& MolecularMedicine

Temporary CXCR3 and CCR5 Antagonism Following
Vaccination Enhances Memory CD8 T Cell

Immune Responses
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Although current vaccination strategies have been successful at preventing a variety of human diseases, attempts at vaccinating
aygainst some pathogens such as AIDS and tuberculosis (TB) have been more problematic, largely because abnormally high numbers
of antigen-specific CD8 + T cells are required for protection. This study assessed the effect on host immune response of temporarily
dampening the chemokine receptors CXCR3 and CCRS after vaccination by administration of TAK-779, a small-molecule CXCR3
and CCR5 antagonist commonly used to inhibit HIV infection. Our results showed that use of TAK-779 enhanced memory CD8 + T cell
immune responses both qualitatively and quantitatively. Treatment with TAK-779 following vaccination of an influenza virus antigen
resulted in enhanced memory yeneration, with more CD8 + CD127 + memory precursors and fewer terminally differentiated effector
CD8 + CD69 + T cells. These memory T cells were able to become IFN-y-secreting effector cells when re-encountering the same anti-
gen, which can further enhance the efficacy of vaccination. The mice vaccinated in the presence of TAK-779 were better protected
upon influenza virus challenge than the controls. These results show that vaccination, while temporarily inhibiting chemokine recep-
tors CXCR3 and CCRS5 by TAK-779, could be a promising strategy to yenerate large numbers of protective memory CD8 + T cells.
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INTRODUCTION

The ability to develop and sustain
populations of memory T cells after infec-
tion or immunization is a hallmark of the
adaptive immune response and a basis for
protective vaccination against infectious
disease. Although current vaccination strat-
egies have been successful at preventing
a variety of human diseases, a number of
major hurdles remain. In particular, at-
tempts at vaccinating against malaria, AIDS

and tuberculosis (TB) have been more
problematic, largely because abnormally
high numbers of antigen-specific CD8 + T
cells are required for protection. (1)
During an acute peripheral infection,
T cells first become activated in the
lymph nodes (LNs) and spleen, and then
gain the ability to migrate to the site of
infection through a complex series of in-
teractions involving adhesion molecules
and chemokine receptors. Upon antigen
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encounter, antigen-specific CD8 + T
cells undergo rapid clonal expansion
and differentiate into cytotoxic effector
T cells, which later play an essential role
in infection control through lysis of the
infected cells and production of cyto-
kines. (2) After the peak of expansion
and pathogen clearance, the effector
CD8 + T cell pool undergoes extensive
contraction, which eliminates 90-95%
of pathogen-specific effector CD8 + T
cells. (2,3) The remaining 5-10% of
pathogen-specific CD8 + cells survive to
become long-lived memory cells. (2,3)
The magnitude and quality of the
memory CD8 + T cell population are
shaped and influenced by the strength and
duration of the initial antigenic stimulus
as well as by inflammatory cytokines.
Although there is compelling evidence
that the inflammatory signals are crucial
for clonal expansion, effector CD8 + T
cell differentiation and memory develop-
ment, excessive and prolonged exposure
to inflammatory signals is detrimental to
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generating potent memory CD8 + T cells.
(4,5) Actually, a preponderance of data
supports a crucial role for the strength

of inflammatory stimuli during the early
expansion phase in controlling effector

vs memory cell-fate decisions of CD8 + T
cells. For example, studies have shown
that too much inflammation, as from high
levels of proinflammatory cytokines such
as IL-12 and IFN-y, favors the generation
of terminally differentiated short-lived ef-
fector CD8 + T cells (SLECs). (6-8) On the
other hand, homeostatic cytokines such as
IL-7 and IL-15 promote the formation of
memory precursor effector CD8 + T cells
(MPECs). (9,10) In particular, recent stud-
ies have shown that CXCR3 chemokine re-
ceptors are involved in promoting CD8 + T
cell commitment to an effector fate rather
than a memory fate. (11,12) In addition,
Kohlmeier et al. found that Cer5/ Cxcr3””
cells exhibited markedly decreased con-
traction and an accumulation of massive
numbers of memory CD8 + T cells after
infection, where CXCR3 is primarily re-
sponsible for this phenotype. (13) These
studies underscore the role of inflamma-
tory chemokine receptors in the generation
of CD8 + T cell memory.

