Time System using the following thermocycler 
protocol: 10 min 50 °C Reverse Transcriptase step, 2 min 

3.6  HIV-1 Infection 
by Parenteral 
(Intraperitoneal)  Route  

3.7  Monitoring 
of  HIV-1 Viremia   by 
qRT-PCR
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95 °C Taq activation and DNA denaturation step, 40 cycles 
of 10 s 95 °C denaturation and 30 s 64 °C anneal/extend/
plate read.   

   10.    After generating a standard curve with the known HIV-1 LTR 
standards, plasma samples can be analyzed for HIV-1 viral 
 copies/ml of plasma.    

     HIV-1 disease progression can be monitored  by   FACS analysis of 
CD4+ T cell levels [ 13 – 15 ].

    1.    Collect two heparin capillary tubes via tail vein bleed from each 
hu-mouse and place into a labeled 1.5 ml microcentrifuge tube 
at room temperature ( see   Note 19 ).   

   2.    Add 7 μl of mouse blocking buffer to each sample, briefl y 
 vortex and incubate 10 min at room temperature.   

   3.    Prepare an antibody master mix on ice with 2 μl per sample 
human anti-CD45 FITC, 4 μl per sample human anti-CD4 
PE-Cy5 and 4 μl per sample human anti-CD3 PE. Add 10 μl 
of the master mix to each sample and gently vortex. Incubate 
samples for 30 min at room temperature in the dark.   

   4.    Place 2 ml of 1× erythrocyte lysis buffer into labeled 15 ml 
conical vials.   

   5.    When staining is complete, add 1 ml lysis buffer to each sam-
ple, pipette to mix, then transfer to corresponding 15 ml coni-
cal vial containing the additional 2 ml lysis buffer and vortex 
briefl y to mix.   

   6.    Incubate samples for 12 min at room temperature in the dark 
( see   Note 21 ).   

   7.    Add 11 ml of wash buffer to each vial, mix by inversion, and 
then centrifuge at 650 ×  g  at room temperature for 5 min.   

   8.    Aspirate supernatant and resuspend pellet in 1 ml wash buffer 
and transfer to a new labeled 1.5 ml microcentrifuge tube. 
Centrifuge at 450 ×  g  at room temperature for 5 min.   

   9.    Aspirate supernatant and resuspend pellet in appropriate vol-
ume of 1 % paraformaldehyde and transfer to 12 × 75 mm 
round-bottom tube for fl ow cytometry analysis.   

   10.    Determine CD4+ T cell levels by calculating the CD4+ to 
CD3+ ratio of human CD45+ cell population 
(CD45 + CD3 + CD4+).    

      Humanized mice can be used as a model for evaluating oral PrEP 
strategies [ 11 ,  21 ].

    1.    Calculate the mouse-equivalent of the human drug dose using 
the interspecies scaling factor 12.3 for a standard 20 ×  g  
RAG- hu mouse ( see   Note 22 ).   

3.8  Monitoring 
of CD4+ T Cell Levels 
 by FACS  

3.9  Antiretroviral 
Drug  Preparation   and 
Administration of  Oral 
PrEP  
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   2.    Pulverize the appropriate amount of the drug using mortar 
and pestle, and then dissolve in sterile 1× PBS.   

   3.    Aliquot drug solution into 2 ml cryovials and store at −80 °C 
( see   Note 23 ).   

   4.    Resuspend drug aliquots after thawing and load individual 
dose into syringe for each mouse. Gavage the mice (oral 
administration) according to the dosing schedule. Wipe gavage 
needle with 70 % alcohol swab between individual mice.    

       Humanized mice can be used as a model for evaluating topical 
PrEP strategies [ 22 – 24 ].

    1.    Dissolve Hydroxyethylcellulose (HEC) in sterile water to 
arrive at a 2.2 % fi nal HEC concentration when prepared with 
antiretroviral drug(s). Sterilize HEC gel by autoclaving and 
cool to room temperature prior to addition of the drug(s) 
( see   Note 24 ).   

   2.    Prepare antiretroviral gels by dissolving appropriate amount of 
the drug in HEC.   

   3.    Antiretroviral gels are applied as the fi rst step in the intravagi-
nal mucosal HIV-1 challenge protocol, described in 
Subheading  3.5 . Prior to the HIV-1 mucosal challenge, apply 
gels (20–30 μl) intravaginally or intrarectally to the anesthe-
tized mice using blunt-end needles. The time of the viral chal-
lenge after gel application is determined by the experimental 
protocol ( see   Note 25 ).    

     Humanized mice allow for pharmacokinetic analysis of antiretrovi-
ral drugs in various tissues [ 11 ,  23 ].

    1.    PK analysis includes oral or topical application of antiretrovi-
rals following Subheadings  3.9  and  3.10  and blood and tissue 
collections following the protocol below.   

   2.    Euthanize the mouse using appropriate protocol for CO 2  
euthanasia chamber and cervical dislocation to ensure proper 
euthanasia.   

   3.    Open the thoracic cavity and collect the blood from the heart, 
using heparinized capillary tubes or micro-hematocrit capillary 
tubes in combination with microtainer tubes with EDTA, 
depending on the drug(s) being analyzed. Collection should 
be done effi ciently and rapidly, to minimize the loss of blood 
collected due to coagulation.   

   4.    Transfer collected blood to 1.5 ml microcentrifuge tubes, spin 
at 2700 ×  g  for 10 min at 4 °C and collect the upper phase 
(blood plasma) for PK analysis. Certain protocols might 
require PK analysis in  PBMCs  , in which case cellular fraction 
should also be saved following plasma isolation. Both plasma 

3.10  Antiretroviral 
Drug  Preparation   and 
Administration 
of  Topical PrEP  

3.11  Pharmacokine-
tic (PK) Analysis-
 Blood   and  Tissue 
Sample   Collection
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and cellular blood fractions should be stored at −80 °C 
 immediately after isolation.   

   5.    Isolate tissues based on the study design. For PK analysis, tis-
sues to be isolated include vaginal, rectal and intestinal tissue. 
Vaginal tissue is collected as a whole and separated from the 
surrounding muscle and fat tissue. Rectal tissue is also col-
lected as a whole, and proximal to it the intestinal tissue sample 
is collected. Both rectal and intestinal  tissue samples   must 
be properly cleaned of fecal matter with a quick saline fl ush, 
due to potential presence of the drug in the excrement.   

   6.    Following tissue isolation, weigh the tissues and record the 
weight on the cryovial.   

   7.    Snap freeze the tissue samples  in   liquid nitrogen within a cou-
ple of minutes from the time of collection. Minimize the time 
between tissue collections and snap freezing as much as possi-
ble and store the samples at −80 °C until HPLC analysis.    

     Humanized mice can be utilized to conduct pharmacodynamic 
analysis of antiretroviral drugs to determine their protective effi -
cacy against HIV-1 challenge [ 21 – 26 ].

    1.    PD analysis includes oral or topical application of antiretrovi-
rals, HIV-1 mucosal challenge (Day 0) and assays for HIV-1 
infection analysis in humanized mice, following protocols in 
Subheadings  3.5  and  3.7 – 3.10 .   

   2.    Follow mice for 10–12 weeks post-challenge, for the detection 
of HIV-1 infection, indicated by positive viral load and CD4+ 
T cell depletion.    

4       Notes 

     1.    Working with hu-mice is a laborious process that requires 
patience, skill and proper training in animal handing, especially 
when working with live HIV-1. Experiments are time consum-
ing and expensive, therefore careful planning is necessary.   

   2.    HIV-1 infections of hu-mice involve handling live virus, thus 
posing exposure risks. Care must be taken by the researcher 
during all aspects of experimentation where live HIV-1 is pres-
ent. Proper PPE must be worn at all times and contaminated 
materials need to be disposed of properly.   

   3.    Prepare tissue digestive enzymes as 100× stock solutions: 
DNase I 32,200 Kunitz/ml, hyaluronidase 100 mg/ml, col-
lagenase type IV 100 mg/ml, store at −20 °C.   

   4.    De-gas CD34+ cell isolation buffer each time before use.   
   5.    Cytokines are stable in media at 4 °C up to 14 days. The com-

bination described here has been routinely used in our lab 

3.12  Pharmacody-
namic (PD) Analysis
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with success; other labs may use a different combination of 
 cytokines with similar success.   

   6.    Tissue size as supplied can vary from 1 to 15 ×  g , yielding 
approximately 1 × 10 6 –30 × 10 6  CD34+ cells. The fi nal CD34+ 
cell yield is around 2–3 % of total cell count after Ficoll separa-
tion ( see   step 14  in CD34+ cell isolation protocol—
Subheading  3.1 ). CD34+ cells should be used within 24 h of 
isolation or frozen for later use. Up to 20 % cell death is 
expected following overnight incubation due to isolation pro-
cedure. If frozen CD34+ cells are to be used, allow for the cells 
to recover overnight prior to injection and increase CD34+ 
injection cell number to 0.5–1.0 × 10 6  per pup.   

   7.    Autologous donor tissue must be used for  BLT mice 
  preparation.   

   8.    All instruments are sterilized by autoclaving prior to use.   
   9.    Ensure single cell suspension has been achieved prior to pro-

ceeding. Insuffi cient tissue digestion decreases CD34+ cell 
yield. Check sample under the light microscope prior to 
proceeding.   

   10.    Prevent Ficoll and cell suspension from mixing by maintaining 
slow expulsion of the Ficoll onto the bottom of the tube. 
Mixing will cause insuffi cient gradient separation.   

   11.    Obtain cell count using hemacytometer or cell counter. 
Depending on the size of pellet, dilute cell suspension with 
isolation buffer and then again with trypan blue. Final dilution 
range is typically between 1:20 and 1:40.   

   12.    Resuspend CD34+ cells in appropriate media volume to yield 
1 × 10 6  cells in 3–4 ml of media. Approximate media volume is 
based on the pre-column cell count and tissue size.   

   13.    Use the unstained (negative) sample to set the Forward versus 
Side Scatter (FSC/SSC) gate each time.   

   14.    On day 2 of CD34+ cell isolation, CD34+ cells not used for 
pup injections can be frozen down in stem cell cryopreserva-
tion media at 2 × 10 6  cells per milliliter in cryovials.   

   15.    Mouse pups (1–4 days old) are preconditioned prior to CD34+ 
cell injection by sublethal irradiation at a dose of 350 rads. Pup 
injections should be performed within 24 h post- irradiation 
directly into the liver, which can be seen through the skin on 
the right side of the abdomen—presents as a dark red region 
(liver) above the belly which is usually fi lled with milk (white 
region). Carefully place the pup on its back and control it gen-
tly with the index and middle fi nger above and below the 
region for injection. Insert the insulin syringe very shallow (up 
to 1 mm) and holding the needle in the same position, inject 
the cells.   
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   16.    Administer Isofl urane by inhalation to anesthetize mouse. Eye 
ointment is applied in each eye during the anesthesia to protect 
against corneal ulceration.   

   17.    Tissues are washed two to three times with sterile 1× PBS, 
placed into 2× AB/AM AIMs media and cut into small pieces 
(approximately 1 mm in length, which can fi t into implant 
needle) using two scalpels. Tissues are loaded into the trochar 
creating a liver–thymus–liver sandwich.   

   18.    After surgery, mice need to be closely monitored for the next 
2 weeks for any signs of infection.   

   19.    Screen mice at 12 weeks post engraftment. Prior to blood col-
lection, allow mice to warm up under a heat lamp for 2 min. 
Watch for overheating by both feel and animal behavior. 
Ensure that blood collection for fl ow cytometry is done with 
heparinized capillary tubes and that blood for qRT-PCR is col-
lected into non-heparinized capillaries and transferred to 
EDTA tubes.   

   20.    Plasma samples can be frozen at −80 °C until processing. 
Plasma samples should be thawed on ice and brought up to 
room temperature just prior to RNA extraction.   

   21.    It is necessary to achieve near complete erythrocyte lysis to 
obtain reliable results.   

   22.    The allometric interspecies scaling factor of 12.3 is applied for 
the conversion of drug dosage from human to mouse (multi-
ply the human dose by 12.3 to arrive at the equivalent mouse 
dose) [ 27 ]. Maximum volume for a single gavage in RAG-hu 
mice should not exceed 150 μl.   

   23.    Drugs should be thawed on the day of gavages and only a 
single freeze/thaw cycle is allowed to ensure drug stability.   

   24.    Final concentration of the HEC gel vehicle is 2.2 %. All 
antiretroviral- based gels should be prepared on the day of the 
experiment and only used that day.   

   25.    Usual time for topical antiretroviral gel application is 1 h before 
the viral challenge.         
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    Chapter 15   

 High-Throughput Humanized Mouse Models for Evaluation 
of HIV-1 Therapeutics and Pathogenesis       

     Tynisha     Thomas    ,     Kieran     Seay    ,     Jian     Hua     Zheng    ,     Cong     Zhang    , 
    Christina     Ochsenbauer    ,     John     C.     Kappes    , and     Harris     Goldstein      

  Abstract 

   Mice cannot be used as a model to evaluate HIV-1 therapeutics because they do not become infected by 
HIV-1 due to structural differences between several human and mouse proteins required for HIV-1 replica-
tion. This has limited their use for in vivo assessment of anti-HIV-1 therapeutics and the mechanism by 
which cofactors, such as illicit drug use accelerate HIV-1 replication and disease course in substance abusers. 
Here, we describe the development and application of two in vivo humanized mouse models that are highly 
sensitive and useful models for the in vivo evaluation of candidate anti-HIV therapeutics. The fi rst model, 
hu-spl-PBMC-NSG mice, uses NOD-SCID IL2rγ −/−  (NSG) mice intrasplenically injected with human 
peripheral blood mononuclear cells (PBMC) which develop productive splenic HIV-1 infection after intra-
splenic inoculation with a replication-competent HIV-1 expressing  Renilla reniformis  luciferase (HIV-
LucR) and enables investigators to use bioluminescence to visualize and quantitate the temporal effects of 
therapeutics on HIV-1 infection. The second model, hCD4/R5/cT1 mice, consists of transgenic mice 
carrying human CD4, CCR5 and cyclin T1 genes, which enables murine CD4-expressing cells to support 
HIV-1 entry, Tat-mediated LTR transcription and consequently develop productive infection. The hCD4/
R5/cT1 mice develop disseminated infection of tissues including the spleen, small intestine, lymph nodes 
and lungs after intravenous injection with HIV-1-LucR. Because these mice can be infected with HIV-LucR 
expressing transmitted/founder and clade A/E and C Envs, these mouse models can also be used to evalu-
ate the in vivo effi cacy of broadly neutralizing antibodies and antibodies induced by candidate HIV-1 vac-
cines. Furthermore, because hCD4/R5/cT1 mice can be infected by vaginal inoculation with 
replication-competent HIV-1 expressing NanoLuc (HIV-nLucR)-, this mouse model can be used to evalu-
ate the mechanisms by which substance abuse and other factors enhance mucosal transmission of HIV-1.  

  Key words     HIV-1  ,   Mouse model  ,   Antiretroviral treatment  

1       Introduction 

 HIV-1 does not infect mice because many restrictions prevent 
HIV-1 from replicating in mouse T cells and macrophages including 
the inability of HIV-1 to enter mouse cells because HIV’s  envelope 
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(Env  ) glycoprotein, gp120, does not engage mouse CD4 and  CCR5   
[ 1 ] and mouse cyclin T1 does not bind to  HIV-1 Tat  —preventing 
recruitment of transcription elongation factor b (P-TEFb) complex 
to the HIV-1  TAR   RNA element and effi cient transcription [ 2 – 4 ]. 
Humanized mouse models for HIV-1 investigation have been devel-
oped using severe combined immunodefi cient (SCID) mice 
implanted under their renal capsules with human fetal thymus and 
liver [ 5 ], Rag2 −/− γ c  −/−  mice injected with human hematopoietic stem 
cells (hHSC) [ 6 ,  7 ], NOD/SCID/IL2Rγ null  mice injected with 
hHSC [ 8 ] or NOD/SCID mice transplanted with human fetal thy-
mus and liver tissue and injected with syngeneic hHSC [ 9 ]. However, 
the construction of these humanized mice is technically challenging 
and time-consuming as it requires access to fetal tissue or cord blood, 
may necessitate irradiation of the mice and requires several months 
of passage for suffi cient engraftment of the bone marrow with 
human hematopoietic cells to populate the mouse lymphoid tissues 
with human leukocytes. 

 We have developed a new high throughput humanized mouse 
model,  hu-spl-PBMC-NSG   mice, that enables the in vivo moni-
toring of HIV-1 infection and the temporal response to treat-
ment which employs highly immunodefi cient NOD-SCID 
IL2rγ −/−  ( NSG) mice   intrasplenically injected with human periph-
eral blood mononuclear cells (PBMC) (~10 × 10 6  PBMC). These 
mice can be immediately infected with HIV-1 and used for the 
evaluation of candidate therapeutics or to study pathogenesis. 
Using a donor leukopack containing ~5–10 × 10 8   PBMCs  , over 
50 mice can be generated from the same donor for experiments, 
which enables highly reproducible results. Continued localiza-
tion of the human PBMCs to the spleen for several weeks enables 
visualization of the course of in vivo HIV infection and evalua-
tion of candidate therapies over several weeks in lymphoid tissues, 
the predominant location for HIV-1 replication in HIV-1 infected 
individuals. HIV-1 infection in these mice can be monitored by 
in vivo visualization because they are infected with HIV-LucR 
reporter viruses over multiple cycles of replication [ 10 ], which 
correlates with active replication because of the short cellular 
half-life of LucR (~3 h) [ 11 ]. HIV-1 replication at different time 
points in a single mouse can be monitored by quantifying LucR 
activity in the splenocytes by imaging the bioluminescence signals 
in the spleens captured with an IVS Spectrum photon-detection 
imaging system at any time point, facilitating the study of anti-
HIV therapeutic effi cacy or the impact of drug abuse on HIV-1 
replication. One can express a diverse range of HIV-1  Env   
sequences in HIV-LucR [ 10 ], allowing the use of this mouse 
model to evaluate antiviral effi cacy of broadly neutralizing anti-
HIV-1 antibodies and those induced by candidate HIV-1 vac-
cines to prevent intravenous HIV-1 infection. 

 A limitation of this humanized NSG mouse model is that each 
mouse must be constructed individually by intrasplenic injection 

Tynisha Thomas et al.



223

with  PBMCs  , the HIV-1 infection is limited to the spleen, and 
investigators must have access to the infrastructure required to 
house  the    mice in specialized biocontainment facilities to protect 
them from nosocomial infections. To circumvent this limitation, 
we developed a second mouse model constructed using a CD4 
promoter/enhancer cassette to express human CD4,  CCR5  , and 
cyclin T1 transgenes in CD4 T lymphocytes, macrophages, and 
monocytes thereby overcoming the HIV-1 entry and Tat- 
dependent replication blocks in mouse cells. The  hCD4/R5/cT1 
mice   carry the three human genes as tightly linked transgenes that 
are transmitted as a single allele, enabling effi cient breeding and 
screening of the transgenic mice that develop acute systemic 
HIV-1 infection after intravenous injection of HIV-LucR. These 
mice provide the HIV-1 research community with a new in vivo 
infection model that is highly reproducible, inexpensive and easy 
to use for the evaluation of the inhibitory capacity of candidate 
antiretroviral therapeutics and the delineation of the mechanisms 
by which factors such as illicit drugs enhance HIV-1 replication 
and transmission.  

2    Materials 

       1.    The  TZM-bl reporter cell line   was obtained through the NIH 
AIDS Reagent Program, Division of AIDS, NIAID, NIH: from 
Dr. John C. Kappes, Dr. Xiaoyun Wu, and Tranzyme Inc. [ 12 ].   

   2.     293T cells   optimized for the production of lentivirus can be 
obtained from the ATCC.   

   3.    Complete  RPMI: RPMI   1640 supplemented with 10 % heat 
inactivated FCS, penicillin (100 U/ml), streptomycin (10 μg/
ml), glutamine (2 mM) and HEPES (10 mM).   

   4.    Fetal calf serum.   
   5.    Cellular Isolation media: RPMI 1640 medium supplemented 

with penicillin (100 U/ml), streptomycin (100 mg/ml),  L - 
glutamine  (2 mM), 2-mercaptoethanol (5 × 10 −5  M), sodium 
pyruvate (2 mM), HEPES buffer (20 mM), and 5 % heat- 
inactivated FCS.   

   6.    Phytohemagglutinin ( PHA  ).   
   7.    Interleukin-2 ( IL-2  ).      

       1.    NOD-SCID IL2rγ −/−  ( NSG) mice   are obtained from Jackson 
Laboratories (Bar Harbor, ME). If large numbers of mice are 
required, a local breeding colony can be established and main-
tained under biocontainment conditions as described [ 13 ].   

   2.    hCD4/R5/cT1 mice are transgenic for the expression of the 
human CD4,  CCR5   and cyclin T1 genes under the control of a 
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CD4 enhancer/promoter as described [ 14 ] and can be obtained 
from the authors. To completely link transmission of the human 
CD4 and CCR5 transgenes in the transgenic line, we con-
structed a vector expressing human CD4 and CCR5 as a single 
transcript linked by the self-cleaving picornavirus-derived 2A 
peptide sequence (CD4-2A-CCR5) as described [ 14 ]. To tightly 
link transmission of the human cyclinT1 gene with the CD4-
2A-CCR5 transgene, the human cyclinT1 construct was micro-
injected together with the human CD4-2A-CCR5 construct 
into fertilized oocytes from C57BL/6 mice and transgenic 
 hCD4/R5/cT1   mouse founders expressing these three genes 
and who displayed tight linkage transmission of human CD4, 
CCR5, and cyclin T1 genes to their progeny were identifi ed. 
The hCD4/R5/cT1 mice carrying the transgenes are identifi ed 
by screening tail DNA samples from the progeny by PCR analy-
sis using human-specifi c internal primer sets for CD4 
(5′ primer: 5′GTGGAGTTCAAAATAGACATCGTG3′, 3′ 
primer: 5′CAGCACCCACACCGCCTTCTCCCGCTT3′), 
CCR5 (5′ primer: 5′CACCTGCAGCTCTCATTTTCC3′, 3′ 
primer: 5′TTGTAGGGAGCCCAGAAGAG3′) and cyclin T1 
(5′ primer: 5′TCCCAACTTCCAGTTGGTACT3′ 3′ primer: 
5′TCCACCAGACCGAGGATTCAG3′).      

        1.    The  NL-LucR.T2A-Bal.ecto   and NL-LucR.T2A-JR- CSF  .ecto 
plasmids encode HIV-LucR whose  Env   protein sequences are 
derived from  HIV-1 Bal    or  HIV-1 JR-CSF   , respectively, and express 
the  Renilla reniformis  luciferase (LucR) gene linked with a 
“self-cleaving” 2A peptide to  Nef   and titered as previously 
described [ 10 ,  15 ].   

   2.    The NLENG1i-Bal.ecto plasmid was derived from the  gfp - 
expressing  NLENG1- IRES   clone [ 16 – 18 ] and was modifi ed to 
encode the HIV-1 BaL  env  sequence [ 19 ] to produce HIV- 
GFP, replication competent HIV-1 which expresses all of the 
HIV genes including  Nef   R5 HIV-1 Bal  envelope and the 
reporter gene GFP, after transfection of  293T cells   [ 14 ].   

   3.    DNA Transfection reagent  Fugene 6  .   
   4.     DEAE-Dextran   (10 μg/ml).      

       1.    A commercial enzyme-linked immunosorbent assay (ELISA) 
for quantifying HIV-1 p24 antigen concentration was obtained 
from Perkin-Elmer.   

   2.    Commercial assays were used to measure the activities of  fi refl y   
luciferase (Luciferase Assay System E1501),  Renilla   luciferase 
(Renilla Luciferase Assay System E2810), and  NanoLuc   lucif-
erase (Nano-Glo™ Luciferase Assay N1120).   

   3.    A Berthold LB-953 tube luminometer (Berthold Technologies, 
Bad Wildbad, Germany) was used to measure light emission 
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mediated by luciferase activity in cells after lysis and the 
 addition of substrate.   

   4.     RediJect Coelenterazine h   (Caliper Life Sciences, Hopkinton, 
MA) is intravenously injected as a substrate for the detection of 
in vivo luciferase activity according to the manufacturer’s 
instruction.   

   5.    An  IVIS Spectrum imager   (Caliper Life Sciences) is used to 
quantify light emission mediated by in vivo luciferase activity.       

3    Methods 

   Virus stocks are generated by transient transfection of  293T cells   
with the infectious molecular clone NL-LucR.T2A-JR- CSF  .ecto, 
which generates  HIV-LucR   expressing the JR-CSF  Env   and the 
 Renilla reniformis  luciferase (LucR) gene as previously described 
[ 10 ,  15 ]. Briefl y, 293T cells are transfected with the  NL-LucR.
T2A-JR-CSF.ecto   plasmid. Sixty hours after transfection, culture 
supernatants containing the virus are harvested, centrifuged at 
1800 ×  g  for 10 min to remove cells and cell debris, fi ltered through 
a 0.45 μm pore size fi lter and frozen at −80 °C. The concentration 
of the virus is determined by quantifying the HIV-1 p24 and the 
infectious titer of the virus is obtained by limiting dilution titration 
using a modifi cation of a previously described technique [ 12 ]. 
Briefl y, 96-well plates are seeded at a density of 5 × 10 5  TZM-bl 
cells/well 1 day prior to infection in Dulbecco-modifi ed Eagle 
medium containing 10 % fetal bovine serum. The next day, media 
is removed and serial twofold dilutions of the viral stocks are added 
to the cultures in the presence of DEAE-dextran. After 2 days of 
culture at 37 °C in 5 % CO 2 , the cell monolayers were washed with 
PBS, lysed with 1×  fi refl y lysis   buffer and frozen for at least 60 min 
at −80 °C. HIV-1-infection in each well is determined by  measur-
ing   luciferase activity in 20 μl of cellular lysate incubated in 96-well 
white plates with substrate from the Firefl y  Luciferase   Assay System. 
The lowest virus dilution that generated productive infection was 
used to calculate the number of HIV‐1 infectious units/milliliter 
of the virus stock ( see   Note 1 ).  

        1.     PBMCs      are isolated from an HIV naïve donor by Hypaque- 
Ficoll density centrifugation and activated by culturing the 
cells (10 6  cells/ml) in Complete RPMI with  PHA   (3–4 μg/
ml) and  IL-2   (50 U/ml) for 24–48 h. The cells are then 
washed and resuspended (5 × 10 8  cells/ml) in sterile cold PBS.   

   2.    NSG mice (10–12 weeks old) are anesthetized with ketamine 
(80–100 mg/kg) and xylazine (8–10 mg/kg) injected intra-
peritoneally, the skin is prepped with alcohol and betadine and 
a scissors is used to make an ~1 cm incision in the skin on the 

3.1   Generation   
and Titration 
of  Infectious HIV-1  

3.2  Construction 
and Use of Humanized 
Mice to Evaluate HIV-1 
Infection 
and Therapeutic 
Effi cacy

Humanized Mice for Therapeutics and Pathogenesis Studies



226

left mouse fl ank to reveal the underlying peritoneal membrane. 
A forceps is inserted through the skin incision and is used to 
bluntly dissect and free the peritoneal membrane. While grip-
ping the peritoneal membrane with a forceps, the peritoneal 
cavity is accessed by using a scissors to cut an ~0.5 cm incision 
in the membrane which is used as an opening to insert a sec-
ond forceps into the peritoneal cavity to grasp and gently pull 
the splenic fat pad to exteriorize the entire spleen out of the 
peritoneal cavity. While applying traction on the spleen by con-
tinuing to pull on the fat pad attached to the spleen with the 
forceps, an insulin syringe using a 28 g needle is used to slowly 
inject 50 μl of the suspension of cells alone (~10 7  activated 
human PBMC cells) or cells mixed with LucR-HIV (~10 7  
infectious units (IU)/ml) into the spleen. After injection, the 
spleen is gently slipped back through the incisions into the 
peritoneal cavity, the peritoneal membrane is closed with a 7-0 
absorbable suture using a purse-string suture and the skin inci-
sion is closed with an AUTOCLIP (Clay Adams, Parsippany, 
NJ). All surgical procedures are performed in a laminar fl ow 
hood using sterile technique ( see   Note 2 ).   

   3.    Mice may be treated with an intravenous injection of an anti-
body whose in vivo neutralizing capacity is being evaluated, 
immunostimulants being evaluated for in vivo anti-HIV activ-
ity or by treatment with antiretrovirals administered parenter-
ally or in drinking water at a concentration that provides 
therapeutic levels of the drugs as described [ 13 ].   

   4.    To determine the role of subpopulations of cells such as CD8 +  
T cells, macrophages, dendritic cells or NK cells in the in vivo 
progression of HIV-1 infection or their role in facilitating the 
clinical response to therapeutics such as neutralizing antibodies, 
the PBMC can be selectively depleted of these subpopulation 
prior to injection into the mice by incubating the  PBMCs   with 
commercially available microbeads expressing the appropriate 
phenotypic marker, followed by immunomagnetic sorting.   

   5.    The level of HIV-1 infection that develops in the transferred 
human  PBMCs   can be quantifi ed in vivo at multiple time 
points after infection by bioluminescent imaging. The biolu-
minescence substrate  RediJect Coelenterazine h   is intrave-
nously injected (5 μg) into the mice followed by measurement 
of the luciferase activity in the spleen by imaging the mice with 
the  IVIS Spectrum imager   using the Wizard bioluminescent 
selection tool for automatic wavelength and exposure detec-
tion. The bioluminescent and gray-scale images are overlaid 
using the LivingImage 4.0 software package and a pseudocolor 
image is created representing bioluminescence intensity, which 
can be quantifi ed as photon counts/second.   
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   6.    An example of using this model to visualize HIV-1 infection is 
shown in Fig.  1 . An NSG mouse, NSG mouse intrasplenically 
injected with human PBMC and NSG mouse intrasplenically 
injected with human PBMC and 5 days post-infection with 
LucR were intravenously injected with the bioluminescence 
substrate and imaged as described above. While the control 
NSG mouse and uninfected humanized NSG mouse show 
some background signal, the HIV-LucR injected humanized 
NSG mouse displayed a clear and intense signal localized to 
the spleen, which could be readily quantitated.

       7.    At the conclusion of the study or if only a fi nal endpoint is 
needed to the study, HIV-1 infection in the spleen is quantifi ed 
by measuring the LucR activity in the mouse splenic lysates 
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NSG mouse

Uninfected
humanized
NSG mouse

HIV-LucR-infected
humanized
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  Fig. 1    In vivo imaging of HIV-1 infection humanized NSG mice. NSG mice were intrasplenically co-injected with 
human PBMC alone or with NL4-LucR.T2A-JRCSF.ecto HIV. Five days later the mice were evaluated for HIV-1 
infection in the spleen by injecting with the bioluminescence substrate  RediJect Coelenterazine h   and captur-
ing bioluminescent and gray-scale images of an NSG mouse, a humanized NSG mouse and a humanized NSG 
mouse intrasplenically injected with the NL4-LucR.T2A-JRCSF.ecto HIV with the  IVIS Spectrum imager   with 
bioluminescence intensity represented in a pseudocolor image indicating photon counts/second.       
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using the Renilla  Luciferase   Assay System. Briefl y, the cells are 
washed once with PBS containing Ca 2+  and Mg 2+ , lysed with 
350 μl 1×  Renilla  luciferase assay lysis buffer and frozen at 
−70 °C. Samples are frozen and then thawed and 20 μl of each 
cell lysate is analyzed for LucR activity. Samples are analyzed 
using the luminometer programmed to inject 100 μl of 
Luciferase Assay Reagent per tube with an exposure time of 
10 s/well. Results are reported as relative light units (RLU)/
second ( see   Note 3 ).      

    Abuse of recreational drugs such as opioids or meth are well- 
established risk-factors for HIV infection potentially due to the 
direct effect of these drugs on compromising host immunity and 
facilitating HIV replication [ 17 ,  20 ]. The availability of a mouse 
model populated with human cells capable of being infected with 
HIV-1 helps delineate the mechanisms by which opioids and meth 
facilitate the establishment of HIV infection after transmission.

    1.     PBMCs   are isolated from an HIV  naïve   donor by Hypaque- 
Ficoll density centrifugation and resuspended (4 × 10 8  cells/
ml) in sterile cold PBS.   

   2.     NSG mice   (8–10 weeks old) are anesthetized and injected intra-
splenically with human PBMC cells alone in PBS or mixed with 
HIV-GFP (~10 7  infectious units (IU)/ml) in a total volume of 
50 μl, as outlined in Subheading  2.3 ,  item 3  ( see   Note 4 ).   

   3.    One day post-surgery, the mice are treated for six consecutive 
days by i.p injection with escalating doses of meth: 5 mg/kg 
for the fi rst 3 days, 6 mg/kg for day 4, 6.5 mg/kg for day 5 
and 7 mg/kg for day 6 [ 21 ] ( see   Note 5 ).   

   4.    One can use this model to evaluate the impact of substance 
abuse on selective infection and depletion of human T cell sub-
populations. Mice are infected with HIV-GFP which expresses 
the HIV-1 Bal  envelope [ 14 ] and the phenotype of the 
 HIV- infected and uninfected cells is determined by multipa-
rameter fl ow cytometric analysis of GFP-positive and GFP-
negative human T cells using an LSRII. HIV-infected cells can 
be identifi ed by the expression of the GFP reporter gene and 
phenotypic markers for human T cells (for example, hCD45+). 
Results are analyzed using FlowJo software.   

   5.    One can use this system to determine the in vivo capacity of 
meth treatment to increase HIV-1 infection and the impact of 
meth on the CD4 T cell subpopulations uninfected and 
infected with HIV-1. Humanized  NSG mice   constructed as 
described above are intrasplenically injected with unactivated 
human  PBMCs   (10 × 10 6 ) and HIV-GFP expressing the R5 
HIV-1 Bal  envelope. Although using unactivated PBMC to pop-
ulate the mice leads to a low fraction of infected cells, we feel 
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that it refl ects the in vivo physiological state of HIV-infected 
CD4+ T cells. One group of  NSG mice   should be untreated 
and the other group treated with daily i.p. doses of meth 
increasing from 5 to 7 mg/kg over a 6 day period. This dose 
of meth has been shown to provide serum levels similar to 
those detected in heavy users of meth [ 21 ]. On day 7, harvest 
spleens, isolate mononuclear cells and evaluate HIV infection 
by fl ow cytometry by quantifying the fraction of human 
CD45+ cells that express the GFP-reporter. Representative dot 
plots from this type of experiment (Fig.  2 ) show analysis of 
GFP expression by human CD45+ cells in the spleens from 
two HIV-infected mice treated with PBS (lower panels) and 
from two mice both HIV- infected and treated with meth 
(upper panels). There is a clear increase in the number of HIV-
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  Fig. 2     Meth treatment   increases in vivo HIV-1 infection in humanized mice. NSG mice were injected with HIV- 
GFP and one group ( n  = 5 mice) was untreated and the other group ( n  = 5 mice) was treated with 6 days of 
meth. Seven days after infection, HIV-1-infected cells in the spleen were isolated and analyzed by fl ow cytom-
etry. Representative dot plots of GFP expression by splenocytes from two PBS-treated mice and two meth- 
treated mice after gating for expression of human CD45 are shown.       
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1-infected cells expressing the reporter GFP gene in the spleens 
of meth-treated mice (2.4 and 1.8 %) compared to control 
mice treated with PBS (0.45 and 0.04 %).

       6.    The effects of illicit drugs on HIV-1 infection can also be eval-
uated using humanized  NSG mice   infected with LucR. The 
temporal effects of illicit drugs on HIV-1 infection can be 
determined by monitoring the level of HIV-1 infection in the 
spleens in vivo at multiple time points after infection by biolu-
minescent imaging. At the conclusion of the study, HIV-1 
infection in the spleen can be quantifi ed by measuring the 
LucR activity in the mouse splenic lysates as described above 
and compared to that of untreated mice (Subheading  3.2 ).    

         1.     Intravenous HIV - 1 infection of the mice . To infect hCD4/
R5/cT1 mice,  HIV-LucR   (1–2 × 10 7  IU) is intravenously 
injected into the mice and 5–7 days later HIV-1 infection is 
quantifi ed by measurement of LucR activity in splenic lysates 
as described above (Subheading  3.3 ). The effect on in vivo 
infection by neutralizing antibodies, antiretroviral therapy or 
 immunomodulators can be evaluated by treating the mice 
and then comparing the level of infection in the spleen and 
other tissues to untreated mice [ 13 ].   

   2.     Use of    hCD4 / R5 / cT1 mice     to evaluate the effect of meth treat-
ment on the acquisition of HIV - 1 infection after intravenous 
inoculation . One can use these mice to evaluate the effect of 
meth on the establishment of HIV-1 infection after intrave-
nous injection, a frequent route of infection in illicit drug users 
[ 22 ]. CD4/R5/cT1 mice are untreated, or treated with meth 
starting 1 day prior to infection at a dosage of 1 mg/kg/day 
for 3 days, followed by a dosage of 2.5 mg/kg/day for 5 days 
until sacrifi cing the mice. Intravenously inject untreated and 
meth- treated mice with HIV-LucR expressing the BaL enve-
lope (1–2 × 10 7  IU) and determine the level of HIV-1 infection 
at day 7 after injection by quantifi cation of LucR activity in 
splenic lysates as described above. In our own experiments, 
7 days after inoculation, meth-treated hCD4/R5/cT1 mice 
exposed to HIV-1 by intravenous injection displayed fi vefold 
higher levels of infection in their spleens as compared to 
untreated mice (Fig.  3 ). This indicated that meth was enhanc-
ing HIV-1 replication during the initial stages of acquisition 
and thereby facilitating HIV-1 transmission. This model 
should be helpful to investigators investigating the underlying 
mechanisms by which meth and other intravenously adminis-
tered illicit drugs increase HIV-1 infection and acquisition 
after intravenous exposure.

       3.     Use of    hCD4 / R5 / cT1 mice to     evaluate inhibitors of vaginal 
infection . The capacity of microbicides, neutralizing antibod-
ies, antiretroviral therapy or immunomodulators to inhibit or 

3.4  Human CD4, 
 CCR5  , and Cyclin T1 
Transgenic Mice 
(hCD4/R5/cT1 Mice) 
for Evaluation  of   
Anti-HIV Therapeutics 
and the Impact 
of Substance Abuse 
on HIV-1 Infection 
and Transmission

Tynisha Thomas et al.



231

enhance in vivo HIV-1 infection by the mucosal route can be 
evaluated by comparing the level of infection after mucosal 
exposure to HIV-1 in the treated mice to that of the untreated 
mice. To examine vaginal transmission, treat hCD4/R5/cT1 
mice with one subcutaneous injection with Depo-Provera 
(2.5 mg). Five days later, introduce HIV-nLuc (30 μl contain-
ing ~10 5  IU) atraumatically into the vagina by using a micro-
pipette ( see   Notes 6  and  7 ). One week later, isolate vaginal 
mucosal leukocytes as described [ 23 ,  24 ]. Briefl y, vaginal cells 
are isolated by mincing the excised vagina using a sterile scal-
pel in Cellular Isolation media. Digest the vaginal tissue in 
Cellular Isolation media with added 0.425 mg/ml collagenase 
D and 30 μg/ml DNase I for 45 min at 37 °C. Add EDTA to 
a fi nal concentration of 5 mM to stop the enzymatic reaction. 
After removing cellular debris by passing the dissociated tissue 
suspension through sterile nylon mesh (70 μm pore size), har-
vest the lymphoid cell-enriched cells by centrifugation 
(800 ×  g ) for 10 min, wash twice in Hanks balanced salt solu-
tion (HBSS), and count after staining with trypan blue dye to 
identify viable cells. Quantify the HIV-1 infection of these 
cells by measuring the NanoLuc activity in the lysed cells using 
the Nano-Glo™ Luciferase Assay (Promega) according to 
manufacturer’s instructions.   

