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    Chapter 3   

 Expansion of Regulatory T Cells In Vitro 
and In Vivo by IL-33       

      Benjamin     M.     Matta       and     Hēth     R.     Turnquist       

  Abstract 

   Thymic-derived, regulatory T cells (Treg) represent a subset of CD4 +  T cells that are required for normal 
immune homeostasis and suppression of unwanted responses against self-antigens (Ags) that prevent auto-
immunity. Their role as immune regulators and potent ability to suppress T cell responses has been the 
focus of intense investigations aimed at utilizing these cells therapeutically, particularly in the settings of 
autoimmunity and transplantation. Many methods for expanding Treg have been described; however, 
efforts to generate large numbers of Treg for use in vivo often compromise their suppressor function or 
rely on the induction of Treg rather than their expansion. Our recent studies have focused on the barrier 
tissue-derived cytokine IL-33, a recently described IL-1 family member. IL-33 has emerged as a multifunc-
tional protein, with reported roles in driving potent Type 1 and Type 2 immunity, as well as facilitating 
profound Treg expansion in vitro and in vivo. IL-33-expanded Treg express the IL-33 receptor (R) ST2, 
and express classical markers associated with Treg phenotype and suppressor function. They suppress both 
CD4 +  and CD8 +  T cell proliferation and effector functions in vitro, and Treg expressing ST2 have been 
identifi ed as important regulators of detrimental immune responses in vivo. In the present chapter, we 
detail methods for expanding signifi cant numbers of Treg using IL-33 both in vitro and in vivo that may 
potentially be used to promote/maintain organ transplant tolerance or suppress autoimmunity.  

  Key words     Regulatory T cells  ,   Interleukin-33  ,   ST2  ,   Dendritic cells  ,   Transplantation tolerance  , 
  Interleukin-2  

1      Introduction 

 The name Treg is a broadly used connotation that  en   compasses 
  multiple subsets of functionally suppressive CD4 +  T cells, each 
with unique phenotypic and functional characteristics. The most 
widely characterized and studied are thymic-derived, CD4 +  T cells 
that undergo the T cell selection process and are released into the 
periphery. These cells express the transcription factor  Forkhead 
box P 3 (Foxp3)   and constitutively express high levels of the high- 
affi nity IL-2R, CD25. A mutation in the Foxp3 gene in mice 
results in a disorder that closely resembles the fatal disorder IPEX 
(immune dysregulation, polyendocrinopathy, enteropathy, and 
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X-linked inheritance) in  human  s and revealed a critical role  for 
  Foxp3 in the reported suppressive function of CD4 + CD25 +  regula-
tory T cells that control immune homeostasis and suppress  auto-
immunity   [ 1 – 3 ]. Given their potent ability to suppress T cell 
responses, intense  inves  tigation has centered on harnessing these 
cells for therapeutic applications, particularly in the settings of 
 transplantation   and   autoimmunity [ 4 – 6 ]. Many protocols have 
been described for expanding Treg, including polyclonal and 
Ag-specifi c cells [ 7 ]. Likewise, signifi cant effort has been made to 
maintain or enhance their suppressor function, especially in the 
presence of infl ammatory stimuli that could counter their regula-
tory mechanisms [ 8 ]. 

 High constitutive expression of CD25 by Treg indicates that 
they rely heavily on IL- 2   [ 9 ] and accordingly, culture of CD4 + CD25 +  
T cells  with   IL-2 and TCR stimulation has been used as a method 
of Treg expansion in vitro [ 10 ]. Our recent published fi ndings 
have revealed that IL-33, a pleiotropic cytokine with infl ammatory 
and regulatory functions,  stimulates   IL-2 secretion by CD11c +  DC 
(Fig.  1 ; [ 11 ]) that supports robust Treg expansion (Fig.  2 ; [ 11 ]). 
Additionally, IL-33 acting on DC in vitro results in selective expan-
sion of IL-33R/ST2 +  Treg over ST2 -  Treg, as well  as   Foxp3 -  effec-
tor T cells (Fig.  2c ; [ 11 ]). Administration of IL-33 in vivo also 
signifi cantly expands Treg (Fig.  3 ; [ 11 ]) that suppress T cell 
responses (Fig.  4 ; [ 11 ]) and critically mediate fully MHC- 
mismatched experimental cardiac  all   o  graft survival [ 12 ,  13 ]. 
IL-33-expanded ST2 +  Treg express classical Treg phenotypic mark-
ers, and have recently emerged as key regulators of immune func-
tion [ 14 ]. Thus, the ability to selectively expand this unique Treg 
subset for potential therapeutic application is an important  immu-
nologic      tool and is described in detail herein.