In the present study, we investigated
for the first time the impact of temporary
CXCR3 and CCRS5 inhibition following
vaccination on host immune responses,
especially CD8 + T cell immune responses,
in murine models. TAK-779, a nonpep-
tide, synthetic, small-molecule CCR5 and
CXCR3 antagonist, was used along with
an influenza virus nucleoprotein (NP).
TAK-779 was initially developed for the
treatment of HIV infection, whereby CCR5
functions as a major coreceptor for fusion
and entry of macrophage-tropic HIV-1
into the host cells. (14) Furthermore,
TAK-779 has also been shown to have the
ability to block binding of CXCR3 and
inhibitory protein 10, one of the CXCR3
ligands. (15) Targeting CCR5 and CXCR3,
TAK-779 has been used to inhibit allograft
rejection (16-18), inflammatory bowel
disease (19), experimental autoimmune
encephalomyelitis (EAE) and airway
hyperresponsiveness and inflammation.
(20) Our result is of great significance to

vaccinations against certain pathogens,
such as HIV, Mycobacterium tuberculosis
bacteria and malaria parasite, where ab-
normally high numbers of antigen-specific
CD8 + T cells are required for protection.
In addition, our study provides support-
ing information on the immunomodu-
latory and beneficial use of Maraviroc
(MVC)-containing antiretroviral therapy
(cART) in HIV-infected patients.

MATERIALS AND METHODS

Animals

We obtained 4- to 5-wk-old female
BALB/c mice from the Animal Center of
Slaccas (Shanghai, China). The mice were
kept under specific pathogen-free (SPF)
conditions in individual ventilated cages
(IVCs). All animal care and experimental
procedures were carried out according to
the National Institutes of Health Guide
for Care and Use of Laboratory Animals,
and were approved by the Bioethics
Committee of Fudan University.

Construction of NP Expression Vector
and Expression and Purification
of NP Protein

A full length of influenza virus
NP segment was amplified from
plasmid containing np gene (A/
chicken/Nakorn-Patom/Thailand /
CU-K2/2004(H5NT1)), provided by
Prof. Alonso Sylvie (National Uni-
versity of Singapore), using primers
5-TTCCATGGATGGCGTCTCAAGG-
CACCAAAC-3" and 5-TTGAATTCT-
TAATTGTCGTACTCCTCTGCATTG-3'
(Ncol and EcoRI sites are underlined).
The resulting PCR fragment was then
cloned into pMD-18T vector, yielding
pMD18T-PR8-NP-, and was further con-
firmed by PCR screening and sequenc-
ing. NP fragment was subsequently
cloned into prokaryotic expression vector
pET-30a(+) (Novagen) double-digested
with Ncol and EcoRI (TaKaRa), yielding
pET-30a-NP. Positive clones were con-
firmed by PCR and sequencing.

NP expressing plasmid pET-30a-NP
was transformed into Escherichia coli
strain BL21 (DE3) and a single colony was
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inoculated into the LB liquid medium
containing kanamycin. After IPTG in-
duction at 25°C , bacteria were collected
by centrifugation and resuspended in
binding buffer for ultrasonication. The su-
pernatant containing NP protein was then
purified by Ni Sepharose affinity chroma-
tography. Purified NP protein was dis-
solved in phosphate buffered saline (PBS)
and then subjected to SDS-PAGE. West-
ern blotting was later performed using
1:5,000 diluted mouse anti-His tag mono-
clonal antibodies (Sigma) and 1:30,000
diluted goat—anti-mouse Abs-conjugated
to alkaline phosphatase (Sigma).