  Fig. 3     Meth treatment   increases in vivo HIV-1 infection in  hCD4/R5/cT1 mice   after intravenous inoculation. 
hCD4/R5/cT1 mice were either treated ( n  = 4) or not treated ( n  = 4) with meth starting 1 day prior to inoculation 
at a dose of 1 mg/kg/day. The mice were intravenously injected with  NL-LucR.T2A-BaL.ecto   (1–2 × 10 7  IU) and 
the treated mice were continued on meth for two more days at a dose of 1 mg/kg/day and then increased to 
a dose of 2.5 mg/kg/day until the spleen was harvested. One week later, HIV-1 infection was quantifi ed by 
measuring LucR activity in the splenic lysates. The average LucR activity for the mice in each group +/− STE 
is shown.       
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   4.     Use of    hCD4 / R5 / cT1     mice to evaluate the effect of meth 
 treatment on the acquisition of HIV - 1 infection after vaginal 
inoculation . It is diffi cult to determine the relative contribu-
tions of the direct effect of illicit drugs on compromising host 
immunity and stimulating HIV replication from the behavior 
associated with illicit drug use such as increased promiscuity 
and risk taking behavior that cause the increased incidence of 
HIV infection [ 25 ]. These mice can be used to determine the 
effect of illicit drugs on the establishment of HIV-1 infection 
by mucosal exposure. As an example, we used this mouse 
model to evaluate the effect of meth on the establishment of 
HIV-1 infection after vaginal exposure. We described above 
the vaginal inoculation of hCD4/R5/cT1 mice by atraumati-
cally introducing HIV- NanoLuc expressing the C.DU151.2 
envelope (4.5 × 10 5  IU) into the vagina 5 days after subcutane-
ous injection with Depo- Provera (2.5 mg). In the same man-
ner, treat one group of mice with meth 1 day prior to infection 
at a dose of 1 mg/kg/day for 3 days, followed by 2.5 mg/kg/
day for 3 days until the mice are evaluated for HIV-1 infection. 
Five days after inoculation, isolate vaginal mucosal leukocytes 
from untreated mice and meth-treated mice and quantify 
HIV-1 infection by measuring NanoLuc activity in the cellular 
lysate as described above. In our own experience, mice infected 
intravaginally and treated with meth ( n  = 4 mice) display eight-
fold higher levels of HIV-1 infection in cervical-vaginal muco-
sal leukocytes as compared to untreated mice ( n  = 4 mice) 
(Fig.  4 ). This indicates that meth enhances HIV-1 acquisition 
through the mucosal route and may thereby facilitate HIV-1 
transmission. This model should be helpful to investigate the 
underlying mechanisms by which meth increases HIV-1 infec-
tion and acquisition after mucosal exposure.

4            Notes 

     1.    Low passage, healthy  293T cells   are critical for quality virus 
production. Overgrown cells or cells that fl oat during the pro-
cess will not produce high titer virus. Freeze virus in small, 
“1-time thaw” working aliquots to avoid multiple freeze–thaws 
as this will compromise the virus titer.   

   2.    It is important not to grasp the spleen directly with the forceps 
as this may lacerate the spleen and cause fatal bleeding. Instead, 
the fat tissue that is attached to the spleen should be grasped 
and used to pull the spleen out of the peritoneal cavity and to 
apply traction to the spleen for intrasplenic injections. After the 
human PBMC’s have been injected into the spleen, the spleen 
is closely scrutinized to ensure that the cells are properly injected 
by observing that the spleen swells during the injection, that 
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the cellular suspension diffuses into the splenic tissue and that 
no cell suspension leaks out.   

   3.    We have found the Berthold LB-953 tube luminometer pro-
vides extremely sensitive and reproducible detection of light 
with extremely low background counts and a high dynamic 
range as compared to microplate-based readers. According to 
the manufacturer, the sensitivity of detection of fi refl y  lucifer-
ase is   1 zmol (~600 molecules) and the dynamic range is 
greater than 6 orders of magnitude.   

   4.    It has been observed that male mice tolerate meth better than 
female mice. When using female mice, the minimum weight 
recommended is ≥30 g (0.030 kg). The minimum weight rec-
ommended for male mice is ≥28 g (0.028 kg). Mice should be 
monitored daily to monitor dose tolerance.   

   5.    Mice should be dosed around the same time daily to ensure 
comfort and increase the rate of survival, especially at higher 
doses.   

   6.    To atraumatically infect the mice, we hold the mice upside 
down and carefully and gently insert the micropipette tip less 
than 10 mm into the vaginal canal and slowly pipette out the 
virus. Insertion of the micropipette tip further than 10 mm 
into the vaginal canal could damage the intravaginal epithelial 

  Fig. 4     Meth treatment   increases in vivo HIV-1 infection in  hCD4/R5/cT1 mice   after intravaginal inoculation. 
hCD4/R5/cT1 mice were either treated ( n  = 4) or untreated ( n  = 4) with meth starting 1 day prior to infection at 
a dosage of 1 mg/kg/day. The mice were vaginally infected by atraumatically introducing HIV-1-NLucR 
(NL-nLuc.T2A-C.DU151.2.ecto) (4.5 × 10 5  IU) into the vagina 5 days after subcutaneous injection with Depo- 
Provera (2.5 mg). The treated mice were continued on meth for two more days at a dosage of 1 mg/kg/day and 
then increased to a dose of 2.5 mg/kg/day. Five days after infection, vaginal mucosal leukocytes were isolated 
from untreated mice ( n  = 4) and treated mice ( n  = 4) and NanoLuc activity in the cellular lysate was deter-
mined. The average NanoLuc activity for the mice in each group +/− STE is shown.       
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    Chapter 16   

 Measuring the Frequency of Latent HIV-1 in Resting CD4 +  
T Cells Using a Limiting Dilution Coculture Assay       

     Gregory     M.     Laird    ,     Daniel     I.  S.     Rosenbloom    ,     Jun     Lai    , 
    Robert     F.     Siliciano    , and     Janet     D.     Siliciano      

  Abstract 

   Combination antiretroviral therapy (cART) can reduce HIV-1 viremia to clinically undetectable levels. 
However, replication competent virus persists in a long-lived latent reservoir in resting, memory CD4 +  T 
cells. The latent reservoir in resting CD4 +  T cells is the major barrier to curing HIV-1 infection. The recent 
case of the Berlin patient has suggested that it may be possible to cure HIV-1 infection in certain situa-
tions. As efforts to cure HIV-1 infection progress, it will become critical to measure the latent reservoir in 
patients participating in clinical trials of eradication strategies. Our laboratory has developed a limiting 
dilution virus outgrowth assay that can be used to demonstrate the presence and persistence of latent 
HIV-1 in patients. Here we describe both the original and a simplifi ed version of the quantitative virus 
outgrowth assay (QVOA) to measure the frequency of latently infected resting CD4 +  T cells with replica-
tion competent provirus in patients on suppressive cART.  

  Key words     HIV-1  ,   Latency  ,   Latent reservoir  ,   Viral outgrowth assay  

1      Introduction 

 Despite the success of cART in halting viral replication in HIV-1 
infected patients, the infection cannot be cured by cART alone. 
HIV-1 can persist in a latent state that arises as a consequence of 
the normal physiology of CD4 +  T cells. HIV-1 preferentially infects 
activated CD4 +  lymphoblasts in infected individuals. While the 
majority of infected CD4 +  T lymphoblasts die rapidly [ 1 ,  2 ], a 
small fraction of these infected cells are not eliminated and transi-
tion to a resting state to persist as long-lived memory CD4 +  T cells 
[ 3 – 7 ]. In these infected resting CD4 +  T cells, key transcription 
factors and other cellular components necessary for effi cient HIV-1 
gene expression are down regulated while additional chromatin 
changes occur that may further hinder HIV-1 transcription 
(reviewed previously [ 8 – 10 ]). As a result, HIV-1 gene expression 
largely ceases in these resting CD4 +  T cells [ 11 ], and the integrated 
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replication competent  HIV-1 provirus   persists in a latent state. 
Notably,  HIV-1 latency   can be reversed by activation of latently 
infected CD4 +  T cells [ 3 – 7 ], though recent work suggests that a 
single round of T cell activation may not reactivate all latent provi-
ruses [ 12 ,  13 ]. HIV-1 latency is defi ned by the absence of produc-
tive HIV-1 gene expression or virion production. 

 Latent infection of resting CD4 +  T cells was demonstrated 
defi nitively for the fi rst time using a limiting dilution viral out-
growth assay [ 6 ,  14 ], which has since been modifi ed [ 15 ] and is 
presented in this protocol (Fig.  1 ). Using this assay, we have 
shown that latently infected cells are rare; latent proviruses can be 
found at a frequency of roughly 1 per 10 6  resting CD4 +  T cells [ 3 , 
 6 ].  Longitudinal studies   have examined the decay rate of the 
HIV-1 latent reservoir using this viral outgrowth assay [ 16 ,  17 ], 
and have concluded that the slow decay rate of the reservoir 
(~44 months) guarantees lifetime persistence of the virus, even in 
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  Fig. 1    Schematic of limiting dilution viral outgrowth assay. The limiting dilution viral outgrowth assay can be 
performed using either  MOLT-4/CCR5   cells or healthy donor lymphoblasts as target cells, with outgrowth 
scored ( a ) after 14 days using HIV-1 p24 ELISA or ( b ) after 7 days using HIV-1  RT-qPCR  .       
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infected individuals on suppressive antiretroviral therapy [ 16 – 18 ]. 
This virus outgrowth assay (VOA) remains a gold-standard mea-
surement in the study of  HIV-1 latency   [ 19 ] and provides a defi n-
itive minimal estimate of the frequency of latently infected cells.

   The quantitative viral outgrowth assay begins with the  isola-
tion      of resting CD4 +  T cells from HIV-1 infected donors who have 
been on suppressive antiretroviral therapy for at least 6 months 
[ 20 ]. During the initial 6 months of suppression on cART, the 
frequency of latently infected cells identifi ed by the quantitative 
viral outgrowth assay will decay signifi cantly due to the clearance of 
a more labile population of cells containing non-integrated  HIV-1 
provirus  es. This labile state is distinct from the stable post- 
integration latency, which is being quantitated in the VOA in sup-
pressed patients. Resting CD4 +  T cells are plated in limiting 
dilution and activated by the mitogen phytohemagglutinin ( PHA  ) 
in the presence of irradiated allogeneic peripheral blood mononu-
clear cells ( PBMCs  ). T cell activation reverses latency in these cells, 
resulting in the production of replication-competent HIV-1. This 
step results in 100 % of the resting cells to become activated as 
assessed by  CFSE   dilution and cell surface expression of activation 
markers (CD25 and CD69) [ 12 ]. Virus released into the superna-
tant of the culture wells is amplifi ed by adding target cells that 
support robust replication. Outgrowth of replication-competent 
virus is then scored, and maximum likelihood statistics are used to 
determine the frequency of latent infection. This frequency is pre-
sented as infectious units per million input resting CD4 +  cells, or 
IUPM. Typically, HIV-1-infected individuals on suppressive anti-
retroviral therapy will have IUPM values between 0.03 and 3, with 
an average approximately 1 IUPM [ 6 ,  16 ,  18 ]. In this protocol, 
two target cell options for virus expansion are presented:  MOLT-4/
CCR5   T cell line or CD8-depleted  lymphoblasts   from uninfected 
donors [ 15 ]. Both target cells support robust replication  of    CCR5- 
tropic      and    CXCR4-tropic HIV-1   ( see   Note 1 ). The use of the 
MOLT-4/CCR5 cell line is advantageous because these cells can 
be continuously cultured in large numbers without the need for 
additional uninfected donors or cell purifi cation and activation. 
Additionally, the MOLT-4/CCR5 target cells need only be added 
once in the assay. Finally, the use of the MOLT-4/CCR5 cell line 
reduces variability inherent to uninfected donor derived target 
cells. Two readout measures have been developed to score the out-
growth of replication-competent HIV-1: p24 ELISA or  RT-qPCR   
[ 15 ]. Both assays quantitate the frequency of cells with replication 
competent virus. The p24 ELISA is used on day 14 of the assay to 
score outgrowth (Fig.  1a ), while the RT-qPCR assay can be used 
as early as day 7 of the assay [ 15 ] (Fig.  1b ). An outgrowth-scoring 
assay can be chosen on the basis of time constraints and instrument 
availability.  

Latent HIV-1 Limiting Diluting Co-Culture Assay
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2    Materials 

       1.    Humidifi ed CO 2  tissue culture incubator.   
   2.    Centrifuges, both refrigerated and non-refrigerated, with 

rotors and adaptors for 15 and 50 mL conical tubes.   
   3.    Light microscope and hemocytometer (or other cell counter).   
   4.    BSL-2 tissue culture facility.      

       1.    Wash medium (WM): phosphate-buffered saline, pH 7.4, 2 % 
heat-inactivated newborn calf serum, 0.1 % dextrose; 1× peni-
cillin–streptomycin, 12 mM HEPES, pH 7.2.   

   2.    Super T cell medium ( STCM  ): RPMI 1640 with GlutaMAX, 
10 % heat-inactivated fetal bovine serum, 100 U/mL recombi-
nant human  IL-2  , 1× penicillin–streptomycin, 1 %  T cell 
growth factor   ( TCGF  , see below for  preparation  ).   

   3.    T Cell Growth Factor ( TCGF  ): human serum type AB, phor-
bol 12-myristate 13-acetate ( PMA  ), colorimetric  MTS cell 
proliferation assay  , phytohemagglutinin ( PHA  ), leukopaks 
from HIV negative donors.      

       1.    Ficoll-Paque Plus.   
   2.    Heparin, sodium salt: dissolve in phosphate buffered saline, 

fi lter-sterilize and store aliquots at 4 °C.   
   3.    Human CD4 +  T Cell  Isolation Kit.     
   4.     Human CD25   MicroBeads.   
   5.    Human CD69  MicroBead   Kit II.   
   6.    Human  Anti-HLA-DR   MicroBeads.   
   7.    LS columns.   
   8.    MACS Separator magnets and stand.   
   9.    Cs-source irradiator (e.g., Gammacell 3000 Elan; MDS 

Nordion).   
   10.    Recombinant human  IL-2  , 22 × 10 6  U/vial.   
   11.    Phytohemagglutinin ( PHA  ); 150 μg/mL in WM, fi lter- 

sterilized; stock solution stored at −80 °C.   
   12.    1× penicillin–streptomycin.   
   13.    Heat-inactivated fetal bovine serum ( see   Note 2 ).   
   14.    RPMI 1640 medium with GlutaMAX.      

       1.    Dynabeads CD8 magnetic beads.   
   2.    Dynal MPC-1 magnetic particle concentrator.      

2.1  General 
Laboratory Equipment

2.2  Cell 
Culture Media

2.3  Preparation 
of Human Primary 
Resting CD4 +  T Cells

2.4  Preparation 
of Human CD8+ 
Depleted 
 Lymphoblasts   (If 
Chosen as Target Cell)
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       1.     MOLT-4/CCR5   T cell line.   
   2.    Geneticin ( G418  ).   
   3.    Spinner fl asks may be used for high-density  MOLT-4/CCR5   

culture ( see   Note 3 ).      

       1.    Multi-well 6-well and 24-well sterile tissue culture plates with 
fl at bottom and low evaporation lid.   

   2.    T-25, T-75, and T-150 sterile tissue culture fl asks.      

       1.    For p24 ELISA endpoint at 14 days:
    (a)    Alliance HIV-1 P24 ANTIGEN ELISA Kit.   
   (b)     Absorbance microplate reader capable of reading absor-

bance at 490 nm with >600 nm reference.       
   2.    For  RT-qPCR   endpoint at 7 days:
    (a)     Appropriate reagents for RNA  isolation   from 

supernatant.   
   (b)    cDNA synthesis reagents.   
   (c)    Quantitative PCR Reagents.

 ●    Master mix (e.g., TaqMan Fast Advanced Master Mix, 
Life Technologies).  

 ●   Forward Primer VQA forward (5′ → 3′): 
CAGATGCTGCATATAAGCAGCTG  

 ●   VQA reverse (5′ → 3′): 
 ●  TTTTTTTTTTTTTTTTTTTTTTTTGAAGCAC  
 ●   VQA probe (5′ → 3′; 6′FAM/MGB): 
 ●  CCTGTACTGGGTCTCTCTGG  
 ●   pVQA plasmid standard (NIH AIDS Reagent 

Program, catalog # 12666).      
   (d)    Thermal cycler for cDNA synthesis.   
    (e)    Quantitative PCR machine.    

               1.    Need four HIV negative leukopaks.   
   2.    Isolate  PBMCs      from leukopaks by Ficoll density centrifugation 

using manufacturer’s protocol. Perform cell washes with WM. 
Αpproximately 1–2 × 10 9  PBMCs are obtained from four 
leukopaks.   

   3.    Resuspend isolated  PBMCs   at ~5 × 10 6  mL −1  and culture 
together in RPMI + 2.5 % heat-inactivated human AB serum 
with 1× penicillin–streptomycin in T150 tissue culture fl asks. 
A total of 70 mL medium is added to each fl ask. Incubate over-
night in a humidifi ed incubator at 37 °C, 5 % CO 2  with fl asks 
lying fl at.   

2.5  Culturing 
 MOLT-4/CCR5   Cells (If 
Chosen as Target Cell)

2.6  Tissue Culture 
Materials

2.7  Endpoint 
Measurement of Viral 
Outgrowth

2.8  Reagent 
Preparation

2.8.1   Preparation of   T 
Cell Growth Factor ( TCGF  )

Latent HIV-1 Limiting Diluting Co-Culture Assay
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   4.    The following day, activate cells by adding  PHA   to a fi nal 
 concentration of 2 μg/mL and  PMA   to a fi nal concentration 
of 5 ng/mL. Incubate 4 h at 37 °C, 5 % CO 2 .   

   5.    After incubation, carefully remove the culture supernatant 
from the activated cells and gently wash settled  PBMCs   with 
15 mL pre-warmed WM. Repeat this wash to remove residual 
 PHA   and  PMA  . Take care not to lose cells attached to the 
 surface of the culture fl asks.   

   6.    Add back 70 mL fresh RPMI + 2.5 % heat-inactivated human 
AB serum + 1× penicillin–streptomycin. Incubate for 40 h 
at 37 °C, 5 % CO 2 .   

   7.    Collect the conditioned culture supernatant from the activated 
 PBMCs   and transfer to fresh conical tubes. Centrifuge 
at ~400 ×  g  for 10 min to remove cell debris.   

   8.    Filter–sterilize the conditioned culture supernatant using a 
0.45 μm fi lter unit. This fi ltered culture medium is now  TCGF  .   

   9.    Freeze the  TCGF   in 40 mL aliquots at −20 °C.      

       1.    The effi cacy of  TCGF   can be evaluated using a colorimetric 
 MTS cell proliferation assay   to determine the minimum 
amount of TCGF needed to stimulate maximal cell growth. 
For fi rst- batch analysis, add TCGF to RPMI + 10 % 
FBS + 100 U/mL  IL-2  , titrating the TCGF concentration 
from ~1 to 2 % of the fi nal volume. For later batches of TCGF, 
compare new batch to previous batch of TCGF. This test 
media will be used in the evaluation of TCGF.   

   2.    Isolated  PBMCs    from   healthy donors by Ficoll density cen-
trifugation. Approximately 3 × 10 5  PBMCs are needed per 
 TCGF   titration.   

   3.    In triplicate, add 1 × 10 5   PBMCs   in 100 μL of each test media 
titration to a 96 well plate. Incubate for 2–3 days at 37 °C, 5 % 
CO 2 . Plate can be loosely wrapped in foil to minimize 
evaporation.   

   4.    Perform the colorimetric MTS proliferation assay to determine 
the minimal  TCGF   percentage required to stimulate maximal 
proliferation without assay saturation. Typically, no more than 
2 % TCGF is required to stimulate maximal proliferation 
( see   Note 4 ).      

   RPMI + 10 % heat-inactivated FBS, 100 U/mL  IL-2  ,  TCGF   (per-
cent determined by cell proliferation assay;  see   Note 4 ) and 1× 
penicillin–streptomycin.  

    MOLT-4/CCR5   is a T-lymphoblastoid cell line established by 
Baba and colleagues [ 21 ]. These cells were derived from the 
CD4 +  CXCR4   +  MOLT-4 cell line, and have been engineered to 

2.8.2  Testing  TCGF  

2.8.3  Preparation of T 
Cell Medium ( STCM  )

2.8.4  Culturing  MOLT-4/
CCR5   Cell Line
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stably express  CCR5  . The cell line can be obtained from the NIH 
AIDS Reagent program and should be cultured in suspension in 
RPMI + 10 % FBS + 0.2 mg/mL G-418. For increased culture den-
sity, cells are cultured in spinner flasks.  G418   should not be 
included during the coculture of MOLT-4/CCR5 cells with 
patient resting CD4 +  T cells.    

3    Methods 

   If  MOLT-4/CCR5   cells are chosen, ensure that ~75 × 10 6  cells are 
available for each standard assay. 

 If CD8-depleted  lymphoblasts   are chosen, draw 120 mL blood 
from a healthy, HIV negative donor into heparinized syringes 
1 day before beginning the assay. Syringes should be inverted sev-
eral times to prevent clotting of blood. Isolate  PBMCs    by   Ficoll 
density centrifugation, resuspend washed PBMCs in 30 mL  STCM   
in a T75 tissue culture fl ask and add  PHA   to a fi nal concentration 
of 0.5 μg/mL. Incubate fl ask at 37 °C, 5 % CO 2  for 2–3 days so 
that cells are fully permissive for infection when added to the cul-
tures. After this incubation, CD8 +  T cells must be removed by 
negative bead depletion, described below ( see   Note 5 ).  

         1.    Draw 120–180 mL blood from healthy donor into heparinized 
syringes.   

   2.    Inactivate by γ irradiation (5000R in Cs-source irradiator).   
   3.    Isolate  PBMCs   by Ficoll density centrifugation per manufac-

turer’s protocols. Perform cell washes with WM.   
   4.    Resuspend washed  PBMCs   in  STCM   at 2.5 × 10 6  cells/mL.   
   5.    Add  PHA   at a fi nal concentration of 1 μg/mL. Place irradi-

ated, washed  PBMCs   on ice immediately to prevent cell adhe-
sion to tube. Store on ice until use. Irradiated PBMCs must be 
used the same day that they are prepared.      

       1.    Isolate patient  PBMCs   from 120 to 180  mL   freshly donated 
whole blood by Ficoll density gradient centrifugation per man-
ufacturer’s protocols. Perform cell washes with WM.   

   2.    Isolate CD4 +  T-cells by depletion using Miltenyi CD4 +  T-cell 
 isolation kit.  
    (a)    Resuspend  PBMCs   in 4 μL of cold WM per 10 6  cells.   
  (b)    Add 1 μL of supplied CD4 +  T-cell Biotin-Antibody 

 Cocktail   per 10 6  cells.   
   (c)    Incubate cells for 5 min at 4 °C.   
  (d)    Add 3 μL of additional cold wash media and 2 μL of sup-

plied CD4 +  T-cell MicroBead Cocktail per 10 6  cells.   

3.1  Selection 
of Target Cells 
for Virus Expansion

3.2  Day 1:       Resting 
CD4 +  T Cell  Isolation  , 
 Plating  , and Activation

3.2.1  Preparation 
of Irradiated Allogeneic 
PBMC from Healthy Donors

3.2.2     Isolation 
and  Purifi cation   of Resting 
CD4 +  T-Cells from HIV-1 
Infected Donor
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   (e)    Incubate cells for 10 min at 4 °C.   
    (f)    Apply cells to pre-equilibrated Miltenyi LS columns (10 8  

cells per column) in no less than 500 μL per 10 8  cells and 
collect fl ow-through, containing negatively selected CD4 +  
T-cells.   

  (g)    Wash each column once with 3 mL cold wash media. 
Count the eluted CD4 +  T-cells and pellet cells.    

      3.    Isolate resting CD4 +  T-cells (CD69 − , CD25 − , HLA-DR − ) by 
depletion.
    (a)    Resuspend CD4 +  T-cells in 9 μL cold WM per 10 6  cells.   
  (b)    Add 1 μL of  anti-CD69 Biotin   antibody per 10 6  cells.   
   (c)    Incubate for 15 min at 4 °C.   
  (d)    Add 2 μL of  anti-Biotin   MicroBeads, 2 μL of CD25 

MicroBeads II, and 2 μL of  anti-HLA-DR   MicroBeads per 
10 6  cells.   

  (e)    Incubate for 15 min at 4 °C.   
   (f )    Add 1–2 mL cold WM per 10 8  cells to wash and pellet 

cells.   
  (g)    Resuspend cells in cold WM, apply to a pre-equilibrated 

LS column (10 8  cells per column) in no less than 500 μL 
per 10 8  cells, and collect fl ow-through.   

  (h)    Wash each column three times with 3 mL cold WM. Count 
the eluted resting CD4 +  T-cells and pellet cells. Resuspend 
in  STCM   at 1 × 10 6  mL −1 . This is considered tube A in the 
dilution series outlined below.    

             1.    Set up serial dilutions of resting CD4 +  cells in  STCM   (Table  1 ). 
Note that the maximum number of resting CD4 +  cells in one 
well of a 6-well plate is 1 × 10 6 . For maximum activation, a 
tenfold excess of irradiated allogeneic  PBMCs   from uninfected 
donors are added to each well.

       2.    Plate setup: leave one empty well between each well containing 
patient cells to avoid inter-well contamination.
   (a)    6-well plate: two wells with 1 × 10 6  resting CD4 +  T cells 

each (A1 and A2) ( see  Table  2 ).
      (b)    24-well plates: label plates 1 and 2, label wells B1–G1 and 

B2–G2 ( see  Table  3 ).
           3.    Stack plates, two plates per stack, wrap loosely in aluminum 

foil to minimize evaporation, and incubate at 37 °C, 5 % CO 2 .       

       1.    The  PHA   must be removed from the culture to minimize tox-
icity. Thus, carefully remove 6 mL of culture media without 
removing cells from the large A wells and 1.5 mL of culture 
media from the small B–G wells and discard. Replace with an 

3.2.3  Setting Up Well 
Dilutions and Plating Cells 
( See   Note 6 )

3.3  Day 2 
of the Assay: Addition 
of HIV-1 Target Cells 
( See   Note 7 )
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equal volume of fresh,  STCM  . Incubate at 37 °C, 5 % CO 2  for 
at least 3 h to allow cells to settle.   

   2.    (a) If  MOLT-4/CCR5   cells are chosen as the target cells: 
 Carefully remove 6 mL of culture media from the large A 
wells and 1.5 mL of culture media from the small B–G wells 

    Table 1  
  Resting CD4 +  T cell dilution scheme   

 Tube 
 Volume of 
previous tube (μL) 

 Volume of 
 STCM   (mL)  Cell concentration 

 Volume into 
culture assay (mL) 

 A  –  –  1 × 10 6  cells/mL  1 

 B  550  2.2  200,000 cells/mL  1 

 C  550  2.2  40,000 cells/mL  1 

 D  550  2.2  8000 cells/mL  1 

 E  550  2.2  1600 cells/mL  1 

 F  550  2.2  320 cells/mL  1 

   Table 2  
  Setup of large volume assay wells   

 Well 
 Volume resting CD4 +  cells 
from appropriate tube (mL) 

 Volume irradiated PBMC +  PHA   
(mL) 

 Volume 
 STCM   (mL) 

 Final 
volume (mL) 

 A1  1 (1 × 10 6  cells)  4 (1 × 10 7  cells)  3  8 

 A2  1 (1 × 10 6  cells)  4 (1 × 10 7  cells)  3  8 

   Table 3  
  Setup of small volume assay wells   

 Well 
 Volume resting CD4 +  cells 
from appropriate tube (mL) 

 Volume irradiated PBMC +  PHA   
(mL) 

 Volume 
 STCM   (mL) 

 Final 
volume (mL) 

 B1  1 (200,000 cells)  1 (2.5 × 10 6  cells)  –  2 

 C1  1 (40,000 cells)  1 (2.5 × 10 6  cells)  –  2 

 D1  1 (8000 cells)  1 (2.5 × 10 6  cells)  –  2 

 E1  1 (1600 cells)  1 (2.5 × 10 6  cells)  –  2 

 F1  1 (320 cells)  1 (2.5 × 10 6  cells)  –  2 

 G1  –  1 (2.5 × 10 6  cells)  1  2 
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and discard. Replace with and equal volume of MOLT-
4/ CCR5   cells in fresh, pre-warmed  STCM   at 6.7 × 10 5  cells/
mL. Incubate at 37 °C, 5 % CO 2 . 
 (b) If CD8-depleted  lymphoblasts   are chosen as the target 

cells: 

 Using CD8 DynaBeads, deplete CD8 +  T cells from healthy 
donor  PBMCs   activated prior to beginning the assay. 
Resuspend these CD8 depleted lymphoblasts in fresh, pre-
warmed STCM at 6.7 × 10 5  cells/mL. Next, carefully remove 
6 mL of culture media from the large A wells and 1.5 mL of 
culture media from the small B–G wells and discard. Replace 
with and equal volume of the resuspended CD8-depleted  lym-
phoblasts.   Incubate at 37 °C, 5 % CO 2 .     

   The remaining steps in the viral outgrowth assay protocol are 
dependent on which outgrowth-scoring assay is chosen.   

         1.    Carefully remove 3 mL culture media from the large A wells 
and 0.75 mL culture media from the small B–G wells and 
discard.   

   2.    Thoroughly resuspend the cells.   
   3.    Remove 1 mL of the resuspended cells from the large A wells 

and 0.25 mL of the resuspended cells from the small B–G wells 
and discard.   

   4.    Replace with an equal volume of fresh  STCM  . Incubate 
at 37 °C, 5 % CO 2 .      

       1.    Perform RNA isolation on maximum amount of supernatant 
per the manufacturer’s instructions.   

   2.    Perform cDNA synthesis per the manufacturer’s instructions.   
   3.    Perform qPCR per the manufacturer’s instructions. Using a 

20 μL TaqMan Fast Advanced PCR Master Mix, we employ 
the following conditions: 10 μM each primer, 250 nM probe, 
6 μL cDNA template;  T  m  60 °C.       

         1.    Carefully remove 3 mL culture media from the large A wells 
and 0.75 mL culture media from the small B–G wells and 
discard.   

   2.    Thoroughly resuspend the cells.   
   3.    Remove 1 mL of the resuspended cells from the large A wells 

and 0.25 mL of the resuspended cells from the small B–G wells 
and discard.   

3.3.1  Selection 
of Endpoint HIV-1 
Outgrowth- Scoring Assay

3.4  Using  RT-qPCR   
to Score Viral 
Outgrowth

3.4.1  Day 5 of the Assay: 
Splitting of the Cultures 
(Optional,  See   Note 8 )

3.4.2  Day 7 of the Assay: 
RNA  Isolation  , cDNA 
Synthesis, and qPCR 
for Outgrowth

3.5  Using p24 ELISA 
to Score Viral 
Outgrowth

3.5.1  Day 5 of the Assay: 
Split the Cultures
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   4.    Replace with an equal volume of fresh. Incubate at 37 °C, 
5 % CO 2 .      

   Draw 120 mL blood from a healthy, HIV-negative donor into 
heparinized syringes 1 day before setting up the virus outgrowth 
assay. Syringes should be inverted several times to prevent clotting 
of blood. Isolate  PBMCs   by Ficoll density centrifugation, resus-
pend washed PBMCs in 30 mL  STCM   in a T75 tissue culture fl ask 
and add  PHA   to a fi nal concentration of 0.5 μg/mL. Incubate 
fl ask at 37 °C, 5 % CO 2  for 2–3 days. After this incubation, CD8 +  
T cells are then removed by negative bead depletion as described 
below ( see   Note 5 ).  

       1.    Thoroughly resuspend the cells.   
   2.    Carefully remove 4 mL culture media from the large A wells 

and 1 mL culture media from the small B–G wells and 
discard.   

   3.    (a)  If  MOLT-4/CCR5   cells were chosen as HIV-1 target 
cells: replace media with an equal volume of fresh  STCM  . 
Incubate at 37 °C, 5 % CO 2 . 

 (b) If CD8-depleted lymphoblasts were chosen as HIV-1 
 target cells:    

 Using CD8 DynaBeads, deplete CD8 +  T cells from healthy 
donor  PBMCs   activated on day 7 of the assay. Resuspend these 
CD8 depleted lymphoblasts in fresh STCM at 1 × 10 6  cells/
mL. Next, carefully remove 4 mL of culture media from the 
large A wells and 1 mL of culture media from the small B–G 
wells and discard. Replace with and equal volume of the resus-
pended CD8- depleted lymphoblasts. Incubate at 37 °C, 5 % 
CO 2 .      

       1.    Perform p24 ELISA per the manufacturer’s protocol using 
200 μL of culture supernatant from each well ( see   Note 7 ). 
Score wells positive for outgrowth if absorbance in the well is 
greater than or equal to that of the lowest p24 standard 
(3.25 pg/mL).       

   Infection frequency can be determined by maximum likelihood 
statistics. An application to perform this calculation is provided 
online at   http://silicianolab.johnshopkins.edu    . Input required for 
this calculation is:

    1.    Size of each well in assay (# of input cells from infected 
individuals).   

   2.    Number of wells of each size.   

3.5.2  Day 7 of the 
Assay (If CD8 +  Depleted 
 Lymphoblasts   Were 
Chosen as HIV-1 
Target Cells)

3.5.3  Day 9 of the Assay: 
Split the Cultures

3.5.4  Day 14 
of the Assay: Assay Wells 
for Viral Outgrowth

3.6  Calculation 
of the Frequency 
of Latent HIV-1 
Infection
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   3.    Number of wells of each size which were scored positive for 
outgrowth.    

  The application uses this input to compute the following:

    1.    Estimated infection frequency in IUPM.   
   2.    95 % confi dence interval for infection frequency.   
   3.      p -value   of the null hypothesis that each cell collected in the 

assay represents an independent and identically distributed 
binary random variable (infected/not infected).   

   4.    “Most likely data”: Prediction of the most likely scoring of 
positive/negative wells that would result if the assay were per-
formed again under the same conditions. Often, but not 
always, the same as the scoring inputted.     

 Any deviation from the limiting dilution described in Table  1  
above, should be accurately recorded; e.g., use of a single well con-
taining fi ve million cells should be recorded as such, and not as fi ve 
separate wells containing one million cells each. The statistical 
analysis is valid for any collection of well sizes. 

 The   p -value   is calculated using a  χ  2  test. A very small  p -value 
suggests that one or more assumptions underlying the analysis fail 
to hold: either cross-well contamination occurred, well sizes were 
recorded incorrectly, or cells were not suffi ciently mixed such that 
each well contains a representative sample. 

 There are two special cases in which the interpretation of 
 program output differs from that given above:

    1.    All-positive wells. In this case, analysis cannot proceed and 
smaller wells must be used.   

   2.    All-negative wells. In this case, the maximum likelihood esti-
mate of infection frequency is formally zero. To provide a 
meaningful estimate, the application instead uses  Bayesian 
analysis  , assuming a uniform prior distribution of infection fre-
quency on the interval [0, 1]. The median of the posterior 
distribution is provided as the primary estimate (i.e., this value 
exceeds the true frequency with 50 % probability). Additionally, 
a 95 % upper bound is provided (i.e., this value exceeds the 
true frequency with 95 % probability). Neither a lower bound 
nor a   p -value   is meaningful in this case.       

4    Notes 

     1.    Target cells can be chosen on the basis of availability to the 
investigator. Many labs do not have access to large numbers of 
healthy donor lymphoblasts.  MOLT-4/CCR5   cells provide an 
effective alternative.   
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   2.    Multiple lots of fetal bovine serum should be tested to fi nd the 
lot that will support optimal growth of human T cells. A pro-
liferation assay with  PBMCs   and media containing the 10 % 
FBS to be tested is set up as follows. Cells are resuspended in 
 STCM   at a concentration of 1 × 10 6  cells/mL. Using a multi-
channel pipette, 0.1 mL of cells is added to the wells of a 
96-well round bottom tissue culture plate. Next, add 0.1 mL 
of RPMI 1640 + 20 % of the FBS lots to be tested to each well. 
Plate in triplicate for each lot of FBS to be tested. Incubate 
plate at 37 °C with 5 % CO 2  for 48 h. A colorimetric assay 
(Promega CellTiter 96 Aqueous One Solution Cell Proliferation 
Assay) is used to quantitate the number of proliferating cells 
according to the manufacturer’s protocol.   

   3.    Cells in the spinner fl ask should only be kept in culture for 
6–8 weeks after which time a new stock vial should be thawed. 
Typically, when cells are initially obtained, they are grown to 
suffi cient quantity in a spinner fl ask. Aliquots of 20 × 10 6  cells 
are frozen viably in 90 % fetal bovine serum/10 % DMSO in a 
prechilled Mr. Frosty cooler, placed at −80 °C for a day and 
then transferred to liquid nitrogen for long-term storage.   

   4.    At higher concentrations of  TCGF   exceeding the typical 2 % v/v, 
the introduction of higher amounts of chemokines from activated 
CD8 +  T cells in the preparation can inhibit viral replication.   

   5.    Depletion of activated CD8 +  T cells is required for effi cient 
viral replication as chemokines secreted by CD8 +  T cells can 
inhibit viral replication.   

   6.    The resting CD4 +  T cell dilutions recommended in this proto-
col can be modifi ed. If additional resting CD4 +  T cells are 
available, additional “A wells” can be plated to increase both 
the sensitivity and precision of the assay. The IUPM can be 
calculated for any dilution scheme using the calculator 
described in this protocol.   

   7.    After addition of  PHA   on day 1 of the assay, it is imperative 
that a different pipette tip or serological pipette be used for 
each well to avoid cross contamination of wells with either 
virus or cells from another well.   

   8.    When  RT-qPCR   is used as a readout for viral outgrowth on 
day 7 of the assay, the splitting of cells and addition of fresh 
media on day 5 may be optional. Splitting on day 5 may 
decrease the concentration of replicating HIV-1 virions 
detected on day 7. However, the cell split and fresh media 
addition may support better cell viability.         

Latent HIV-1 Limiting Diluting Co-Culture Assay
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    Chapter 17   

 LGIT In Vitro Latency Model in Primary and T Cell Lines 
to Test HIV-1 Reactivation Compounds       

     Ulrike     Jung    ,     Mayumi     Takahashi    ,     John     J.     Rossi    , 
and     John     C.     Burnett      

  Abstract 

   Persistent latent HIV-1 reservoirs pose a major barrier for combinatorial antiretroviral therapy (cART) to 
achieve eradication of the virus. A variety of mechanisms likely contribute to HIV-1 persistence, including 
establishment of post-integration latency in resting CD4+ T-lymphocytes, the proliferation of these latently 
infected cells, and the induced or spontaneous reactivation of latent virus. To elucidate the mechanisms of 
latency and to investigate therapeutic strategies for reactivating and purging the latent reservoir, investiga-
tors have developed in vitro models of HIV-1 latency using primary CD4+ T-lymphocytes and CD4+ T-cell 
lines. Several types of in vitro latency models range from replication-competent to single-round, replication-
defi cient viruses exhibiting different degrees of viral genomic deletion. Working under the hypothesis that 
HIV-1 post-integration latency is directly linked to HIV-1 promoter activity, which can be obscured by 
additional proteins expressed during replication, we focus here on the creation of latently infected primary 
human T-cells and cell lines through the single-round, replication defi cient HIV-1 LGIT model. In this 
model the long terminal repeat (LTR) of the HIV-1 virus drives a cassette of  GFP - IRES - Tat  that allows 
testing of reactivating components and initiates a positive feedback loop through Tat expression.  