      The observation that IL-33 expands Treg [ 11 – 13 ] was an 
important fi nding that added to the known pleiotropic functions 

  Fig. 1    IL-33  stimulates   IL-2  secreti   on      by CD11c +  BMDCs. BALB/c, B6 wild-type (WT) or IL-2 −/−  bone mar-
row (BM)-derived CD11c +  DC were generated in 7-day culture and cultured for 18 h in medium alone or sup-
plemented with IL-33 (20 ng/ml) or LPS (100 ng/ml). Supernatants were harvested for cytokine quantitation by 
ELISA. Data are representative of  n  = 4 (LPS) or  n  = 5 (control and IL-33). ND = Not detectable, ** p  < 0.01, 
*** p  < 0.001. Figure and legend were modifi ed and reproduced with permission from  The Journal   of    Immunology  
[ 11 ]. (Copyright 2014. The American Association of Immunologists, Inc.)       
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  Fig. 2    CD11c +  BMDC- derived   IL- 2    prom  otes selective expansion  of   ST2 +  Treg following IL-33 exposure. CD11c +  
BALB/c BMDC were cultured overnight in media alone or supplemented with IL-33 (20 ng/ml). BMDC were 
cultured in MLR with Cell Trace Violet (CTV)- labe  led B6 Foxp3-IRES-mRFP (FIR) CD4 +  T cells for 5 days. Some 
wells were supplemented with IL-33 (10 ng/ml), neutralizing IL- 2   antibody (10 μg/ml), rhIL-2 (50 U/ml), or a 
combination as indicated. After 5 days, cells were harvested and stained for  fl ow   cytometric analysis. 
Representative fl ow plots and an average of ( a )    Foxp3 and ( b ) Foxp3  and   ST2 expression on CD4 + -gated cells 
or ( c )    ST2 expression vs. CTV on CD4 +  Foxp3 +  ( top panels ) and CD4 + Foxp3 -  ( bottom panels ) cells. Results in 
were averaged from  n  = 4 independent experiments.  Black boxes  on fl ow  plots   indicate populations used to 
generate corresponding graphs.  AU  Arbitrary Units for fold change reported in graphs in ( c ). * p  < 0.05, ** p  < 0.01, 
*** p  < 0.001. Figure and legend were modifi ed and reproduced with  permission   from  The Journal   of    Immunology  
[ 11 ]. (Copyright 2014. The American Association of Immunologists, Inc.)       
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already ascribed to this IL-1 family cytokine [ 15 ]. IL-33 was 
initially found to promote potent Type 2 responses [ 16 ] through 
actions on  ST2  -expressing immune cells [ 17 ]. Through stimula-
tion of IL-4, IL-5, and IL-13 production, these downstream 
effects of IL-33 are important in protective responses during para-
sitic infection [ 18 ], but conversely can severely exacerbate disease 
pathology associated with Type 2 responses [ 15 ]. It was later dis-
covered that IL-33 could also act synergistically with proinfl amma-
tory stimuli, such as IL-12, to drive robust Type 1 immune 
responses in CD8 +  T cells [ 19 ], and NK and NKT cells [ 20 ], and 
stimulate potent antiviral immunity [ 21 ]. 