Mouse Treatments

TAK-779, kindly provided by
Dr. Zhisong Chen from the National In-
stitutes of Health, was dissolved in 5%
mannitol solution to a concentration of
1.5 mg/mL. After filtration sterilization,
TAK-779 solution was aliquoted in ster-
ile EP tubes and stored at —20°C. Mouse
immunization and treatment schedules
are illustrated in Figure 1. The mice re-
ceived intraperitoneal immunization once
or twice at a 4-wk interval with 40 pg
NP protein emulsified with Freund’s
incomplete adjuvant (IFA). Each mouse
in TAK-779-treated groups was injected
subcutaneously on the left, right or mid-
dle abdomen with 150 ug TAK-779 in a
volume of 100 pL, once daily after NP
immunization. Control mice were injected
subcutaneously with PBS instead of TAK-
779. TAK-779 administration was started
from day 0 after immunization and con-
tinued for 4 wks or 8 wks for 1 or 2 immu-
nizations, respectively. The dose of 150 pug
per mouse was chosen based on previous
publications showing that this dose was
successfully used in experimental EAE
(21) and collagen-induced arthritis (22),
and approximately the same dose was
used in other disease experiments, such
as allograft rejection and asthma models.
(20,23) For influenza virus infection, 2 wks
after stopping TAK-779, sedated mice
received intranasal (i.n.) administration
of 10 50% lethal doses (LD50) of HIN1
(A/FM/1/47) in sterile RPMI 1640 cell cul-
ture media supplemented with penicillin
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Figure 1. Mouse immunization and treatment schedules. The mice were immunized intra-
peritoneally once or twice at a 4 wk interval with 40 ng NP protein emulsified with Freund’s
incomplete adjuvant (IFA). TAK-779 administration was started from d 0 after immunization
and continued once daily for 4 wks or 8 wks for 1 or 2 immunizations, respectively. For
influenza virus infection, 2 wks after stoppinyg TAK-779, sedated mice received infranasal
(i.n.) administration with 10 50% lethal doses (LD50) of HINT (A/FM/1/47).

and streptomycin. Ten mice per group
were used to determine the survival rates
based on body weight loss, and the mice
were euthanized when body weight loss
exceeded 25% of original body weight.

Antibody Detection

Serum was collected by retro-orbital
bleeds from immunized mice, and stored
at 80°C for subsequent experiment. The
presence of antibodies in the serum was
measured by ELISA. Ninety-six-well
microtiter plates (Costar; Corning) were
coated overnight at 4°C with 100 pL of
0.1 M carbonate buffer (pH 9.6) contain-
ing 1 pg/mL of NP. After blocking with
2% bovine serum albumin (BSA) in PBS
containing 0.1% Tween 20, 100 puL of se-
rial diluted serum (1:1 x 10*-1:1.28 x 10°)
was added to the wells. The plates were
incubated at 37°C for 1.5 h, rinsed in
PBS-0.1% Tween 20, and incubated at
37°C for 1 h with 50 pL of horseradish
peroxidase (HRP)-conjugated goat
anti-mouse IgG (H + L) (Sigma) diluted
1:10,000. To detect the various IgG sub-
types, HRP-conjugated goat anti-mouse
IgG1, IgG2a and IgG3 secondary anti-
bodies (Abcam) were diluted at 1:30,000.

The reaction was then developed with
100 pL of TMB liquid substrate solution
(T4444, Sigma) at room temperature for
30 min in the dark and stopped by the
addition of 1 M sulfuric acid. The absor-
bance at 450 nm was measured by an
ELISA plate reader (Tecan Sunrise).

Flow Cytometry Analysis

Spleens from individual mice were
harvested and single cell suspensions
were prepared by meshing the spleens
through 70 pM cell suspension mesh
(BD), followed by centrifugation on
Ficoll-PaqueTMPLUS (GE) for 20 min at
600 x g at room temperature. Cells were
collected and washed once with sterile
FACS buffer (2% FCS, 5 mM EDTA in
PBS). Splenocytes (10°) were stained with
the following antibodies: Anti-Mouse
CD3e-PE-cy™7, Anti-Mouse CD4-FITC,
Anti-Mouse CD8a-APC, Anti-Mouse
CD127-FITC, Anti-Mouse CD69-PE or iso-
type control. All antibodies were bought
from BD Pharmingen. Data were collected
on a BD FACS Aria flow cytometer (BD
Bioscience) and analyzed with Flowjo
Software (Treestar Inc.). Gating strategies
for FACS analysis are shown in Figure S1.
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Reverse Transcription-polymerase
Chain Reaction (PCR) and
Quantitative Real-time RT-PCR
Individual spleen pieces were col-
lected 2 wks after TAK-779 treatment
and stored at —80°C for further analysis.
Total RNA was isolated from whole
spleen using Trizol reagent (Gibco-BRL)
according to the manufacturer’s protocol.
Total RNA (500 ng) was reverse tran-
scribed using PrimeScript™ RT Master
Mix (Takara Bio, Japan) following the
manufacturer’s instructions. Aliquots
(2 pL) of the RT product were quantified
by SYBR Green 2-step real-time RT-
PCR on QuantStudio™ 7 flex Real-Time
PCR system (ABI, USA), according to
the manufacturer’s instructions. The
mRNA levels were normalized to those
of B-actin. The PCR primer sets used in
this study were: CCL4 sense, 5'-TTCTGT-
GCTCCAGGGTTCTC-3"; CCL4 antisense,
5-CGGGAGGTGTAAGAGAAACAG-3';
CCL5 sense, 5'-ATCTTGCAGTC-
GTGTTTGTCA-3'; CCL5 antisense,
5-TTCTTGAACCCACTTCTTCTCTG-3';
CXCL9 sense, 5'-GCCTTCTTGGCGTAG-
GTATTG-3'; CXCL9 antisense, 5'-ATCG-
GTTGAGGAAAGTGATGC-3'; CXCL10
sense, 5'-CGATAAACGTCCCTCCCG-
TAA-3'; CXCL10 antisense, 5'- CAGAC-
CCGTCCCTATCTTTCC-3"; CCRS5 sense,
5-CGGAACTTCTCCCCAACAAA-3;
CCR5 antisense, 5'-CTTTCTCTTCT-
GGACTCCCTACAACA-3'; CXCR3
sense, 5-CCAGAATAAATGACAG-
GGCACAA-3'; CXCR3 anti-sense,
5-AAGAAAGGCAAAGTCCGAGGC-3;
B-actin sense, 5'- TCCTGAGCGCAAG-
TACTCTGT-3'; B-actin antisense, 5'-
CTGATCCACATCTGCTGGAAG-3'.