  Key words     HIV  ,   Latency  ,   Reactivation  ,   T-cell line  ,    Primary T-cells    ,   LGIT  ,   LTR  

1      Introduction 

 The current gold standard of HIV-1 therapy, the drug based com-
binatorial antiretroviral therapy (cART), can suppress plasma vire-
mia below detection limits. However, no eradiation is achieved as 
interruption of the therapy usually causes a rebound of virus in the 
plasma. A primary reason for viral persistence is a non-productive 
state of infection in individual cells with stably integrated provirus, 
known as HIV latency. Latently infected cells, which are estab-
lished early in acute infection [ 1 ], demonstrate only minimal or no 
translation of viral proteins and maintain only a low level of tran-
scripts [ 2 ,  3 ]. Although plasma viremia remains suppressed by 
cART, latently infected cells are not susceptible to cART and due 
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to the long-lived nature of resting memory CD4+ T cells (a major 
proportion of the latent reservoir), it is estimated that it would 
require over 70 years to completely deplete these cells by natural 
eradication [ 4 ]. This is not possible with current therapies and 
therefore a primary barrier to a cure. A potential strategy for HIV 
eradication is activating latently infected cells under cART as non- 
quiescent cells have a relatively short half-life. HIV-1 expression is 
closely tied to cellular activation stage as it depends mostly on host 
transcription factors. There is a wide range of in vitro models to 
understand  HIV-1 latency  . These include primary human CD4+ 
T-cells infected by spinoculation with a single-cycle infection 
reporter virus [ 5 ], the infection of primary human, pre- activated 
CD4+ T-cells with replication-competent HIV to establish latency 
through coculture with an astrocytoma feeder cell line [ 6 ] or a 
Jurkat-based stable, latently infected cell line with   Env   -defi cient 
integrated provirus where  GFP  replaced   Nef    (J-Lat) [ 7 ]. Owing to 
these different models, changes in chromatin structure, DNA 
methylation, transcription elongation restriction, as well as interac-
tion of various host transcription factors with numerous  cis -regula-
tory elements in the viral 5′-LTR were identifi ed as possible 
mechanisms and potent targets of reactivation [ 5 ,  6 ,  8 – 12 ]. Adding 
to the complexity of the latency phenomenon, the viral sequence/
subtype impacts signifi cantly the effi cacy of a reactivation approach 
[ 13 ]. To allow screening for reactivating compounds without 
restriction to HIV  subtype  s the  LTR - GFP -  IRES   - Tat  (LGIT) 
latency model was developed. It allows testing of unique LTR 
sequences in Jurkat and primary CD4+ T-cells and demonstrates 
that subtype specifi c variability of Sp1 and NF-κB binding sites in the 
LTR U3 region has a major impact on emergence of latency [ 13 ]. 

 Weinberger et al. [ 14 ] fi rst constructed the LGIT HIV latency 
system to understand how stochastic fl uctuations in Tat can lead to 
bifurcating phenotypes, in which cells with the same proviral inte-
gration site can exhibit either very high or near zero GFP expres-
sion. The LGIT vector is similar to the Jurkat-based 
LTR-Tat- IRES  -GFP (LTIG) construct developed by the Verdin 
lab [ 7 ,  15 ,  16 ]. However, by swapping the positions of the  GFP  
and  Tat  genes relative to IRES, the LGIT construct yielded higher 
expression of the GFP signal and lower expression of Tat, as the 
IRES-dependent translation of the downstream genes is known to 
be signifi cantly less effi cient than the cap-dependent translation of 
the upstream gene [ 17 ]. By emulating HIV-1 expression at HIV-1 
integration sites having low basal expression [ 14 ], the LGIT vector 
produces low levels of Tat that are susceptible to random fl uctua-
tions that can result in bifurcating clonal populations—‘Off’ and 
‘Bright’ [ 18 ,  19 ]. The LGIT vector has subsequently been used to 
study how chromatin and related factors [ 18 ,  20 ] and transcrip-
tional pulsing [ 21 ] contribute to the stochastic behavior of HIV 
gene expression and to construct mathematical models of the 
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Tat- feedback circuit [ 19 ,  22 ]. It has also been used to study novel 
shRNA targets against HIV [ 23 ], to characterize the functionality 
of coevolving Tat mutations [ 24 ], and to analyze the reactivation 
of latency using pharmacological agents [ 13 ]. 

 As mentioned above, the LGIT vector encodes a strong Tat- 
mediated positive feedback loop that yields strong ‘Off’ and 
‘Bright’ phenotypes that correspond to latent and active HIV-1 
infections, respectively. This system is highly sensitive to noise and 
has been used extensively in CD4+ Jurkat and CEM  cell lines   to 
investigate the molecular mechanisms involved in HIV latency. 
Furthermore, in an effort to model the physiological conditions of 
 HIV-1 latency   in resting CD4+ T cells, we have also developed a 
method to utilize the LGIT reporter system in human CD4+ pri-
mary cells [ 13 ]. This model is similar to the primary CD4+ T cells 
system developed by the Planelles lab [ 5 ,  25 ], which uses a defec-
tive HIV (DHIV) vector that undergoes a single round of infec-
tion, like LGIT. Using both Jurkat and the primary CD4+ T cell 
models, we have used the LGIT vector to study the mechanisms of 
latency and the therapeutic reactivation with pharmacological 
agents [ 13 ,  18 ]. We have also constructed variants of the LGIT 
vector that contain the entire U3 enhancer region from HIV-1 
 subtypes   A, A2, B, C, and F and circulating recombinant forms 
A/G, B/C, and B/F [ 13 ]. In the protocol below, we describe the 
procedures for packaging and titering LGIT lentivirus 
(Subheadings  3.3  and  3.4 ) and for establishing the LGIT HIV-1 
latency system in Jurkat and CEM cell lines (Subheading  3.5 ) as 
well as in resting memory CD4+ T cells (Subheading  3.6 ).  

2     Materials 

       1.    D10 medium,  Dulbecco’s Modifi ed Eagle’s Medium   (DMEM) 
supplemented with 2 mM  L -glutamine, 10 % fetal bovine 
serum, and 100 U/ml penicillin–streptomycin.   

   2.    R10 medium,  RPMI  1640 supplemented with 12.5 mM  L - 
glutamine , 25 mM sodium pyruvate, 10 % fetal bovine serum, 
and 100 U/ml penicillin–streptomycin.      

       1.     HEK 293T cells   maintained in D10 medium under 5 % CO 2  at 
37 °C.   

   2.    Jurkat cells, maintained at 1 × 10 5 –5 × 10 5  cells/ml in R10 
medium under 5 % CO 2  at 37 °C.   

   3.    CEM cells, maintained at 1 × 10 5 –5 × 10 5  cells/ml in R10 
medium under 5 % CO 2  at 37 °C.      

2.1  Culture Media

2.2  Cell Lines

LGIT In Vitro System for Latency Reactivation
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         1.    1.077 g/ml Ficoll density centrifugation reagents, 
sterile-fi ltered.   

   2.    Human peripheral blood from healthy donors (for experiment 
verifi cation, using blood from ≥3 different donors is desir-
able).  Blood  -bank buffy coat or apheresis cones are ideal.   

   3.    1× Phosphate Buffered Saline without calcium and magnesium 
(1× PBS).   

   4.    Centrifuge, swinging bucket for 50 ml tubes, maximum 
 velocity 400 ×  g  (1400 rpm).   

   5.    50 ml tubes.   
   6.    Trypan Blue.   
   7.    Red blood cell (RBC) lysis buffer: 0.8 % ammonium chloride, 

0.1 mM EDTA, buffered with KHCO 3  to pH of 7.2–7.6, 
0.22-μm fi ltered.   

   8.    200 μl non-barrier pipette tips, sterilized.   
   9.    Scissors, cleaned with 70 % EtOH.   
   10.    Bleach for waste.      

       1.    Naïve CD4+ T Cell  Isolation   Kit II, human, containing Naïve 
CD4 T cell Biotin-Antibody Cocktail II and  Anti-Biotin   
MicroBeads.   

   2.    autoMACS Rinsing Solution.   
   3.    MACS BSA Stock Solution.   
   4.    MACS LS Columns, for >10 8  cells.   
   5.    Separator (magnet and stand) for the appropriate columns.   
   6.    Tube rack and 15 ml tubes.   
   7.    0.1 % BSA in 1× PBS (BPBS).       

       1.    Dynabeads  Human T-Activator CD3/CD28   activator beads 
(Life Technologies).   

   2.    PEB buffer (2 mM EDTA, 0.1 % BSA, pH 7.4).   
   3.    Recombinant human Interleukin-2 (rIL-2).   
   4.    Flat bottom tissue culture plates or tissue culture fl asks.      

       1.     pMDLg/pRRE   ( Gag / Pol  expressing plasmid) [ 26 ]: 1 μg/μl.   
   2.     pCMV-VSV-G      (VSV-glycoprotein envelope expressing plas-

mid) [ 27 ]: 1 μg/μl ( see   Note 1 ).   
   3.     pRSV-Rev   ( Rev  expressing plasmid) [ 26 ]: 1 μg/μl.   
   4.    Transgene vector (pLGIT plasmid) [ 13 ,  14 ,  18 ] 1 μg/μl.   
   5.    2× HEPES-Buffered Saline (HBS): 50 mM HEPES, 0.28 M 

NaCl, 1.4 mM Na 2 HPO 4 , pH 7.05 ( see   Note 2 ), 0.22-μm 
fi ltered.   

2.3  Primary Cell 
Isolation and Culture

2.3.1  Isolation of  PBMCs  

2.3.2      Isolation of Naïve   
CD4+ T Cells from  PBMCs  

2.4  Activation 
and Expansion of T 
Cells

2.5  Lentivirus 
Packaging

Ulrike Jung et al.
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   6.    2.5 M CaCl 2 , 0.22-μm fi ltered.   
   7.    Distilled water.   
   8.    10 cm tissue culture dishes or 6-well plates.      

       1.    0.45 μm sterilized syringe fi lters.   
   2.    Luer-Lok syringes.   
   3.    15 ml/50 ml tubes.   
   4.    20 % sucrose in 1× PBS (20SPBS).   
   5.    Ultracentrifuge and ultracentrifuge tubes (e.g., Beckman 

Coulter, Thinwall, Polypropylene, 38.5 ml, 25 × 89 mm).   
   6.    PBS without calcium and magnesium.   
   7.    1.5 ml sterilized tubes for the long-term storage at −80 °C.   
   8.     N , N ′-Hexamethylene bis(acetamide) (HMBA).   
   9.    Tumor necrosis factor alpha (TNF-α).   
   10.    Trichostatin A ( TSA  ).   
   11.     HIV-1 Tat   protein.      

       1.    0.1 % BSA in 1× PBS (BPBS).   
   2.    DAPI.   
   3.     CD4 antibody-Pacifi c Blue conjugate  .   
   4.     CD27 antibody-APC-Alexa Fluor 750 conjugate  .   
   5.     CD45RA antibody-APC conjugate  .   
   6.     CD45RO antibody-PerCP conjugate  .   
   7.    5 ml tubes for fl ow cytometry.   
   8.    Flow cytometer.      

       1.    Tumor necrosis factor alpha (TNF-α).   
   2.    Prostratin.   
   3.    Suberoylanilide Hydroxamic Acid (SAHA).   
   4.    Trichostatin A ( TSA  ).       

3    Methods 

 This section describes the procedures to generate the HIV-1 LGIT 
latency model in primary CD4+ T-cells and Jurkat and CEM CD4+ 
cell lines. This protocol contains information regarding the pro-
duction, purifi cation, and titering of the LGIT reporter virus. It 
also explains the isolation of naïve CD4+ T- cells   from  PBMCs   in 
whole blood and the steps required to generate latently infected 
resting CD4+ T-cells. Refer to Subheading  2  for the reagents and 
materials required for this protocol. 

2.6  Virus Purifi cation 
and Titration

2.7  Flow Cytometry 
Analysis

2.8  Reactivation

LGIT In Vitro System for Latency Reactivation
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        1.    Adjust 10 ml human peripheral blood with PBS to 25 ml 
( see   Note 3 ). Carefully layer 12.5 ml Ficoll to the bottom of 
each 50 ml tube. Immediately centrifuge the tubes at 1400 rpm 
(400 ×  g ) for 30–40 min at room temperature (24 °C). After 
centrifugation there should be a clear top layer of plasma and 
PBS fl uid, a thin white layer of  PBMCs  , a pink Ficoll layer, and 
a red bottom layer of erythrocytes. Carefully remove and dis-
card the PBS fl uid to within 0.5 ml of the PBMC. Quickly 
transfer the PBMC from this layer, using a transfer pipette, to 
a new 50 ml tube.   

   2.    Adjust 500 μl of PBMC suspension with PBS to 45 ml and 
centrifuge again at 400 ×  g  for 10 min at room temperature.   

   3.    Lyse the erythrocytes by resuspending the pellet in 4 ml PBS 
with 36 ml of RBC lysis buffer (ammonium chloride) on ice 
for 10 min.   

   4.    Pellet the PBMC at 400 ×  g  for 10 min at room temperature.   
   5.    Wash PBMC in 10 ml PBS and centrifuge again at 400 ×  g .   
   6.    Count  PBMCs   using a hemocytometer and Trypan Blue.   
   7.    Purify naïve T-cells according to manufacturer protocol  for 

  Naïve CD4+ T Cell Isolation Kit II, human; (Miltenyi Biotec, 
Cat# 130-094-131) from 10 8  PBMC on LS columns.   

   8.    Transfer 10 5  cells in 1.5 ml tube and centrifuge at 300 ×  g  for 
5 min. Then resuspend the pellet in 100 μl BPBS.   

   9.    Add 2 μl each of antibody (CD4, CD27, CD45RA, and 
CD45RO) to the cell suspensions and incubate at room tem-
perature for 20 min.   

   10.    Wash the antibody-stained cells twice with BPBS and resus-
pend in 500 μl BPBS to analyze by fl ow cytometry.   

   11.    Wash cells (repeat  step 10 ). Resuspend with BPBS buffer to a 
fi nal volume of 40 μl of buffer per 10 7  cells. (Note: you only 
need 10 8   PBMCs   per LS column, so there might be extra 
PBMCs. These can be frozen or used for other applications.)   

   12.    Follow manufacturer’s instructions for Naïve CD4 T cell 
Biotin- Antibody Cocktail II (MACS Miltenyi Biotec,   https://
www.miltenyibiotec.com/    ).   

   13.    Proceed to Dynabeads expansion protocol in Subheading  3.3 .      

       1.    Prepare PEB buffer for washing of Dynabeads.   
   2.    Follow manufacturer’s instructions for activating naïve CD4+ 

T-cells with Dynabeads  Human T-Activator CD3/CD28   (Life 
Technologies,   http://www.lifetechnologies.com/    ). The pro-
tocol also requires rIL-2 and BPBS.   

   3.    For full activation, incubate the cells with Dynabeads more 
than 3 days ( see   Note 4 ).   

   4.    Proceed to Subheading  3.7  for transduction with LGIT 
lentivirus.      

3.1  Purifi cation 
of Primary Naïve CD4+ 
T-Cells

3.2  Expansion 
with CD3/CD28 
Dynabeads

Ulrike Jung et al.
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         1.    Twenty to twenty-four hour prior to packaging seed  HEK 
293T cells   to have 50–70 % confl uency at the time point of 
transfection (5 × 10 6  HEK 293T per 10 cm dish or 10 6  cells for 
6-well plate).   

   2.    Combine 10 μg pLGIT, 5 μg pMDLg/pRRE, 1.5 μg  pRSV- 
Rev,   and 3.5 μg pVSV-G and 0.3 M CaCl 2  in 1 ml volume 
( see   Note 5 ).   

   3.    Add the mix dropwise into 1 ml 2× HBS while vortexing, incu-
bate 25–30 min at room temperature and add dropwise to 
cells.   

   4.    Incubate the cells at 37 °C, 5 % CO 2  for 6–8 h, exchange the 
media with 10 ml fresh D10 and allow cells to produce virus 
for 36–48 more hours.      

         1.    Collect viral supernatant in 15 ml tubes at 48 h post 
transfection.   

   2.    Centrifuge at 1000 ×  g  for 5 min to pellet cell debris and fi lter 
with 0.45 μm fi lter using a Luer-Lok syringe. Use the virus as 
is or proceed to the concentration/purifi cation step.   

   3.    Ultracentrifuge the virus supernatant on a sucrose cushion for 
90 min at 104,000 ×  g  and 4 °C ( see   Note 6 ).   

   4.    Resuspend the pellet in 50–100 μl PBS.   
   5.    Seed Jurkat cells at 5 × 10 5  cells/ml in R10 media in 24-well 

plate. For titering of lentivirus, infect cells by adding 0.1–10 μl 
of purifi ed virus per well.   

   6.    Six days after lentiviral transduction, incubate Jurkat cells with 
5 mM HMBA, 20 ng/ml TNF-α, and 400 nM  TSA   and incu-
bate for 18 h. This combination of agents is used to stimulate 
the promoter via P-TEFb, NF-κB, and Sp1-dependent mecha-
nisms, as previously described [ 18 ].   

   7.    Wash cells three times with 1× PBS and determine percentage 
of GFP positive cells by FACS ( see   Note 7 ). Proceed to 
Subheading  3.5  with the virus concentration that yielded 
~5–10 % GFP+ cells after maximum stimulation, which corre-
sponds to a  MOI   of ~0.05–0.10.      

         1.    Seed 5 × 10 5  cells/ml for Jurkat and CEM cells in R10 medium 
in a 6-well plate.   

   2.    Add  MOI   of 0.05 and 0.1 and incubate 24–48 h 5 % CO 2  at 
37 °C or for spinoculation centrifuge at 1200 ×  g  for 2 h at 
room temperature prior 24–48 h incubation.   

   3.    Wash cells with 1× PBS three times to remove unbound virus.   
   4.    Culture cells in R10 medium at 1–2 × 10 5  cells/ml and incu-

bate in 5 % CO 2  at 37 °C.   

3.3  Lentivirus 
Packaging

3.4  Purifi cation 
of Lentivirus 
and Titration on Jurkat 
T-Cells

3.5  LGIT Latency 
Model in Jurkat/CEM 
Cells

LGIT In Vitro System for Latency Reactivation
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   5.    Six days after transduction, add 5 mM HMBA and 12.5 μg Tat 
protein to activate LGIT expression in infected cells and incu-
bate for 18 h, as previously described [ 18 ].   

   6.    Wash cells twice with 1× PBS. Sort cells based on GFP expres-
sion and culture the GFP positive population in R10 medium 
(1 × 10 5  cells/ml) for 2 weeks to allow GFP positive cells switch 
to latent stage (GFP-off) mode ( see   Note 8 ).   

   7.    Re-sort cells for GFP expression and culture GFP-off popula-
tions in R10 medium in 5 % CO 2  at 37 °C for 1 week to expand 
for subsequent experiments (Jurkat, JLGIT latency model; 
CEM, CLGIT latency model,  see   Note 9 ).      

        1.    Add  Human T-Activator CD3/CD28   Dynabeads at a bead-
to- cell ratio of 25 μl beads for 10 6  human naïve or resting pri-
mary CD4+ T-cells (from Subheading  3.4 ) in R10 medium 
and incubate for 3 days.   

   2.    After activation, analyze expression of cell surface marker by 
fl ow cytometry ( step 9 , Subheading  3.1 ).   

   3.    Culture cells with 30 U/ml rIL-2 at 5 % CO 2  and 37 °C for 
1 week.   

   4.    Seed 1 × 10 6  cells/ml in R10 medium in a 6-well plate.   
   5.    Add  MOI   of 0.05 and 0.1 and 30 U/ml rIL-2 and incubate 

24–48 h 5 % CO 2  at 37 °C while maintaining density of 10 6  
cells/ml for 1 week.   

   6.    Wash cells with 1× PBS three times to remove unbound virus.   
   7.    Culture cells in R10 medium at 1 × 10 6  cells/ml with 1 ng/ml 

IL-7 and 10 U/ml  IL-2   to maintain cell viability under resting 
conditions and incubate in 5 % CO 2  at 37 °C for 2 weeks.   

   8.    Use the cells (CD4TLGIT latency model) for subsequent 
experiments ( see   Note 9 ).      

        1.    Seed 4 × 10 5  JLGIT cells or CD4TLGIT cells in 400 μl R10 
medium per well in a 24-well plate.   

   2.    Add single drugs (20 ng/ml TNF-α, 1 μM prostratin, 4 μM 
SAHA or 400 nM  TSA  ) or combinations of drugs (TNF-α + TSA 
and prostratin + SAHA) to the cells and incubate for 24 h. GFP 
expression might be seen as early as 6 h after drug treatment 
( see   Note 10 ).   

   3.    Wash the cells twice with PBS and analyze GFP expression by 
FACS. Determine percentage of reactivated cells to cells that har-
bor latently integrated provirus. In case of CD4TLGIT, the total 
latently integrated provirus can be determined by strong activa-
tion using CD3/CD28 Dynabeads. This percentage can be set 
as the baseline to normalize the latency reactivation by drugs.       

3.6  LGIT Latency 
Model in Primary 
Human CD4+ T Cells

3.7  Analysis 
and Reactivation 
of Latent Infection

Ulrike Jung et al.
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4    Notes 

     1.    While the HIV-1 gp160 envelope can be used instead of 
VSV-G to pseudotype the vectors, no ultracentrifugation is 
possible for purifi cation in that case. For gp160 pseudotyped 
viruses, use 10 μg gp160 plasmid.   

   2.    Adjust the pH of 2× HBS exactly to 7.05 at 25 °C. This is 
crucial for the transfection effi ciency.   

   3.     Blood   from anonymous healthy donors is screened for infec-
tious pathogens, including HIV. However, for your own safety, 
treat the  blood   sample as if it were infectious. This means to 
sterilize everything that contacts the blood (tubes, tips, 
pipettes) with 10 % bleach before disposal.   

   4.    Activation conditions of primary naïve T-cells can be adjusted 
to specifi c experimental needs.   

   5.    High quality, purifi ed DNA should be used for transfection.   
   6.    Polypropylene ultracentrifuge tubes must be sterile for use and 

can be autoclaved.   
   7.    For titration, use only the data that give you between 1 and 

20 % GFP positive cells to determine titer. Because cells that 
show greater than 20 % are likely to have multiple infections in 
a single cell.   

   8.    After relaxation of the cells from GFP sorting many GFP-off 
cells will be visible after 2 weeks. In these cells, integrated pro-
virus could be in a latent state and does not express GFP but it 
is not clear if they can be re-activated.   

   9.    Optional step: single clone isolation and determination of inte-
gration site.   

   10.    Procedure of reactivations using a NF-κB activator (TNF-α), a 
protein kinase C (PKC) activator (prostratin), and HDAC 
inhibitors (suberanilohydroxamic acid (SAHA)) and 
Trichostatin A ( TSA  ) were described but other means of reac-
tivation can of course be used as well.         
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    Chapter 18   

 Improved Methods to Detect Low Levels of HIV 
Using Antibody-Based Technologies       

     Eliseo     A.     Eugenin       and     Joan     W.     Berman       

  Abstract 

   Persistence of latent virus represents a major barrier to eradicating HIV even in the current antiretroviral 
therapy era. A critical limitation to eliminating these viral reservoirs is the lack of reliable methods to 
detect, quantify, and characterize cells harboring low levels of virus. However, recent work of several labo-
ratories indicates that PCR and viral amplifi cation based technologies underestimate or overestimate the 
size of the reservoirs. Thus, new technologies and methodologies to detect, quantify, and characterize 
these viral reservoirs are necessary to monitor and eradicate HIV. Recent developments in imaging tech-
nologies have enabled the development or improvement of detection protocols and have facilitated the 
identifi cation and quantifi cation of several markers with exquisite resolution. In the context of HIV, we 
developed new protocols for the detection of low amounts of viral proteins. In this chapter, we describe 
several antibody-based technologies for signal amplifi cation to improve and detect low amounts of HIV 
proteins in cells, tissues, and other biological samples. The improvement in these techniques is essential to 
detect viral reservoirs and to design strategies to eliminate them.  

  Key words     HIV  ,   Reservoirs  ,   Eradication  ,   AIDS  ,   QVOA  ,   Detection  

1      Introduction 

 HIV has become a chronic disease and despite the reduction in 
viremia to often to undetectable levels by antiretroviral therapy 
(ART), treatment is still not curative. A major obstacle to complete 
HIV eradication is the generation of viral reservoirs that sequester 
the virus in infected individuals [ 1 – 3 ]. The best characterized HIV 
reservoir is a small population of resting CD4 +  memory and naïve 
T cells [ 1 ,  2 ,  4 ], but other reservoirs in macrophages and astro-
cytes [ 3 – 5 ] also have been described. Currently, identifi cation and 
quantifi cation of viral reservoirs is mainly performed by PCR or 
cell reactivation based technologies, but both detection systems 
have interpretation and technical diffi culties, including the need 
for large amounts of blood, extensive time allocation, high cost, 
and signifi cant differences in assay sensitivity [ 6 – 8 ]. 
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 We have developed several comprehensive, integrated, and 
highly sensitive assays to analyze viral reservoirs by simultaneously 
examining integrated HIV DNA (sensitivity equal to one copy of 
HIV DNA per cell) or HIV mRNAs (sensitivity for few molecules) 
and viral proteins (sensitivity of few proteins, protocols described 
below). Because the detection is by imaging techniques, it does 
not require cell purifi cation or amplifi cation of the HIV compo-
nents for the identifi cation of a small number of viral reservoirs 
among millions of uninfected cells. We achieved this sensitivity 
using highly specifi c signal amplifi cation systems as well as improved 
microscopy and optic devices as described recently [ 9 ,  10 ]. In 
addition to the HIV products, we are able to detect several cellu-
lar/molecular markers to analyze further viral traffi cking, cellular 
activation, compartmentalization, and HIV interacting proteins 
including histone acetylates, apolipoproteins, and others (up to 
5–6 colors). Our approach enables improved techniques of antigen 
recovery, staining, and confocal analysis resulting in outstanding 
identifi cation and quantifi cation of viral reservoirs. By using these 
methods, we are able to analyze millions of cells and focus only on 
the cells positive for viral HIV DNA/mRNA/protein using confo-
cal microscopy, improved equipment, and imaging software. In 
this chapter, we focus on two methods of detection of low levels of 
HIV proteins in cells. These methods can then be combined with 
assays for detection of HIV DNA and/or mRNA in the same sam-
ples, to obtain the most sensitive and reliable detection of viral 
reservoirs. 

 Some of the technical improvements described here include: 
(1)  Improved cell and tissue preparation  to conserve antigens and 
nuclei acids during the processing of the sample even in archival 
materials; (2)  The use of larger pieces of tissue or numbers of cells to 
analyze millions of cells  using big pinholes to generate large optical 
sections to detect any positive signal; (3)  The development of novel 
protocols  to enable signal amplifi cation for antibodies. (4)  The use of 
state of the art confocal systems and the automation of microscopes  to 
allows one to perform fast scanning of large areas in three dimen-
sions to identify the few HIV-infected cells by 3D reconstructions 
and deconvolution; (5)  The use of a spectrum detection and unmix-
ing system  to detect extremely narrow wavelengths and to eliminate 
autofl uorescence; (6)  Improved detection systems  that include cam-
eras with recovery of 90 % of photons per frame unlike the high 
resolution microscopy cameras that only recover ~50 % of photons 
and (7) Lastly,  improved software and algorithms  to detect and 
quantify the signals generated by the different viral components 
(see details using other latent pathogens in refs. [ 10 ,  11 ]). 

 The combination of all these factors enables us to detect, quan-
tify, and localize specifi c signals from HIV reservoirs.  

Eliseo A. Eugenin and Joan W. Berman
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2    Materials 

       1.    Any tissue section can be analyzed for viral reservoirs. The 
important point is the preservation and size of the section (10–
300 μm) to allow analysis of millions of cells.   

   2.    Alcohol/Xylenes.   
   3.    Phosphate buffered saline (PBS) and Tris buffered saline 

(TBS).   
   4.    Citrate.   
   5.    Fish Gelatin.   
   6.    Horse serum.   
   7.    Sudan Black.   
   8.    Sodium borohydrate.   
   9.    Pontamine sky blue and 6.6′-[(3,3′-dimethoxy[1,1′-biphenyl]-

4,4 ′-diy l)bis(azo)]bis[4-aminuteso-5-hydroxy-1,3- 
naphthalenedisulfonic acid], tetrasodium.   

   10.    Toluidine blue.   
   11.    Triton X.   
   12.    Biotin blocking reagents.   
   13.    Streptavidin conjugated to different fl uorochromes or beads.   
   14.    Alexa conjugated secondary antibody—Goat Anti-Rabbit 

 IgG  .   
   15.    Prolong Gold anti-fade agent with DAPI.      

       1.    Whole blood or leukopacks from HIV infected or uninfected 
individuals.   

   2.    HIV-p24 ELISA (Perkin Elmer, Boston, MA; sensitivity: 
12.5 pg/ml) or by COBAS Roche Amplicor v 1.5 (Roche, 
Germany; sensitivity 20 RNA copies/ml) to detect HIV 
infection.   

   3.    Lysis buffer.   
   4.    Ficoll Paque plus.   
   5.    Poly-lysine glass slides.   
   6.    Phorbol myristate acetate ( PMA  ).   
   7.    ACH-2 and  OM-10      cell lines [ 11 – 14 ].   
   8.    HeLa cells.   
   9.     Paraformaldehyde (PFA)  .       

2.1  Tissue Sections

2.2  Leukocytes

Methods to Detect Low Levels of HIV Proteins
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3    Methods 

   Several types of confocal microscopes can be used depending on 
the brand. In our case we used an A1 Nikon confocal microscope 
with spectrum detection and unmixing separation systems. The 
confi guration of the system is described in Fig.  1 . Using these con-
fi gurations in addition to better protocols for staining and identifi -
cation of dim signals, we are able to detect several latent pathogens, 
including low levels of HIV [ 9 ,  10 ].

      Viral replication was quantifi ed by measuring HIV-1 p24 concen-
trations by ELISA using a commercial kit or by PCR.  

       1.     ACH2      (a human lymphoid) or  OM-10      cells (a monocytic cell 
line) were used as positive controls because each cell has only 
one integrated copy of HIV-1 DNA and produces signifi cant 
amounts of viral proteins when stimulated with phorbol 
myristate acetate ( PMA  ) or TNF-α.   

   2.    HeLa cells are used as a negative control representing unin-
fected cells.   

   3.    For tissue sections, we use human lymph nodes obtained from 
individuals with high or undetectable replication, as well as unin-
fected tissues, as positive and negative controls, respectively.      

3.1  Equipment

3.2  Quantifi cation 
of HIV Replication 
by ELISA

3.3  Positive 
and Negative Controls 
and Sample Fixation

  Fig. 1    Description of the improved sample and microscopy technology to detect low levels of HIV proteins. 
Every step has been optimized to achieve outstanding resolution. ( 1 ) and ( 2  ), correspond to improved tech-
niques for tissue preservation. ( 3  ) and ( 4  ), correspond to the use of new or improved techniques for signal 
amplifi cation. ( 5  ) and ( 6  ), correspond to improved imaging and detection systems as well as to software 
analysis. These improvements result in maximal sensitivity to detect HIV proteins in viral reservoirs ( 7  ) as well 
as in HIV replicating cells.       
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   Multiple fi xatives can be used for tissues, cells, or fl uids including:

    1.    70 % cold Ethanol (−20 °C for 20 min).   
   2.    Acetone.   
   3.    20 % buffered formalin and subsequent permeabilization using 

0.1 % Triton X for 3 min.   
   4.    Four percent paraformaldehyde (PFA) containing 0.1 M 

sodium phosphate buffer, pH 7.4, and subsequent permeabili-
zation using 0.1 % Triton X for 3 min.      

   After fi xation, and mounting into paraffi n blocks, tissue sections 
from 10 to 300 μm in thickness are deparaffi nized using Ethanol–
Xylene in the following order: Ethanol 30, 50, 60, 70, 80, 90, and 
100 %, Xylene 1 and 2 (two separate solutions), and then Ethanol 
100, 90, 80, 70, 60, 50, and 30 %, and then PBS for 10 min. It is 
important to include all of the steps to assure the slow and effi cient 
elimination of paraffi n. The thickness of the section is also extremely 
important due to the large numbers and optical sections required 
for identifi cation of viral reservoirs. Many companies and facilities 
only prepare sections of 5–10 μm; thus, a special request to the 
company or training of personnel is required to obtain these types 
of sections.  

   There are several techniques of antigen retrieval depending on the 
application. For a comprehensive list of antigen retrieval methods 
visit,   www.ihcworld.com/epitope_retrieval.htm    . For our applica-
tions, we use the boiling citrate buffer method for 15 min (pH 
6.0) for thicker tissue sections (10–300 μm), but we have also 
obtained good results with microwave-based techniques.  

   To analyze a signifi cant number of circulating leukocytes, whole 
blood, isolated  PBMCs  , leukopacks or specifi c populations of cells 
isolated using magnetics beads, are isolated, pelleted, and sub-
jected to confocal analysis. The pellets can be generated directly on 
the glass slide or the centrifuged pellet can be fi xed and cut with a 
cryostat. By doing this protocol, we can reduce the size and vol-
ume of cells analyzed such that millions of cells can be evaluated 
with a better chance of detecting viral reservoirs. 

 The following fi ve points are critical in protocols for the detec-
tion of low levels of HIV proteins using minimal amplifi cation, 
because high autofl uorescence can result in false positives. Most of 
these protocols apply to archival tissues. 

   Natural autofl uorescence is due to fl avins, porphyrins, and chlorophyll 
(mostly in plants). The main problem with these compounds present 
in tissues and cells is that during cutting and solvent treatments, 
they become redistributed, resulting in background fl uorescence. 

3.4  Sample 
Preparation

3.5  Deparaffi nization

3.6  Antigen Retrieval

3.7  Leukocyte 
Analysis

3.7.1  Elimination 
of Lipofuscins 
Fluorescence

Methods to Detect Low Levels of HIV Proteins
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However, new optical confi gurations to perform unmixing and 
spectrum detection can signifi cantly reduce this problem. In addi-
tion, treatment of the sample with Sudan Back (0.3 % in 70 % 
Ethanol) stirred in the dark for 2 h, will signifi cantly reduce the 
autofl uorescence produced by lipofuscins.  

   This artifact is mainly found in blood vessel walls. Elastin contains 
several potential fl uorophores when there is cross-linking of tricar-
boxylic amino acid with a pyridinium rings [ 15 ,  16 ]. In small ves-
sels detection of these products is minimal, but in large vessels it is 
a signifi cant problem. To eliminate autofl uorescence from elastin 
products, incubate your samples in 0.5 % pontamine sky blue and 
6.6′-[(3,3′-dimethoxy[1,1′-biphenyl]-4,4′-diyl)bis(azo)]bis[4-
aminuteso- 5-hydroxy-1,3-naphthalenedisulfonic acid], tetraso-
dium salt dissolved in 50 mM Tris buffer before mounting the 
samples. However, the use of both compounds requires extensive 
calibration, because pontamine sky blue fl uoresces in the red chan-
nels. However, if the red channel is not to be used, it is an excellent 
choice. 

 An alternative solution is 0.1 % toluidine blue for 3 min before 
mounting the samples, but this does not work in all vessels and the 
interpretation of the fl uorescence can become complicated.  

   Aldehydes react with amines and proteins to generate fl uorescent 
products, especially in samples incubated for a long time in fi xa-
tives. This problem occurs most often in fi xatives such as glutaral-
dehyde and formaldehyde. For tissue sections 10–300 μm, incubate 
them fi ve times for 15 min each in a solution of fresh borohydrate 
(1 mg/ml dissolved in PBS and prepared on ice). After this pro-
cess, wash in PBS three times and discard the leftover sodium 
borohydrate.  

   Currently there is no company that sells appropriate light boxes, 
but it is relatively easy to construct. To build a specifi c wavelength 
light box (like the one used to detect ethidium bromide in agarose 
gels), fl uorescent tubes, especially for blue, green, red, and far red 
channels can be purchased from several companies. These can be 
used to “burn” the autofl uorescence in the tissue sections before 
the staining process.  

   If the tissue has endogenous biotin activity, biotin blocking is sug-
gested using a  Biotin blocking kit  . First, incubate the tissue sec-
tions or pelleted leukocytes with avidin solution for 10–30 min and 
then wash in TBST three times for 5 min. Next, incubate with 
biotin solution for 10–30 min and then wash in TBST three times 
for 5 min.   

3.7.2  Elimination 
of Elastin and Collagen 
Autofl uorescence

3.7.3  Elimination 
of Fixative-Induced 
Fluorescence

3.7.4  Bleaching 
Treatment

3.7.5  Endogenous Biotin 
Blocking
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   All antibodies for staining of multiple colors are described below. 
IgG biotinylation is performed using commercial Biotin labeling 
kits.  

   Mean differences are tested by nonparametric Kruskal–Wallis anal-
ysis. If a signifi cant  F -value is obtained, means are compared with 
the Bonferroni–Dunn multiple comparison test. A value of  p  < 0.05 
is considered signifi cant.  

   Normally immune detection of proteins requires either a single 
antibody conjugated to a fl uorescent dye or a primary antibody 
with a secondary antibody that amplifi es the fl uorescent signal. 
Most of the times these protocols are ineffi cient in detecting viral 
reservoirs or low HIV replication in multiple systems, and only 
high viral replication can be detected [ 17 ,  18 ]. As described in 
Fig.  2 , the combination of better protocols for fi xation, antigen 
recovery, staining, and detection, enables exquisite identifi cation 
and resolution of HIV proteins, despite minimal to undetectable 
replication as assayed by ELISA or PCR. A critical component in 
optimizing these protocols is to determine the expected level of 
expression of HIV proteins, because most protocols described here 
are designed to amplify low signals ( see   Note 1  to decide the best 
protocol for your application).

3.8  Antibodies 
and Biotinylation 
of Antibodies

3.9  Data Analysis

3.10  Multiple 
Methods of Signal 
Amplifi cation to Detect 
Viral Reservoirs

  Fig. 2    Schematic of four different methods of immune staining. Method 1 illustrates an antibody directly con-
jugated to a fl uorophore. This technique is commonly used in FACS analysis and also in immunohistochemistry 
and cytochemistry. Method 2 represents a method providing additional amplifi cation of the signal. Method 3 
demonstrates antibodies labeled with biotin and detection is by biotin–streptavidin interactions. Our system, 
method 4, uses a multistep process that amplifi es the number of fl uorophores binding to the antigen, resulting 
in high sensitivity and amplifi cation. Methods 3 and 4 are most appropriate for detection of HIV reservoirs 
depending on the cells and tissues being analyzed.       
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      As described above and in Figs.  1  and  2 , fi xation, sample preparation, 
staining, signal amplifi cation, and detection systems are essential for 
identifying and quantifying low amounts of HIV proteins. Some 
improvements of detection and imaging components are recently 
described in detail [ 9 ,  10 ]. For viral reservoirs, standard staining 
using directly conjugated antibodies (Fig.  2 , method 1) and second-
ary conjugated antibodies (Fig.  2 , method 2) is not suffi cient to 
detect low levels of proteins. Thus, the methods using antibody–
biotin–streptavidin–fl uorophore (Fig.  2 , method 3) and 
 antibody–fl uorophore–antibody to fl uorophore conjugated to 
HRP– tyramide–biotin–streptavidin–fl uorophore (Fig.  2 , method 4) 
are highly sensitive and adaptable to determine localization, quanti-
fi cation, and traffi cking of HIV proteins in cells, tissues, and fl uids. 