 With the current use of Treg therapy already in clinical trials, 
studies continue in an effort to develop Treg expansion protocols 
tailored to specifi c uses. ST2 +  Treg may offer a therapeutic advan-
tage  over   ST2 -  Treg in their ability to consume potentially detri-
mental IL-33 released from damaged tissues under pathologic 
conditions. We have demonstrated an ability for ST2 +  Treg to sig-
nifi cantly suppress IL-12/IL-33-driven CD8 +  T cell  IFN-γ   pro-
duction in vitro (Fig.  4 ; [ 11 ]) compared to ST2 -  Treg; however, 
this effect has not yet been reported in vivo. Given the pleiotropic 
effects of IL-33 in vivo, the capacity to selectively expand ST2 +  
Treg ex  vivo   using IL-33-exposed CD11c +  BMDC may be a prom-
ising way to capitalize on these important immunoregulatory cells. 
The following protocols describing robust expansion of ST2 +  

  Fig. 3    IL-33 administration  expands   an   ST2 +  subset of CD4 + CD25 + Foxp3 +  T cells originating in the thymus. ( a ) 
Representative  fl ow   cytometry plots and frequency of CD4 + CD25 +  and CD4 + CD25 + Foxp3 +  cells from CD3 + CD4 + -
gated total thymocytes or  splenocytes   from naïve or IL-33-treated (IL-33 Rx) C57BL/6J (B6) mice. ( b ) Absolute 
number of total cells and ( c ) indicated  ce  ll populations in the thymus and spleens averaged from  n  = 5 mice. 
* p  < 0.05, ** p  < 0.01, *** p  < 0.001. Figure and legend reproduced with permission from  The Journal   of    Immunology  
[ 11 ]. (Copyright 2014. The American Association of Immunologists, Inc.)       
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Treg using IL-33 in vitro and in vivo provide the avenue for 
further exploration, including investigation of ST2 +  Treg  in 
  humans, of the function and potential therapeutic use of this 
unique Treg subset.  

  Fig. 4    IL-33-expanded Treg suppress CD8 +  effector T cell function. B6 FIR mice were administered IL-33 
(0.5 μg/day; for 10 day). CD4 +  cells were purifi ed on d 11 from total splenocytes and stained for fl ow sorting 
of CD4 +  RFP(Foxp3) +    ST2 -  or ST2 +  Treg. Sorted Treg were cultured with purifi ed CTV-labeled, B6 CD4 + , or CD8 +  
T cells at a Treg:Teffector ratio of 1:8 with CD3/CD28 T-activator beads for 4 days. Cultures  were   harvested 
and stained for  fl ow   cytometric analysis of T cell proliferation. ( a ) Representative fl ow plots and Division Index 
Relative to “No Treg” group of T cell proliferation based on CTV dilution profi le. ( b )  Repres  entative  fl ow   plots 
and an average  of   IFN-γ hi CD8 +  T cells unstimulated or stimulated with 5 ng/ml IL-12 alone or in combination 
with 10 ng/ml IL-33. Data were generated from  n  = 3 independent experiments. Statistical signifi cance in A and B 
were determined by one-way ANOVA. DI = Division Index. * p  < 0.05, ** p  < 0.01. Figure and legend reproduced 
with permission from  The Journal   of    Immunology  [ 11 ]. (Copyright 2014. The American Association of 
Immunologists, Inc.)       
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2    Materials 

         1.    Phosphate-buffered saline (PBS; Lonza, Walkersville, MD).   
   2.     Recombinan  t mouse IL-33 (BioLegend, San Diego, CA) is 

resuspended in PBS at a fi nal concentration of 5–10 μg/ml. 
IL-33 is administered by intraperitoneal (i.p.) injection at 100 
μl/mouse (0.5–1 μg/mouse) daily for 10 days.   

   3.    Fetal bovine serum (FBS)/EDTA solution: 500 ml PBS, 0.5 % 
heat-inactivated FBS, 2 mM EDTA (Sigma, St. Louis, MO).   

   4.    Complete RPMI 1640 media: RPMI 1640 (Gibco by Life 
Technologies, Grand Island, NY) supplemented with 10 % heat-
inactivated FBS, 50 μM 2-mercaptoethanol, 2 mM  l- glutamine  , 
1 M MEM nonessential amino acids, 1 mM sodium pyruvate, 
100 U/ml penicillin, 0.1 mg/ml streptomycin, 10 mM HEPES 
(N-2-hydroxyethylpiperazine-N′-2-ethane- sulfonic acid).   