Measurement of Proliferation by
Carboxyfluorescein Succinimidyl
Ester Dilution

Carboxyfluorescein succinim-
idyl ester (CFSE) is a cell-permeant
fluorescein-based dye that covalently
attaches to cytoplasmic components of
cells, resulting in uniformly bright fluo-
rescence. CFSE has the ability to stably
label molecules within cells, with each
cell division resulting in a sequential
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halving of fluorescence. Usually, lym-
phocyte proliferation can be monitored
by flow cytometry for up to 8 divisions
before CFSE fluorescence is decreased
to the background fluorescence level of
unlabeled cells. (24) CFSE labeling was
performed as previously described. (24)
Briefly, splenocytes were adjusted to

2 x 10° cells/mL followed by 3 washings
in PBS and incubated with CFSE (ebio-
science) in PBS (labeling concentration
of 2.5 uM) for 5 min at room tempera-
ture in the dark. The labeling reaction
was stopped by adding 10 volumes

of PBS containing 2% heat-inactivated
fetal calf serum (HI FCS) (20°C), and
sedimented by centrifugation at 300 x g
for 5 min at 20°C. Cells were washed
twice more with PBS to remove the ex-
cess CFSE and resuspended in complete
RPMI 1640 medium. Labeled cells were
seeded into 24 well plates at a concen-
tration of 10°/500 pL/well and cultured
in the presence of 40 ng/mL NP protein
as a stimulating antigen or medium
alone for 3 d. Upon harvest, cells were
washed once with PBS and stained with
Anti-Mouse CD8a-APC and isotype
controls at 4°C for 10 mins. Flow cy-
tometry was performed using BD FACS
Aria (BD Bioscience) and analyzed with
Flowjo software. Cell proliferation was
measured as mean fluorescence inten-
sity (mfi) of CFSE. Gating strategies for
FACS analysis are shown in Figure S2.

IFN-y ELISpot Assay

The frequency of antigen-specific
IFN-y—producing cells was determined by
ELISpot assay using a mouse ELISpot set
(BD Pharmingen) according to the manu-
facturer’s instructions. Briefly, single-cell
suspensions of individual spleens from
naive, TAK-779—treated, NP-immunized
and NP-immunized plus TAK-779-
treated mice were plated in 96-well
microplates (Millipore) precoated with
100 pL of 5 pg/mL anti-IFN-y antibody
in sterile PBS overnight at 4°C, washed
3 times and blocked for 2 h at room
temperature with RPMI 1640 containing
10% FCS. Cells were then incubated
with 50 ng/mL of NP protein or with

5 pg/mL conA for 36 h at 37°C in a 5%
CO, atmosphere. The plates were then
washed, followed by addition of biotin-
conjugated anti-mouse IFN-y antibody for
2 h at room temperature. After washing,
streptavidin-HRP conjugate was added
and incubated at room temperature for

1 h. Wells were washed again and devel-
oped with a 3-amino-9-ethyl-carbazole
(AEC) substrate solution until spots were
visible. After drying, spot-forming cell
numbers were counted by Bioreader®
4000 (Biosystem). Six animals per group
were individually assayed.