   ( see  Fig.  2 , third method):

    1.    Samples are fi xed, and prepared as described above (antigen 
retrieval, and elimination of autofl uorescence) according to 
the sample used, tissue sections or pelleted leukocytes (go to 
 step 4  below).   

   2.    If tissue sections are used from paraffi n blocks, heat the slides 
to remove excess paraffi n in an oven at 60 °C for 15 min and 
dry at 37 °C overnight.   

   3.    Deparaffi nize the sections as described above using sequential 
alcohols and xylenes to eliminate the paraffi n slowly.   

   4.    Proceed with either antigen retrieval or blocking endogenous 
biotin as described above, depending upon the tissue or cells 
being analyzed and the staining process performed. Liver, 
spleen, and brain are tissues with endogenous biotin.   

   5.    Using the set up described in Fig.  1 , we are able to detect 
several colors (up to 5–6 colors). We can probe for nucleic 
acids (DAPI), HIV/SIV proteins (e.g., HIV p24, p17, gp120, 
Tat, Integrase, or  Nef  ), in combination with different cellular 
markers including CD4, CD8, GFAP (an astrocyte marker), 
NeuN or MAP-2 (a neuronal markers), or Iba1 (a microglia/
macrophage marker). For pelleted leukocytes, several cellular 
markers such as CD3, CD4, CD11b, CD11c, CD14, CD16, 
CD68, and CD163 can also be included in the same staining 
protocol.   

   6.    Tissue sections or pelleted leukocytes are blocked for at least 
60 min to overnight using blocking solution (0.5 M EDTA, 
1 % horse serum, 1 % Ig free BSA, 4 % human serum and 1 % 
fi sh gelatin in PBS).   

   7.    Samples are incubated overnight in primary antibody at 4 °C. 
A critical point is to determine how many antibodies can be 

3.11  Staining 
Process

3.11.1  Approach 1: 
Antibody Conjugated 
to Biotin–Streptavidin–
Fluorophore Amplifi cation

Eliseo A. Eugenin and Joan W. Berman
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used concomitantly based on antibody species and isotypes. 
Several combinations can be used. Some examples are:
   (a)    HIV biotinylated antibodies (monoclonal, IgG 1 ) + CD4 

(rabbit antibodies) + Iba 1 (macrophage marker) + nuclei 
acid staining (DAPI).   

  (b)    HIV biotinylated antibodies (monoclonal, IgG 1 ) + CD4 
(rabbit antibodies) + Iba 1 (macrophage marker) + actin 
staining + nuclei acid staining (DAPI). 

 A critical point of these experimental approaches is the 
determination of appropriate negative controls. For the 
examples described above the following controls are used:   

  (c)    Purifi ed IgG 1  (same concentration as the HIV antibod-
ies) + rabbit serum or rabbit purifi ed IgG (same concentra-
tion as the serum or of the immune IgG) and non-immune 
goat serum or IgG (same concentration of the Iba-1 IgGs) 
( see   Note 2  to identify the best negative controls for your 
experiments).   

  (d)    Several tissues express low levels of endogenous biotin; 
therefore a control for this expression is required, despite 
inhibition of biotin binding as described above. 

 Importantly, negative controls using no primary anti-
bodies or only secondary antibodies are not accurate controls. 
As described above, by using non-immune IgGs or serum, we 
consider the possibility of nonspecifi c binding to several pro-
teins such as Fc receptors, especially in immune and infl amed 
tissues. All cells, tissues, and fl uids to some degree have non-
specifi c binding that is necessary to consider, especially in 
cases of detection of low amounts of proteins, such as found 
in HIV reservoirs. Thus, specifi city of the antibodies must be 
confi rmed by replacing the primary antibody with the appro-
priate isotype-matched control reagent, anti-IgG 1 , IgG 2A , 
IgG 2B  or the IgG fraction of normal rabbit serum depending 
on the primary antibody being used ( see   Note 2 ).       

   8.    After incubation with the primary antibodies, at least fi ve 
washes with PBS every 10 min are required to eliminate the 
unbounded antibodies to the antigen.   

   9.    To detect antibodies conjugated to biotin, streptavidin conju-
gated to a fl uorophore is necessary. In addition, other 
streptavidin- conjugated reagents can be used such as beads or 
gold. Detection of low levels of HIV proteins requires at least 
3 h of incubation.   

   10.    After incubation with the secondary antibody or conjugated 
streptavidin, at least fi ve washes with PBS are required to elim-
inate the unbounded streptavidin or secondary antibodies. 
Our confocal equipment has unmixing and spectrum detection 

Methods to Detect Low Levels of HIV Proteins
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systems that enable the separation of extremely narrow 
wavelengths (up to 2.5 nm) to separate multiple colors with-
out overlay (some examples in refs. [ 9 ,  10 ])   

   11.    After several washes to eliminate unbounded antibodies or 
dyes, samples are mounted using Prolong Gold anti-fade 
reagent with DAPI. If beads are used, we suggest using Prolong 
Diamond anti-fade reagent with DAPI.   

   12.    After staining, keep samples in the dark.   
   13.    The analysis of thick samples (tissues and pelleted leukocytes) 

is performed fi rst using a large pinhole just to detect HIV posi-
tive signals. After we detect the positive optical section, we 
perform confocal microscopy in the specifi c XYZ positive axis 
with a regular pinhole and good resolution to detect and quan-
tify the localization of viral proteins using 3D reconstructions 
and deconvolution ( see   Note 3  for details).    

     ( see  Fig.  2 , fourth method) ( see   Note 4  for potential problems): 
 This method is essentially similar to method 1, but uses addi-

tional amplifi cation steps.

    1.    Sample fi xation, antigen retrieval, biotin blocking, and tissue 
preparation are similar to what is described for method 1 as 
well as described in Fig.  2 .   

   2.    This method includes antibodies conjugated to a fl uorophore 
to target any HIV protein in a similar manner described above. 
However, the main difference is that an anti-fl uorophore sec-
ondary antibody conjugated to HRP (dilutions 1:600–1:2000) 
is used by adding biotinyl-tyramide for 15 min in the presence 
of 0.3 % H 2 O 2  for 20 min to amplify the binding of the new 
fl uorophores.   

   3.    Wash the slides in PBS twice for 10 min each.   
   4.    Incubate in 0.25 mg/ml streptavidin conjugated to any 

 fl uorophore for 30 min–3 h in the dark.   
   5.    Wash three times in PBS every 10 min in the dark.   
   6.    Incubate the slides in water for 10 min.   
   7.    Mount using prolong with DAPI as described above.     

 It is important to note that for all of these protocols it is essen-
tial to use pure solutions, because any contamination can be 
amplifi ed and result in false positive signals ( see   Note 5 ).   

   New confocal systems, including the Nikon A1, have an improved 
spectral detector and unmixing systems, PMT, and cameras to 
improve detection and reduce potential cross contamination 
amount different colors. These systems allow a critical reduction in 
signal to noise ratio, improving the detection of specifi c staining. 

3.11.2  Approach 2: 
Antibody–Fluorophore–
Antibody to Fluorophore 
Conjugated 
to HRP–Tyramide–Biotin–
Streptavidin–Fluorophore

3.12  Improved 
Microscopic Analysis 
to Detect Low Levels 
of HIV Proteins in HIV 
Reservoirs
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275

The spectral detector is the mechanism responsible for emitting 
light through a high-effi ciency gate into its individual components, 
similar to how a prism separates white light into its individual 
“rainbow” components. The improved spectral detector allows for 
precise separation of emission wavelengths that are then passed 
through a 32-photomultiplier tube (PMT) array detector that 
enables distinction between wavelengths as small as 2.5 nm apart. 
This precise detection system allows the researcher to separate and 
analyze specifi c wavelengths or eliminate autofl uorescence. This 
technology enables the identifi cation of signals that would be 
impossible to detect with wide-fi eld fl uorescence or standard con-
focal microscopy (for details of these improved technologies  see  
refs.[ 11 ,  19 – 21 ]). 

  Example 1 : As demonstrated in Fig.  3 , isolated CD4 +  T lympho-
cytes from individuals with undetectable HIV replication as deter-
mined by ELISA (<15 pg/ml) and PCR (<20 copies/ml) were 
negative for HIV-p24 staining using regular immune staining 
(Fig.  4 , top panel). Using the staining and microscopy techniques 

  Fig. 3    Detection of latent HIV in human CD4 +  T lymphocytes using enhanced HIV-p24 staining. Merged images 
are presented on the  right side  of the fi gure. HIV-p24 staining (HIV-p24,  green ), actin (phalloidin conjugated to 
Texas red,  red ), and nuclei (DAPI,  blue ) detection were performed. Uninfected cells did not show any HIV- p24 
staining. Conventional staining without amplifi cation did not result in reliable staining. Enhanced staining using 
the protocols described above resulted in reliable and reproducible detection of HIV-p24. Bar: 30 μm.       
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described above, we identifi ed the few latently HIV infected cells, 
without viral reactivation (Fig.  3 , lower panel).

     Example 2 : Human lymph nodes were obtained from HIV infected 
individuals with undetectable viral replication for at least 1 year. 
Using our signal amplifi cation techniques, we were able to detect 
HIV proteins (Fig.  4 ) in all cases analyzed ( n  = 9). No signal was 
detected in uninfected tissues (data not shown). We identifi ed viral 
reservoirs not only in CD4 +  T lymphocytes (data not shown) but 
also in dendritic cells (CD11b positive cells, Fig.  4 ) as well as in a 
small population of macrophages (Iba-1 positive cells, data not 
shown). The tissue distribution of these infected cells was donor 
dependent. Some donors have diffuse presence of HIV cells while 
others have well compartmentalized HIV infection. 

 Most of these techniques also can be combined with detection 
of HIV DNA and mRNA as described in  Note 6 . Thus, it is pos-
sible to detect HIV DNA or mRNA, viral proteins, and cellular 
markers at the same time in the same sample.  

  Fig. 4    CD4 +  T lymphocytes and a population of macrophages present in human lymph nodes serve as viral 
reservoirs. Using thicker lymph node tissue sections (200 μm) obtained from HIV infected individuals with 
undetectable viral replication (for at least 1 year), tissue staining for Nuclei (DAPI,  blue ), CD4, Iba-1, or CD11b 
( red  staining), and HIV-p24 viral protein was performed. Using the protocols described above we performed 
confocal microscopy and subsequent 3D reconstructions. No staining was observed using IgG1 or preimmune 
sera controls. Quantifi cation of HIV infected cells was performed using the total number of cells (DAPI staining), 
versus the total number of HIV positive cells. Bar: 40 μm.       
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    HIV protein staining : We are able to detect several HIV proteins 
including HIV-p24,  Nef  ,  Vif  , and integrase in one latently infected 
cell among 10 6 –10 8  uninfected cells in blood smears and isolated 
 PBMCs   (pelleted preparations) from HIV infected individuals on 
ART with no detectable viral replication. In tissue sections obtained 
from HIV infected individuals with no detectable replication at the 
time of death, we are able to detect 1.6 ± 1.2 % of T cells in lymph 
nodes. In brains obtained from individuals with minimal replica-
tion, we detected 5–8 % of astrocytes and 3–6 % of microglia/ 
macrophages infected with HIV.   

4    Notes 

 The protocols described above are mostly dependent upon the 
quality of the starting tissue, cell separation, area of the tissue 
examined, and degree of viral replication. Most of the problems are 
due to:

    1.     Levels of expression and amplifi cation : This is an essential con-
sideration before you start the experiment. How much stain-
ing is expected? The amplifi cation system described in Fig.  2 , 
method 4, is extremely sensitive; thus, it is not recommended 
to samples that are expected to have high expression of HIV 
proteins. In cases for which viral replication is detected by 
ELISA and PCR, we suggest the use of the technique described 
in Fig.  2 , method 2 or 3 instead of method 4. If your detected 
fl uorescence is too strong, leave the stained samples at 4 °C for 
1–2 weeks to allow reduction of the signal or repeat the experi-
ment using the same samples using protocol 1 (antibody con-
jugated to biotin–streptavidin–fl uorophore amplifi cation, 
Fig.  2 , third method).   

   2.     Negative controls : Problems with negative control antibodies, 
endogenous biotin, and Fc receptor expression are also com-
mon, resulting in increased background staining. If the back-
ground is uniform, changes in gain or unmixing systems in the 
confocal microscope may be enough to detect specifi c staining. 
If the background is nonuniform, repeat the experiment, 
because uneven staining is not reliable, especially by confocal 
microscopy. Most of the uneven staining occurs in infl amed, 
activated tissues that were in formalin for long periods of time. 
Activated cells expressing high levels of Fc receptors that can 
bind nonspecifi cally to the Fc region of the immunoglobulin 
being used for detection [ 22 ].   

   3.     3D reconstruction : Most of our techniques involve 3D recon-
structions and thicker tissue sections. Conventional micro-
scopes are not able to detect specifi c signals. Analysis by 
confocal microscopy allows the quantifi cation of thick tissue 
sections, serial optimal sections, and 3D reconstructions to 

3.13  Summary 
of Detection Properties 
with Different Systems 
and Conditions
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quantify accurately the total numbers of HIV positive cells. 
Thus, the use of specifi c programs to perform 3D reconstruc-
tion is required such as Image J from the NIH, or others such 
as NIS imaging (Nikon, Japan) or Metamorph (Molecular 
devices, CA) [ 11 ,  23 – 26 ].   

   4.     Amplifi cation problems : The tyramine amplifi cation method is 
based on the binding reaction of biotinylated tyramine to phe-
nol derivatives of a protein by peroxidase. This reaction gives 
nonspecifi c signals; therefore, it is important to pretreat speci-
mens with methanol containing 0.3 % H 2 O 2  to reduce endog-
enous peroxidase activity.   

   5.     Purity of the solutions : Due to the high amplifi cation, any cross 
contamination between samples by using contaminated PBS 
will generate nonspecifi c signals. Thus, use different containers 
for each slide.   

   6.     Combination of protein and other HIV markers : The described 
techniques could be combined with detection of HIV DNA 
and mRNA, resulting in a multicomponent detection system 
of viral reservoirs. Detection of only viral proteins is not suffi -
cient to demonstrate viral reservoirs, because HIV proteins can 
be released and taken up by phagocytosis or nonspecifi c uptake.         
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    Chapter 19   

 Analysis of ABCA1 and Cholesterol Effl ux 
in HIV-Infected Cells       

     Nigora     Mukhamedova    ,     Beda     Brichacek    ,     Christina     Darwish    , 
    Anastas     Popratiloff    ,     Dmitri     Sviridov    , and     Michael     Bukrinsky      

  Abstract 

   Cholesterol is an essential component of the cellular membranes and, by extension, of the HIV envelope 
membrane, which is derived from the host cell plasma membrane. Depletion of the cellular cholesterol has 
an inhibitory effect on HIV assembly, reduces infectivity of the produced virions, and makes the cell less 
susceptible to HIV infection. It is not surprising that the virus has evolved to gain access to cellular pro-
teins regulating cholesterol metabolism. One of the key mechanisms used by HIV to maintain high levels 
of cholesterol in infected cells is Nef-mediated inhibition of cholesterol effl ux and the cholesterol trans-
porter responsible for this process, ABCA1. In this chapter, we describe methods to investigate these 
effects of HIV-1 infection.  

  Key words     HIV-1  ,    Nef    ,    Cholesterol effl ux    ,    ABCA1    ,    Confocal microscopy    ,   Image analysis  

1      Introduction 

 Replication of enveloped viruses assembling at the plasma mem-
brane of infected cells, such as HIV, critically depends on choles-
terol, and depletion of cholesterol in HIV-infected cell affects viral 
production and infectivity [ 1 ]. HIV assembles at the plasma mem-
brane domains enriched in cholesterol and sphingolipids called 
lipid rafts [ 2 ].  Lipid rafts   are also used by HIV as entry gates into 
the target cells [ 3 ]. In general, high levels of lipid rafts on the 
plasma membrane are benefi cial for HIV replication. It is not sur-
prising that HIV evolved to regulate the abundance of lipid rafts. 
The mechanism used by the virus for this purpose is inhibition of 
the cellular ATP binding cassette transporter A1 ( ABCA1  ), which 
controls cholesterol effl ux from cells to apoA-I acceptor in the 
blood. Activity of ABCA1 is inversely correlated to the abundance 
of lipid rafts on the plasma membrane: stimulation of ABCA1 
expression reduces the number of lipid rafts, whereas inhibition of 
ABCA1 activity increases lipid raft abundance [ 4 ,  5 ]. To inhibit 
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ABCA1 activity, HIV relies on  Nef   protein, which blocks ABCA1 
exit from the endoplasmic reticulum (ER) and stimulates its degra-
dation [ 6 ,  7 ]. To accomplish this effect, Nef interacts with ER 
chaperone calnexin, which regulates folding and maturation of gly-
cosylated proteins, and disrupts the interaction between calnexin 
and ABCA1, thus abrogating the processing of ABCA1 in ER [ 8 ]. 
Importantly, this activity of Nef affects not only infected cells, but 
also bystander cells, which take up Nef released from infected cells 
into the bloodstream [ 9 ,  10 ]. The side effect of this viral activity is 
increased risk of atherosclerosis and cardiovascular disease in HIV- 
infected patients [ 11 ]. The protocols described in this chapter pro-
vide effective and reliable methods to analyze and visualize ABCA1 
and measure the rate of cholesterol effl ux from HIV-infected cells.  

2    Materials 

 Prepare all solutions using deionized water and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). 

       1.    Human monocytic cell line  THP-1     .   
   2.    24-well plates.   
   3.    RPMI-1640. Store at 4 °C.   
   4.    Fetal Bovine Serum (FBS). Store at –20 °C.   
   5.    Pen/Strep. Store at –20 °C.   
   6.     L -glutamine. Store at –20 °C.   
   7.     Phorbol 12-myristate-13-acetate (PMA)  . Prepare 10 mg/ml 

stock solution in DMSO, aliquot and store at −20 °C. Prepare 
working solution by diluting the stock solution in PBS to 
100 μg/ml; it can be stored at −20 °C for 1–2 months.   

   8.    [ 3 H]cholesterol. Store at –20 °C.   
   9.    Purifi ed  ApoA  -I, store at −20 °C ( see   Note 1 ).   
   10.    Ultrapure water.   
   11.    Ethanol.   
   12.    LXR agonist  TO-901317  . Prepare 100 mg/ml (200 mM) 

stock solution in EtOH, store at −70 °C; working solution is 
prepared by diluting stock solution in PBS to 100 μM.   

   13.    PBS.   
   14.    Lysis buffer (1 %  Triton X-100   in RPMI-1640).   
   15.     Scintillation   fl uid.      

2.1  Cholesterol 
Effl ux

Nigora Mukhamedova et al.



283

       1.    HeLa- ABCA1  -GFP cell line (a kind gift of Dr. A. Remaley [ 12 ]).   
   2.     Nef   expression vector pT7consnefhis6 (NIH AIDS Research 

and Reference Reagent Program).   
   3.     Dulbecco’s Modifi ed Eagle’s Medium   (DMEM). Store at 

4 °C.   
   4.    Selective DMEM medium: DMEM supplemented with 10 % 

FBS, 100-fold diluted pen/strep, 100-fold diluted  L -Glu, 
0.15 mg/ml  G418  , and 0.2 mg/ml  Hygromycin B  . Store at 
4 °C.   

   5.    Fetal Bovine Serum (FBS). Store at –20 °C.   
   6.    Pen/Strep. Store at −20 °C.   
   7.     L -glutamine ( L -Glu). Store at −20 °C.   
   8.     G418   Sulfate (G418) (50 mg/ml solution). Store at 4 °C.   
   9.     Hygromycin B   (50 mg/ml solution). Store at 4 °C.   
   10.    PBS.   
   11.    Polyclonal rabbit  anti-Nef      antisera. Store at 4 °C.   
   12.    Mouse monoclonal  anti-Calnexin     -ER membrane marker 

antibody. Store at 4 °C.   
   13.    Alexa Fluor ®  647 Goat Anti-Rabbit  IgG   (H + L) Antibody. 

Store at 4 °C.   
   14.    DyLight 550  Goat Anti-Mouse   IgG Antibody. Store at 4 °C.   
   15.    DAPI dilactate. Store at 4 °C.   
   16.    Goat IgG. Store at 4 °C.   
   17.     Albumin  , from bovine serum (BSA). Store at 4 °C.   
   18.    Formaldehyde Solution.   
   19.     Triton X-100  .   
   20.    Ethanol.   
   21.    Ultrapure water.   
   22.    6-well plates.   
   23.    Coverslips (cover glasses; thickness no. 1½).   
   24.    Microscope Slides (3″ × 1″ × 1 mm).   
   25.    Mounting medium Fluoromount-G.   
   26.    Blocking solution: 20 μl Goat IgG per milliliter of 1 % BSA in 

PBS (fi ltered through 0.2 μm fi lter). Prepare fresh before use.       

3    Methods 

   This protocol describes measurement of cholesterol effl ux from 
human monocytic cell line,  THP-1  , differentiated into macrophage- 
like cells by  PMA   treatment. The format we usually use is the 

2.2  Confocal 
Microscopy and Image 
Analysis

3.1  Cholesterol 
Effl ux Analysis

HIV Infection and Cholesterol Metabolism



284

24-well plate format, but it can be formatted to 12 or 48-well 
plates and the assay can be adapted for different cell types. The 
assay measures effl ux of radioactively labeled cholesterol pre-loaded 
into the target cells to the apoA1 acceptor. This process is con-
trolled by  ABCA1  , which is induced in cells by stimulation with 
LXR agonist  TO-901317   ( see   Note 2 ). The procedure allows one 
to measure either the capacity of  cells  to release cholesterol to 
extracellular acceptors or the capacity of the  acceptor  to accept cho-
lesterol released from cells. For the former, the acceptor should be 
added in saturating concentration, for the latter, the concentration 
of the acceptor should be approximately half of the saturating con-
centration. The assay consists of the following steps: (1) loading 
cells with labeled cholesterol; (2) equilibrating labeled cholesterol 
among all intracellular cholesterol pools; and (3) quantitating the 
transfer of labeled cholesterol from cells to the acceptor.

    1.    Resuspend cells from stock culture and count them. Plate cells 
into 24-well plates ( see   Note 3 ) at the fi nal density of 0.3 × 10 6  
cells per well in 1 ml of complete RPMI-1640 supplemented 
with 10 % FBS, 1 % Pen/Strep, and 2 mM  L -glutamine. The 
density can be adjusted to accommodate requirements of treat-
ment prior to the effl ux assay (e.g., transfections, treatment 
with an inhibitor or activator, infection with a virus).   

   2.    Dispense the required amount of [ 3 H]cholesterol into a 1.5 ml 
microfuge tube (0.5 μCi or 19 kBq per well is required for a 
typical assay) ( see   Note 4 ). Dilute [ 3 H]cholesterol solution in 
complete media to the fi nal concentration 5 μCi/ml and add 
labeled cholesterol into each well (100 μl/well, fi nal volume 
per well is 1 ml). Add  PMA   to a fi nal concentration of 100 ng/
ml, and incubate cells for 72 h in cell culture incubator (37 °C, 
5 % CO 2 ).   

   3.    Remove media containing [ 3 H]cholesterol. Wash cells gently 
with PBS. Repeat washing three times.   

   4.    Prepare serum-free medium with 1 μM  TO-901317  , add 1 ml 
to each well. Incubate for 18 h in the cell culture incubator.   

   5.    Wash cells gently with PBS.   
   6.    Add 500 μl of apoA-I solution in serum-free medium (fi nal 

apoA-I concentration—30 μg/ml for saturating effl ux, or 
15 μg/ml for non-saturating) ( see   Note 5 ).   

   7.    One set of wells is used to determine background effl ux; add to 
these wells serum-free medium without apoA-I.   

   8.    Incubate cells for 2 h in cell culture incubator (37 °C, 5 % 
CO 2 ). Duration of the effl ux incubation may vary from 30 min 
to 8 h if required, but for shorter incubations the amount of 
radioactivity and/or number of cells may need to be increased.   

Nigora Mukhamedova et al.
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   9.    After incubation, collect media into 1.5 ml microfuge tubes. 
Spin at 10,000 ×  g  for 5–10 min at room temperature to 
remove cellular debris.   

   10.    Transfer 100 μl of media into 7 ml scintillation vial. Add 5 ml 
of Insta-gel Plus and vortex mixture. Store remaining samples 
at 4 °C.   

   11.    Add 1 ml of lysis buffer to each well, shake the plate on a 
shaker, and collect the lysate. Check cells under microscope to 
ensure that all cells have been removed. If some cells remain, 
add 100 μl of lysis buffer and scrape the wells.   

   12.    Transfer 100 μl of cell lysates into 7 ml scintillation vials. Add 
5 ml of Insta-gel Plus and vortex the mixture.   

   13.    Count radioactivity in the media collected and the cells on a 
scintillation counter for dpm of [ 3 H] cholesterol.   

   14.    The rate of cholesterol effl ux is usually expressed as a propor-
tion of cholesterol moved from cells to the acceptor. The fol-
lowing formula is used: 

 Efflux
media counts dilution factor

media counts dilution fa
%( ) = ´

´ cctor cell counts dilution factor( ) + ´( )
´100%

 
 .   

   15.    The specifi c effl ux is calculated as a difference between the 
effl ux in the presence and absence of an acceptor (blank): 
 Specifi c cholesterol effl ux  (%) =  Cholesterol effl ux   to the acceptor 
(%) − Cholesterol effl ux without acceptor (%).    

     This protocol describes the technique for visualization of  ABCA1   
by fl uorescent microscopy in HeLa cells stably expressing ABCA1- 
GFP [ 12 ] and transfected with HIV-1  Nef  , but can be used for any 
HIV-infected or transfected cells ( see   Note 6 ). The analysis 
described involves staining for Nef and calnexin (an ER chaper-
one), and counterstaining of the nuclei. The procedure helps to 
identify cellular components interacting with ABCA1 and allows to 
follow and to analyze changes in ABCA1 distribution upon such 
interactions. The presented example elucidates changes in the 
interaction of ABCA1 with one of its cellular counterparts—cal-
nexin—when HIV Nef is expressed. Since calnexin also serves as a 
marker for Endoplasmatic Reticulum (ER), the altered ABCA1 
distribution and its retention in ER can be demonstrated. 

 Confocal microscope can generate either 2D or 3D images. 
Both serve as valuable tools for analysis of events on cellular and 
subcellular levels. Creation of a tile-scan image using 2D imaging 
allows one to analyze a large area in a single optical plane and to 
choose a representative section for presentation and further analy-
sis. An example of such a section is in Fig.  1  where a cell expressing 
HIV  Nef   (white) is surrounded by Nef negative cells.  ABCA1   

3.2  Confocal 
Microscopy and Image 
Analysis
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(green) is markedly suppressed in the Nef positive cell and remain-
ing ABCA1 is almost exclusively localized in the areas positive for 
calnexin (red). In the surrounding cells not expressing Nef, only a 
smaller fraction of ABCA1 is co-localizing (yellow to orange) with 
calnexin, while a substantial proportion of ABCA1 is localized out-
side of ER, mainly on the cellular membrane, where it can perform 
its functions associated with cholesterol effl ux. A better under-
standing of subcellular localization of molecules of interest is pro-
vided by a 3D image (Fig.  2 ). Using appropriate software, a 3D 
image can be rotated into positions that best reveal relationships 
between molecules of interest.

      1.    Clean and sterilize the coverslips by dipping them into 70 % 
ethanol.   

   2.    Air dry the coverslips (remove the majority of ethanol by 
vacuum).   

  Fig. 1    A 2D image of HeLa- ABCA1  -GFP cells transfected with HIV-1  Nef  .  Calnexin   and HIV-1 Nef were visual-
ized using  anti-Calnexin-ER   membrane marker mouse monoclonal antibody followed by  goat anti-mouse 
  DyLight 550 antibody ( red ), and by  anti-Nef rabbit   serum followed by goat anti-rabbit Alexa Fluor 647 antibody 
( white ), respectively. Cellular nuclei were stained by DAPI dilactate ( blue ). ABCA1 is co-expressed with GFP 
( green ). Co-localization of ABCA1 and calnexin in Nef-negative cells is visualized as yellow/orange colored 
areas in the overlay. ABCA1 abundance is greatly reduced in the Nef-positive cell, refl ecting the inhibitory 
effect of Nef on this cholesterol transporter.       
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   3.    Place the sterilized coverslips into 6 well plates.   
   4.    Plate HeLa- ABCA1  -GFP cells to approximately 40 % confl u-

ency in selective DMEM medium.   
   5.    Incubate the seeded plates in CO 2  incubator at 37 °C over-

night. Optimal cell culture confl uency for transfection is 
60–80 %.   

   6.    Prepare Transfection Mix 1 (100 μl per well) by adding  Nef  - 
expressing  plasmid DNA (2 μg per well) to DMEM media (no 
FBS, antibiotics or supplements added) in an Eppendorf tube. 
Pipette twice up and down.   

   7.    Prepare Transfection Mix 2 (100 μl per well) by adding 6 μl of 
 Metafecten  e into 94 μl of DMEM media (no FBS, antibiotics 
or supplements added) in an Eppendorf tube. Pipette twice up 
and down.   

   8.    Add Transfection Mix 1 into Transfection Mix 2 moving the 
pipette throughout the fl ask (do not vortex the solution after 
Mix 1 and 2 are combined since it may destroy the DNA/lipid 
complex).   

  Fig. 2    A 3D image of HeLa- ABCA1  -GFP cells transfected with HIV-1  Nef  .  Calnexin   and HIV-1 Nef were visual-
ized using  anti-Calnexin-ER   membrane marker mouse monoclonal antibody followed by goat anti-mouse 
DyLight 550 antibody ( white  ), and by  anti-Nef   rabbit serum followed by goat anti-rabbit Alexa Fluor 647 anti-
body ( red  ), respectively. Cellular nuclei were stained by DAPI dilactate ( blue  ). ABCA1 is co-expressed with GFP 
( green  ). Analysis of the 3D image was performed in Volocity allowing for precise spatial determination of 
localization of molecules of interest within a cell.       
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   9.    Incubate 20 min at room temperature.   
   10.    During the incubation time, replace culture medium in 

6-well plates with cells with 3 ml of fresh selective DMEM 
medium/well.   

   11.    Transfer 200 μl of DNA/lipid complex drop-wise to each well 
using a 200 μl tip with its sharp end cut off. Target the drops 
over the area of the coverslip.   

   12.    Incubate the plates with transfected cells in CO 2  incubator at 
37 °C overnight.   

   13.    The next day, replace culture medium with 3 ml of fresh selec-
tive DMEM medium/well and continue incubation in CO 2  
incubator at 37 °C.   

   14.    48 h ( see   Note 7 ) post-transfection, aspirate the culture 
medium and wash the cultures twice with warm PBS (37 °C).   

   15.    Fix cells with 3.5 % formaldehyde solution (formaldehyde 
solution prepared in PBS from the 37 % concentrate) for 
10 min at room temperature.   

   16.    Wash the fi xed cells three times with PBS. The plates can be 
stored at 4 °C overnight.   

   17.    Permeabilize fi xed cells with 0.1 %  Triton X-100   (in PBS) for 
5 min using 2 ml Triton solution/well.   

   18.    Wash the permeabilized cells three times with PBS.   
   19.    Block with 2 ml of Blocking solution/well for 30 min at room 

temperature (cover plates with aluminum foil). The plates can 
be left with blocking solution at +4 °C overnight.   

   20.    Drain the coverslips (on the paper towel and using vacuum) and 
transfer them on the Parafi lm in a large Petri dish (use syringe 
needle and fl at end forceps to manipulate the coverslips).   

   21.    Incubate with 200 μl (for 18 mm × 18 mm coverslip) of primary 
antibody (mixture of anti- Nef    rabbit   serum  and   anti-Calnexin     -
 ER membrane marker mouse monoclonal antibody, both 
diluted 1:750 in PBS, and ChromPure Goat IgG diluted 
1:30 in PBS) at room temperature for 60 min (use wet paper 
towel to keep humid conditions in the Petri dish; perform 
incubation in the dark).   

   22.    Wash three times with PBS in a 6-well plate.   
   23.    Drain the coverslips and transfer them back on the Parafi lm in 

a large petri dish.   
   24.    Incubate with 200 μl (for 18 mm × 18 mm coverslip) of sec-

ondary antibody (goat anti-rabbit Alexa Fluor 647 antibody 
 and   goat anti-mouse DyLight 550 antibody, both diluted 
1:500 in PBS, and ChromPure Goat IgG diluted 1:30 in PBS) 
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at room temperature for 30 min (use wet paper towel to keep 
humid conditions in the Petri dish; perform incubation in the 
dark).   

   25.    Wash three times with PBS in a 6-well plate.   
   26.    Stain with DAPI (diluted 1:10,000 from the stock solution; 

2 ml/well) for 5 min.   
   27.    Wash three times with PBS in a 6-well plate. At this step, it is 

possible to leave coverslips in the plates with PBS at +4 °C 
overnight.   

   28.    Drain the coverslips (on the paper towel and using vacuum).   
   29.    Mount the coverslips on microscope slides with mounting 

medium.   
   30.    Leave the slides to settle in the dark at room temperature 

overnight.   
   31.    Use the slides for imaging or store them in the dark at +4 °C.   
   32.    High-content and three-dimensional image data acquisition is 

performed on a Zeiss Cell Observer Spinning Disk Confocal 
instrument, equipped with two Photometrics Evolve Delta 
high-speed (512 × 512) EM CCD cameras on  Axio Observer 
Z1   microscope equipped with scanning stage with piezo 
z-motor, which ensures generation of highly reliable 3D image 
sets. Stitching and multi-position modules are part of the  Zen 
Blue software  .   

   33.    3D image sets are acquired with Plan Apochromat 150×/1.35 
objective lens, allowing generation of 512 × 512 images at pixel 
resolution of 0.089 μm. 16-bit image format is used for inten-
sity registration, as pixel integration within 25 % or above of 
the available dynamic range is considered satisfactory. This 
approach allows for detection effi ciency of GFP/ ABCA1  , not 
possible even on advanced point-scan confocal microscopes.   

   34.    For 3D analyses, the z-step is set at 0.250 μm to optimize for 
the z-point spread and optical section thickness. Multiple posi-
tions are selected and memorized. The instrument then exe-
cutes capturing of image sets channel by channel for each 
individual position in  z -dimension (Fig.  2 ).   

   35.    For 2D analyses, single optical plane is captured but large 
squared area is selected, to produce tile-scan image set with 
overlap between adjacent image frames at 15–25 %. This over-
lap is used for subsequent stitching using precise correlation in 
the overlapping areas.   

   36.    Four channels are generated using the following parameters: 
(1) channel 1, representing Alexa Fluor 568, encoding for 
 calnexin is generated by excitation with 561 nm diode laser and 
the emission fi ltered by 629/62 nm band fi lter; (2) channel 2, 
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representing GFP/ ABCA1   is created by excitation with 488 nm 
diode laser while the emission is fi ltered by 535/30 nm band 
emission fi lter; (3) channel 3, representing nuclear stain DAPI 
is recorded using excitation of 405 nm diode laser and the 
emission is fi ltered with 450/50 nm emission fi lter; (4) channel 
4, representing the Alexa Fluor 647 encoding  Nef   is generated 
by 633 nm diode laser excitation and the emission fi ltered 
with 690/50 nm emission fi lter. The entire  z-stack   is captured 
channel by channel (Fig.  2 ).   

   37.    Image analysis is performed using Volocity software from 2D 
or 3D image sets.   

   38.    For visualization of the co-localization, voxel overlap is fi rst 
determined by establishing legitimate intensity threshold for 
each channel. Using interactive stepwise threshold and false 
color feedback, elimination of the dark currents serves as a 
threshold point. Intersecting the thresholds of the two chan-
nels determines the voxel overlap. For voxel co-localization 
the so-called positive co-localization is used, which is the 
overlap of the voxels that bear an intensity value larger than 
the mean value (over threshold) of the given channel. The co- 
localized voxels are visualized as a separate channel. 
Visualization is achieved by 3D rendering using transparency 
mode. The co-localization is compared by plotting the co- 
localization co-effi ciency.   

   39.    For two 2D analyses the cells having high and no  Nef   expres-
sion are selected by free hand tool from a large tiled and 
stitched image. The large size of these images allows extraction 
of several hundred cells for each group. The average intensity 
for Nef,  ABCA1  , and calnexin can be plotted and compared.    

4       Notes 

     1.    As acceptors for cholesterol effl ux, one can use isolated HDL, 
plasma, and serum (human or other species). However, apoA-I 
is a specifi c acceptor for  ABCA1  -mediated effl ux, whereas 
HDL, plasma, and serum accept cholesterol delivered by a 
variety of transporters.   

   2.    When the experiment is performed to evaluate  ABCA1   activity, 
 TO-901317   stimulation can be omitted. However, cholesterol 
effl ux may be too low in such cases, and one may need to titrate 
the dose of TO-901317. No TO-901317 stimulation is needed 
when working with cells transfected with ABCA1-expressing 
vector.   

   3.    The number of wells should be suffi cient for quadruplicate 
determinations for each experimental condition.   
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   4.    Commercially available [ 3 H]cholesterol comes as a solution in 
either toluene or ethanol. If [ 3 H]cholesterol is a toluene solu-
tion, dry it completely with N 2  in a toluene-resistant tube and 
resuspend in absolute ethanol at a fi nal concentration of 1 μCi/
μl. Vortex and mix well. If [ 3 H]cholesterol is an ethanol solu-
tion, it can be used immediately.   

   5.    Other acceptors that can be used are high density lipoprotein 
(HDL) (fi nal concentration 50 μg/ml saturating, or 25–30 μg/
ml non-saturating), plasma or serum (fi nal concentration 5 % 
saturating, 1–2 % non-saturating).   

   6.    Other cell types, infected with HIV or transfected with vectors 
expressing HIV proteins, can be analyzed by this method. An 
example is presented in Fig.  3 , which shows monocyte-derived 
macrophages infected with HIV-1. HIV-1  Env   was stained 
using anti-HIV gp120 sheep serum as a primary and Alexa 
Fluor ®  488 conjugated donkey anti-sheep IgG as a secondary 

  Fig. 3    A 2D image of monocyte-derived macrophages infected with HIV-1. Peripheral blood monocytes were 
differentiated into the macrophages and infected with VSV-G pseudotyped HIV-1  NL4-3     . HIV-1 envelope 
protein was stained using anti-HIV gp120 sheep serum followed by Alexa Fluor ®  488 Donkey Anti-Sheep IgG 
(H + L) Antibody ( green  ). Cellular proteins  Calnexin   and  ABCA1   were visualized using mouse monoclonal 
anti-Calnexin- ER membrane marker antibody followed by  goat anti-mouse   DyLight 550 antibody ( red  ) and 
by anti-ABCA1 rabbit polyclonal antibody followed by goat anti-rabbit Alexa Fluor 647 antibody ( white  ), 
respectively. Cellular nuclei were stained by DAPI dilactate ( blue  ). Abundance of ABCA1 is reduced in HIV-
infected macrophages.       
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antibody,  ABCA1   was stained using anti-ABCA1 rabbit 
polyclonal antibody as a primary and Alexa Fluor ®  647 conju-
gated goat anti-rabbit IgG as a secondary antibody and the 
endoplasmic reticulum (ER) chaperone calnexin was stained 
using mouse  monoclonal   anti-calnexin-ER membrane marker 
antibody as primary  and   goat anti-mouse DyLight 550 conju-
gated antibody as secondary.  Calnexin   regulates folding and 
maturation of glycosylated proteins, including ABCA1 and 
gp160, in the ER. Nuclei were counterstained with DAPI.