   5.    Red blood cell (RBC)     lysis   buffer: 1 L MilliQ water, 0.1 mM 
EDTA, 1 g potassium bicarbonate (KHCO 3 ), 8.29 g ammo-
nium chloride (NH 4 Cl). Adjust pH to 7.2–7.5 and fi lter.   

   6.    Sterile needles, 27 gauge, 1/2 in.   
   7.    Sterile syringes (1 and 5 cc).   
   8.    Nylon mesh cell strainers, 70 μm (BD Biosciences, Franklin 

Lakes, NJ).   
   9.     Sterile   Petri dish, 100 mm × 15 mm (Fisher Scientifi c, 

Pittsburgh, PA).      

         1.    Recombinant murine IL-4 (R&D Systems, Minneapolis, MN).   
   2.     Recombinant   murine GM-CSF (R&D Systems, Minneapolis, 

MN).   
   3.    Mouse Anti-CD11c immunomagnetic beads (Miltenyi Biotec, 

Auburn, CA).   
   4.    MACS ®  Separation Columns (Miltenyi Biotec, Auburn, CA).   
   5.    MACS ®  Separator Magnet (Miltenyi Biotec, Auburn, CA).   
   6.    Bright-Line™ Hemacytometer (Fisher Scientifi c, Pittsburgh, PA).   
   7.    Cell Culture Dish, 100 mm tissue culture-treated polystyrene 

(BD Biosciences).   
   8.    0.4 % (w/v) trypan blue in 0.81 % sodium chloride and 0.06 

% potassium phosphate, dibasic (Sigma-Aldrich, St. Louis, 
MO).   

   9.     Needles  , syringes, cell strainers, PBS, FBS/EDTA, and RPMI 
1640 medium— see  Subheading  2.1 .      

2.1  Administration 
of  Recombin  ant 
 Mouse   IL-33 
and Spleen Harvest

2.2  Expansion 
of Treg In Vitro

2.2.1  Propagation 
of CD11c +  Cells 
from  Mou   se   Bone Marrow
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       1.     See  Subheading  2.1  for necessary materials for isolation of total 
splenocytes.   

   2.    T1/   ST2 (IL-33R) FITC-conjugated mAb (MD Bioproducts, 
St. Paul, MN), Anti-mouse CD4 (Clone RM 4-5) APC- 
conjugated mAb (Affymetrix/eBioscience, San Diego, CA).   

   3.    5 % FBS: 500 ml PBS, 25  ml   heat-inactivated FBS.   
   4.    Dynabeads ®  Untouched™ Mouse CD4 Cells Kit (Life 

Technologies).   
   5.    DynaMag™-15 Magnet (Life Technologies).   
   6.    Recombinant mouse IL-33 (BioLegend).       

         1.    5 ml Round-bottom polystyrene tubes (BD Falcon).   
   2.    Cell stain buffer (CSB):  50  0 ml PBS, 5 % heat-activated FBS, 

0.1 % (w/v) sodium azide, pH 7.4–7.6.   
   3.    5 % Normal goat serum (GS) in CSB.   
   4.     Appropr   iate   monoclonal  antibodies   (mAbs).   
   5.    4 %  Paraformalde  hyde (PFA): 4 g of PFA per 100 ml of PBS. 

Can be diluted to 1–2 % working solution with PBS to fi x cells.      

       1.    Permeabilization buffer (PB): 500 ml PBS, 5 % heat-inacti-
vated FBS, 0.1 % sodium azide, 0.1 % saponin.   

   2.    Fixation/permeabilization buffer (Fix/Perm):    Foxp3/
Transcription Factor Staining Set (Affymetrix/eBioscience).   

   3.    5 % Normal goat serum in PB.   
   4.    Appropriate mAbs.   
   5.    4 %  Pa  raformaldehyde (PFA): 40 g PFA in 1 L PBS. Store at 4 

°C protected from light.        