Determination of the Viral Titers

Mouse lungs were harvested and ho-
mogenized using mechanical disruption
(Omni homogenizer), and tested for the
presence of viable virus by tissue culture
infectious dose 50 (TCID50) assay using
the method described previously. (25)
Briefly, 90% confluent Madin-Darby
canine kidney (MDCK) cells in 96-well
plates were inoculated with 100 uL of
10-fold serially diluted lung homoge-
nates. Plates were incubated at 35°C in a
humidified incubator (5% CO,) for 3 d.
TCID50 was determined by a reduction
in cytopathic effect (CPE) of 50%, and the
log TCID50/lung was derived. Five mice
per group per time point were individu-
ally assessed.

Histopathological Examination
Different groups of mice were im-
munized and treated as described
and challenged with 10 LD50 HIN1
(A/FM/1/47), as indicated in Figure 1.
The mouse lungs were harvested 3 d
after challenge and fixed in 10% formalin
in PBS and embedded in paraffin, sec-
tioned and stained with hematoxylin and
eosin (H&E). Observations were made
using an inverted light microscope at x
10 and x 40 objectives.

Statistical Analysis

Unless otherwise stated, bars repre-
sent means + SD, and averages were
compared using a bidirectional unpaired
Student t test with a 5% significance level
with * p <0.05, *p < 0.01 and **p < 0.001.
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RESULTS

Expression and Purification of NP
in E. coli

Full-length influenza A virus NP pro-
tein was expressed in E. coli BL21 after
0.02 mM IPTG induction at 25°C. Most of
the proteins were found in soluble form
when NP was expressed at 25°C. Purifi-
cation was performed by Ni Sepharose
affinity chromatography under nondena-
turing condition to a purity of more than
98% (Figure 2A). SDS-PAGE analysis
showed a monomeric band at approxi-
mately 56 kDa (Figure 2A), which was
further confirmed by western blotting
using mouse anti-His tag monoclonal an-
tibodies (Figure 2B).

TAK-779 Treatment Did Not Change
Humoral Immune Response to NP

Mice were immunized and treated
with TAK-779, as illustrated in Figure 1.
Following immunization, both the NP
immunization only group and the NP
immunization plus TAK-779 treatment
(TN) group had significantly increased
anti-NP IgG antibody titers at the time of
detection (Figures 3A, B). However, there
was no significant difference in anti-NP
IgG antibody titers between the NP only
and NP plus TAK-779 groups. Further
IgG isotyping also showed that both
groups had significant levels of IgG1
antibodies (Figures 3C, D). This was the
same for mice groups with 2 NP immu-
nizations (Figure S3). Taken together,
our results suggest that TAK-779 did not
affect humoral immune responses to im-
munized antigens (Figure 3).

Treatment with Tak-779 Following
Vaccination did not Affect CD4 +T Cell
Response,but Resulted in Enhanced
Memory Generation, with More
Memory Precursor and Fewer Terminally
Differentiated Effector CD8 + T Cells
Previous studies have shown that the
chemokine receptors CXCR3 and CCR5
play important roles in regulating effector
CD8 + T cell contraction and memory
generation after infection. (11-13) We next
examined the phenotypes of CD8 + T
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Figure 2. SDS-PAGE and western blot analysis of purified full-length NP protein expressed
in Escherichia coli. (A) SDS-PAGE and Coomassie staining. Lane 1. purified NP protein;
lane 2: bacterial whole cell lysate without IPTG induction; lane 3: bacterial whole-cell
lysate with IPTG induction. (B) Western blot analysis. Purified NP protein and uninduced
bacterial whole-cell lysate were detected with 1:5,000 diluted mouse anti-His fag mono-
clonal antibodies (Sigma) and 1:30,000 diluted goat-anti mouse Abs-conjugated to alka-
line phosphatase (Sigma). Lanes 1, 2, 3: purified NP protein; lane 4: bacterial whole-cell
extract without IPTG induction.
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Figure 3. Anti-NP immune responses in mice immunized with NP with or without TAK-779
freatment. Two weeks after TAK-779 cessation, total anti-NP IgG antibody titers were
detected by ELISA in sera from naive mice, mice treated with TAK-779 (TAK), mice immu-
nized once (NP) or twice with NP (NP2) and mice immunized once (TN) or twice (TN2)
with NP and treated with TAK-779. (A) One NP immunization; (B) two NP immunizations.
IgG1 (C) and IyG2a (D) isotyping were carried out for mice from naive, TAK, NP and TN
groups. Sera were diluted 1:10,000.
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cells in mice after NP immunization with
or without TAK-779 administration. Two
weeks after TAK-779 treatment, spleno-
cytes were prepared from different mice
groups and analyzed by flow cytometry
after staining with different markers. As
shown in Figure 4A, CD8 + T cells in NP
immunized plus TAK-779 treated mice
(TN group) had characteristics of high
memory potential compared with their
non-TAK-779 treated counterparts, as
determined by expression of memory
marker CD127. (26,27) This difference
became greater for mice immunized twice
with NP along with TAK-779 treatment
(TN2 group) (Figure 4C). In contrast,
significantly fewer CD8 + T cells in the
TN group mice expressed the activation
marker CD69 (Figures 4B, D), suggesting
that compared with the CD8 + cells of the
NP group, these cells were exposed to
relatively weak inflammatory /antigenic
stimuli /11 vivo, resulting in shortened
expression of the activation marker CD69
during early expansion, followed by en-
hanced differentiation into MPECs.