       7.    Transfected cells can be incubated for 72 h in some cases to 
obtain better expression.         
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Chapter 20

The Proteomic Characterization of Plasma or Serum 
from HIV-Infected Patients

Nicole A. Haverland, Lance M. Villeneuve, Pawel Ciborowski, 
and Howard S. Fox

Abstract

Proteomics holds great promise for uncovering disease-related markers and mechanisms in human 
disorders. Recent advances have led to efficient, sensitive, and reproducible methods to quantitate the 
proteome in biological samples. Here we describe the techniques for processing, running, and analyzing 
samples from HIV-infected plasma or serum through quantitative mass spectroscopy.

Key words Mass spectroscopy, SWATH-MS, HIV, Proteomics, Serum, Plasma, Bayesian, Z-score

1 Introduction

Plasma/serum proteomics holds a vast potential for new bio-
marker discovery [1, 2]. Blood, which can repeatedly be harvested 
from patients with relatively low invasion and at a relatively low 
cost, is an attractive clinical material. Although blood contains a 
vast assortment of proteins and metabolites, numerous issues, 
such as reproducibility and sensitivity, have plagued plasma 
proteomics, thereby limited successes in the field. With the devel-
opment of new mass spectrometry techniques and technologies, 
comprehensive, replicable analysis of the plasma proteome has 
become feasible.

Mass spectrometry-based quantitative techniques have been 
at the forefront of analytical approaches in biomarker discovery 
from the very beginning of proteomics [3, 4]. During one and a 
half decades of blood/plasma/serum/CSF proteomics, research-
ers have attempted to identify and quantify these proteomes 
using various methods including in vitro labeling techniques 
(such as iTRAQ, TMT, ICAT, super-SILAC) as well as label-free 
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techniques, often using shotgun proteomics [5]. However, while 
each method has provided insight into various disorders, repro-
ducibility and broad validation remains an unresolved issue. Each 
of these techniques suffers from various limiting factors with one 
common underlying limitation being data-dependent acquisition 
(DDA). The application of data-independent acquisition (DIA), in 
which all molecular species are recorded, opens new avenue in 
mass spectrometry- based, body fluid-based biomarker discovery. 
Sequential Window data-independent Acquisition of the Total 
High-resolution Mass Spectra (SWATH-MS) platform offers 
higher dynamic range of linearity of recorded ion intensities vastly 
improving precision and accuracy of quantification and sensitivity 
[6]. SWATH-MS uses DIA to generate the experimental data, 
which is searched against a library constructed of DDA acquired 
samples. In addition, the DIA data collected for the experimental 
samples creates a permanent spectral record that can be utilized to 
extract additional information in future analyses with other DDA 
libraries. Although at this time only a limited number of peer- 
reviewed studies employing SWATH-MS platform have been 
published, initial results are highly promising in the prospects of 
contribution to biomarker discovery.

SWATH-based proteomic analysis offers additional benefits 
compared to previous  proteomic approaches. Using SWATH, 
additional fractionation is commonly unnecessary and detection of 
low abundance peptides is possible. However, to gain the most out 
of SWATH mass spectrometry (as with any experiment), optimiza-
tion is necessary. Here we present our optimized methods for four 
critical steps of SWATH-MS: DDA for the building of the library, 
DIA for running of the experimental samples, data processing, and 
statistical analysis. In addition to their use for plasma/serum sam-
ples, these steps also apply to other applications of SWATH-MS.

2 Materials and Equipment

 1. Protease inhibitor cocktail.
 2. Sodium dodecyl sulfate (SDS).
 3. Seppro IgY14 Column (Sigma-Aldrich).
 4. VIVASPIN 15R with 5000 MWCO.
 5. Centrifuge with swinging bucket rotor.
 6. HRM Calibration kit Standard Peptides (Biognosys).

 1. Centrifugal vacuum concentrator with rotor for 1.5–2.0 mL 
microcentrifuge tubes.

 2. cHiPLC-nanoflex system (Eksigent).
 3. TripleTOF 5600 Mass Spectrometer equipped with a 

NanoSpray III Ion Source (AB SCIEX).

2.1 Sample 
Processing

2.2 Instrumentation
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 1. Nano-cHiPLC column 75 μm × 15 cm ChromXp C18-CL 
3 μm 300 Å (Eksigent).

 2. Nano-cHiPLC Trap column 200 μm × 0.5 mm ChromXp 
C18-CL 3 μm 300 Å (Eksigent).

 3. Oasis MCX 1 cm3 column (Waters).
 4. Trap-elute jumper chip (Eksigent).
 5. 0.1 % Formic Acid in Water.
 6. Solution A: 0 % Aqueous Solution with 0.1 % Formic Acid.
 7. Solution B: 100 % Acetonitrile with 0.1 % Formic Acid.
 8. National Limited Volume Wide Opening Plastic Crimp Top 

Autosampler Vials; 450 μL capacity (Thermo Scientific).
 9. 11 mm Snap-It Cap for Autosampler Vials, 6 mm hole (Thermo 

Scientific).

 1. 8-core computer with ProteinPilot installed and licensed (AB 
SCIEX).

 1. Computer with PeakView v. 2.1 Software installed and licensed 
(AB SCIEX) and the add-on, Protein Quantitation 1.0 
MicroApp, installed and licensed.

3 Methods

 1. Obtain plasma or serum sample from patients or biobanks  
(see Notes 1 and 2).

 2. If samples are frozen, thaw, and immediately upon thawing 
add 50 μL of 20× Protease Inhibitors per milliliter of the 
sample to prevent protein degradation. Samples are mixed 
with the inhibitors by inversion or gentle vortexing and then 
immediately placed on ice. To delipidate, the samples should 
be centrifuged at 18,000 × g at 4 °C for 15 min and the middle 
layer of the cleared plasma/serum collected.

 3. Deplete samples of highly abundant proteins using a commer-
cial mix of immobilized antibodies (see Note 3). The standard 
manufacturer protocol for immunodepletion should be fol-
lowed for the Seppro IgY14 columns. This kit is available in a 
spin column format or as HPLC columns of different sizes 
depending on the volume of sample to be depleted, and 
 contains all necessary buffers. Concentrate the flow-through 
depleted samples using a VIVASPIN 15R spin concentrator, 
centrifuging at 4000 × g for approximately 1.5 h. Samples may 
be frozen at this stage if desired.

2.3 Supplies

2.4 Data Processing: 
Generating 
the Spectral Library

2.5 Data Processing: 
Targeted Data 
Extraction

3.1 Sample 
Processing for 
SWATH-MS Designed 
Experiments
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 4. Bring samples to 4 % sodium dodecyl sulfate (SDS) (see Note 4). 
Centrifuge at 400 × g to pellet any debris. Transfer supernatant 
to a clean sample container. Quantify the protein concentra-
tion within the sample using the Pierce 660 protein quantifica-
tion kit (see Note 5).

 5. Digest the samples using trypsin and using filter-assisted sample 
preparation (FASP; http://www.nature.com/nmeth/journal/
v6/n5/extref/nmeth.1322-S1.pdf) protocol. FASP is com-
patible with SDS and has many benefits over in-gel or in-solu-
tion approaches [7] (see Note 6). We recommend digesting 
50 μg of protein using a protein:enzyme ratio of <1:50.

 6. Desalt the digested samples using an Oasis mixed cation 
exchange column following manufacturer’s protocols. 
Desiccate the desalted sample using a vacuum concentrator.

 7. Resuspend the peptides in a minimal volume of 0.1 % formic 
acid in HPLC-grade water (see Note 7). Perform peptide 
quantification based on spectral absorbance at 205 nm on a 
NanoDrop 2000 [8] (see Note 8). Remove an aliquot (2 μg or 
less; keep this consistent across biological and technical replicates) 
of cleaned peptides from each sample and transfer to a clean 
autosampler vial (see Note 9). If the total volume is >6 μL, des-
sicate the sample and resuspend in 6 μL 0.1 % formic acid in 
HPLC- grade water. If the total volume is <6 μL, bring the 
solution to a total volume of 6 μL.

 8. (Optional for DIA) Spiking-in peptides: Peptide spiking-in is a 
process whereby artificial peptides are added to the database 
and to each experimental sample. These artificial peptides have 
various predicted elution times. After determining the change 
in experimental elution times from predicted elution times, 
the elution profile can be shifted to enable better matching of 
the SWATH library reference spectra to the experimentally 
obtained DIA spectra. Add an equal amount of artificial pep-
tides from the HRM calibration kit to each DIA sample.

 1. Replace nano-cHiPLC columns if necessary (see Note 10). 
The Eksigent cHiPLC system requires three chips: the cHiPLC 
column that is used for elution, the trap column that is used 
during sample loading, and a trap-and-elute jumper chip.

 2. See Table 1 for the LC method for LC-MS/MS analyses of 
tryptic digested peptides (see Note 11). Equilibrate cHiPLC 
columns. If the Eksigent LC system is used, insert pre-run 
flush for 0.1 min using 100 % initial flow rate into the LC in 
the second tab of Eksigent method.

 3. See Table 2 to prepare mass spectrometry data acquisition 
methods for DDA and DIA experiments. For both methods, 
the mass spectrometer will be operated in high sensitivity mode. 

3.2 Mass 
Spectrometry
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Table 1 
LC method

Sample loading

Flow mode Independent

Time (min) Flow Soln. A (μL/min) Flow Soln. B (μL/min) Event

0 10 0

8.5 10 0

9 2 0

10 2 0

Elution

Flow mode Conserved. Total flow rate = 0.3 μL/min

Time (min) % Soln. A % Soln. B Event (see Note 26)

0 95 5 AUX3 TTL Low

0 95 5 AUX4 TTL High

1 95 5 AUX3 TTL High

180 65 35

182 10 90

192 10 90

193 95 5 AUX4 TTL Low

200 95 5

Samples for the library must be run using the DDA method, 
while experimental samples for SWATH-MS analysis must be 
run using DIA method. For information on samples for library 
construction, see Note 12.

 4. Retrieve the autosampler vial(s) prepared in step 7, which 
contain the resuspended peptides. Transfer the vials to the 
autosampler and assign the samples to queue accordingly  
(see Note 13). Ensure that the autosampler lids are on flush 
and the tubes are not crooked, as this may result in breaking 
the autosampler needle or unequal sample uptake.

 5. Start queue. Each sample will take approximately 3.5 h for 
completion using the LC methods provided in Table 1. The 
total ion current (TIC) chromatogram can be used to monitor 
sample elution during the run within the Analyst program  
(see Note 14).

 6. As samples finish mass spectrometry analysis, the TICs can be 
overlaid in the PeakView software using the open multiple 
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Table 2 
Mass spectrometry methods

DDA

Charge state From +2 to +5

Intensity threshold >100 counts

Switch after 50 spectra

Advanced settings True

Always exclude True

Exclude for 15 s

Mass tolerance units mDa

Mass tolerance 50

Use inclusion list False

Use exclusion list False

Ignore peaks within 6 Da

Real time None

Dynamic collision energy True

Fragment intensity multiplier 2

Maximum accumulation 2 s

Allow standard filters for smart IDA True

Number of cycles 7615

Polarity Positive

Period cycle time 2798 ms

Pulser frequency 14.170 kHz

ISVF (IonSpray voltage floating) 2400 V

Pulser frequency 14.170 kHz

Precursor scan (MS1) experiment type TOF MS

MS1 accumulation time 250.0 ms

MS1 start mass 400.0 Da

MS1 end mass 1800.0 Da

Precursor fragmentation (MS2)  
experiment type (50 selections)

TOF MS^2

MS2 accumulation time 50.0 ms

MS2 start mass 100.0 Da

MS2 end mass 1800.0 Da

(continued)
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Table 2
(continued)

DDA

DIA

Number of cycles 3555

Polarity Positive

Period cycle time 3363 ms

Pulser frequency 14.170 kHz

ISVF (IonSpray voltage floating) 2400 V

Pulser frequency 14.170 kHz

Precursor scan (MS1) experiment type TOF MS

MS1 accumulation time 50.0 ms

MS1 start mass 400.0 Da

MS1 end mass 1250.0 Da

SWATH-MS (MS2) experiment type TOF MS^2

MS2 accumulation time 96.0 ms

MS2 start mass 100.0 Da

MS2 end mass 1800.0 Da

SWATH-MS experiment mass window 25 + 1 Da overlap

Fragment conditions Rolling collision energy, 
charge state +2, collision 
energy spread of 15 V

WIFF tool to compare the chromatograms and evaluate differ-
ences between samples (see Note 15).

 7. Following completion of all mass spectrometry, transfer all files 
to the hard drive of the computer that will be used for database 
searching of library samples and targeted data extraction of 
SWATH-MS files (see Note 16).

 1. If not already performed, transfer all DDA-generated files that 
will be used for creating the spectral library to the computer 
hard drive. The computer must have ProteinPilot installed.

 2. Compile the FASTA file that will be used for database search-
ing (see Note 17). For this step, we use the UniProt-SwissProt 
(www.uniprot.org) database to export the reference proteomes 
for Homo sapiens (search “organism:9606 AND reviewed:yes 
AND keyword:1185”) and for HIV-1 (search: “taxonomy:11706 
AND reviewed:yes AND keyword:1185”). A word processor, 

3.3 Data Processing: 
Generating 
the Spectral Library
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such as notepad, can be used to merge the files and add any 
additional FASTA sequences, such as the file with common 
laboratory contaminants provided by the AB SCIEX. Transfer 
the newly generated FASTA file to the databases folder within 
the AB SCIEX ProteinPilot Application folder.

 3. (Optional for DIA) Inclusion of artificial peptides in the FASTA 
database. Information on the spiked-in peptides must be added 
to the FASTA database manually (see Note 18). Open the 
FASTA database in Notepad. Provide an entry for each artificial 
peptide. The sequence and name (Artificial names are ok) must 
be provided for each peptide (see Note 19).

 4. Launch ProteinPilot. In the workflow tasks panel, click “LC…” 
under the “Identify Proteins” tab. Use the “Add…” button to 
add DDA samples to the search file. Process the file using a new 
paragon method (Table 3) and save the method using the “Save 
As…” button. Back in the “Identify Proteins” dialog box, save 
the results file and assign its location using the “Save As…” but-
ton. Click the “Process” button to begin the search. The file 
that is generated is a .group file, which will be uploaded as the 
reference spectral library during targeted data extraction.

Table 3 
Paragon method

Describe sample

Sample type Unlabeled

Cys alkylation Iodoacetamide

Digestion Trypsin

Instrument TripleTOF 5600

Special factors None selected

Species None

Specify processing

Quantitate, bias correction,  
background correction

Not able to be selected

ID Focus Biological modifications, amino acid 
substitutions

Database FASTA database compiled in Data 
Processing: Generating the Spectral 
Library Step 2.

Search effort Thorough ID

Results quality Detected protein Threshold >0.05 (10 %)

Run false discovery rate analysis Checked

Nicole A. Haverland et al.
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 1. If not already performed, transfer all DIA-generated files that 
will be used for targeted data extraction to the computer hard 
drive. The computer must have PeakView installed and licensed 
with the Protein Quantitation MicroApp installed.

 2. Launch PeakView. Under the “Quantitation” menu, click 
“Import Ion Library.” Select the group file that was generated 
in Data Processing: Generating the Spectral Libary step 4 
(see Note 20). The upload time will vary from minutes to 
hours and is dependent on the size of the .group file and com-
puter processor speed. After the library has successfully been 
loaded, a dialog box will automatically appear and request 
selection of the SWATH-MS files that will be used for targeted 
data extraction. Select all the files that will be used for export.

 3. If applicable, select the peptides that will be used for retention 
time (RT) correction, using either the spiked-in peptides or 
selecting high-abundance endogenous peptides (see Note 21). 
To do this, search for the protein of interest and click the pep-
tides that will be used for correction so that a check mark is 
apparent next to the peptide sequence. Next, click the “Add 
RT-Cal” button to add selected peptides to the RT calibration 
set. To edit the set of peptides used for RT calibration, click the 
“Edit RT-Cal” button and select peptides for deletion. In addi-
tion, use the “Edit RT-Cal” tool to calculate RT fit and apply 
RT modifications.

 4. Following RT correction, click the processing settings button 
under the SWATH Processing dialog box. Set the processing 
settings accordingly. We use the following parameters: Up to 
30 peptides, 6 transitions, 95 % peptide confidence threshold, 
1 % false discovery rate threshold, exclude shared peptides, 
XIC window of 12 min, and XIC width of 75 ppm. These set-
tings will likely require optimization dependent on the samples 
used for mass spectrometry (see Note 22).

 5. Click process to perform targeted data extraction. Following 
processing, export all information using the Quantitation 
menu → SWATH processing → Export → All. The file that is 
generated is an .xlsx and can be opened in a database applica-
tion or alternative statistical platforms capable of importing .
xlsx files.

We use one of two distinct approaches for normalization and sta-
tistical analysis of SWATH-MS data.

When investigating any proteomic data, there is a necessity to 
normalize to correct for any error in preparation. To compensate 
for this error, we recommend normalization in MarkerView. 

3.4 Data Processing: 
Targeted Data 
Extraction

3.5 Data Processing: 
Normalization of Data 
and Statistical 
Analysis

3.5.1 Normalization 
in MarkerView 
and Statistical analysis

Proteomics of HIV-Infected Plasma/Serum
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MarkerView offers a wide variety of normalization parameters that 
may be chosen dependent on the experimental design. Using 
MarkerView normalization in conjunction with a Bayesian analysis, 
a probabilistic statistical approach, offers additional benefits. 
Bayesian analysis can analyze data of high dimensionality by dem-
onstrating the data must follow the rules of probability introduced 
by the Bayes theorem [9]. By following these rules, Bayesian analy-
sis is able to correctly analyze data with fewer biological replicates 
than a simple t-test. This can be performed in eight steps:

Step 1. Export the area under curve data from PeakView as a 
MarkerView file.

Step 2. Open the extracted ion chromatogram (XIC) data in 
MarkerView.

Step 3. Normalize the data choosing the best normalization 
method based upon the design of the experiment  
(see Note 23).

Step 4. Statistical analysis of mass spectrometry data is necessary to 
draw strong conclusions from the data. Unfortunately, when 
comparing multiple proteins in multiple samples, common 
multiple testing corrections (e.g., Bonferroni) render every-
thing insignificant. To combat these problems, Bayesian analy-
sis followed our multiple testing correction is a viable method 
to analyze data.

Step 5. CyberT (http://cybert.ics.uci.edu or http://molgen51.
biol.rug.nl/cybert/), an online Bayesian analysis calculator, 
can be used for analyzing high dimension mass spectrometry 
data [9, 10].

Step 6. Format the data for upload into CyberT in accordance with 
the recommendations provided by the online calculator.

Step 7. Select the correct analysis parameters.

For normalization, CyberT can perform normalizations 
but is limited in number of normalization methods. We 
recommend loading MarkerView normalized data.

For the Bayesian analysis parameters, we recommend fol-
lowing CyberT instructions for Sliding window size. 
For the Bayesian confidence value, we recommend 
multiplying the number of replicates by 3 and using the 
corresponding value.

For multiple testing correction, multiple methods may be 
calculated through a single analysis by selecting to 
“Compute multiple test corrections” under “Standard 
Multiple Hypothesis Testing Corrections.”

We recommend computing the Posterior Probability of 
Differential Expression (PPDE). PPDE gives the prob-
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ability of observing a real change. Cumulative PPDE is 
the best method for determining statistical significance 
because it corrects the PPDE to a false discovery rate 
of 0.05.

Proteins with a p-value <0.05 and a Cumulative PPDE 
>0.95 are considered to be significantly altered between 
samples.

Step 8. Export the data to Excel or other data formats for further 
analysis.

Normalization by relative abundance uses the z-score to assign a 
value that represents the relative distribution of each protein within 
a given dataset/condition. This value is then used to measure alter-
ations in the relative abundance of a given protein between condi-
tions. An advantage of the z-score transformation is that 
normalization of the dataset to the standard normal distribution 
can be performed independently for each dataset, which allows for 
the rapid inclusion of multiple conditions, replicates, and compari-
sons. The change in relative abundance between conditions for any 
given protein is termed z-difference, and this measure can be used 
for parametric statistical testing, including the z-test [11, 12] and 
even other parametric tests, such as the ANOVA for multiple 
conditions and comparisons. The methods below provide a step-
by- step procedure for normalization and statistical testing, includ-
ing the paired and unpaired z-test.

 1. Open the targeted data extraction file that was exported from 
PeakView and move (as a copy) the protein data to a new Excel 
spreadsheet. In this manner, the original export retains its 
integrity if the raw data is requested.

 2. In the new spreadsheet, transform the raw intensity data using 
the natural log (ln). This transformation will normalize the 
data so that the entire dataset better approaches a normal distri-
bution that is required for statistical testing (see Note 24).

 3. Z-transformation of the data requires calculation of the mean 
and standard deviation of all proteins within a single dataset 
(one replicate, one condition). The z-score is a quantitative 
representation of the relative abundance of a protein and can 
be calculated using the following equation:

 
z

x
=

- m
s  

where x is the natural log transformed raw intensity value for a 
given protein, μ is the overall average of natural log trans-
formed raw intensity values for all proteins within a single data-
set, and σ is the standard deviation of the natural log transformed 
raw intensity values for all proteins within a single dataset.

3.5.2 Normalization by 
Relative Abundance 
and Parametric Statistical 
Testing
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 4. Based on the experimental design, choose the appropriate 
statistical test: the paired samples or independent samples 
z-test. For multiple comparisons/conditions, consider using a 
statistical test such as an ANOVA. The paired samples z-test is 
the more appropriate statistical test when comparing the 
expression of a protein before and after a condition within the 
same donor whereas the independent samples z-test is the 
more appropriate statistical test when comparing the overall 
expression of a given protein within a cohort of control sub-
jects as compared to the overall expression of a given protein 
within a cohort of subjects with a defined disease or condition. 
The paired and independent samples z-tests are conceptually 
equivalent to the paired and independent samples Student’s 
t-tests, respectively.

 5. For paired samples, use the following formula to calculate the 
z-test statistic [12]:

 

ztestpaired =
-d D

n
ds

 

where d  is the mean value of pairwise differences across all 
replicates, D is the hypothesized mean of the pairwise differ-
ences across all replicates (most often 0), σd is the standard 
deviation of the pairwise differences across all replicates, and n 
is the total number of pairwise comparisons (replicates).

 6. For independent samples, use the following formula to calcu-
late the z-test statistic [11]:

 7. After the z-test statistic is calculated, determine the p-value 
using the standard normal distribution for a two-tailed test 
(e.g., a test statistic of 1.96 = 95 % confidence or p = 0.05)  
(see Note 25)

 

ztestind
exp cont

exp

exp

cont

cont

=
-

+

x x

n n

s s2 2

 

where xexp  is the mean value of a given protein across all rep-
licates in the “experimental condition,” xcont  is the mean value 
of a given protein across all replicates in the “control condi-
tion,” σexp

2 is the variance of the protein expression across all 
replicates in the “experimental condition,” σcont

2 is the variance 
of the protein expression across all replicates in the “control 
condition,” and n is the total number of samples for each 
condition.
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Despite unquestionable progress in acquisition of mass spectra, a 
major limitation of quantitative proteomics is the very high 
dynamic range of protein concentrations in highly complex mix-
tures of proteins and peptides generated by any method of con-
trolled (i.e., enzymatic) fragmentation. This limitation applies to 
all methods: label free, chemical labeling, or metabolic labeling 
methods and researchers are advised to look for potential systemic 
bias. Approaches of extensive fractionation leading to reduction of 
complexity of samples have been used and will be refined in the 
future. These approaches help to reduce the impact of the high 
dynamic range of concentrations by providing high quality spectra 
for low abundant proteins as well as remove suppressive effect of 
many spectra from highly abundant proteins. For plasma, an 
immunodepletion of highly abundant proteins as described in 
Sample Processing for SWATH-MS Designed Experiments Step 3 
has been widely used to reduce interference from highly abundant 
proteins and is recommended.

No matter how refined and advanced the proteomics technol-
ogy becomes, nothing can make up for problems in experimental 
design. In addition to the issues in Note 1, adequate group sizes, 
proper controls, consistency in specimen acquisition, processing 
and storage, and other aspects important in studies of biospeci-
mens from diverse human populations apply to proteomic 
experiments.

4 Notes

 1. People with HIV infection offer interesting problems for 
performing serum/plasma biomarker studies. People with 
HIV-1 infection have a high incidence of comorbidities includ-
ing hepatitis C co-infection [13], cardiovascular, liver, and 
kidney disease [14], and all these factors may influence 
serum/plasma protein composition. When performing bio-
marker studies, these confounding issues have the potential to 
confound experimental results. Therefore, additional effort 
should be focused on obtaining a thorough background on each 
patient to identify and account for confounding variables.

 2. All work on patients as well as specimens derived from patients 
must be done under approval from the proper regulatory bod-
ies such as Institutional Review Boards. In addition, working 
with human samples (and here with known infectious agents) 
must be done under appropriate safety standards (in general, 
BSL-2). Both of these aspects should be done following your 
institutional requirements. Samples should be drawn, pro-
cessed, and stored under standardized conditions.

 3. Immunodepletion will reduce the concentration of high- 
abundance serum/plasma proteins and in doing so will help 

3.6 Limitations 
of Proteomics
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improve the detection and quantification of other lower 
abundance proteins that may have otherwise been masked. 
However how many most abundant proteins should be 
removed to facilitate analysis, and the best means to do this, is 
still an open question. We currently recommend using the 
Seppro IgY14 column (with avian antibodies targeting the fol-
lowing  proteins: albumin, α1-antitrypsin, IgM, haptoglobin, 
fibrinogen, α1-acid glycoprotein, apolipoprotein A-I and A-III, 
apolipoprotein B, IgG, IgA, transferrin, α2-macroglobulin, and 
complement C3) from Sigma-Aldrich.

 4. SDS inactivates HIV-1 [15]; depending on one’s institutional 
biosafety requirements the safety precautions may differ fol-
lowing viral inactivation.

 5. We suggest using the Pierce 660 protein quantification meth-
ods because of the rapidity of analysis. Alternative methods 
(Bradford, BCA, etc.) can also be used if desired. However, we 
do not recommend using spectral absorbance for quantifica-
tion as this measure is dependent on the presence of aromatic 
amino acids and can lead to a mistaken representation for pro-
tein concentration.

 6. Numerous digest procedures are available online and provided 
in the literature and through protease manufacturer websites. 
In addition to trypsin, other enzymes may also be used, such as 
LysC; however these enzymes will require additional optimiza-
tion. As an alternate to SDS treatment followed by FASP, sam-
ples may also be digested using a standard in-gel or in- solution 
tryptic digest protocol without the use of SDS; however remain 
aware of biosafety considerations.

 7. For a sample with approximately 50 μg of starting protein, we 
recommend resuspending the sample in no more than 
25 μL. Using this volume will allow for accurate analysis of 
peptide quantification by using a minimal amount of sample. 
In our experience, peptide quantity is usually 20–50 % of the 
amount of protein measured in Sample Processing for 
SWATH-MS Designed Experiments, step 4.

 8. Using absorbance at a wavelength of 205 nm will quantify pep-
tides by measuring at level of peptide bonds, rather than by 
inclusion of aromatic rings (measured at 280 nm). To custom-
ize the detection method, visit: http://www.nanodrop.com/
Library/A205%20Proteins%20&%20Peptides%20Custom%20
Method.pdf.

 9. Peptide quantity to be loaded on the LC column is dependent 
on the type of cHiPLC columns being used. A variety of cHiPLC 
columns with different lengths, diameters, pore size, and resin 
are available, but will require additional optimization.

 10. We recommend using the same cHiPLC columns for the dura-
tion of the project. Multiple columns are available and differ in 
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pore size and column length. Use of alternative columns will 
require additional optimization (also see Note 9).

 11. Although Table 1 gives a suggested LC protocol (with a 
180 min gradient from 5 to 35 % acetonitrile), optimization is 
necessary, and depending on the experimental setup, the gradi-
ent may be shortened or lengthen as necessary. However, it is 
important that all DIA and DDA for an experiment are per-
formed with the same gradient.

 12. When performing a SWATH-MS experiment, generation of 
the spectral library in DDA mode is important. Three methods 
are available to generate a library: (1) use a preconstructed 
library, (2) generate a library from experimental samples, or 
(3) generate a library from a variety of cell lines or other suit-
able samples containing proteins covering the range of those 
found in the experimental samples. Each method has benefits, 
but if limits on the sample availability exist the generation of a 
library through cell lines is an enticing option. We have previ-
ously performed such an analysis [16]. Until issues of align-
ment of elution times are resolved, we do not recommend 
using a preconstructed library.

 13. At this step, we separate our samples into library or SWATH- MS 
runs and randomize the samples within each group. In this 
way, the mass spectrometry methods will only be changed once 
when transitioning from samples used for the library to 
SWATH-MS (or vice versa).

 14. In our experience, peptides will begin eluting at approximately 
30 min and maximum intensity readings occur between 70 and 
110 min. However, elution times will change based on the elu-
tion gradient and will be influenced by sample composition. It 
can also be influenced by type of resin used for the reverse 
phase HPLC.

 15. While some differences are expected between samples, TICs 
that are markedly dissimilar may indicate impurities in the sam-
ple, problems with the cHiPLC system, or issues with the mass 
spectrometry methods. We recommend testing all the proce-
dures using a comparable sample to the experimental samples, 
but can be discarded in the event of procedural shortcomings.

 16. Because of the processor intensive demands for searching and 
for targeted data analysis, we recommend using a computer 
distinct from the computer that is loaded with Analyst and 
operates the mass spectrometer.

 17. The SwissProt section of UniProtKB is a high quality, manu-
ally curated database of protein sequences that eliminates 
redundancy. In contrast, the TrEMBL section contains com-
putationally analyzed records that are obtained from the trans-
lation of annotated coding sequences of the EMBL-bank/
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GenBank/DDBJ nucleotide databases. Although TrEMBL 
contains more information, this section of UniProtKB is lim-
ited in experimental validation of sequences and the use of 
TrEMBL sequences during database searching may increase 
the risk of inappropriate spectral assignment during targeted 
data extraction of SWATH-MS files.

 18. Artificial peptides are added to the SWATH library in the same 
fashion as contaminants (see Data Processing: Generating the 
Spectral Libary, step 2).

 19. FASTA files for artificial peptides listed in the Materials and 
Equipment can be found on the manufacturer’s website. 
http://www.biognosys.ch/fileadmin/Uploads/iRT/iRT_
Peptides_Fusion.FASTA. An alternative to using spiked-in 
peptide standards to correct for retention time drift is to select 
peptide(s) from abundant proteins (actin, keratin, etc.) in the 
PeakView software during data analysis.

 20. Although proteins with a lower confidence are being imported 
to PeakView for targeted data extraction, lower confidence 
proteins will be filtered out during targeted data extraction 
within the PeakView software (FDR, Score) and can also be 
filtered manually after export (e.g., filtered by number or pep-
tides per protein ≥2).

 21. When selecting spiked-in or endogenous peptides for RT cor-
rection, be sure to select only those peptides with high inten-
sity readings, overlapping transition states, those that are free 
of background noise, and cumulatively have adequate coverage 
across the entire elution gradient.

 22. Low confidence assignment of spectra for a number of given 
samples may impact the quality of the export for all samples if 
exported in unison. For this reason, perform targeted data 
extraction only for samples that will be used for direct com-
parison to one another. The processing settings will need to be 
optimized for each individual experiment with a particular 
emphasis on the extraction window. Using the RT correction 
tool will likely improve RT variability between samples and 
allow for narrowing of the extraction window. Additionally, 
setting a stringent FDR threshold (e.g., 1 %) will improve the 
quality of the exported data (as assessed by manual review of 
the overlay of transition states in the XIC pane and the align-
ment of the SWATH spectra to the library spectra in the spec-
tra pane). It should be noted, however, that this stringency 
comes with the cost of decreasing the total number of proteins 
exported and will likely impact the number of peptides used 
for quantification. Also discussed in [6].

 23. Four normalization methods are available in MarkerView: (1) 
Selected peak, (2) Total peak intensity, (3) median peak intensity, 
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and (4) manual scale factor. Additional information on the 
normalization can be obtained in the MarkerView program.

 24. In some cases, such as working with supernatants or whole cell 
lysates from cell lines, the means and standard deviations 
between replicates and conditions will be comparable and as 
such, no further transformation is necessary. In these cases, it 
is suggested to perform statistical testing using the t-test (for 
two comparisons) or a variation of the ANOVA for multiple 
comparisons. However, when working with biological fluids 
obtained from primary donors, it should be expected that the 
mean intensity and standard deviations between donors is not 
comparable, and as such, the z-transformation can be applied 
in order to allow for parametric statistical testing.

 25. If desired, multiple comparisons corrections can be employed, 
but it may limit the robustness and utility of continued analy-
ses, including bioinformatic analysis.

 26. “Event” describes the programming that is used to direct the 
sample path within the trap and column and is provided for 
reference. For additional information on this subject, please 
contact Eksigent.
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    Chapter 21   

 Proteomic Characterization of Exosomes from 
HIV-1- Infected Cells       

     Ming     Li       and     Bharat     Ramratnam       

  Abstract 

   Proteomics has increasingly become an invaluable tool to characterize proteomes from various subcellular 
compartments. Here, we describe a quantitative proteomics method using the technique of Stable Isotope 
Labeling by Amino acids in Cell culture (SILAC) to analyze the effects of HIV infection on host exosomal 
proteomes. The procedure, described below, involves differential isotope labeling of cells, exosome purifi -
cation, mass spectrometric quantifi cation, and various bioinformatic analyses/verifi cations. Although this 
chapter focuses on analyzing the effects of HIV-1 infection on the exosomal proteome, the protocol can 
easily be adapted to other subcellular compartments under different stress conditions.  

  Key words     HIV-1  ,   Exosome  ,   Proteomics  ,   Mass spectrometry  ,    SILAC    

1      Introduction 

 HIV-1 buds from the host plasma  membrane   in order to complete 
its life cycle [ 1 ,  2 ]. Exosomes, 30–100 nm vesicles secreted by a 
wide range of cell types [ 3 – 5 ], have been shown to play crucial 
roles during this process [ 6 ,  7 ]. As exosomes are largely composed 
of various proteins [ 8 ], characterizing these proteins may allow us 
to better understand how HIV-1 infl uences exosomal cargo and 
the host secretion machinery. 

 Numerous quantitative proteomics methods have been devel-
oped in recent years. These include the commonly used metabolic 
labeling based  SILAC   technique [ 9 ]. Other examples include chem-
ical labeling based  iTRAQ   (isobaric Tags for Relative and Absolute 
Quantifi cation), an isobaric labeling method that can be used to 
determine the amount of proteins from multiple sources in a single 
experiment [ 10 ]. A label-free MRM (Multiple Reaction Monitoring) 
method has been commonly used for the targeted quantitation of 
proteins/peptides in biological samples [ 11 ,  12 ]. However, a 
detailed comparison (Table  1 ) shows that SILAC is an excellent 
choice for HIV-1/exosomal proteome study in cultured cells. 
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For a majority of biomedical laboratories, the whole procedure is 
quite straightforward and the cost is relatively low. The principle of 
SILAC labeling is based on metabolic incorporation of given nonra-
dioactive isotopic forms of an amino acid in the culture media into 
cellular proteins. Typically, SILAC experiments start with two cell 
populations: one is labeled in the culture medium composed of 
heavy isotopic  13 C 6   L -lysine and/or  13 C 6  15 N 4   L -  arginine for 6 dou-
blings, while the other is maintained in the same medium but with 
normal  L -lysine and/or  L -arginine for the same period. Protein is 
extracted from the two cellular populations mixed at equal propor-
tions and subjected to mass spectrometry. The relative intensities of 
mass spectrometric peak(s) generated from a protein refl ect its rela-
tive abundance [ 13 ]. As seen in Fig.  1 , we adapted SILAC-based 
proteomics to determine the effects of HIV-1 infection on host exo-
somal proteome using the following procedure. Initially, HIV-1 
uninfected and infected cells are differentially isotope labeled. 
Then, the labeled exosomes are purifi ed and subjected to total pro-
tein  extraction     . Next, liquid chromatography- tandem mass 
spectrometry is employed to analyze the exosomal proteome. 
Finally, the resulting mass spectrometry data and potential can-
didates are subjected to statistical, bioinformatics analyses as well 
as vigorous biochemical verifi cation.

2        Materials 

 Prepare solutions using ultrapure water and store reagents accord-
ing to their specifi c requirements as stated below. Strictly follow all 
waste disposal regulations when disposing of waste materials, espe-
cially HIV-1 infected samples.

   Table 1  
  The comparison among three commonly used quantitative proteomics methods   

 Labeling  Samples  Cost  Analysis 
 Small change 
measurement 

 Technical 
variability 

  SILAC    Metabolic  Mainly for 
cultured cells 

 Relatively 
low 

 Relatively 
straightforward 

 Reliable  Low 

  iTRAQ    Chemical  Wide ranges 
of samples 

 Moderate  Moderate  Relatively 
reliable 

 Relatively 
low 

 MRM  No labeling  Mainly for 
clinical samples 

 Relatively 
high 

 Time-consuming  Less reliable  Relatively 
high 

  The differences of  SILAC  ,  iTRAQ  , and MRM are compared in the category of labeling principle, sample application 
scope, experimental cost, easiness of doing analysis, ability to detect small changes, and technical variability  
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    1.    Cells: In order to be effectively labeled by  SILAC  , the cells 
chosen need to be in an actively proliferative stage ( see   Note 1 ). 
Depending on specifi c experimental settings, cells are also 
often required to be susceptible to HIV-1 infection. Some 
examples of cell lines that meet these two criteria are:  HeLa 
T4 +  cells  , a human cervical epithelial carcinoma modifi ed to 
stably express CD4 + ;  H9 cell  s and  CCRF-CEM   cells, both sus-
pension cell lines derived from acute lymphoblastic leukemia.   

   2.    Reagents for checking cell survival and proliferation rate: 
 Trypan blue   and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide] assay kit are commercially 
available.   

   3.    Dialyzed fetal bovine serum (FBS) ( see   Note 2 ).   
   4.    Medium: Standard DMEM,  RPMI  , or other medium of choice 

defi cient in Arginine and Lysine. Please refer to   http://www.
atcc.org/     for detailed composition. Store it at 4 °C.   