3    Methods 

           1.    Dissolve recombinant mouse IL-33 in PBS to a fi nal concen-
tration of 5–10 μg/ml.   

   2.    Using a 1 cc syringe with a 27G, ½″ needle, administer 100 μl 
by intraperitoneal (i.p.) injection once daily for 10 days to 
C57BL/6 (B6) mice.    Foxp3 reporter mice may be used to per-
mit fl ow sorting of  expa  nded Treg for  functional    assays   (Foxp3-
IRES- mRFP (FIR) on a C57BL/6 background) following 
IL-33 administration.   

   3.    One day after the fi nal injection, sacrifi ce animals using 
approved methods of euthanasia. Harvest the spleen using 
aseptic techniques and place in FBS/EDTA on ice.   

2.2.2  Expansion of Treg 
In  Vit  ro by IL-33 
and CD11c +  BMDC

2.3  Flow  Cytometric   
Analysis of IL-33- 
Expanded Treg

2.3.1  Surface Staining

2.3.2  Intracellular 
Staining

3.1  Expansion 
of Treg In Vivo by 
Administration 
of Recombinant 
Mouse IL-33

Expansion of Regulatory T Cells In Vitro and In Vivo by IL-33
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   4.    Transfer the spleen to a sterile Petri dish and mechanically 
dissect into small pieces no larger than 2–3 mm. The dissected 
spleen should be forced through a 70 μm nylon mesh cell 
strainer into a 50 ml conical tube using a sterile 5 ml syringe. 
Wash the dish and cell strainer with 20–30 ml cold FBS/EDTA.   

   5.    Centrifuge at 500 ×  g  for 5 min at 4 °C, and resuspend the cells 
in RBC lysis buffer (3–5 ml per spleen) for 5 min.   

   6.    Following lysis, add PBS to bring the total volume to 50 ml, 
and centrifuge the cells again under the same conditions. 
Splenocytes are ready for purifi cation or immunostaining for 
fl ow sorting or phenotypic analysis. Keep cells in RPMI 1640 
medium on ice until ready to use.      

            1.    From 8- to 12-week-old mice, dissect the femurs and tibiae, 
taking care to remove as much muscle as possible, and place in 
a 50 ml tube with FBS/EDTA on ice.   

   2.    Under sterile conditions in a laminar fl ow hood, place the 
bones in a sterile Petri dish with 10–15 ml FBS/EDTA.  S  terile 
scissors and forceps are used to tease away and remove any 
remaining muscle tissue. Place cleaned bones  in   a    seco  nd Petri 
dish with 10–15 ml fresh FBS/EDTA.   

   3.    Using scissors, carefully cut the bones and fl ush the BM into a 
clean dish with FBS/EDTA using a 5–10 cc syringe and 27G 
needle.   

   4.    Once all the bones have been fl ushed, remove the needle and 
use the syringe to transfer the cells to a 50 ml tube, passing 
them through a 70 μm nylon cell strainer. Wash the dish and 
strainer with 5–10 ml FBS/EDTA.   

   5.    Centrifuge at 500 ×  g  for 5 min at 4 °C.   
   6.    Carefully aspirate the supernatant, taking care not to disrupt 

the pellet. Resuspend the cells in 3–5 ml RBC lysis buffer for 
5 min.   

   7.    Add cold FBS/EDTA to 50 ml and centrifuge as described 
above.   

   8.    Resuspend the cells in RPMI 1640 and count viable cells using 
Trypan Blue and a hemacytometer.   

   9.    Culture cells in a sterile, 100 mm tissue culture-treated dish at 
3–4 × 10 6  cells in 15 ml RPMI 1640 supplemented with GM- 
CSF and IL-4 at 1000 U/ml (day 0). Cells will be cultured for 
a total of 7 days.   

   10.    On day 2, remove 10 ml of tissue culture media per dish and 
centrifuge at 500 ×  g  for 5 min at 4 °C. Pour off the  supern  a-
tant and resuspend cells in 15 ml fresh RPMI 1640 per dish 
with GM-CSF and IL-4.   

3.2  Expansion 
of Treg In Vitro Using 
IL-33 
and CD11c +  Dendritic 
Cells  

3.2.1  Generation  of   
CD11c +  BMDC
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   11.    On day 4, gently swirl the plates and remove 15 ml media 
containing fl oating cells. Discard this media and  add   15  m  l 
fresh RPMI 1640 per dish with GM-CSF and IL-4.   