Although previous studies have pro-
vided concrete evidence that TAK-779
specifically targets CCR5 and CXCR3,
to verify that the observed enhanced
memory generation was indeed due to
TAK-779 treatment, we further analyzed
the expression of mRNA for CCR5 and
CXCR3, as well as their ligands CCL4
(MIP-1B), CCL5 (RANTES), CXCL9 (Mig)
and CXCL10 (IP-10) in the spleens of mice
immunized twice with NP with or with-
out TAK-779 treatment. Spleen samples
were collected 2 wks after TAK-779 treat-
ment. Expression of CCR5 and CXCR3, as
well as CCL4, CCL5, CXCL9 and CXCL10,
was markedly decreased in the spleens
of NP-immunized TAK-779—treated mice
compared with NP-immunized non-TAK-
779-treated mice (Figure 5).

Considering the potential influence of
CD4 + T cells on CD8 + T cells, we also
evaluated CD4 + T cell response after
TAK-779 treatment in mice immunized
once or twice with NP. As shown in
Figures 4E and F, CD4 + T cell response
was unaffected by TAK-779 treatment in
mice immunized once or twice with NP.
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Figure 4. Staining of CD127 and CD69 on CD8 cells and detection of CD4 + cells from NP
immunized mice with or without TAK-779 treatment. Two weeks after TAK-779 cessation,
splenocytes were prepared from different mice yroups and analyzed by flow cytometry
after staining with anfi-Mouse CD8a-APC, anti-Mouse CD127-FITC, anti-Mouse CD69-PE,
anti-Mouse CD3e-PE-cy™7, anti-Mouse CD4-FITC or isotype control antibodies. Percent-
ayge of CD8 + CD127 + (A and C) and CD8 + CD69 + (B and D) cells in mice immunized
once (A and B) or twice (C and D) with NP with or without TAK-779 tfreatment were
analyzed by flow cytometry and compared with mice from the control group. Percent-
aye of CD3 + CD4 + cells immunized once or twice with NP is illustrated in (E) and (F),
respectively. NP: 1T NP immunization; NP2: 2 NP immunizations; TN: 1T NP immunization with
TAK-779 treatment; TN2: 2 NP immunizations with TAK-779 treatment. Results are expressed
as the mean = SD. * p<0.05; *** p<0.001. The data are representative of 2 independent
experiments with at least 4 mice per group. Mice were analyzed individually.

TAK-779 Treatment Did Not Enhance
the Proliferative Ability of CD8 + T
Cells in NP-Immunized Mice Treated
with TAK-779

To investigate whether the increase in
CD8 + memory cells in NP-immunized
mice after TAK-779 treatment was due to

higher homeostatic proliferation, we ana-
lyzed the proliferative ability of CD8 + T
cells after CFSE labeling. The division pro-
files of CD8 + T cells from NP-immunized
TAK-779—-treated mice are similar to those
of their non-TAK-779—treated counter-
parts (Figure 6). These data demonstrate
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that although TAK-779 treatment resulted
in quantitative and phenotypic differences
in CD8 + T cells, it did not enhance the
proliferative ability of CD8 + T cells.