  Fig. 1    Overall experimental schema for  SILAC   labeling. Ready to be labeled cells 
are divided into two batches. One batch is expanded in “heavy” medium for six 
doublings to achieve complete labeling. The other batch is independently main-
tained for the same periods. When the cells are completely labeled, the heavy 
cells are infected with HIV-1, while light cells receive no infection. At the end of 
infection, heavy (infected) and light (uninfected) are subjected to exosome isola-
tion in parallel.       
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   5.    Amino acids: Normal light  L -Lysine and  L -Arginine; Heavy 
isotopical Lysine ( 13 C 6   L -lysine) and Arginine ( 13 C 6  15 N 4   L -argi-
nine) ( see   Note 3 ). All amino acids are commercially 
available.   

   6.    Facilities for HIV-1 related research: class II biological safety 
cabinets and a BSL-2+ environment.   

   7.    Refrigerated ultracentrifuge or super-speed centrifuge: it is 
necessary that the centrifuge chosen can reach at least 
100,000 ×  g  ( see   Note 4 ).   

   8.    Centrifuge tubes: Tubes that can withstand ultracentrifugation 
and are compatible with rotors.   

   9.    Phosphate-buffered saline (PBS): 144.0 mg/L of Potassium 
Phosphate monobasic (KH 2 PO 4 ), 795.0 mg/L of Sodium 
Phosphate dibasic (Na 2 HPO 4  · 7H 2 O), and 9.0 g/L of Sodium 
Chloride (NaCl) pH 7.4. Store at 4 °C.   

   10.     RIPA   (Radio Immuno Precipitation Assay) buffer: 50 mM 
Tris-HCl, 150 mM NaCl, 1.0 % NP-40, 0.5 % sodium deoxy-
cholate, and 0.1 % SDS (sodium dodecyl sulfate), pH 8.0.   

   11.    Protease inhibitor cocktails: Commercially available.   
   12.    Microcentrifuge shaker: A shaker with speed and temperature 

control is recommended.   
   13.    Platform rocker with circular motion.   
   14.    Benchtop microcentrifuge: Centrifuge with cooling feature is 

recommended.   
   15.    Spectrophotometer: Fluorometer can be an alternative.   
   16.     SDS-PAGE   (PolyAcrylamide Gel Electrophoresis) gel running 

apparatus and a quality power supply ( see   Note 5 ).   
   17.    Gel running reagents: Refer to specifi c literature for detailed 

procedures on how to prepare gel casting reagents, running 
buffers and sample buffers. Alternatively, precast gels and 
proprietary reagents can be purchased.   

   18.    Gel staining and destaining reagents: Staining solution: 15 % 
methanol, 10 % acetic acid, and 2 g Coomassie Brilliant Blue in 
water; Destaining solution: 15 % methanol and 10 % glacial 
acetic acid in water.   

   19.    Gel wash buffer: 25 mM ammonium bicarbonate (NH 4 HCO 3 ) 
prepared in  HPLC   (High-Performance Liquid Chromato-
graphy) grade water; 25 mM ammonium bicarbonate 
(NH 4 HCO 3 ) dissolved in 50 % acetonitrile (1:1  ACN/H 2 O).   

   20.    Reduction and alkylation reagents: 10 mM Dithiothreitol 
(DTT) in 25 mM NH 4 HCO 3  and 55 mM iodoacetamide in 
25 mM NH 4 HCO 3 . Prepare freshly.   
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   21.    Digestion buffer: 12.5 ng/μl mass spectrometry grade modi-
fi ed trypsin dissolved in freshly prepared 25 mM NH 4 HCO 3 .   

   22.    Peptide recovery buffer: 5 % formic acid in 50 % ACN.   
   23.    Vacuum concentrator.   
   24.    HPLC buffers: Buffer A: 0.9 % acetonitrile and 0.1 % formic 

acid in HPLC grade water; Buffer B: 100 % acetonitrile.   
   25.     Nanofl ow HPLC      and Mass spectrometer: Contact proteomics 

core facilities in your institution or send your samples to out-
side institutions that have experience in  SILAC  -based quanti-
tative proteomic analysis ( see   Note 6 ).   

   26.    Protein/peptide identifi cation software: Open-source 
Andromeda available at   http://www.andromeda-search.org/     
or Mascot, commercially available from MatrixScience.   

   27.    Quantitation software: MaxQuant, freely available at   http://
www.maxquant.org/     or other software from mass spectrome-
ter instrument vendors.   

   28.    Western blotting reagents: Related buffer and reagents are 
commercially available or can be prepared in the lab. Refer to 
western blotting-specifi c manual for details.   

   29.    Software and databases: ImageStudio ®  lite can be downloaded 
from   http://www.licor.com/bio/products/software/image_
studio_lite/     with registration; Silacratioanalyser is available at 
  http://proteome.moffi tt.org/proteomics/silacratioanalyser/
silacratioanalyser.jnlp    ; STRAP (Software Tool for Rapid 
Annotation of Proteins) can be downloaded from   http://www.
bumc.bu.edu/cardiovascularproteomics/cpctools/strap/    . 
Exosome database can be accessed at   http://www.exocarta.
org    ; the URL of the HIV-1 Human Interaction Database is 
  http://www.ncbi.nlm.nih.gov/genome/viruses/retrovi-
ruses/hiv-1/interactions/    ;  DAVID   (Database for Annotation, 
Visualization and Integrated Discovery) can be accessed at 
  http://david.abcc.ncifcrf.gov    ; the URL of  STRING   (Search 
Tool for the Retrieval of Interacting Genes/Proteins) is   http://
string-db.org/          

3    Methods 

    SILAC   medium should be freshly prepared (follow manufacturer’s 
manual closely) before use. Medium can be stored at 4 °C for up 
to about 3 months. To assure healthy and highly proliferative cells, 
the use of trypan blue staining (to measure cell viability) and  MTT 
assay   (to check cell proliferation) is recommended before conduct-
ing actual metabolic labeling.

3.1  Cell Culture 
(Labeling) and HIV-1 
Infection
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    1.    Seed and culture two batches of cells in 10 cm cell culture 
dishes in parallel. One is in “heavy” labeling medium, which 
contains 10 % dialyzed FBS supplemented with 100 mg/L 
 13 C 6   L -lysine and 100 mg/L  13 C 6  15 N 4   L -arginine, the other one 
is in “light” medium (containing 10 % dialyzed FBS supple-
mented with 100 mg/L  L -Lysine and 100 mg/L  L -Arginine) 
( see   Note 7 ).   

   2.    Expand cells in the heavy medium for six doublings to achieve 
complete (>99 %) labeling of cellular proteins with heavy 
amino acids, while independently maintain cells in light 
medium for the same number of doublings ( see   Note 8 ).   

   3.    Change media regularly (depending on specifi c cell type, nor-
mally every 2–3 days) during the labeling period.   

   4.    After complete labeling, infect cells grown in heavy labeling 
medium (“Heavy”) with HIV-1 (e.g.,  NL4-3   HIV-1 strain,  see  
 Note 9 ) by following standard HIV infection protocol [ 14 ]. 
During the same period, maintain cells grown in light labeling 
medium (“Light”) in parallel without infection.   

   5.    Harvest both “Light” (uninfected) and “Heavy” (infected) super-
natants independently at the end of infection ( see   Note 10 ).    

     Using sequential ultrahigh centrifugation, exosomal fractions are 
independently enriched from culture supernatants from both 
infected and uninfected cells [ 15 ]. All of the followings steps are 
performed at 4 °C (Fig.  2 ).

     1.    Collect culture supernatants, not cells, into proper sized cen-
trifuge tubes and centrifuge at 300 ×  g  for 10 min to remove 
residual cells.   

   2.    Transfer the cleared supernatants to new centrifuge tubes and 
centrifuge at 2000 ×  g  for 10 min to remove dead cells. Pipet 
supernatants carefully, do not touch pellets as they can con-
taminate supernatants.   

   3.    Transfer the supernatants to ultracentrifugation tubes and cen-
trifuge (make sure tubes are well balanced) at 10,000 ×  g  for 
30 min to remove cell debris. Similar to  step 2 , do not touch 
pellets while collecting supernatants.   

   4.    Transfer the resulting supernatants to fresh ultracentrifugation 
tubes and centrifuge at 100,000 ×  g  for 70 min. Remove the 
supernatants completely and discard. Unlike previous steps, 
starting from this step, remove supernatants and save pellets.   

   5.    Resuspend the pellets, containing exosomes, in 5 ml fresh PBS, 
transfer the suspensions to clean ultracentrifugation tubes and 
centrifuge again at 100,000 ×  g  for 70 min.   

   6.    Remove the supernatants and discard, resuspend the resulting 
pellets, in 50 μl PBS ( see   Note 11 ) for long-term storage (at 
−80 °C freezer) or proceed directly to protein  extraction  .    

3.2  Exosome 
 Isolation  
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         1.       Add 50–200 μl of  RIPA    buffer   supplemented with protease 
inhibitor cocktails to the tubes containing the  purifi ed   exo-
somal pellets. Vortex the tubes vigorously to completely dis-
solve the pellets.   

   2.    Transfer the dissolved protein solutions to new 1.5 ml micro-
centrifuge tubes. Shake the tubes vigorously (e.g., 400 rpm) 
for 5 min on a microcentrifuge shaker.   

   3.    Centrifuge the mixtures for 10 min at 13,000 ×  g .   
   4.    Transfer the resulting supernatants, which contain extracted 

exosomal proteins, to new microcentrifuge tubes for storage or 
continue to the next step.   

   5.    Quantify protein concentration from the “Light” (uninfected) 
and “Heavy” (infected) exosomal samples respectively by 
employing a standard protein quantifi cation assay, such as 
bicinchoninic acid (BCA) or Bradford-based method.   

   6.    Based on the concentrations determined from previous step, cal-
culate and mix the right volumes of light and heavy protein 
extracts to form a mixture that contains equal proportions (1:1) 
of total protein from “Light” and “Heavy” samples. Load the 
single mixture on an  SDS-PAGE   gel and run electrophoresis. 
2–10 μg of total protein per gel lane is recommended.   

3.3  Protein 
Extraction 
and Preparation

  Fig. 2    Flow chart of exosome purifi cation procedure based on differential ultracentrifugation. For each step, 
samples need to be processed are listed in the  middle  of chart. Fractions to be discarded in each step are 
indicated on the  left . The speed and length of each centrifugation are shown on the  right . Need to note, for the 
fi rst three centrifugations, pellets are discarded and the supernatants are saved for the next step. However, for 
the last two ultracentrifugation steps, pellets are saved and supernatants are discarded.       
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   7.    Transfer the fi nished gel to a square petri dish and stain it with 
Coomassie blue for 1 h with gentle orbital shaking.   

   8.    Destain the gel for a few hours to overnight.   
   9.    Cut the entire sample lane from the destained gel into 10–15 

equal gel pieces with a clean razor blade. Further slice each gel 
piece into smaller (e.g., 1 × 1 mm) cubes and transfer them into 
a new 1.5 ml microcentrifuge tube.   

   10.    In each tube, add enough 25 mM NH 4 HCO 3  in 50 % ACN to 
fully immerse the gel cubes and vortex for 10 min. Remove the 
supernatants and discard. Repeat this step twice.   

   11.    Dry the gel cubes in a vacuum concentrator for 20 min.   
   12.    Rehydrate gel cubes with enough 10 mM DTT, vortex and 

centrifuge briefl y. Allow reaction to proceed at 56 °C for 1 h.   
   13.    Remove the supernatant. Add enough 55 mM iodoacetamide 

to fully immerse the gel cubes. Vortex and spin briefl y. Incubate 
in the dark at room temperature for 45 min.   

   14.    Remove the supernatant. Add enough 25 mM NH 4 HCO 3  to 
immerse the gel pieces. Vortex and centrifuge briefl y.   

   15.    Remove the supernatant. Add 25 mM NH 4 HCO 3  in 50 % 
ACN to immerse the gel pieces. Vortex and centrifuge briefl y.   

   16.    Repeat  steps 14  and  15  once.   
   17.    Dry the gel cubes in a vacuum concentrator.   
   18.    Add 25 μl trypsin in 25 mM NH 4 HCO 3  to the dried gel cubes 

and incubate at 4 °C for 30 min. Remove excess solution and 
discard. Add a minimum amount of 25 mM NH 4 HCO 3  with-
out trypsin to keep gel pieces immersed throughout digestion. 
Incubate overnight at 37 °C.   

   19.    To recover peptides from the gel: Spin down briefl y and trans-
fer extract to a new tube. Add 30 μl of 5 % formic acid in 50 % 
ACN to the original gel cubes, vortex for 30 min and spin. 
Transfer the supernatant and combine with the extract obtained 
initially.   

   20.    Dry down the combined peptide extracts by a vacuum concen-
trator to less than 5 μl and resuspend with 20 μl  HPLC   buffer 
A before proceeding to next step.      

   Duplicate runs of samples are required; triplicates are recom-
mended to minimize variation and to achieve a high fi delity of 
proteomic analysis. Your mass spectrometry core facilities are likely 
to perform all the steps in this section for you. We list brief steps 
here as a reference.

    1.    Apply the resulting peptide mixtures from each gel piece to 
microcapillary reversed phase liquid chromatography-tandem 
mass spectrometry ( LC-MS/MS  ) separately.   

3.4  Mass 
Spectrometry 
Identifi cation 
and Quantitation
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   2.    Perform HPLC using a  nanofl ow HPLC   with a self-packed 
75 μm id × 15 cm C 18  column in buffer A. The  LC   gradient is 
produced over 60 min from 2 to 38 % HPLC buffer B.   

   3.    Set mass spectrometer (MS) at following settings: Operate in 
data-dependent acquisition (DDA)/positive ion mode; 
Acquire the full scan range between 390 and 1500  m / z  at 
30,000 resolution using a Top5 DDA method via collision-
induced dissociation (CID); Exclude precursor ions for a dura-
tion of 2 min; Use Nano-ESI spray voltage of +3 kV without 
sheath or auxiliary fl ow gas; Set the ion count threshold for 
MS/MS selection at 700 counts; Use default settings for acti-
vation time and  Q  values.   

   4.    Search the generated MS/MS spectra against the reversed and 
concatenated non-redundant Human IPI database by using 
the program Mascot with the following parameters: use the 
fi xed modifi cation of carbamidomethyl Cys and variable modi-
fi cations of oxidation of Met and acetylation of protein 
N- terminus; allow two missed cleavages and Trypsin with Pro 
restriction; require a match of at least six amino acid residues; 
set MS tolerance at 30 ppm and MS/MS tolerance at 0.08 Da; 
allow the peptide and protein false discovery rate (FDR) ≤ 1 %.   

   5.    Achieve protein quantitation by MaxQuant software [ 16 ], 
which is set to require at least two peptides per protein (one 
razor and one unique) for quantitation. Normalized  SILAC   
ratios are used for all subsequent interpretation.     

 Various information, including protein IDs, names, 
descriptions, and heavy/light ratios, of the identifi ed proteins 
can be exported and saved as spreadsheet format for detailed 
downstream analysis.  

   Western blotting is recommended to verify protein  quantifi cation   
as determined by mass spectrometry. Standard western blotting 
procedures should be followed. Please refer to specifi c protocols 
for details. It is important to ensure that equal amounts of protein 
(can use aforementioned protein quantifi cation method) are loaded 
from the control and experimental arms. In order to obtain robust 
quantitative verifi cation, it is also recommended to develop blots 
with a digital imaging system and to analyze acquired image with 
analysis software (e.g., ImageStudio ® ).  

   The data quality assessment, data pretreatment, and calculation 
steps are carried out for each mass spectrometric replicate 
independently before merging data from all replicates for fi nal 
inspections (Fig.  3 ).

     1.    Data quality assessment: (1) Log2 transform heavy/light ratios 
of all quantifi ed proteins; (2) Group the transformed ratios 
into multiple (40–100) ratio bins; (3) Use statistical software 

3.5  Western Blotting 
Verifi cation

3.6  Proteomic 
Data Analysis
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to plot the number of detected ratios per bin. The resulting 
histogram of  SILAC   ratio distribution should follow normal 
distribution ( see   Note 12 ) [ 17 ].   

   2.    Data pretreatment: To ensure greater confi dence in the accu-
racy of the mass spectrometry-derived peptide (protein) ratios, 
a given protein needs at least two quantifi able peptides in order 
to be included in candidate selection ( see   Note 13 ).   

   3.    Determination of signifi cant threshold: To determine signifi -
cantly up- and downregulated protein candidates, conservative 
cut-off values are calculated as followings: (1) Log2 transform 
the original  SILAC   protein ratios; (2) Calculate the median 
and standard deviation ( σ ) of the transformed ratios by using a 
statistical or spreadsheet software; (3) Calculate the cut-off of 
value (median ± 2 σ ) in log space initially and then transform 
back into linear space. Candidates having ratios above 
median + 2 σ  or less than median − 2 σ  are considered to be sig-
nifi cant. In most cases, a small percent of candidates on both 
extreme ends will be assigned as signifi cant.   

   4.    Data comparison and inspection: The resulting signifi cant 
candidates are compared across all replicates. A three-step 
workfl ow is carried out to identify potential candidates: (1) 
Only select the candidate(s) consistently shown in all replicates; 

  Fig. 3    Flow chart for determining signifi cant candidates from proteomic analysis. Four successive steps of 
analysis and verifi cation are implemented to ensure fi nding reliable, signifi cant candidates. First step of plot-
ting  SILAC   ratio histogram is to ensure the global data integrity. Second step is to make whole dataset less 
noisy by removing less ideal candidates. By employing unbiased statistical tools, the third step defi nes the 
signifi cant thresholds for potential candidates. The last step fi nalizes the list of signifi cant candidates by merg-
ing and analyzing the replicate data for each candidate from previous step.       
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(2) For each candidate, manually inspect all identifi cation and 
quantitation, remove candidates that do not have the same 
direction among the replicates (up- or downregulated) and/or 
similar expression ratios. (3) Finalize data for the selected can-
didates by merging their data from all replicates.    

     To take advantage of abundant (genomic, proteomic, and bioin-
formatic) existing information for almost every single protein, data 
mining and bioinformatics analysis are carried out to gain insights 
into HIEP candidates (Fig.  4 ). Several relevant databases and soft-
ware programs are described below.

     1.     Validation against    exosome database   : To further verify a given 
candidate protein’s assignment to the exosomal compartment, 
search HIEP candidates using their name or  UniProt   IDs 
against the current exosome database, which is a manually 
curated database that is integrated from both published and 
unpublished exosomal studies, by using “query” function 
[ 18 ,  19 ] ( see   Note 14 ).   

   2.     Examination against HIV-1/host proteins database : To fi nd 
potential known associations between HIV-1 and HIEP candi-
dates, search the HIEP candidates (using the search boxes) 
against the HIV-1 and  Human Protein Interaction Database   
[ 20 ] in order to identify proteins shared by the database and 
HIEP candidates ( see   Note 15 ).   

3.7  Bioinformatics 
Verifi cation 
and Characterization 
of HIV-1 Impacted 
Exosomal Protein 
(HIEP)  Candidates     

  Fig. 4    Overall bioinformatics analysis procedures for HIEP candidates. To gain insights into HIEP candidates, 
data mining and bioinformatics analysis are implemented. Current exosome database and HIV-1/host inter-
actome database are mined to verify the exosomal origins and the known interactions with HIV-1.  Gene 
ontology   characterization and enrichment analysis are performed to narrow down research scope and point 
out potential direction. Interaction and pathway analysis are also carried out to fi nd potential binding or 
interacting partners.       
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   3.      Gene Ontology     (GO) characterization : To get representation of 
GO terms: (1) Save  UniProt   IDs of HIEP candidates on txt 
fi le; (2) Import the txt fi le to STRAP software [ 21 ] and run the 
software to search against UniprotKB, EBI, and GO databases; 
(3) Visualize GO analysis results (e.g., in the form of pie chart) 
through a spreadsheet software by using analyzed data from 
STRAP ( see   Note 16 ).   

   4.     GO term enrichment analysis : To fi nd statistically signifi cant 
overrepresented gene ontology (GO) terms: (1) Submit the 
HIEP candidate list to  DAVID   via its web interface by using 
“Functional Annotation Tool” [ 22 ]; (2) On the page of 
“Annotation Summary Results,” choose the “Gene_Ontology” 
category, the enriched GO terms,   p -value  , and other associated 
parameters will be reported there ( see   Note 17 ).   

   5.     Interaction and pathway analysis : To help downstream bio-
chemical analysis and pathway discovery, it is worthwhile to 
fi nd the known and predicted associations of HIEP candidates 
beforehand. A representative tool,  STRING  , is employed to 
provide direct (physical) and indirect (functional) associations 
[ 23 ]. This process is done by inputting protein ID or sequence 
in designated search box, choosing the right species and search-
ing the database. The top ten known partners associated with 
each exosomal candidate will be shown as a part of the results 
( see   Note 18 ).    

  With all above mentioned analyses, a wealth of information 
of HIEP candidates will be analyzed. The most signifi cant 
candidate(s) will be selected and subjected to downstream 
molecular and biochemical analysis.   

4    Notes 

     1.    For  SILAC   labeling, try to avoid using cells that have been 
propagated for an extended period. It is preferable to use early 
passage cells to achieve high labeling effi ciency.   

   2.    Dialyzed fetal bovine serum (FBS), not regular FBS, needs to 
be added to  SILAC   media to make the complete labeling 
medium. The Dialyzed FBS contains no or few free amino 
acids and peptides, which may interfere with SILAC labeling.   

   3.    Usually, a  SILAC   labeling kit comes with only a single heavy 
isotope  13 C 6   L -lysine. In order to improve coverage in mass 
spectrometry analysis, double “heavy” isotope labeling using 
 13 C 6   L -lysine and  13 C 6  15 N 4   L -arginine is recommended. In 
which case, “heavy”  13 C 6  15 N 4   L -arginine should be obtained 
and added to labeling media (fi nal concentration at 100 mg/L) 
accordingly.   
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   4.    The classical way of isolating exosomes involves ultra high- 
speed centrifugation. Currently, there are a few commercially 
available reagents that permit exosome  isolation   without ultra 
high-speed centrifugation and related equipment. These alter-
native methods may be carried out at the reader’s discretion.   

   5.    An alternative way to perform trypsin digestion is to do it 
directly in the protein extract without running a gel. However, 
conditions, such as buffer and digestion time, will have to be 
optimized for complete digestion.   

   6.    Each proteomics core may have their own specifi c procedures 
and requirements for sample preparation and mass spectrom-
etry analysis; consult them fi rst to determine the best strategy 
and procedure.   

   7.    Many factors, such as the sensitivity of mass spectrometer, goal 
of analysis (whole proteome or post-translational modifi ca-
tion), and mass per cell, affect the minimum amount of protein 
(thereby minimum number of cells) needed for downstream 
analysis. We found ten million cells can be a good starting 
point to determine the optimal number of cells for proteomic 
analysis.   

   8.    For a specifi c cell type, the exact cell doubling time needs to be 
determined. Fast growing cells obviously need less time to be 
completely labeled than slow growing cells.   

   9.    HIV-1 infection should be monitored. One way of doing this 
is via p24 quantifi cation in culture supernatants.   

   10.    For adherent cells, the supernatants can be used directly for 
exosome  isolation  . For suspension cells, a pre-clearing step of 
centrifugation at 200 ×  g  for 10 min is needed to remove 
excess cells.   

   11.    As HIV-1 virions are similar in size to exosomes, the purifi ed 
exosomes from HIV-1 infected samples may be contaminated 
with HIV-1 virions. In proteomic screen, potential viral con-
taminants can be fi ltered out by limiting search database only 
to human. However, if further downstream experiments are 
expected, readers should employ established methodologies to 
separate HIV-1 virions from exosomes, if necessary [ 24 ].   

   12.    If the  SILAC   ratio distribution is heavily skewed in one direc-
tion, the reader needs to determine the causes before continu-
ing data analysis. Possible cause(s) may be due to unequal mix 
of “light” and “heavy” samples.   

   13.    Although some proteins may have multiple (≥2) identifi ed pep-
tides; however, not all peptides come with heavy/light ( SILAC  ) 
ratio values. Those proteins are recommended to be excluded if 
they have one or no peptide bearing SILAC values.   
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   14.    One way of verifying the success of exosomal purifi cation and 
proteomic identifi cation is to search the top 25 exosomal 
marker proteins listed at ExoCarta against HIEP candidates. A 
successful experiment usually fi nds a majority of the 25 exo-
some maker proteins in the  SILAC   list.   

   15.    The database contains extensive HIV-1/host protein interac-
tions that have been reported. The detailed interactions 
between HIEP candidates and HIV-1 are recommended to 
be mined.   

   16.    There are many other (either standalone or web-based) GO 
term analysis software (e.g., GoMiner ®  [ 25 ] or PANTHER 
(Protein ANalysis THrough Evolutionary Relationships) [ 26 ]) 
available. It is up to reader’s judgment to choose which soft-
ware suits their needs.   

   17.    Another alternative tool to  DAVID   is GORILLA ( Gene 
Ontology   enRIchment anaLysis and visuaLizAtion,   http://
cbl-gorilla.cs.technion.ac.il/    ) [ 27 ].   

   18.    There are also quite a few software that can do pathway analysis. 
A proprietary Ingenuity IPA from Qiagen and a public acces-
sible ConsensusPathDB (  http://cpdb.molgen.mpg.de/    ) [ 28 ] 
are good examples.         
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    Chapter 22   

 Detecting HIV-1 Tat in Cell Culture Supernatants 
by ELISA or Western Blot       

     Fabienne     Rayne    ,     Solène     Debaisieux    ,     Annie     Tu    ,     Christophe     Chopard    , 
    Petra     Tryoen-Toth    , and     Bruno     Beaumelle      

  Abstract 

   HIV-1 Tat is effi ciently secreted by HIV-1-infected or Tat-transfected cells. Accordingly, Tat  concentrations 
in the nanomolar range have been measured in the sera of HIV-1-infected patients, and this protein acts 
as a viral toxin on bystander cells. Nevertheless, assaying Tat concentration in media or sera is not that 
straightforward because extracellular Tat is unstable and particularly sensitive to oxidation. Moreover, 
most anti-Tat antibodies display limited affi nity. Here, we describe methods to quantify extracellular Tat 
using a sandwich ELISA or Western blotting when Tat is secreted by suspension or adherent cells, respec-
tively. In both cases it is important to capture exported Tat using antibodies before any Tat oxidation 
occurs; otherwise it will become denatured and unreactive toward antibodies.  

  Key words     HIV-1  ,   Tat  ,   Secretion  ,   ELISA  ,   Immunoblots  

1       Introduction 

  HIV-1 Tat is a   small (86–101 residues) and basic protein that 
enables effi cient viral transcription and is required for HIV-1 mul-
tiplication [ 1 ]. The capacity of HIV-1-infected cells to secrete Tat 
in the absence of cell lysis was demonstrated in the 1990s [ 2 ]. We 
recently showed that this secretion process, although unconven-
tional, is very effi cient since most Tat is exported by infected cells 
[ 3 ]. Circulating Tat can be taken up by various cell types such as 
T-cells, macrophages, endothelial cells, and neurons. Tat will then 
cross the endosome membrane to reach the target cell cytosol and 
elicit a number of cell responses [ 4 ]. 

 We fi rst developed a sandwich  ELISA assay,   so that minute 
concentrations of Tat can be reliably assayed in the media of 

 The original version of this chapter was revised. The erratum to this chapter is available at: 
DOI   10.1007/978-1-4939-3046-3_26     
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suspension cells such as T-cells that are the main target cells for 
HIV-1 [ 3 ]. We used Jurkat cells for most experiments. During the 
development of this assay, we noticed that Tat in media was 
extremely sensitive to oxidation. We observed that reliable quanti-
tation of Tat in the extracellular medium required prior degassing 
of the medium to remove oxygen as much as possible, the addition 
of freshly diluted β-mercaptoethanol, and the presence of immobi-
lized anti-Tat antibodies in wells. This is why we called this assay a 
“ cellular ELISA”   because Tat-producing cells are added to wells 
pre-coated with the anti-Tat antibody. This enables antibodies to 
capture secreted Tat as soon as it is secreted by cells, before Tat is 
oxidated that would render it unreactive toward antibodies. 

 A second assay was developed for the use with adherent cells. 
In this case, we used Tat-FLAG- transfected   PC12 cells.    Anti-FLAG 
 antibodies   covalently linked to agarose beads were directly added 
to the medium before immunoprecipitation and Western blot. For 
both techniques, it is necessary to assay both intracellular Tat and 
secreted Tat in order to calculate the  secretion effi ciency.    

2    Materials 

       1.    Purifi ed  HIV-1 Tat   can be obtained from various commercial 
sources or from the NIH AIDS reagent program.   

   2.    The Jurkat  cell line   (clone E6-1 from ATCC) is a CD4 +  T-cell 
line that grows in suspension.   

   3.     PC12 cells   are adherent, rat pheochromocytoma cells.   
   4.     Fetal bovine serum (FBS)   and horse serum (HS): Heat inacti-

vate the sera in a water bath at 56 °C during 30 min and then 
store frozen in aliquots at −20 °C.   

   5.    Antibiotics: Penicillin (10,000 U/ml) and streptomycin 
(10 mg/ml). Aliquot, store frozen at −20 °C, and dilute 100× 
in cell culture medium.   

   6.    RPMI and DMEM basal medium (containing 4.5 g/L of 
glucose).   

   7.    RPMI supplemented with 10 % FBS and antibiotics (RPMI/
FBS): Store this medium at 4 °C, and then warm to 37 °C 
before adding to cells.   

   8.    RPMI/FBS supplemented with 20 μM β-mercaptoethanol 
(RPMI/FBS/BME): When indicated it should be degassed for 
20–40 min using a sterile vacuum Erlenmeyer fl ask and a pump.   

   9.    Complete medium for PC12 cells (RPMI supplemented with 
10 % heat-inactivated HS and 5 % FBS): Store complete medium 
at 4 °C, and then warm to 37 °C before adding to cells.   

   10.    Immunocapture medium for  PC12 cells   (complete medium 
supplemented with 20 μM β-mercaptoethanol): Prepare fresh 
and degas before use.   

2.1  Tat and Cell 
Culture
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   11.    Trypsin/EDTA solution (0.25 % trypsin, 1 mM EDTA in PBS 
with phenol red): Store at 4 °C after thawing.   

   12.    A poly- L -lysine (PLL) solution can be used for PC12 cell plat-
ing before transfection. Use PLL of 70,000–150,000 MW to 
prepare a 10× PLL stock solution (100 μg PLL/ml of water) 
that should be stored in aliquots at −20 °C.   

   13.    To isolate primary CD4 +  T-cells: Ficoll-Hypaque, a CD4 +  
T-cell isolation kit, phytohemagglutinin (1 mg/ml), and 
interleukin-2.   

   14.    For HIV-1 infection use NL4.3 virus.      

       1.    The use of endotoxin-free plasmids is recommended.   
   2.     Electroporation is   the method of choice to transfect T-cells. 

Kits are available commercially.   
   3.    Electroporator.   
   4.    Lipofectamine 2000 and reduced-serum Opti-MEM media are 

used to transfect PC 12 cells.      

       1.    ELISA 96-well plates.   
   2.     Anti-FLAG   antibodies and anti-FLAG affi nity gel agarose 

beads.   
   3.    Anti-Tat antibodies: Sensitivity is dependent on the antibody 

pair used for the assay. A number of companies provide good 
anti-Tat antibodies. For the monoclonal anti-Tat, we noticed 
that those directed toward the fi rst N-terminal residues, such 
as  sc-65912   and sc-65913 (Santa Cruz Biotechnologies) or 
1D9 form AIDS Research and Reference Reagent Program 
(NIH), are often the best ones. Rabbit anti-Tat antibodies can 
be obtained from this reagent program.   

   4.    Peroxidase-conjugated  anti-rabbit   antibodies.   
   5.    Sodium carbonate buffer (0.1 M, pH 9.6): Filter on 0.22 μm. 

Prepare just before use.   
   6.    PBS/milk (PBS containing 8 % powdered skimmed milk,  see  

 Note 1 ).   
   7.    PBS/Tween (PBS containing 0.05 % Tween-20).   
   8.    PBS/BME (PBS containing 20 μM β-mercaptoethanol): 

Degas before use.   
   9.    Citrate buffer (150 mM NaCl, 30 mM citrate, 20 mM phos-

phate, pH 7.2).   
   10.    Lysis buffer (150 mM NaCl, 10 % glycerol, 1 % Triton X-100, 

20 mM Tris–HCl pH 7.5): Aliquots in 1.5 ml Eppendorf  tubes 
  and store them at −20 °C. Just before use, add 1 mM PMSF 
(from a 100 mM stock solution in isopropanol) and a protease 
inhibitor cocktail.   

2.2  Transfection

2.3  Immunoassays
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   11.    3,3′,5,5′ Tetramethylbenzidine (TMB).   
   12.    0.5 M H 2 SO 4 .   
   13.    A 96-well plate OD 450  reader is needed.      

       1.    White 96-well plates.   
   2.    Luciferase Assay Reagent (LAR).   
   3.    A 96-well plate luminometer.      

       1.    4–20 % acrylamide gradient gels (available commercially).   
   2.     SDS-PAGE running   buffer (192 mM glycine, 0.1 % SDS, Tris–

HCl, pH 8.3): Prepared as a 10× stock solution.   
   3.    SDS/PAGE 5× reducing sample buffer (10 % SDS, 10 mM 

dithiothreitol, 20 % glycerol, 0.05 % bromophenol blue, 0.2 M 
Tris–HCl, pH 6.8).   

   4.    Nitrocellulose membrane.   
   5.    Wet transfer apparatus.   
   6.    Western blot transfer buffer (192 mM glycine, 0.1 % SDS, 

Tris–HCl, pH 8.3, and 20 % methanol).   
   7.    Tris-buffered saline (TBS; 0.15 M NaCl, 10 mM Tris–HCl, 

pH 8.0).   
   8.    TBST (TBS containing 0.1 % Tween-20).   
   9.    Blocking solution: 3 % BSA in TBST.   
   10.    Chemiluminescent peroxidase substrate.   
   11.    Chemiluminescent imaging system (or fi lms).       

3    Methods 

     1.    Jurkat cells are grown at 37 °C in the presence of 5 % of CO 2  
and 95 % humidity (i.e., in a cell culture incubator). It is cul-
tured in RPMI/FBS. Cell density should not exceed 1.5 × 10 6 /
ml and dilutions are obtained by adding fresh medium.   

   2.     PC12 cells   are cultured in complete medium. Cells are main-
tained in 10 cm diameter Petri dishes containing 10 ml of cul-
ture medium. PC12 cells are adherent cells and have no contact 
inhibition. Confl uent cells should be passed by trypsinization 
at least once a week and be diluted 40-fold. To this end the cell 
monolayer is washed with PBS before adding 2 ml of trypsin/
EDTA solution ( see   Note 2 ) and incubating at 37 °C until the 
cells detach ( see   Note 3 ). After incubation, stop the enzymatic 
reaction by adding 8 ml of culture medium. Flush 3–4 times 
back and forth the cell suspension using a plastic pipette to 
obtain a homogenous cell suspension. Centrifuge at 1000 rpm 

2.4  Luciferase 
Assays

2.5  Western Blot 
(PC12 cells)
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(~300 ×  g ) for 5 min. The cell pellet is resuspended in complete 
medium by pipetting several times before counting ( see   Note 4 ). 
Cells are then transferred to a new tissue culture fl ask or plate 
( see   Note 5 ). Use 1.5 million cells in 5 ml of culture 
medium/6 cm diameter Petri dish. Incubate cells overnight 
before transfection.   

   3.    To prepare CD4 +  human primary T-cells, human blood from 
healthy volunteers can be obtained from the local blood bank 
following the local laws and regulations. Isolate  peripheral 
blood mononuclear cells (PBMCs)   using Ficoll-Hypaque gra-
dients following the manufacturer’s instructions. Resuspend 
PBMCs in RPMI/FBS at 1–4 × 10 6  cells/ml. Leave them for 
2–4 h in tissue culture fl asks to allow monocyte adherence to 
the fl ask. Non-adherent cells are peripheral blood lymphocytes 
(PBLs). Centrifuge PBLs (5 min × 1000 rpm) and isolate CD4 +  
T-cells using the protocol provided by the kit manufacturer. 
Resuspend CD4 +  T-cells at 1–2 × 10 6  cells/ml and activate 
them using phytohemagglutinin (1 μg/ml) for 24 h. Centrifuge 
CD4 +  T-cells, resuspend them at 1–2 × 10 6  cells/ml, and then 
add interleukin-2 (50 U/ml) for 5–6 days.     

         1.    Wash cells two times (1000 rpm × 5 min in a tabletop centri-
fuge) with RPMI ( without  serum and antibiotic).   

   2.    Resuspend cells at 13 × 10 6  cells/ml in RPMI.   
   3.    Transfer 0.7 ml (9 × 10 6  cells) to a standard 4 mm electropora-

tion cuvette.   
   4.    Dilute endotoxin-free plasmids in a maximum of 30 μl of 

water. We routinely used 20 μg/transfection with 18 μg and 
2 μg of Tat and luciferase vector, respectively. An empty vector 
without Tat should be used for control cells. Mix gently with-
out making bubbles.   

   5.    Place the cuvette in the cuvette holder and electroporate (using 
an exponential decay pulse) at 270 V, 1000 μF, infi nite resis-
tance value. The pulse length should be <25 msec. Above this 
value, cell viability drops dramatically.   

   6.    Transfer cells to a 25 cm 2  tissue culture fl ask containing 10 ml 
of RPMI/FBS/BME at 37 °C.   

   7.    Cultivate cells overnight at 37 °C, 5 % CO 2 .      

       1.    Transfect cells using a kit for activated T-cells and following the 
manufacturer’s instructions.   

   2.    Cultivate cells overnight at 37 °C, 5 % CO 2 , in RPMI/FBS/
BME.      

   Infect purifi ed CD4 +  T-cells overnight with HIV-1 (NL4.3) using 
an MOI >0.5. Jurkat cells can also be used.     

3.1  ELISA Procedure 
for T-Cells: Day 0

3.1.1  Transfection 
of  Jurkat Cells  

3.1.2  Transfection 
of  Primary T-Cells  

3.1.3  T-Cell Infection
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       1.    Wash T-cells three times with RPMI/FBS/ΒΜΕ, count, and 
dilute cells to 0.5 × 10 6 /ml (Jurkats) or 1 × 10 6 /ml (primary 
CD4 +  T-cells).   

   2.    Prepare the ELISA plates: Two plates are needed. The fi rst one 
will be used for the secretion assay that will capture secreted 
Tat and the second one to assay intracellular Tat to normalize 
secretion data.   

   3.    Dilute anti-Tat monoclonal antibody (1/2000 is a good start-
ing point) in sodium carbonate buffer.   

   4.    Add 100 μl/well of the diluted antibody.   
   5.    Leave overnight at 4 °C.   
   6.    Wash wells two times with 200 μl PBS.   
   7.    Saturate wells for 1.5 h with PBS/milk.   
   8.    Wash wells three times with 200 μl PBS, leaving wells in the 

last wash to prevent drying.      

       1.    Prepare Tat standards. Purifi ed, endotoxin-free  HIV-1 Tat 
  should be stored at −80 °C using a concentration >100 μM 
(~1 μg/μl) in citrate buffer.   

   2.    Prepare serial dilutions of Tat ranging from 1 μg/ml to 0.1 ng/
ml in degassed RPMI/FBS/ΒΜΕ.   

   3.    Fill the outside wells of the plate with 200 μl of degassed 
RPMI/FBS/ΒΜΕ. Important: These wells should not be used 
for the experiment because fi nal readings are less reproducible 
in outside wells.   