   12.    On day 6, repeat process for day 2, removing 15 ml, spinning 
down cells, pouring off the supernatant and resuspending  cells   
in 15 ml fresh RPMI per dish with GM-CSF and IL-4.   

   13.    On day 7, gently swirl plates and harvest all media/non- 
adherent cells into a 50 ml tube. Add 5 ml FBS/EDTA per 
dish and pipette up and down to wash thoroughly. Collect 
these cells and add to 50 ml tube.   

   14.    Centrifuge at 500 ×  g  for 5 min at 4 °C.   
   15.    Resuspend cells in FBS/EDTA and count using hemacytome-

ter. Proceed with CD11c isolation using mouse anti-CD11c 
immunomagnetic beads (Miltenyi Biotec) according to the 
manufacturer’s protocol.   

   16.     Resuspend   positively-selected CD11c +  cells in RPMI 1640 
medium and count. Bring cells to a concentration of 1 × 10 5  
cells/ml and keep on ice. Cells are ready for culture.      

       1.    Prepare total splenocyte single-cell suspension from untreated/
naïve wild-type (WT) B6 or FIR B6 mice as described in 
Subheading  3.1 .   

   2.    Following RBC lysis, isolate untouched bulk CD4 +  T cells by 
negative selection using Dynabeads ®  Untouched™     Mous  e 
CD4 Cells Kit (Life Technologies) according to the manufac-
turer’s instructions.   

   3.    Remove non-CD4 +  T   cells using the DynaMag™-15 Magnet 
(Life Technologies).   

   4.    Wash the  i  solated CD4 +  T cells in FBS/EDTA. Centrifuge at 
500 ×  g  for 5 min at 4 °C.   

   5.    Pour off the supernatant and resuspend cells in RPMI 1640 
medium. Count cells using trypan blue and a hemacytometer.   

   6.    Dilute CD4 +  T cells to a concentration of 1 × 10 6  cells/ml in 
RPMI 1640 medium.   

   7.    In a 96-well U-bottom plate, add purifi ed CD11c +  BMDC 
(100 μl from Subheading  3.2.1 ) and bulk CD4 +  T cells  at   a 
DC:T cell ratio of 1:10 in 200 μl total volume ( see  Note 1). In 
a syngeneic system when B6 CD11c +  BMDC are used with B6 
FIR CD4 +  T cells, anti-CD3 is added at a fi nal concentration of 
0.25 μg/ml ( see  Note 2).   

   8.    Recombinant IL-33 is added to each well at a fi nal concentration 
of 10 ng/ml ( see  Notes 3 & 4).   

   7.    Cells are cultured for a total of 5 days at 37 °C, in a humidifi ed 
5 % CO 2  incubator.   

3.2.2  Expansion of Treg 
In Vitro by CD11c +  BMDC 
and IL-33

Expansion of Regulatory T Cells In Vitro and In Vivo by IL-33
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   8.    On day 5, cells are harvested by pipetting up and down and 
transferred to a 50 ml tube.   

   9.    Centrifuge at 500 ×  g  for 5 min at 4 °C.   
   10.    The cells are  r  eady for immunostaining for fl ow sorting or phe-

notypic analysis.       

          1.    Utilizing Foxp3-IRES-mRFP (FIR) reporter mice, Treg 
expanded by IL-33 in vivo (Subheading  3.1 ) or in vitro 
(Subheading  3.2 ) may be fl ow-sorted for testing of their func-
tional suppressive capacity, and comparison of IL-33R/ST2 +  
vs. ST2 - Foxp3  +  Treg subsets.   

   2.    Total splenocytes from FIR mice (Subheading  3.1 ) or cells 
harvested 4 °C from culture (Subheading  3.2 ) are resuspended 
in 5 % FBS and stained using ST2-FITC (1:200 dilution) and 
CD4-APC (1:800 dilution). Cells are incubated at 4  o C for 
30 min.   