   4.    Add 100 μl of Tat dilutions to the inside wells.      

       1.    Centrifuge cells and resuspend them at 3.75 × 10 6 /ml (Jurkats) 
or 5 × 10 6 /ml (primary CD4 +  T-cells) in degassed RPMI/
FBS/ΒΜΕ, before adding 0.2 ml/well (make triplicates).   

   2.    Wells with untransfected or uninfected cells should be used as 
negative controls.      

       1.    After 6 h at 37 °C ( see   Note 6 ), the plate is removed from the 
incubator.   

   2.    Transfer cells to 1.5 ml centrifuge tubes, and wash wells with 
0.2 ml PBS to recover all cells.   

   3.    Centrifuge cells 750 ×  g  × 2 min at RT.   
   4.    Keep 70 μl of the supernatant, to be stored frozen for lucifer-

ase assay later.   
   5.    Wash cells by adding 0.2 ml PBS at RT. Centrifuge at 

750 ×  g  × 2 min at RT.   
   6.    Resuspend the cell pellet in 24 μl of lysis buffer. Leave for 

15 min at RT on an orbital shaker, and then place on ice.   

3.1.4  Day 2

3.1.5  Preparing 
the Secretion ELISA Plate 
(Day 3)

3.1.6  Cell Preparation 
(Day 3)

3.1.7  Harvesting 
the Secretion ELISA Plate 
(Day 3)
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   7.    In the meanwhile wash the ELISA plate four times with 0.2 ml 
PBS.   

   8.    Wash the plate with PBS/Tween.   
   9.    Add 100 μl/well of rabbit anti-Tat antibody 1/2000 in 

PBS/milk.   
   10.    Leave the plate overnight at 4 °C.      

       1.    Dilute 6 μl of cell lysate into 194 μl of PBS/BME.   
   2.    Prepare serial Tat dilutions ranging from 1 μg/ml to 0.1 ng/

ml in degassed PBS/ΒΜΕ supplemented with 6 μl lysis buffer 
and 194 μl PBS/ΒΜΕ.   

   3.    Agitate on an orbital shaker for 2–5 min at RT.   
   4.    Leave at 4 °C overnight.      

       1.    Wash wells fi ve times with 200 μl PBS at RT.   
   2.    Wash the plate with PBS/Tween.   
   3.    Add 100 μl/well of rabbit anti-Tat antibody 1/2000 in PBS/

milk.   
   4.    Agitate on an orbital shaker for 1 h at RT.      

       1.    Wash both secretion and intracellular ELISA plates fi ve times 
with 200 μl PBS at RT.   

   2.    Add 100 μl/well of peroxidase-conjugated  anti-rabbit   IgG 
1/2000 in PBS/milk.   

   3.    Agitate on an orbital shaker for 1 h at RT.   
   4.    Wash the plates fi ve times with PBS/Tween.   
   5.    Add 100 μl TMB/well.   
   6.    Place the plates back on the orbital shaker under strong agita-

tion until a blue color appears in the key wells of the plates. It 
takes from 10 min (most often) to 1 h (very weak signal).   

   7.    Stop the reaction by adding 50 μl of 0.5 M H 2 SO 4 /well.   
   8.    Read the optical density at 450 nm using a plate reader ( see  

 Notes 7 ,  8  and  9 ).      

       1.    Use a white 96-well plate.   
   2.    To assay luciferase activity in cell lysates, add 6 μl of lysate to 

30 μl of LAR/well.   
   3.    To assay luciferase activity in media, add 20 μl of medium to 

100 μl of LAR/well.   
   4.    Typical settings for the luminometer are delay 2 s and 

measure 20 s.      

3.1.8  Preparing 
the Intracellular ELISA 
Plate (Day 3)

3.1.9  Processing 
the Intracellular ELISA 
Plate (Day 4)

3.1.10  Final ELISA Steps 
(Day 4)

3.1.11  Luciferase Assay

Tat Assay in Cell Culture Supernatants



336

     S  being the amount of secreted Tat (in nanogram), and  I  the 
amount of intracellular Tat (in nanogram), the secretion effi ciency 
(%) is  S  × 100/( S  +  I ), the error on this ratio being 100 × ( I Δ S  +  S Δ I )/
( S  +  I ) 2  with Δ S  and Δ I  being the SEM of  S  and  I , respectively. 
Luciferase secretion effi ciency is calculated using the same proce-
dure except that relative light units (RLU) are used instead of 
nanogram. 

 The experimental fl owchart (Fig.  1 ) summarizes the  cellular 
ELISA   procedure ( see   Note 9 ) used to assay Tat secretion by T-cells.

3.1.12  Calculations 
of Secretion Effi ciency 
(Jurkat Cells)

Cells in 200 ml; 6 h at 37°C

Wash wells with 200 ml PBS

Cells +medium

770 g 2 min at RT

Cells

Wash 1 x PBS (200 ml/well)

Lyse with 24 ml PLB

18 ml lysate frozen

Medium

70 ml frozen

Overnight at 4°C

Wash 5 x PBS (200 ml/well)

Wash 5 x PBS /Tween (200 ml/well)

Wash 5 x PBS /Tween (200 ml/well)

Develop with TMB (100 ml/well)

Stop with 50 ml of 0.5 M H2SO4

Read at 450 nm

Add 100 ml peroxidase-anti-rabbit in PBS / milk

1 h at RT

Wash 1 x PBS /Tween

Add rabbit anti-Tat in PBS/milk

(100 ml/well). 1 h at RT

Wash 5 x PBS (200 ml/well)

Wash 1 x PBS /Tween

Add rabbit anti-Tat in PBS/milk

(100 ml/well).

6 ml lystate in 194 ml PBS/BME

Experimental flow chart for the cellular ELISA secretion assay (T-cells)

Secretion Plate

Secretion plate

Intracellular plate
Luciferase assav

  Fig. 1    Experimental fl owchart.       
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             1.    Because most anti-Tat antibodies are poorly effective for 
immunoprecipitation, we use  Tat-FLAG   and thus transfect 
cells with Tat-FLAG instead of Tat. Control experiments per-
formed in Jurkat cells showed that this carboxyl-terminal tag 
does not  affect   Tat secretion effi ciency. This tag also enables 
one to use commercially available anti-FLAG gel beads that 
allow one to capture Tat-FLAG in solution before it becomes 
oxidized and thus unreactive to antibodies. Tat is quantifi ed 
using anti-FLAG Western blotting.   

   2.    One hour before cell transfection, change the PC12 culture 
medium  to    5 ml of Opti-MEM. Return cells to the cell culture 
incubator for 1 h.   

   3.    During the incubation period prepare the mix of plasmids with 
Lipofectamine 2000: mix 9 μg of  Tat-FLAG   (or empty vector) 
in a volume of 500 μl of Opti-MEM. Vortex briefl y. In a sepa-
rate tube, dilute 18 μl of Lipofectamine 2000 in 500 μl of 
Opti- MEM. Vortex briefl y, and then add the DNA to the 
diluted Lipofectamine 2000. Incubate the DNA-Lipofectamine 
mix for 20 min at room temperature (RT) to allow complex 
formation.   

   4.    Add the mix drop by drop to the cell culture medium. Gently 
agitate the culture dish back and forth to homogenously 
 distribute the complexes. Incubate for 4 h in the cell culture 
incubator. 

 After 4 h, replace the transfection medium with 5 ml of 
culture medium and incubate the cells overnight.      

       1.    Gently rinse the cell cultures with warm DMEM and add 2 ml 
of immunocapture medium/dish.   

   2.    Prepare the anti-FLAG affi nity agarose beads for immunocap-
ture: add a 20 μl aliquot of anti-FLAG affi nity gel/dish to 1 ml 
of DMEM in an Eppendorf tube.   

   3.    Centrifuge the tube at 200 ×  g  for 1 min. Discard the superna-
tant. Repeat this step three times to remove all traces of glyc-
erol from the bead suspension.   

   4.    Resuspend the gel in 500 μl of immunocapture medium.   
   5.    Add this suspension drop by drop to PC12 cells  expressing 

  Tat-FLAG and previously covered with 2 ml of immunocap-
ture medium. Gently agitate the dish. Incubate for 4–6 h in 
the cell culture incubator.   

   6.    After the incubation, shake the culture dish gently by making 
very slow rotations. It is best to use an inverted microscope to 
check that the movement does not lead to cell detachment. 
Harvest the immunocapture medium and transfer it to a 15 ml 
tube. Place cells on ice for lysis ( see   steps 11  and  12 ).   

3.2  Western Blot 
Procedure 
for Adherent Cells

3.2.1  Transfection 
of  PC12 Cells  

3.2.2   Tat-FLAG 
  Immunocapture

Tat Assay in Cell Culture Supernatants
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   7.    Centrifuge the tube at 200 ×  g  for 1 min at 4 °C to recover 
the beads. Discard the supernatant and resuspend beads in 
1 ml PBS.   

   8.    Centrifuge at 200 ×  g  for 1 min. Repeat this washing step three 
times.   

   9.    After the last centrifugation step, add 20 μl of lysis buffer and 
5 μl of 5× reducing sample buffer to the beads. Freeze the 
samples at −20 °C.   

   10.    Rinse the cells carefully with 4 ml of medium. Gently rotate 
the dish, and then discard the medium. Repeat the washing 
once, keeping the cells on ice.   

   11.    Place the dish on ice and add 1 ml of ice-cold lysis buffer/dish. 
Scrape the cells thoroughly and transfer the cell lysate into an 
Eppendorf tube. Vortex at top speed for 10 s and then place 
the tube on ice.   

   12.    Take a 15 μl aliquot of anti-Flag Affi nity Gel agarose beads and 
wash them with lysis buffer ( see   steps 2  and  3 ). Resuspend 
beads in 100 μl of lysis buffer and add them to the cell lysate. 
Mix gently without vortexing.   

   13.    Place the tube on a rotating wheel for 90 min at 4 °C to allow 
Tat immunocapture.   

   14.    Centrifuge tubes at 200 ×  g  for 1 min. Wash the beads three 
times with 1 ml PBS.   

   15.    Resuspend beads in 20 μl lysis buffer and 5 μl of 5× reducing 
sample buffer. Store the samples at −20 °C.      

       1.    Thaw the samples prepared from the media and cell lysates. 
Heat them at 95 °C for 5 min. Place them on ice for 5 min and 
centrifuge briefl y (~10 s at 10,000 ×  g ).   

   2.    In parallel, prepare the electrophoresis gel for sample loading. 
Take out the 4–20 % gradient acrylamide gel from its plastic 
wrap ( see   Note 10 ), remove the comb, and rinse the wells with 
purifi ed water. Assemble the gel electrophoresis device, place 
the gel into the tank, fi ll up the tank with electrophoresis run-
ning buffer, and load the samples on the gel.   

   3.    Run the gel at 170 V for 30 min, making sure that the dye 
reaches the end of the gel but does not come out of the gel ( see  
 Note 11 ).   

   4.    Transfer proteins to a nitrocellulose membrane using a con-
ventional wet transfer apparatus for 1 h at 30 V.   

   5.    Rinse the membrane three times in TBST.   
   6.    Incubate the membrane in blocking solution for 1 h with 

shaking.   

3.2.3  Western Blot 
of Immunocaptured 
Tat-FLAG

Fabienne Rayne et al.
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   7.    Incubate the membrane with rabbit anti-FLAG 1:400 in 
 blocking solution for 1 h with shaking.   

   8.    Wash the membrane three times for 10 min in TBST.   
   9.    Incubate the membrane with peroxidase-anti-rabbit IgG 

(1:25,000) for 1 h.   
   10.    Wash the membrane four times for 10 min with TBST.   
   11.    Incubate the membrane with the chemiluminescence substrate 

solution for 5 min at room temperature in the dark. Remove 
the excess of substrate solution, and place the membrane 
between two plastic sheets and immediately capture chemilu-
minescence signal with a cooled CCD device (or fi lms). Use 
various exposure times to obtain unsaturated signal images. 
Tat-FLAG is detected at ~12 kDa. Dimers of Tat can also be 
detected at ~22 kDa.     

 Quantify relative band intensities using a quantifi cation soft-
ware such as ImageJ. This will enable one to evaluate the amount 
of Tat released into the cell culture medium ( S ) and present intra-
cellularly ( I ). Calculations are then performed as described above 
for T-cells (Subheading  3.1.12 ). It is also possible to use cotrans-
fected luciferase to monitor transfected cell lysis, essentially as 
detailed for T-cells.    

4    Notes 

     1.    Important: Use a milk powder package opened less than 
2 months before.   

   2.    It is also possible to use EDTA without trypsin to detach PC12 
cells. The procedure is the same.   

   3.    To facilitate cell detachment, gently tap the side of the Petri 
dish. When all cells are detached they fl oat in the medium and 
this can be easily seen with the naked eyes, or using an inverted 
microscope if necessary. Usually 2 min is suffi cient to detach 
PC12 cells.   

   4.    PC12 cells tend to form small clusters in cell suspension, hence 
complicating counting. A confl uent 10 cm diameter Petri dish 
contains ~10 million cells.   

   5.    If needed, it is possible to increase the adherence of PC12 cells 
by pretreating the Petri dish surface with a PLL solution before 
cell plating. To this end, add 2 ml of sterile PLL solution to a 
6 cm diameter Petri dish and incubate for 1 h at 37 °C. After 
incubation, remove the PLL solution and use the dish directly 
for cell plating.   

   6.    Incubation can be longer if the medium does not become too 
much acidic, i.e., yellow.   

Tat Assay in Cell Culture Supernatants
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   7.    ELISA calculations: It should be noted that for most anti-Tat 
antibody pairs (monoclonal/polyclonal), standard curves will 
be different for the secretion and intracellular plate (Fig.  2 ). 
This is presumably due to the presence of detergent (from the 
lysis buffer) in the expression plate. Both standard curves are 
thus needed to fi rst calculate the amount of Tat in the medium 
and intracellular, before calculating the secretion effi ciency. 
Calculating directly from OD values can lead to erroneous 
secretion values. The extent of the error will depend on the 
difference between the standard curves and thus on the anti-
body pair.

       8.    Sensitivity and specifi city of the ELISA assay: Figure  3  shows 
that the amount of secreted Tat is linear with the number of 
Jurkat cells present in the well, while Fig.  4  shows that lucifer-
ase release is negligible compared to Tat secretion.

        9.    ELISA troubleshooting: If no signal is detected, the affi nity of 
the antibodies should be checked by Western blotting. If high 
background is observed, it is possible to use a biotinylated rab-
bit anti-Tat detected using streptavidin-peroxidase [ 5 ].   

   10.    Alternatively, Tat can also be effi ciently separated on 15 % 
PAGE/tricine gels [ 6 ].   

   11.    Tat is a small protein (~11 kDa) that, depending on the gel 
system, can easily run out of the gel.         
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  Fig. 2    Standard curves: Purifi ed recombinant Tat was diluted in the indicated 
medium and assayed by ELISA. Means ± SEM ( n  = 3). Results from a typical 
experiment (see Note 7).       
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  Fig. 3    Secretion effi ciency: Jurkat T-cells were transfected with Tat and lucifer-
ase (Tat) or with an empty vector and luciferase (mock). The indicated number of 
cells was then plated in wells of a 96-well plate ( n  = 4). After 6 h at 37 °C secreted 
and intracellular Tat were assayed by ELISA. Tat secretion is linearly dependent 
on cell number (see Note 8).       
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  Fig. 4    Specifi city of Tat secretion: Jurkat T-cells were transfected with Tat and 
luciferase (Tat), before essaying their extracellular and intracellular levels by 
ELISA ( n  = 4) to calculate their secretion effi ciency as described in the text. 
Results from a typical experiment. Luciferase release is negligible compared to 
Tat secretion.       
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    Chapter 23   

 Protocol for Detection of HIV-Tat Protein in Cerebrospinal 
Fluid by a Sandwich Enzyme-Linked Immunosorbent Assay       

     Tory     P.     Johnson       and     Avindra     Nath     

  Abstract 

   The human immunodefi ciency virus (HIV) transactivator of transcription (Tat) is a virally produced 
 protein that is required for effi cient viral replication. Once formed inside an infected cell, Tat is secreted 
into the extracellular space where it has pathophysiological consequences on cells it interacts with. Tat has 
been demonstrated to be neurotoxic and is produced even under the pressures of anti-retroviral therapy; 
therefore Tat is suspected to contribute to the development of HIV-associated neurocognitive disorders. 
In this chapter, we describe a sandwich enzyme-linked immunosorbent assay protocol for the detection of 
Tat from cerebrospinal fl uid samples.  

  Key words     HIV  ,   Transactivator of transcription  ,   Tat  ,   ELISA  ,   Protein detection  ,    CSF    ,   Cell lysates  

1       Introduction 

 Human immunodefi ciency virus (HIV) is a retrovirus that encodes 
15 proteins; nine proteolytically processed from three large poly-
protein precursors, and six from multiply spliced transcripts [ 1 ]. 
One of the early viral proteins produced is the transactivator of 
transcription, Tat. While this protein is essential for effi cient viral 
replication, an estimated 65 % of the produced Tat is secreted into 
the extracellular space [ 2 ] where it may either act directly with the 
neuronal cell membrane leading to excitotoxicity [ 3 ] or is taken up 
by other cells through endocytosis [ 4 ]. Tat secretion follows an 
unconventional pathway that is dependent upon interaction with 
phosphatidylinositol-4,5-bisphosphate at the cell membrane [ 2 ,  5 , 
 6 ]. Secreted Tat has been detected from infected and transfected 
primary T-cells [ 6 ], T cell lines [ 2 ,  3 ,  5 ], in cerebrospinal fl uid 
( CSF  ) [ 7 ], and sera [ 8 ], although the concentrations of secreted 
Tat vary widely. These discrepancies may refl ect different viral 
strains, cell culture techniques, and transfection and detection 
effi ciencies. 
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 Once secreted, the extracellular form of the HIV protein Tat is 
capable of entering into almost all cell types [ 9 ]. Tat  uptake   has 
been described as clathrin mediated [ 4 ], caveolae mediated [ 10 , 
 11 ], or dependent upon interactions with low-density lipoprotein 
receptor and cell surface heparan sulfate proteoglycans [ 12 ,  13 ]. 
The cellular translocation properties of Tat have been exploited by 
scientists for multiple purposes. For example, Tat fusion proteins 
and Tat-linked molecules are readily taken up by almost all cell 
types. This mechanism has been used to deliver molecules, such as 
oligonucleotides [ 14 ], peptides and full-length proteins [ 15 ], 
nanoparticles [ 16 ], and liposomes [ 15 ] across the cellular mem-
branes. These molecules include chemotherapeutic agents, suicide 
genes, and cell-modifying proteins. 

 Tat has been ascribed several pathogenic and cell-modulating 
attributes including T-cell activation and infl ammation [ 7 ,  17 – 19 ], 
 neurotoxicity   and synaptic remodeling [ 3 ,  20 – 22 ], and behavioral 
and potential psychological alterations [ 23 ,  24 ]. Tat protein and 
transcripts have been detected in patients with HIV encephalitis 
[ 25 ] and antibody levels to Tat correlate with neurocognitive 
impairment in individuals with HIV infection [ 26 ]. Current anti- 
retroviral therapy (ART) has no effect on the early viral products 
produced by the HIV proviral DNA, including Tat [ 7 ,  27 ]. 
Therefore, the pathophysiological consequences of Tat continue to 
occur even during successful ART. What remains unclear is the rela-
tive contribution of Tat to these processes in vivo, as detecting and 
quantifying Tat in biological and clinical specimens remain diffi cult. 
Previous attempts to measure Tat in biological specimens have used 
Slot blots, Western blot analysis, or enzyme-linked immunosorbent 
assay (ELISA). However, these techniques lack the sensitivity or 
specifi city necessary for reliably studying patient cohorts [ 25 ,  28 ]. 
The recent demonstration that Tat can be detected in  CSF   of 
patients on ART with undetectable viral loads (7) makes it critically 
important to develop a reliable method for monitoring Tat levels in 
the CSF across various cohorts of patients. The method described 
here is a rapid, sensitive, and reproducible ELISA, which detects 
Tat from CSF and cell lysates. While the method described below 
has been optimized for  detection of T  at in CSF, it could potentially 
be adapted to other tissues as well. Analysis of CSF levels of Tat will 
give us critical insight into the contribution of Tat to HIV-associated 
neurological disorders ( HAND  ).  

2     Materials 

     1.    Bicarbonate coating buffer: 3.03 g NaCO 3 , 6.0 g NaHCO 3 , 
1000 ml distilled water. Adjust to pH 9.6.   

   2.    96-Well Clear Flat Bottom Polystyrene High Bind Microplate.   
   3.    Microplate sealing tape.   

Tory P. Johnson and Avindra Nath
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   4.    Microplate shaker.   
   5.    Microplate reader capable of 450 and 560 nm wavelengths.   
   6.    Wash buffer: Phosphate-buffered saline (PBS) with 0.05 % 

Tween-20 (v/v).   
   7.    Blocking buffer: PBS, 5 % nonfat dry milk (w/v), 0.05 % 

Tween-20 (v/v).   
   8.    Recombinant Tat protein: Available from NIH AIDS reposi-

tory or several commercial sources.   
   9.    3,3′,5,5′-Tetramethylbenzidine (TMB) substrate.   
   10.    Capture antibody: Mouse monoclonal (AIDS Research and 

Reference Reagent Program, Division of AIDS, NIAID, NIH: 
 HIV-1 Tat   monoclonal antibody (1D9)    from Dr. Dag 
E. Helland) [ 29 ].   

   11.    Detector antibody: Biotinylated rabbit polyclonal (Abcam, 
Cambridge, MA, catalog #43015).   

   12.    Streptavidin-poly-horseradish peroxidase (HRP).   
   13.    Stop reagent: 1 N H 2 SO 4 .      

3     Methods 

  Day 1 

    1.    Dilute the capture antibody, Tat monoclonal antibody  1D9  , to 
0.002 μg/μl in bicarbonate-binding buffer.   

   2.    Add 100 μl of antibody to each well of the plate to be used and 
seal the plate with tape.   

   3.    Incubate overnight at 4 °C with gentle shaking.    

   Day 2 

    1.    Wash the plate three times with 300 μl wash buffer. Tap plate 
well to ensure complete removal of wash buffer.   

   2.    Block the plate with 200 μl per well of blocking buffer 
( see   Note 1 ).   

   3.    Seal the plate and incubate at room temperature for 1 h with 
gentle shaking.   

   4.    Aspirate the plate and tap well.   
   5.    Prepare the standards as follows (Fig.  1a ):

    (a)    Standard: Make a working solution of 1 μg Tat in 1 ml 
blocking buffer ( see   Note 2 ). This is 1,000,000 pg/ml.   

  (b)    Dilute 2.5 μl of 1,000,000 pg/ml into 500 μl blocking 
buffer. This is  A  = 5000 pg/ml. Prepare serial double dilu-
tions with this solution as follows.   

Quantifi cation of HIV-Tat in CSF



346

  (c)    Dilute 250 μl of  A  into 250 μl blocking buffer. This 
is  B  = 2500 pg/ml.   

  (d)    Dilute 250 μl of  B  into 250 μl of blocking buffer. This is 
 C  = 1250 pg/ml.   

  (e)    Dilute 250 μl of  C  into 250 μl of blocking buffer. This 
is  D  = 625 pg/ml.   

   (f )    Dilute 250 μl of  D  into 250 μl of blocking buffer. This is 
 E  = 312.5 pg/ml.   

  (g)    Dilute 250 μl of  E  into 250 μl of blocking buffer. This 
is  F  = 156.25 pg/ml.   

  (h)    Dilute 250 μl of  F  into 250 μl of blocking buffer. This is 
 G  = 78.125 pg/ml.   

    (i)    For  H  = use 250 μl of blocking buffer = 0 pg/ml.    

250 µl 250 µl 250 µl 250 µl 250 µl 250 µl

500 µl 250 µl 250 µl 250 µl 250 µl 250 µl 250 µl

A B C D E F G H

Control

Tat 
1,000,000 pg/mL

2.5 µla

b
Date: ____________             ELISA type:__ Tat___          Concentra�on of samples: ___ 50%____ ___

1 2 3 4 5 6 7 8 9 10 11 12

A 5000 5000 Unknown 
1

Unknown 
1

B 2500 2500 Unknown
2

Unknown 
2

C 1250 1250

D 625 625

E 312.5 312.25

F 156.25 156.25

G 78.125 78.125

H 0 0

  Fig. 1    Preparation of the standard curve and ELISA plate setup. ( a ) Schematic illustration of the generation of 
serial dilutions to produce a standard curve. These samples will be used to determine the concentration of the 
unknown samples. ( b ) Schematic illustration of an example template for ELISA plate setup. Standards and 
unknown samples are plated in duplicate.       
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      6.    Add 100 μl of the standards to each well in duplicate to 
 generate the standard curve (Fig.  1b ) ( see   Note 3 ).   

   7.    Prepare the  CSF   samples by diluting 110 μl of CSF into 110 μl 
of blocking buffer ( see   Notes 4  and  5 ).   

   8.    Add 100 μl of diluted  CSF   sample to wells in duplicate 
( see   Note 6 ).   

   9.    Seal the plate and incubate overnight at 4 °C with gentle 
shaking.    

   Day 3 

    1.    Wash the plate three times with 300 μl/well of wash buffer.   
   2.    Add 100 μl of detector antibody to each well per diagram. 

 Dilute antibody to 0.0045 μg/μl in blocking buffer prior to 
use.   

   3.    Seal the plate well and incubate for 1 h at room temperature.   
   4.    Wash the plate six times with 300 μl of wash buffer ( see   Note 7 ).   
   5.    Remove TMB solution from 4 °C and allow warming to room 

temperature ( see   Note 8 ).   
   6.    Dilute strep-poly-HRP 1:5000 in wash buffer.   
   7.    Add 100 μl of diluted strep-poly-HRP to each well.   
   8.    Seal the plate well and incubate for 30 min at room tempera-

ture with gentle shaking protected from light ( see   Note 9 ).   
   9.    Wash the plate three times with 300 μl wash buffer.   
   10.    Add 100 μl of TMB substrate to each well.   
   11.    Incubate for 15 min at room temperature, unsealed and pro-

tected from light ( see   Note 9 ).   
   12.    Add 100 μl of stop reagent (H 2 SO 4 —1 N) to each well.   
   13.    Read the plate at 450 nm with 560 nm background subtrac-

tion on an ELISA plate reader ( see   Note 10 ).   
   14.    Plot the optical density (OD) versus the concentration of Tat 

in standard samples to generate a standard curve (Fig.  2 ). The 
equation of this line will be used to calculate the concentration 
of Tat in the unknown samples ( see   Note 11 ).

       15.    For each unknown sample, calculate the average OD and 
insert this into the equation generated from the standard 
curve to calculate the Tat concentration. Multiply this 
number by the dilution factor (2 in this protocol) to deter-
mine the concentration of Tat in each unknown sample ( see  
 Notes 12  and  13 ).    
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4       Notes 

     1.    Make blocking buffer fresh each day. Do not reuse blocking 
buffer.   

   2.    Make standard curve from stock Tat solutions maintained at 
no less than 1 μg/ul. Reusing diluted Tat or storing reconsti-
tuted Tat at reduced concentrations may result in lower 
signal.   

   3.    Vortex all standards and samples well prior to adding them to 
the plate.   

   4.    This assay has been optimized for  CSF   samples and cell lysate 
samples. It has not been tested for other biological samples 
such as cell supernatants or sera. For CSF and cell lysates dilu-
tions of 50 % with blocking buffer are recommended, but if 
ODs are outside of the linear range further dilution of samples 
may be performed.   

   5.    This assay works for detecting and measuring Tat from HIV 
 Clades   A and B. The antibodies used do not recognize Clade 
C Tat and therefore should not be used with samples that are 
likely to be predominately from a population infected with 
Clade C. But it would be possible to adapt this assay for mea-
suring Tat variants such as that from Clade C by using an 
appropriate anti-Tat antibody that would detect it.   

   6.    When preparing  CSF   samples, vortex the sample well before 
adding to blocking buffer and after the sample has been 
diluted.   

   7.    Thorough washing of the plate is essential. Either use an auto-
matic plate washer or be rigorous during the washing steps. 
Insuffi cient washing may result in high background OD.   
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  Fig. 2    Example of equation for Tat concentration calculation. Plot the average OD 
versus the Tat standard concentrations in the linear range. The equation of this 
line will be used to calculate the concentration of Tat in the unknown samples.       
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   8.    Bring TMB to room temperature prior to use for optimum 
development. Using cold TMB may increase well-to-well 
variability.   

   9.    Protect the plate from light during strep-poly-HRP and TMB 
steps.   

   10.    Read the plate within 15 min of adding stop reagent. Delays in 
reading may result in higher variability and lower optical 
densities.   

   11.    The range of detectable Tat for this protocol is from 100 to 
5000 pg/ml. The lower level of detection was determined by 
setting the cutoff as the mean OD of 0 pg/ml (blank) + 3× 
standard deviation. The cutoff will need to be determined for 
each plate run.   

   12.    This protocol has an intra-plate coeffi cient of variation of 
4.46 % and an inter-plate coeffi cient of variation of 7.56 % at 
1000 pg/ml of  CSF   with Tat. Similar intra- and inter-plate 
variability was confi rmed for 2000 and 4000 pg/ml of Tat in 
CSF (Figs.  3  and  4 ).

        13.    Fractioned recovery of recombinant Tat in  CSF   was deter-
mined to range from 93.3 to 112.9 % (Fig.  5 ).

       In summary, we have developed a protocol for  detection of Tat   
protein from HIV Clades A and B in  CSF   and cell lysates based on a 
sandwich ELISA that has a sensitivity of 100 pg/ml and a broad linear 
range of up to 5000 pg/ml. The assay has excellent intra- and inter-
plate reproducibility. The protocol requires 3 days to complete.     
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  Fig. 3    Intra-plate variability from  n  = 3 samples on a single ELISA plate was per-
formed with  CSF   samples spiked with 4000, 2000, and 1000 pg/ml of HIV- Clade 
B recombinant Tat. Data shown is the average calculated Tat measurement using 
the ELISA protocol. Coeffi cient of variation measurements are provided above 
each bar. All intra-plate coeffi cient of variation measurements are below 10 %.       
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  Fig. 4    Inter-plate variability from  n  = 1–3 samples on three separate ELISA plates. 
Protocol was performed with  CSF   samples spiked with 4000, 2000, and 1000 pg/
ml of Clade B recombinant Tat. Data shown is the average calculated Tat mea-
surement using the ELISA protocol. Coeffi cient of variation measurements are 
provided above each bar. All inter-plate coeffi cient of variation measurements 
are below 10 %.       
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  Fig. 5    Fractioned recovery of  CSF   samples spiked with recombinant Tat from 
 n  = 3 independent experiments. Data shown is the percent of Tat recovered using 
the ELISA protocol.       
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    Chapter 24   

 Measuring the Uptake and Transactivation Function 
of HIV-1 Tat Protein in a Trans-cellular Cocultivation Setup       

     Arthur     P.     Ruiz     and     Vinayaka     R.     Prasad      

  Abstract 

   HIV-1 Tat protein is secreted from infected cells and is endocytosed by uninfected bystander cells. 
Subsequently, Tat is translocated to the nucleus and binds to promoters of host cell genes, increasing the 
production of infl ammatory host cytokines and chemokines. This infl ammatory activation of uninfected 
cells by HIV-1 Tat protein contributes to the overall infl ammatory burden in the central nervous system 
(CNS) that leads to the development of HIV-associated neurocognitive disorders (HAND). Here we 
describe methods to evaluate the uptake and transcriptional impact of HIV-1 Tat on uninfected cells by 
using a trans-cellular transactivation system. Cell lines transiently transfected with Tat expression con-
structs secrete Tat into the culture medium. Trans-cellular uptake and transactivation caused by secreted 
Tat can be measured by co-culturing LTR-responsive reporter cells with Tat-transfected cells. Such Tat- 
producer cells can also be co-cultured with immune cell lines, such as monocytic THP-1 cells or lympho-
cytic Jurkat T-cells, to evaluate transcriptional changes elicited by Tat taken up by the uninfected cells.  

  Key words     HIV-1  ,   Tat  ,    Endocytosis    ,    Transcription    ,   Trans-cellular transactivation  ,   Cytokine  , 
   Chemokine    

1      Introduction 

 HIV-associated neurocognitive disorders ( HAND  ) comprise a 
spectrum of neurodegenerative diseases that result from long-term 
exposure of the central nervous system (CNS) to HIV. HAND can 
range from the mildest form, asymptomatic neurocognitive impair-
ment (ANI), to the intermediate mild neurocognitive disorder 
(MND) and to the most severe, HIV-associated dementia (HAD) 
[ 1 ]. HIV infi ltrates the CNS through infected monocytes [ 2 ] and 
infects resident macrophages and microglia; however, neurons 
themselves cannot be infected by the virus. Neurons instead sus-
tain damage by long-term exposure to neurotoxic factors released 
by infected cells [ 3 ], including viral proteins gp120 [ 4 ] and Tat [ 5 , 
 6 ], as well as infl ammatory host cell cytokines, including but not 
limited to TNF-α [ 7 ], IL-6 [ 8 ], and IL-1β [ 9 ]. The Tat protein 
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drives transcription of the viral genome by binding a stem-loop 
region in the 5′  r  region of nascent viral transcripts termed the 
transactivating region ( TAR  ), and by recruiting host transcrip-
tional machinery to increase the processivity of HIV transcription 
[ 10 ]. In addition to promoting viral transcription, Tat can also 
drive the transcription of host cell genes [ 11 – 13 ]. Several mecha-
nistic aspects are shared between viral and host genes activated by 
Tat [ 14 – 16 ]. Among the host genes promoted by Tat, the proin-
fl ammatory cytokines and chemokines play a critical role in the 
development of HAND. 

 There are several sites in the proviral LTR that bind both stim-
ulatory (such as NF-κB and p65) and inhibitory (such as NFAT-1, 
AP1, and I-κB) [ 17 ] host factors. NF-κB is an important driver of 
proinfl ammatory cytokines and chemokines. Thus, both viral LTR 
and the proinfl ammatory gene promoters contain multiple NF-κB- 
binding sites. Tat interacts with NF-κB both by recruitment 
through multiple NF-κB-binding sites and via phosphorylation 
and degradation of the NF-κB inhibitor I-κB [ 18 ]. This activity 
allows Tat-mediated activation of NF-κB-driven infl ammatory 
genes including MCP-1 [ 19 ], TNF-α and TNF-β [ 20 ,  21 ],  IL-2   
[ 13 ], IL-6 [ 12 ], and IL-8 and IL-1β [ 14 ]. In a manner very similar 
to its activity on the viral LTR, Tat can directly bind to a  TAR  -like 
stem-loop structure in the promoters of both the IL-6 [ 15 ] and 
TNF-β [ 16 ,  22 ] genes and recruit transcriptional host factors. An 
important mechanistic explanation for this pleiotropic activity of 
Tat derives from the presence of the NF-IL-6-binding site in the 
HIV LTR promoter [ 23 ], indicating a selective evolutionary pres-
sure for the HIV LTR to adopt transcriptional regulatory features 
of certain host gene promoters. 

 In addition to altering the phenotype of HIV-infected cells, 
Tat has well-known paracrine functions [ 24 ], acting on uninfected 
cells such as T-lymphocytes [ 25 ] and neurons [ 26 ] specifi cally in a 
trans-cellular manner [ 27 ,  28 ]. Tat protein is effi ciently secreted 
from infected cells in detectable quantities [ 29 ], and it is taken up 
by uninfected bystander cells [ 30 ] through endocytosis mediated 
by the Tat basic domain (amino acid residues 49–57) [ 31 ]. 

 Because of genetic variations in Tat sequences from different 
subtypes around the world, it remains unknown how these varia-
tions could affect the ability of Tat to drive uptake or affect tran-
scription. The fi eld therefore has a need to be able to evaluate the 
effects of Tat variants on uninfected cells. In this chapter, we 
describe a method to measure cellular uptake of exogenous Tat, 
using a trans-cellular transactivation setup. In this setup, HeLa cells 
are transfected with Tat-expression constructs (these are Tat-
“producer” cells that model HIV-infected cells), which are then 
co-cultured with the reporter cells (responsive to Tat taken up), and 
then assessed for the Tat-induced response signal ( see  Fig.  1 ). One 
can also use this method to measure the induction of infl ammatory 
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host genes by Tat, by co-culturing Tat-transfected cells with 
 PBMCs  ,  THP-1   monocytic cells, or Jurkat T-cells. After cocultiva-
tion, the immune cells are harvested and the levels of infl ammatory 
cytokine transcript may be assessed.

2       Materials 

       1.    DMEM and  RPMI   basal media (supplemented with 4.5 g/L 
glucose).   

   2.     Fetal bovine serum   (FBS).   
   3.    Human serum.   
   4.    Penicillin (10,000 U/mL) and streptomycin (10 mg/mL) 

(Pen-Strep antibiotic—100×).   
   5.    TrypLE cell detachment solution, or trypsin/EDTA 

equivalent.   
   6.    Lipofectamine 2000 transfection reagent.   
   7.    HeLa cells, TZM-bl cells, and HLM-1: These adherent cell 

lines are cultured in DMEM media (with 10 % FBS and 1 % 

2.1  Cell Culture

  Fig. 1    A schematic of Tat trans-cellular transactivation assay: HeLa cells (shown on the  left  and labeled 
“Producer cells”) are transfected with expression plasmids coding for Tat protein (step 1). Transfected cells are 
harvested and plated alongside Tat-reporter cells (shown on the  right ), either TZMbl cells (LTR-driven lucifer-
ase signal) or  HLM-1 cells   (containing  tat -defective HIV provirus). Tat protein is produced from transfected 
plasmids in “producer cells” (step 2), secreted into the extracellular environment (step 3), and enters reporter 
cells by binding to extracellular proteoglycans and facilitating Tat uptake (step 4). Tat translocates to the 
reporter cell nucleus where it drives the expression of LTR-driven reporter signal (step 5).       
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Pen-Strep antibiotics). Media to culture  HLM-1 cells   also con-
tains antibiotic selection  G418   (10 mg/mL).
   (a)    TZMbl cells are derived from the parental  HeLa cell line   

JC.53, which stably expresses large amounts of CD4 and 
 CCR5  . TZMbl cells have integrated copies of the lucifer-
ase and β-galactosidase genes under the control of the 
HIV-1 promoter [ 32 ].   

  (b)     HLM-1 cells      are derived from the HeLaT4 +  cell line, which 
was then transduced with the  tat -defective mutant pM tat -, 
containing a termination codon in place of the initiator 
codon in the  tat  gene. The HIV provirus is derived from 
 pHXB2gpt  , a molecular clone of HIV-1  IIIB    [ 33 ].    

      8.     THP-1   monocytic cells are a suspension cell line derived from 
acute monocytic leukemia. They are grown in RPMI media 
(w/ 10 % FBS, 1 % HEPES buffer, and 55 μM β-mercaptoethanol) 
and split when cell density reaches 8 × 10 5  cells/mL. THP-1 
cells can be differentiated by plating cells at 8 × 10 5  cells/mL in 
media supplemented with 10 nM phorbol 12-myristate 
13- acetate ( PMA  ) overnight. Differentiated cells are adherent 
and exhibit a well-defi ned pseudopod morphology.   

   9.    Jurkat T-cells are a suspension cell line derived from T cell 
 leukemia. They are grown in RPMI (with 10 % FBS and 1 % 
Pen-Strep antibiotics). Cells are split when density reaches 
1 × 10 6  cells/mL.   