   3.    Wash cells with 10× volume 5 % FBS and centrifuge at 500 ×  g  
for 5 min at 4 °C.   

   4.    Resuspend cells in 5 % FBS and fi lter through cell strainer cap 
into 5 ml round bottom tube.   

   5.    Cells are sorted using a FACSAria™ (BD Biosciences).    Foxp3 +  
(RFP + ) cells are detected using the PE/Texas Red channel. 
Gating on lymphocytes (FSC-A vs. SSC-A) and single cells 
(FSC-H vs. FSC-W),    ST2 +  and ST2 -    Foxp3 +  cells  are   sorted 
from the CD4 + -gated population. Sorted cells are collected in 
sterile 5 ml snap-cap round-bottom tubes containing approxi-
mately 1 ml cold RPMI 1640 medium.   

   6.    Sorted cells are washed in RPMI 1640 and centrifuged at 
500 ×  g  for 5 min at 4 °C.   

   7.    Cells are  re  suspended in RPMI 1640 and counted using try-
pan blue and a hemacytometer. Cells are ready for in vitro 
  suppression   assay   or phenotype analysis  by   fl ow cytometry. For 
in vivo use, wash cells with PBS to  re  move traces of FBS.      

       1.    The  T   cell suppressor function of fl ow-sorted Treg populations 
(Subheading  3.3.1 ) can be tested in vitro .  CD4 + CD25 −  T 
effector (T eff ) cells are used as responders and purifi ed from 
total splenocytes of a naïve B6 mouse. To do this, purifi ed  rat   
anti- mouse CD25 (clone PC61 at 1:100) is included in  the 
  antibody cocktail during the CD4 +  T cell purifi cation process 
(described in Subheading  3.1 ).   

   2.    Purifi ed CD4 + CD25 −  T cells are labeled with CellTrace™ 
Violet (CTV) Cell Proliferation kit (Life Technologies) accord-
ing to the manufacturer’s instructions, taking care to keep cells 
in the dark during and after the labeling process.   

3.3  Flow Sorting 
of IL-33- 
Expanded    Treg 
for Functional Assays

3.3.1  Immunostaining 
and  Flow   Sortin  g 
of IL-33- Expanded Treg

3.3.2  Testing the T Cell 
Suppressive Capacity 
of IL-33-Expanded Treg 
In Vitro
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   3.    Resuspend CTV-labeled cells in RPMI 1640 medium and 
count. Adjust the concentration to 1 × 10 6 /ml.   

   4.    CTV-labeled T eff  cells (1 × 10 5 /well) are stimulated in 96-well 
U-bottom plates with Dynabeads ®  Mouse T-Activator CD3/
CD28 (1 × 10 4 /well; Life Technologies). Flow-sorted Treg 
populations are added at different Treg:T eff  ratios in a fi nal vol-
ume of 200 μl per well and cells are cultured for 3 days at 37 
°C, in a humidifi ed 5 % CO 2  incubator.   

   5.    At the end of 3 days, cells are harvested from culture and 
stained for  fl ow   cytometric quantifi cation of T eff  cell  proli  fera-
tion by CTV- dilution   analysis. Flow-sorted CD4 +  Treg can be 
distinguished from CD4 +  T eff  by  staining   for CD90.1/Thy1.1 
and exclusion of CD90.1 +  cells from fi nal analysis.   

   6.    Cells are acquired using an LSRFortessa (BD Biosciences) 
and data is analyzed using FlowJo software (v10; Tree Star, 
Ashland, OR).       

         1.    Surface Ag expression can be analyzed by multicolor fl ow 
cytometry on total splenocytes or CD4-purifi ed cells following 
10 day administration of IL-33 or cells harvested from DC:T 
cell co-culture following in vitro expansion.   

   2.    Specifi cally, fl uorescein isothiocyanate (FITC)-, phycoerythrin 
(PE)-, allophycocyanin (APC)/AlexaFluor647-, Pacifi c Blue-, 
PerCP-Cy5.5-, and PE-Cy7- conjugated   antibodies are used to 
stain Treg.   

   3.    Typically, 5 × 10 5  cells are blocked with 5 % normal goat serum 
(GS) in Cell Stain Buffer (CSB) (10 min; 4 °C), then stained 
with appropriate mAbs (30 min; 4 °C) in CSB. Appropriate 
isotype-matched IgGs should be included as negative 
controls.   

   4.    The mAbs (clones) used for Treg surface staining are: CD3 
(17A2), CD4 (RM 4-5), CD25 (PC61),    ST2 (DJ8), CD304/
Neuropilin-1 (3E12), CD44 (IM7), and CD278/ICOS 
(7E.17G9).   

   5.    Wash cells twice in CSB. Data should be acquired immediately 
if  using   Foxp3 (FIR) reporter mice ( see  Note 5).   

   6.    Data  ar     e acquired with a LSRFortessa fl ow cytometer (BD 
ImmunoCytometry Systems; San Jose, CA) and  analyzed   using 
FlowJo software (v10; Tree Star).      

       1.    To determine expression of transcription factors (from cells 
stained in 3.4.1 generated using WT  mi  ce and not FIR reporter 
mice), perform intracellular staining immediately following 
surface staining. The mAbs (clones) used for intracellular 
staining include:    Foxp3 (FJK-16 s), GATA-3 (16E10A23), 
T-bet (4B10), and Helios (22F6).   

3.4  Phenotypic 
Analysis of IL-33- 
Expanded Treg by 
 Flow   Cytometry

3.4.1  Surface Staining

3.4.2  Intracellular 
Staining
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   2.    After the second wash with CSB, resuspend cells in 100 μl 
Fix/Perm buffer and immediately vortex. Incubate at  room 
  temperature (RT) for 45 min, or alternatively, up to 16 h at 4 °C.   

   3.    After the incubation in Fix/Perm buffer, wash the cells with 
400 μl permeabilization buffer (PB) and centrifuge at 500 ×  g  
for 5 min at 4 °C. Aspirate the supernatant and resuspend in 
PB + 3 % GS and desired mAbs. Incubate for 30 min at 4 °C.   

   4.    Wash the cells (2×) with PB.   
   5.    Resuspend  cel  ls in CSB and acquire, of fi x with 1–2 % parafor-

maldehyde (PFA).        

4    Notes 

     1.    For optimal yield of ST2 + Foxp3 +  Treg, bulk CD4 +  T cells should 
be used as the starting population during in vitro expansion 
with CD11c +  BMDC and IL-33. Although they still undergo 
expansion, we have found that the yield of ST2 +  Treg is actually 
lower when starting with  puri  fi ed CD4 + CD25 +  T cells.   

   2.    For  app  lications where MHC-mismatch is a factor, in vitro 
expansion of Treg by IL-33 can be achieved using allogeneic 
(BALB/c) CD11c +  BMDC in place of syngeneic (B6) CD11c +  
BMDC + anti-CD3, with comparable results.   

   3.       ST2 +  Treg can  be   generated in vitro in 5 day culture with 
CD11c +  BMDC that were exposed to 20 ng/ml IL-33 for 18 h, 
without the addition of exogenous IL-33 (Fig.  2 ; [ 11 ]). 
The overall yield of Treg may be lower compared to cultures 
with IL-33 directly added to BMDC:T cell co-culture; how-
ever, the resulting phenotype and suppressor function of Treg 
generated by either method are comparable.   

   4.     Recombinant   IL-2 is not required during in vitro Treg expan-
sion using CD11c +  BMDC and IL-33. We have reported that 
adding  exogenous   IL-2 does not augment Treg expansion above 
levels achieved with CD11c +  BMDC and IL-33 (Fig.  2 ; [ 11 ]), 
and IL-33  stimulates   IL-2 secretion by DC to support Treg 
expansion (Fig.  1 ; [ 11 ]).   

   5.    For phenotypic analysis of surface markers only on Treg, FIR 
reporter mice can be used to identify Treg to avoid intracellu-
lar staining (identifi cation of Foxp3 + /RFP +  cells during fl ow 
acquisition). Cells must be acquired immediately following 
staining, since fi xation with PFA will quench RFP fl uorescence. 
For analysis of intracellular proteins, including cytokines and 
transcription factors, WT mice are used with  intracellular 
  Foxp3 staining.         
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