   10.     Peripheral blood mononuclear cells   ( PBMCs  ) are prepared 
from donated blood (New York  Blood   Bank), using a sequen-
tial centrifugal isolation method. The  PBMCs   thus isolated are 
grown in a Tefl on-coated fl ask (to minimize cell adhesion) in 
RPMI (with 10 % FBS, 5 % human serum, 1 % Pen-Strep) at a 
density of 1 × 10 6  cells/mL.      

       1.     pcDNA 3.1-Tat  —CMV-driven expression vectors with the 
gene coding for Tat subtype B ( ADA      strain) cloned into MCS.
   (a)    A sequence coding for a human c- myc  gene tag 

(N- EQKLISEEDL-C) with a 4-residue GGSG fl exible linker 
(5′GGAGGATCCGGAgaacaaaaacttatttctgaagaagatctg-3′) 
has been cloned into the vector behind the Tat gene variants, 
to create a Tat-myc fusion protein.    

      2.     pEGFP N1  —CMV-driven superfolder GFP (sfGFP) expres-
sion vector [ 34 ] with Tat cloned into the MCS, to create a 
sfGFP- Tat fusion protein.   

   3.    CMV- driven    mCherry-IRES-Tat  —using the  pEGFP N1   vec-
tor backbone, we excised the sfGFP gene, and inserted a cas-
sette coding for the mCherry gene, followed by an IRES 
sequence, and then followed by the Tat gene.      

2.2  Expression 
Vectors
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       1.    5× Luciferase Cell Culture Lysis Buffer (Promega).   
   2.    Luciferase Assay Reagent (Promega).   
   3.    96-Well  Luminometer   plate reader.      

       1.    p24 ELISA kit (ABL).
   (a)    MicroELISA plate, coated with murine monoclonal 

 antibodies to HIV-1 p24.   
  (b)    p24 standards.   
  (c)    Disruption buffer.   
  (d)    Conjugate solution.   
  (e)    Peroxidase solution.   
   (f )    Wash buffer (20×).   
  (g)    Stop solution.   
  (h)    Plate sealers.       

   2.    96-Well plate washer.   
   3.    96-Well colorimetric absorbance plate reader.      

       1.    Siliconized microcentrifuge tubes.   
   2.    Siliconized pipet tips.   
   3.    1× PAGE cell lysis buffer—10 mM HEPES, 142.5 mM KCl, 

2 mM MgCl 2 , 1 % NP-40.   
   4.    5× sample loading buffer—10 % SDS, 10 mM dithiothreitol 

(DTT), 20 % v/v glycerol, 0.2 M Tris–HCl (pH 6.8), 0.05 % 
bromophenol blue.   

   5.    4 %/20 % acrylamide stacking gel.   
   6.    Pre-stained color protein ladder, 10–250 kDa.   
   7.    1× Running buffer—25 mM Tris–HCl, 200 mM glycine, 

0.1 % (w/v) SDS.   
   8.    1× Transfer buffer—25 mM Tris–HCl, 200 mM glycine, 20 % 

(v/v) methanol.   
   9.    1× TBS-T buffer—50 mM Tris–HCl, 150 mM NaCl, 0.05 % 

(v/v) Tween-20.   
   10.    Nitrocellulose membrane.   
   11.    Mouse anti-Tat monoclonal IgG antibody, clone  E2.1   (pro-

vided by Dr. Udaykumar Ranga, JNCASR, Bangalore, India).   
   12.    Mouse anti-myc monoclonal IgG antibody.   
   13.    Mouse anti-tubulin monoclonal IgG antibody.   
   14.     Goat anti-mouse   IgG–HRP-conjugated antibody.   
   15.    Chemiluminescent detection kit.      

2.3  Luciferase Assay

2.4  p24 ELISA

2.5   Detection of Tat   
in Transfected Cells by 
 SDS- PAGE     
and Western Blot
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       1.    RNeasy RNA  isolation   kit (Qiagen).   
   2.    Superscript III  Reverse Transcription   Kit (Invitrogen).   
   3.    Taqman 2× qRT-PCR Master Mix (Applied Biosystems).   
   4.    qRT-PCR instrument (Applied Biosystems, 7900-HT).   
   5.    Nucleofector V Kit (Amaxa #VACA-1003).       

3    Methods 

       1.    24 h before transfection, seed HeLa cells in either 10 cm 2  or 
6-well plates, so that they will reach 90–95 % confl uency by the 
time of transfection ( see   Note 1 ).   

   2.    Using Lipofectamine 2000 (LF2K), transfect cells with a Tat 
expression plasmid. Transfect cells with plasmids (6-well plates: 
4 μg DNA + 10 μL LF2K; 10 cm 2  plate: 20 μg DNA + 40 μL 
LF2K) in antibiotic-free media, and 4–6 h after adding trans-
fection reagent, replace media with fresh media containing 
Pen- Strep antibiotics ( see   Note 2 ). A parallel transfection using 
the  pEGFP N1   vector (containing a CMV-driven superfolder 
GFP gene) should be performed, and the transfection effi -
ciency can be assessed by the proportion of cells that are GFP 
positive 24 h after transfection.   

   3.    Seed 12-well tissue culture plates with either TZM-bl or 
HLM-1 reporter cells the next morning, at a density that will 
yield ~50 % confl uency (approx. 2 × 10 5  cells/mL per well). 
Allow 5–6 h for reporter cells to adhere to the plate.   

   4.    24 h after HeLa transfection, use siliconized pipet tips to col-
lect supernatants from HeLa cells transfected with Tat con-
struct into siliconized tubes ( see   Note 3 ), centrifuge (1000 ×  g  
for 10 min) to pellet dead cells and debris, and then use this 
cleared media to replace the supernatant of the pre-plated 
TZMbl or HLM-1 reporter cells. Alternatively, collect the 
HeLa cells transfected with Tat construct themselves by tryp-
sinization and centrifugation, and plate along with the reporter 
cells (plate at 1.5 × 10 5  cells/mL per well into wells containing 
pre-plated reporter cells) ( see   Note 4 ).   

   5.    To harvest TZMbl cultures—remove supernatant, wash cells 
with PBS, and then add a minimal volume of 1× luciferase cell 
lysis buffer to cover the cell layer ( see   Note 5 ). Incubate at 
room temperature for 5 min, and then fi rmly tap the sides of 
the plate to detach cells (exercising caution to avoid splashing 
the liquid on the sides of top of the plate).      

       1.    Allow TZMbl cells cocultivated with  tat -transfected HeLa 
cells to grow for 24 h before harvesting ( see   Note 6 ). Visually 
inspect the cell monolayer to ascertain a healthy level of cell 
density, viability, and inter-sample consistency ( see   Note 4 ).   

2.6  Measurement 
of Infl ammatory 
Cytokine Transcripts 
by  qRT-PCR  

3.1  Transfection 
and Cocultivation 
Setup

3.2  TZM-bl Cell 
Harvesting 
and Luciferase Assay
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   2.    Remove the media and gently wash the cells with 1 mL of PBS, 
and then add 1× luciferase cell culture lysis buffer to each well 
of TZMbl cells ( see   Note 5 ). Incubate cells in lysis buffer for 
5 min at room temperature, and then tap the side of the plate 
several times to dislodge cells (be careful not to splash the 
buffer).   

   3.    Collect the lysate by pipetting it up and down several times, 
being sure to rinse the bottom of the well to detach any cell 
clusters. Avoid bubbles. Transfer to a 1.5 mL microcentrifuge 
tube, vortex thoroughly, centrifuge at 12,000 ×  g  for 2 min at 
4 °C, and then transfer the cleared lysate to a new tube. Store 
lysates at −80 °C until testing.
   (a)    Protein content of cell lysates can be assessed by the Bradford 

Colorimetric Assay (BCA, abs @ 504 nm) to determine rela-
tive protein concentrations between samples.    

      4.    Thaw frozen TZM-bl lysates on ice. Thaw frozen aliquots of 
reconstituted luciferase assay reagent on ice as well. When both 
are thawed, bring to room temperature in an ambient water 
bath. Dispense 50 μL of each sample lysate into a well of a 
96-well white-bottomed plate. Dispense 50 μL of LAR into 
each sample well, in the order that the plate reader will read 
each well. Immediately place into the plate reader, and run a 
program to read luminosity (1 s exposure time) ( see   Note 7 ) 
( see  Fig.  2 ).

       5.    As an essential control, TZM-bl reporter cells should them-
selves be directly transfected with  tat -expression constructs, to 
ascertain the maximum transactivation capacity of Tat protein 
when directly produced in the reporter cells themselves. This is 
also helpful to compare the transactivation capability of Tat 

  Fig. 2    Luciferase reporter signal in TZMbl cells—TZMbl cells were either trans-
fected with empty vector, transfected with a  tat -expression construct, or coculti-
vated with HeLa cells transfected with Tat-expression plasmids.  Luciferase   
signal was measured by harvesting cells 24 h after the above treatments, pre-
paring cell lysates, and assaying for luciferase activity.       
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proteins from different HIV isolates and subtypes. Directly 
transfect TZMbl cells in 12-well plates at a high confl uency, 
using 1.5 μg DNA combined with 4 μL LF2K. Harvest trans-
fected TZM-bl cells ( see   Note 5 ) and assay the lysates as 
described above. Transactivation signal is linearly proportional 
to the amount of transfected  tat  plasmid (within a range of 
about 0.5–3 μg per well), and can be compared with a Western 
blot of  tat -transfected TZM-bl lysates to assess the relative 
transactivation capability of each Tat species.      

       1.    Allow  HLM-1 cells   cultivated with  tat -transfected Hela cells 
or media to incubate for 48 h (although p24 is detectible in 
supernatant by 24 h). Visually inspect the cell monolayer to 
ascertain a healthy level of cell density, viability, and inter- 
sample consistency.   

   2.    Collect 48 h HLM-1 supernatant in a 1.5 mL microcentrifuge 
tube and clear off cellular debris by centrifuging at 1000 ×  g  for 
10 min at 4 °C. Transfer supernatant to a new tube and store 
at −80 °C.   

   3.    Thaw frozen HLM-1 supernatant on ice, and measure viral 
particle content by assessing p24 capsid content by 
ELISA. Following the instructions provided with the ABL 
ELISA kit, dilute supernatant to appropriate levels using cell 
media ( see   Note 8 ). Bring an ABL HIV p24 MicroELISA plate 
to room temperature. Apply the ABL kit’s disruption buffer to 
each well (25 μL), and then add 100 μL of diluted supernatant 
to each well (test each sample in duplicate). Dilute the p24 
standard to appropriate concentration and add to wells (con-
taining disruption buffer) in duplicate. Seal the plate with a 
plate sealer, incubate at 37 °C for 1 h, then remove the seal, 
and wash the plate 5× using 300 μL diluted wash buffer per 
well. Add 100 μL of conjugate solution to each well and seal 
using a new plate sealer. Incubate at 37 °C for 1 h, and then 
wash as previously stated. Add 100 μL of peroxidase solution 
to each well (to be oxidized by the conjugated HRP and gen-
erate a chromogenic reaction) and incubate at room tempera-
ture for 30 min. Add 100 μL of stop solution to each well, and 
read absorbance at 450 nm within 20 min.   

   4.    Use the absorbance values from the sequentially diluted p24 
standard on the MicroELISA plate to create a p24 standard 
curve, and use the curve to calculate the p24 content of 
HLM-1 supernatant samples.   

   5.    As with TZM-bl reporter cells,  HLM-1 cells   can themselves be 
directly transfected with  tat -expression constructs. Directly trans-
fect HLM-1 cells in 12-well plates at a high confl uency, using 
1.5 μg DNA combined with 10 μL LF2K. Harvest transfected 
HLM-1 supernatants and assay as described above ( see   Note 9 ). 

3.3  HLM-1 Cells 
and p24 Capsid 
Protein ELISA
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As with TZM-bl cells, transactivation signal is linearly 
 proportional to the amount of transfected  tat -expression 
plasmid.      

       1.    Successful transfection of cells by Tat expression constructs can 
be assessed by running transfected cell lysates on an  SDS-
PAGE   and probing by Western blotting.   

   2.    Collect between 5 × 10 5  and 1 × 10 6  transfected cells in a sili-
conized microcentrifuge tube, and pellet cells by centrifuging 
at 1000 ×  g  for 10 min at 4 °C. Remove supernatant and store 
pellet at −80 °C.   

   3.    Reconstitute pellet in 1× PAGE cell lysis buffer, at a density of 
5 × 10 5  cells per 50 μL buffer. Vortex thoroughly, keeping the 
sample on ice and vortexing every 5 min for 30 min total. 
Centrifuge lysate at 14,000 ×  g  for 30 min at 4 °C.   

   4.    Add 4 parts of cleared lysate to 1 part 5× sample loading buffer 
in a new siliconized microcentrifuge tube. The typical loading 
volume in a gel lane is 15–20 μL, so combining 20 μL lysate 
with 5 μL is suffi cient for a single lane. Quantifi cation of Tat 
may be enhanced by running one or two additional dilutions 
of cell lysate along the undiluted sample (dilute samples in cell 
lysis buffer). Heat sample at 100 °C for 5 min. Centrifuge 
briefl y, and load in 4 %/20 % stacking gel using siliconized 
pipet tips.   

   5.    Resuspend an aliquot of lyophilized recombinant Tat protein 
to use as a quantifi cation standard on the gel. Dilute appropri-
ately in loading dye, and load between 0.05 and 0.5 μg of 
protein per well.   

   6.    Run gel at 120 V until dye front runs almost to the bottom of 
the gel (~90 min). Remove gel from the running apparatus, 
and using a razor blade carefully remove the 4 % stacking gel, 
and neatly trim off the bottom of the 20 % resolving gel below 
the dye front. Rinse gel briefl y in 1× transfer buffer, then 
assemble transfer apparatus with a nitrocellulose membrane, 
and run in cold room at either 30 mAmp (overnight) or 
350 mAmp (2 h).   

   7.    After the transfer, remove the membrane carefully (handle 
with forceps instead of by hand), and use a razor blade to iso-
late the membrane that contacted the gel during the transfer. 
Cut the isolated membrane horizontally in between appropri-
ate bands of the color-stained protein ladder—using the Bio- 
Rad ladder (#161-0374), cut between the bottom-most red 
band (25 kDa) and the blue band immediately above it 
(37 kDa). Make sure that you cut the top right corners of both 
pieces so that you can orient the gel for identifi cation of lanes. 
Place the top part of the membrane (≥37 kDa) into a small 

3.4   Detection of Tat   
in Transfected Cells by 
 SDS- PAGE     
and Western Blot
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container with 5 % milk TBS-T containing diluted anti-tubulin 
monoclonal antibody (diluted at 1:5000). Place the bottom 
part of the membrane (≤25 kDa) in 5 % milk TBS-T contain-
ing either diluted anti-Tat or anti-myc antibody (either one at 
1:5000). Gently rock membranes overnight in the cold.   

   8.    Vigorously wash each membrane on a shaker three times in 1× 
TBS-T for 10 min each. Place each membrane in a small con-
tainer with 5 % milk TBS-T containing  goat anti-mouse   sec-
ondary HRP-conjugated antibody (1:5000). Gently rock 
membranes at room temperature between 1 and 2 h.   

   9.    Wash each membrane fi ve times in TBS-T for 5 min each. Place 
membranes on plastic wrap spread out on a benchtop, and 
apply mixed chemiluminescent Pico ECL substrate, covering 
the entire membrane, for 5 min at room temperature. Remove 
excess ECL liquid by dabbing a corner of the membrane 
against a Kimwipe, and then place in a clear plastic sleeve.   

   10.    Expose membrane to fi lm in the dark and develop. If bands are 
very faint, increase exposure time, or briefl y wash membrane in 
TBS-T and repeat chemiluminescence procedure using the 
stronger Femto ECL ( see  Fig.  3 ).

              1.    Cells transfected with  tat -expression constructs, or their media, 
may be cocultivated with a variety of immunologically relevant 
cell types, including but not restricted to primary PBMC, 
undifferentiated  THP-1   monocytic cells, or Jurkat T-cells—for 
the purposes of this method, THP-1 cells will be used as an 
example. After cocultivation, the immune cells can be collected 

3.5  Trans-cellular 
Cytokine 
Transactivation

  Fig. 3    Western blot of  tat -transfected HeLa cell lysates—HeLa cells were trans-
fected with expression plasmids coding for either (1) Tat B or (2) Tat B- myc  fusion 
proteins. The cell lysates were resolved on  SDS-PAGE   and the western immu-
noblots were probed with anti-tubulin and anti-Tat antibodies.       
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and assayed for transcriptional differences in infl ammatory 
cytokines between cells exposed to different variants of Tat 
protein.   

   2.     THP-1   cells should be split at a low passage density the previ-
ous day, and cells collected by centrifugation (500 ×  g  for 
10 min) and resuspended in fresh media. Media from cells 
transfected with  tat -expression constructs may be placed in a 
12-well plate, and then 1 × 10 6  resuspended THP-1 cells added 
to the media in equal volumes. Cells transfected with 
 Tat- expression constructs should be plated in the dish (density 
of 2–3 × 10 5  cells/mL per well) and allowed to adhere over-
night. The next day, remove 500 μL HeLa media and replace 
with 500 μL of 1 × 10 6  resuspended THP-1 cells.   

   3.    Cultivation times can vary, but signifi cant results can be seen by 
24 h. After cocultivation, carefully collect the suspension  THP- 
1     cells, being careful not to disturb the Tat-transfected HeLa 
monolayer (this selection does not apply if performing a THP-1 
cultivation with transfected media). Pellet the cells (store at 
−80 °C if they will not be processed right away) and isolate 
mRNA via the appropriate method (e.g., Qiagen 74104).   

   4.    Perform a single-round reverse transcription reaction to obtain 
cDNA, using the Superscript III RT kid and Oligo dT primer 
to amplify all cellular mRNA. Measure the relative abundance 
of genes of interest using the relevant qRT-PCR protocol—we 
recommend Applied Biosystems TaqMan Master Mix and 
appropriate gene primer and probes. Use a housekeeping gene 
such as GAPDH for normalization. Supernatants from immune 
cells cocultivated with Tat can also be collected and assayed for 
secreted cytokine content using the relevant ELISA kit.   

   5.    An important control to consider is measuring the levels of 
infl ammatory transcripts from cells directly expressing similar 
levels of different Tat variants. Unlike HeLa-derived lines, pri-
mary immune cells and cell lines derived from them are diffi -
cult to transfect with expression constructs, resulting in low 
levels of transfection effi ciency and cell viability. A variety of 
protocols have addressed this, but we take the following 
approach.
   (a)    We use an expression construct containing the mCherry 

gene, an  IRES   sequence, and a  tat  gene, in succession. 
Transfected cells will express mCherry, and we can isolate 
these cells using fl ow cytometry sorting at a 561 nm wave-
length. We thereby isolate a population of mCherry- positive 
cells that are also expressing Tat protein from the same 
transcript, which allows us to measure the relative transcrip-
tion levels of infl ammatory cytokines in cells directly 
expressing Tat. We have successfully used the Amaxa 
 Nucleofection   system. Using this system, we electroporate 
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cells with expression plasmid (approx. 15–20 % of cells will 
be transfected), allow the cells to recover for 24 h, and then 
sort for mCherry-positive cells ( see   Note 10 ). Cells are 
 collected and assayed for the transcripts via qRT- PCR as 
described above.           

4    Notes 

     1.    High cell density is important for a successful transfection. 
A density of <80 % confl uency tends to cause high levels of cell 
death the next day.   

   2.    Replacement of transfection media with fresh media is impor-
tant, as DNA:Lipofectamine complexes can persist in the media 
for up to 24 h after infection. If this transfection media is added 
to reporter cells, it can directly transfect the reporter cells with 
Tat constructs and confound the genuine reporter signal result-
ing from the uptake of Tat protein in the supernatant.   

   3.    When handling media containing Tat, or Tat-expressing cells 
that will be lysed, the use of siliconized tips and tubes is very 
important to minimize the loss of Tat protein to surface 
adhesion.   

   4.    Variable ratios of Tat-producer cells:reporter cells can be 
used—we have used ratios ranging from 1:3 to 3:1 and 
obtained appreciable signals—as long as some minimum 
threshold number of reporter cells are used. Upon harvest of 
reporter cells or media, cell density should be very high—
reporter cells that are actively dividing tend to give a lower 
signal than cells approaching confl uency.   

   5.    For different dish sizes, minimal amounts of lysis buffer are 
24-well—about 100 μL, and 12-well, about 200 μL.   

   6.    Co-cultures can vary based on numbers of plated cells, relative 
proportions of Tat-producer to Tat-reporter cells, and the time 
of incubation. In addition, TZM-bl cells tend to yield a rela-
tively fast cocultivation signal, giving a detectible signal as early 
as 6 h, while  HLM-1 cells   take longer to release viral particles, 
and generally require between 24 and 48 h of cultivation for a 
robust signal.   

   7.    Luciferase reagent added to luciferase produces a sustained 
light-reaction signal for up to 5 min after addition. Nevertheless, 
it is best to minimize the amount of time between addition of 
LAS and plate reading. If many samples are on a plate, assay 
smaller subgroups of samples separately.   

   8.    Generally, supernatant from  HLM-1 cells   cultivated with either 
transfected cell media or transfected cells requires a dilution 
between 50-fold and 500-fold.   
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   9.    Direct  tat  transfection of  HLM-1 cells   yields a higher 
 transactivation signal than HLM-1 cells cultured with  tat - 
transfected cells or media, and supernatant dilutions should be 
consequently increased to between 1000-fold and 10,000-fold.   

   10.    As stated, successful transfection of primary cells and immune 
cell lines is not straightforward, and can require optimization 
to yield enough transfected cells to isolate substantial 
mRNA. We have successfully increased the recommended 
number of transfected  THP-1   cells from 1 × 10 6 –3 × 10 6 , and 
also increased the amount of transfected plasmid from 0.5 to 
1.5 μg. While there is a slight decrease in cell viability from 
these increases, the overall yield of transfected cells increases 
substantially. Alternatively, a specialized RNA extraction kit 
designed for low number of cells can also be used.         
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    Chapter 25   

 Evaluating the Role of Viral Proteins in HIV-Mediated 
Neurotoxicity Using Primary Human Neuronal Cultures       

     Vasudev     R.     Rao    ,     Eliseo     A.     Eugenin    , and     Vinayaka     R.     Prasad      

  Abstract 

   Despite the inability of HIV-1 to infect neurons, over half of the HIV-1-infected population in the USA 
suffers from neurocognitive dysfunction. HIV-infected immune cells in the periphery enter the central 
nervous system by causing a breach in the blood–brain barrier. The damage to the neurons is mediated by 
viral and host toxic products released by activated and infected immune and glial cells. To evaluate the 
toxicity of any viral isolate, viral protein, or host infl ammatory protein, we describe a protocol to assess the 
neuronal apoptosis and synaptic compromise in primary cultures of human neurons and astrocytes.  

  Key words     HIV-1  ,   Neuronal damage  ,   Neuronal apoptosis  ,   Neuro-infl ammation  ,   HIV-associated 
dementia  ,   HAD  ,   HIV-associated neurocognitive dysfunction  ,    HAND    ,   gp120  ,   Tat  ,   Cytokines  , 
  Chemokines  

1      Introduction 

 HIV-infected individuals on anti-retroviral therapy are living 
longer; but this can result in long-standing neurological damage 
[ 1 ] and HIV-associated neurocognitive disorders ( HAND  ). 
HAND manifests in around 50 % of the HIV-infected population 
despite the effective use of ARV to control peripheral viremia and 
immunological decline [ 1 ]. Studies have demonstrated that HIV-1 
enters the brain early in the infection [ 2 ]. The disease spectrum of 
HAND includes the milder forms such as asymptomatic neurocog-
nitive impairment (ANI), mild neurocognitive disorder (MND), 
and the severe form, HIV-associated dementia (HAD). Even 
though the severity of damage caused by HIV to the brain in 
patients on anti-retroviral therapy has decreased as evidenced by 
the decreasing incidence of HAD, the overall prevalence of ANI 
and MND is increasing worldwide [ 3 ]. 

 CNS homeostasis and immune privilege of the brain are 
primarily maintained by the impermeability of the blood–brain 
barrier (BBB) providing separation between the central nervous 
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system (CNS) and the peripheral blood circulation. HIV-1 breaches 
the BBB early in the acute stages of infection [ 4 ]. HIV-1 infection 
of leukocytes increases expression of key proteins involved in trans-
migration and chemokine recognition, resulting in an enhanced 
invasion of the brain early during HIV infection by a mechanism 
named “ Trojan horse  ” [ 5 ]. Once transmigrated leukocytes are 
inside the CNS, HIV-infected macrophages produce chemokines 
that recruit more immune cells from the circulation including 
T-cells and macrophages [ 6 ]. This infl ux of new transmigrated 
immune cells, over time, leads to an unusually high density of 
monocyte/macrophages in the brain including activated mono-
cytes, macrophages, microglia resulting in enhanced infl ammation, 
and brain tissue damage. Consequently, all these cells secrete 
neurotoxic viral proteins (Tat, gp120) and infl ammatory chemo-
kines/cytokines (TNF-alpha, interferon alpha, CCL2, CXCL10) 
[ 7 ] that have the ability to interact with the cell surface receptors 
present on the neurons [ 7 ] triggering neuronal apoptosis. The 
recent increase in efforts to identify the genetic signatures of viral 
proteins that are responsible for neurovirulence necessitates appro-
priate methods to evaluate the relative neurotoxicity of different 
HIV-1 isolates to help identify the neurotoxic viral and host prod-
ucts responsible for neurotoxicity. 

 Most of the neuronal apoptosis assays documented in litera-
ture are currently performed using  neuroblastoma   cell lines (e.g., 
SH-SY5Y) and rodent primary neurons. However, these immortal-
ized cell lines or primary neurons isolated from rodents fail to 
accurately represent the HIV neurotoxicity observed in vivo. Use 
of such cells also allows investigators to simply measure cell survival 
using MTT or  WST-1 assay  s. In contrast, most human cultures of 
neurons tend to contain variable proportions of astrocytes and an 
even smaller proportion of glia, complicating the interpretation of 
the results in cell survival assays. Here we describe a neuronal 
apoptosis assay employing human primary neurons to quantify the 
number of neurons undergoing apoptosis to get a more accurate 
picture of the neuropathogenesis.  

2    Materials 

       1.    Primary human fetal brain tissue (obtained from fetal brain tis-
sue repository).   

   2.    Phosphate-buffered saline (PBS).   
   3.    Trypsin-EDTA.   
   4.    DNase.   
   5.    Tweezers, razor blades.   
   6.    250 and 150 μm Filters.   

2.1  Culture 
of Primary Human 
Neurons
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   7.    Minimal essential medium.   
   8.     Fetal bovine serum  .   
   9.    Penicillin-streptomycin (10,000 U/ml).   
   10.    Neurobasal media.   
   11.    N2 supplement—100×.   
   12.     TMR in situ hybridization   kit.   
   13.    Anti-neurotubulin antibodies.   
   14.    Alexa-conjugated secondary antibody—goat anti-rabbit  IgG  .   

   15.    Prolong Gold anti-fade agent with DAPI.      

       1.     293T cells  .   
   2.    Lipofectamine 2000 transfection reagent.   
   3.    OptiMEM media.   
   4.    DMEM tissue culture medium with  L -glutamine, glucose, and 

sodium pyruvate.   
   5.    Heat-inactivated pooled fetal bovine serum.   
   6.    Penicillin-streptomycin (10,000 U/ml).   
   7.    HIV-p24  ELISA   kit.      

       1.    Elutriated primary human monocytes.   
   2.    Monocyte colony-stimulating factor (MCSF).   
   3.    Pooled human serum.   
   4.    24-Well polystyrene-treated tissue culture dishes.   
   5.    DMEM tissue culture medium with glucose and sodium 

pyruvate.   
   6.     L -Glutamine—200 mM.   
   7.    Penicillin-streptomycin (10,000 U/ml).       

3    Methods 

 The protocol described below includes culturing primary neurons, 
HIV infection of human macrophages, exposure of primary cul-
tures of neurons to HIV-infected cell supernatants, staining of 
neuronal cultures by nuclear staining with DAPI, staining of apop-
totic cells by  TUNEL   (terminal deoxynucleotidyl transferase dUTP 
nick end labeling), and staining of neurons by neurotubulin stain-
ing. DAPI stain labels all nuclei, neurotubulin allows one to iden-
tify neurons, and TUNEL staining detects only the apoptotic 
nuclei; thus, one can quantitate the proportion of total cells consti-
tuted by the apoptotic neurons. 

2.2  Virus Production

2.3  Macrophage 
Differentiation and HIV 
Infection
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   Human neuronal cultures are obtained from elective abortions. All 
the protocols must be approved for use by the  Institutional Review 
Board   offi ces. Most of the tissue employed corresponds to cortex 
and hippocampal tissue. In this section, we describe in detail the 
preparation and potential application of these cultures.

    1.    Place the tissue in a plate containing sterile PBS and remove 
the meninges using sterile forceps. Meninges contain blood 
and several cell types that can contaminate the purity of the 
CNS cell populations. Due to the fact that the tissue is of 
human origin, you need to use biosafety level 2+ (BL2+) han-
dling conditions in case of contamination with human patho-
gens such as HIV, HCV, or CMV.   

   2.    Mince the tissue with a razor to a fi ne grind, making it easy 
enough to pick it up with a pipet ( see   Note 1 ).   

   3.    Tissue is cut into small sections and mixed with 1mL trypsin-
EDTA and 100 µL DNase I.   

   4.    Incubate for 45 min to an hour in a warm incubator in 50 ml 
Falcon tubes on a rotating shaker with trypsin-EDTA and 
DNase I ( see   Note 2 ).   

   5.    After the incubation, pipet up and down to dissociate any 
remaining cell aggregates.   

   6.    Then, pass the cell suspension solution through a 250 μm fi l-
ter. The fi ltered cell suspension subsequently is fi ltered using a 
150 μm fi lter to remove clumps of tissue and to obtain indi-
vidual cells.   

   7.    The cell suspension is centrifuged at 600 ×  g  for 5 min at 18 °C 
( see   Note 3 ). Wash two times and remove the supernatant with 
care.   

   8.    Count the cells and plate in complete medium (minimal essen-
tial medium + 10 % FBS + PenStrep). Plate the 1.2 × 10 8  cells in 
a 150 ml tissue culture fl ask and place in the CO 2  incubator. 
Do not disturb for 7–10 days.   

   9.    After this period, observe the morphology to ensure that the 
cells display neuronal characteristics ( see   Note 4 ). Trypsinize 
with 8 ml trypsin for 1–2 min at 37 °C until you see the fi rst 
evidence of adhesion loss to the plastic. Harvest the neurons 
and pellet the cells (quickly, 600 ×  g  for 5 min) and count.   

   10.    Plate 107 cells in 15 mL Neurobasal media, 1 % FBS, N2 sup-
plement, and PenStrep, in a T-75 fl ask. Half media changes are 
done every alternate day. These cells can be used anytime from 
day 5 to day 12 post-splitting. Using this protocol, you can 
obtain enriched neuronal cultures containing 80–90 % of neu-
rons and 10–20 % glia.   

   11.    In these cultures, astrocytes grow in the bottom of the plate and 
neurons grow on the top of the astrocytes. For these cultures, 

3.1  Culturing Fetal 
Primary Neurons
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approaches using confocal microscopy are extremely useful to 
evaluate cellular localization, neuronal processes, apoptosis, syn-
aptic proteins, and glial-neuronal communication.    

     Infectious HIV-1 virus particles are produced by transient transfec-
tion of  293T cells   using Lipofectamine reagent.

    1.    Seed 4 × 10 6   293T cells   in 100 mm 2  culture dishes 24 h prior 
to transfection.   

   2.    Replace culture medium with ~8 ml fresh, pre-warmed 2.5 % 
FBS DMEM antibiotic-free medium 4 h prior to transfection 
to stimulate cell division and prevent toxicity.   

   3.    Prepare 24 µg DNA/Lipofectamine reagent mix in Opti-
MEM media.   

   4.    Add the DNA/Lipofectamine reagent mix in Opti-MEM to 
100 mm culture dish with  293T cells   by uniformly adding 
drops over the entire surface.   

   5.    Incubate for 4 h at 37 °C with 5 % CO 2 .   
   6.    Add 5 ml 20 % FBS DMEM medium to the 100 mm culture 

dish with  293T cells  .   
   7.    After 12 h, replace culture medium with 10 ml pre-warmed 

10 % FBS DMEM.   
   8.    Collect supernatants 48 h post-transfection. Centrifuge super-

natants at 3000 ×  g  for 5 min to clear the cell debris. Add 10 μl 
of 1 M HEPES buffer each to 1 ml aliquots of the supernatant 
and store at −80 °C for future use.   

   9.    Quantitate the amount of virus obtained using HIV-p24 
 ELISA  .    

      Monocytes   obtained by elutriating  PBMCs   are differentiated into 
macrophages using macrophage colony-stimulating factor (MCSF).

    1.    For differentiating monocytes into macrophages, primary 
human monocytes are incubated at 37 °C for 5 days in 
DMEM, 10 % human serum, PenStrep,  L -glutamine, and 
MCSF (Sigma) at 6.6 ng/ml in 24-well plates with media 
changes every other day.   

   2.    Following differentiation into macrophages, various viral iso-
lates are used to infect macrophages in at least three different 
concentrations ( see   Note 5 ). (For full-length infectious molec-
ular clones, virus obtained from the 293T cell transfection is 
used for infection and for clinical isolates, infectious PBMC 
supernatants are employed.)   

   3.    Following infection, the macrophages are incubated for 
5–10 days and half media changes are done every third day. 
Supernatants are collected every day to  measuring HIV-p24   

3.2  Virus Production

3.3  Macrophage 
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levels using ABL HIV-p24 ELISA kit. These supernatants are 
used to treat neuronal cultures once they exhibit equal 
infectivity ( see   Note 5 ).    

     If the sample to be tested in neurotoxicity is a protein/macromol-
ecule such as viral proteins or chemokines/cytokines, it has to be 
directly added to the media, which is changed 2 days prior to treat-
ment. If the sample to be tested for neurotoxicity is HIV-infected 
supernatant, then it has to be mixed with equal or greater volume 
of Neurobasal medium and added to the neurons. Some of these 
infected supernatants can be depleted of particular viral proteins, 
such as Tat and gp120, using immune-depleted supernatants using 
specifi c antibodies [ 8 ,  9 ] and the toxicity of the medium with and 
without immune depletion can be compared.

    1.    Plate approximately 100,000 primary neurons on poly-lysine- 
coated MatTek plates in 2 mL Neurobasal media (without FBS) 
for a period of 6 days in the incubator and allow them to stabi-
lize and differentiate with half media changes every 2 days.   

   2.    Add either diluted HIV-infected macrophage supernatant or 
the protein/macromolecule of interest to the Neurobasal 
media and incubate with the neurons for a set amount of time. 
In Fig.  1 , primary human neurons were incubated with the 
HIV-1 ADA -infected macrophage supernatant for 24 h.

       3.    A dose–response curve as well as the kinetics of neuronal kill-
ing as a function of time should be performed the fi rst time 
when neurotoxicity assay is performed ( see   Note 6 ).   

   4.    Following the treatment, fi x the neurons in 70 % ethanol for 
15–20 min at −20 °C (if the apoptosis is massive or if the neu-
ronal confl uence is low, fi x the neurons overnight).   

   5.    Perform  TUNEL   assay using the  TMR in situ hybridization   kit 
(Roche; Cat No. 12156792910) (use 37 °C degree incubator 
with humidity control). Incubate for 1 h.   

   6.    Following the  TUNEL   staining, wash the neurons two times 
in PBS and incubate overnight at 4 °C with anti-neurotubulin 
antibodies (Abcam cat. No. 21058) (primary antibody) 
( see   Note 7 ).   

   7.    Wash the neurons again and incubate with a suitable secondary 
antibody for 2–4 h at room temperature (low confl uence/mas-
sive apoptosis again warrants overnight incubation at 4 °C).   

   8.    Wash fi ve times in 1× PBS with 5-min incubation between washes.   
   9.    Add Prolong Gold anti-fade agent with DAPI (Invitrogen, cat 

number, P36931) to the neurons and place cover slips. 
Incubate overnight at 4 °C in a humid box.   

   10.    Perform image capture and analysis using Zeiss Microscope and 
Zeiss Zen software. Image ten fi elds per treatment. For each 

3.4   Neurotoxicity   
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fi eld, you need to process all three fl uorescence channels (red, 
green, and blue) and bright fi eld. Each sample takes approxi-
mately an hour to process (ten fi elds total) ( see  Fig.  1 ).   

   11.    Transfer images to Nikon NIS software for further process-
ing. Determine the percent apoptosis/survival based on the 

  Fig. 1    Neurotubulin/ TUNEL   staining of primary human neurons treated with either 
HIV-1-infected or uninfected MDM supernatants. TUNEL-stained primary human 
neurons that were treated with HIV-1 ADA -infected or uninfected macrophage 
supernatant, then co-stained with anti-neurotubulin antibodies and DAPI (Prolong 
Gold anti-fade with DAPI, Invitrogen). Neurons treated with HIV-1- infected super-
natant exhibit massive apoptosis as demonstrated by TUNEL staining.       
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proportion of cells with DAPI-neurotubulin stain that are 
 TUNEL   positive (Fig.  2 ).

       12.    Measure the dendrite width and length using Nikon (NIS 
elements) advanced research software and calculate the median 
dendrite width using 20–30 measurements/cell for 50–100 
different cells in the fi eld.    

4       Notes 

     1.    If the tissue is bloody, rinse it well with PBS prior to further 
processing. Use tweezers to separate the thick white tissue 
from the cortical tissue.   

   2.    Incubations greater than an hour will lead to loss of tissue. 
Limit the incubations to less than 1 h.   

   3.    The pellet at this juncture is held together loosely; therefore it 
should be handled with care.   

  Fig. 2    HIV-1 ADA -infected supernatant causes neuronal apoptosis in primary 
human neurons. HIV-1 ADA -infected macrophage supernatant and uninfected 
macrophage supernatant were diluted with 100 μl of Neurobasal medium and 
incubated with primary human neurons in MatTek plates for 18 h. Percent apop-
tosis/survival was determined based on the proportion of cells with DAPI- 
neurotubulin stain that are  TUNEL   positive. HIV-1 ADA  supernatant leads to a 
greater loss of neuronal viability when compared to uninfected supernatant.       
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   4.    Two distinct cell layers can be observed—a bottom layer of 
glial cells and a top layer of neurons. Constantly monitor tryp-
sinized neurons for fi rst signs of loss of adhesion.   

   5.    Different virus isolates have varied replication rates; therefore 
it is critical to titer the doses of initial infection to generate 
infected cell cultures whose supernatants contain similar 
amounts of p24. Typically 10ng, 100ng and 500ng virus 
supernatants are used to titer the infectivity. Macrophages are 
plated in either 12 or 24 well plates and allowed to differenti-
ate for a period of 72 hours in media containing MCSF 
(Macrophage colony stimulating factor). Once the macro-
phages are completely adherent and differentiated, viral iso-
lates are tittered in various concentrations to obtain similar 
infectivity.   

   6.    It is recommended to use a positive control such as LPS-treated 
macrophage supernatant where robust neuronal cell death can 
be observed.   

   7.    Primary antibody incubation needs to be at 4 °C to preserve 
the  TUNEL   staining. Incubation at 37 °C will lead to false-
positive TUNEL results.         
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