CD8 + T Cells Generated after TAK-
779 Treatment in NP-Immunized
Mice Showed Effector Functions in
Response to Antigenic Stimulation
Given the marked increase in
memory CD8 + T cells after TAK-779
treatment in NP-immunized mice, it
is useful to compare their functional
characteristics upon antigen encounter.
We evaluated their ability to produce
effector cytokines upon in vitro restim-
ulation. We found that NP-immunized
mice treated with TAK-779 exhibited
significantly higher numbers of IFN-y-
producing cells than their non-TAK-779
treated counterparts, and this difference
became even greater when mice were
immunized twice with NP (Figures 7A
and B). Our data demonstrates that
CD8 + T cells generated after TAK-779
treatment in NP-immunized mice
are fully functional and able to exert
their effector functions upon antigen
restimulation.

TAK-779-Treated NP-Immunized Mice
Showed Enhanced Protection aofter
Infection with Heterologous Influenza
A Virus

To examine whether the increased
number of memory CD8 + T cells in
TAK-779-treated NP-immunized mice
correlated with enhanced protection
compared with NP-immunized mice
without TAK-779 treatment, we chal-
lenged the different groups of mice with
heterologous influenza A virus (HIN1
(A/FM/1/47)) at 10LD50. As shown in
Figures 8A and B, although all groups
of mice succumbed to the high-dose
heterologous influenza virus challenge,
a significant delay in death and changes
in body weight were observed in mice
immunized twice with NP and treated
with TAK-779 (TN2 group) compared
with those in the control and NP groups
(naive, TAK, NP and NP2) (P < 0.05)
(Figures 8A and B). However, there was
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Figure 5. CCL4, CCL5, CXCL9, CXCL10, CCR5 and CXCR3 mRNA expression in spleens of
mice immunized twice with NP with or without TAK-779 treatment. Individual spleen pieces
from different groups of mice were collected 2 wks after TAK-779 treatment. The mRNA ex-
pression of CCL4 (A), CCL5 (B), CXCL9 (C), CXCL10 (D), CCRS5 (E) and CXCRS3 (F) was mea-
sured by quantitative real-time RT-PCR. Results are normalized to B-actin expression. Results
are expressed as the mean + SD. * p<0.05; ** p<0.01; *** p<0.001. The data are represen-

tative of 2 independent experiments with 4 mice per yroup. Mice were analyzed individually.

no significant difference in survival and
body-weight loss in mice immunized
once with NP and treated with TAK-779
(TN group) compared with the control
mice and NP-immunized mice (naive,
TAK, NP and NP2 groups).

Since immunization twice with NP
and treatment with TAK-779 showed the
best protection efficacy, we next com-
pared viral titers and immunopathology
in the TN2 group mice with those of the
naive, TAK and NP2 mice 3 d after 10
LD50 HINT1 influenza virus challenge.

We found that TN2 mice had signifi-
cantly lower viral loads than mice in
the control and NP2 groups (P < 0.001),
which indicates an increased number of
memory T cells present in the lungs of
TN2 mice at the time of the challenge
(Figure 8C). Histopathological examina-
tion showed no significant difference

in immunopathology in the different
groups of mice, suggesting that the en-
hanced memory T cell response in TN2
mice did not result in enhanced immu-
nopathology during the early stage of
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the recall response (Figure 9). Taken to-
gether, our data demonstrate that TAK-
779 administration in mice immunized
twice with NP displayed increased mem-
ory generation and enhanced protection
after infection with heterologous influ-
enza A virus, leading to prolonged sur-
vival and decreased viral loads during
the early stages of infection without dete-
rioration of lung immunopathology.

DISCUSSION

Since it is generally agreed that success
against major human pathogens such
as HIV, Mycobacterium tuberculosis and
Plasmodium falciparum will likely require
induction of very large memory CD8 + T
cell responses, some of the most promis-
ing human vaccines under development
are targeted at augmenting both the
number and function of memory CD8 +
T cells. (28) However, the ability to gen-
erate protective memory CD8 + T cells
has proven more complicated and prob-
lematic. This study assessed the effect
on host immune response of temporarily
dampening the chemokine receptors
CXCR3 and CCRb5 after vaccination by
administration of TAK-779. Our results
show that use of the small-molecule
antagonist TAK-779 to block chemokine
receptors CXCR3 and CCR5 can indeed
enhance memory CD8 + T cell immune
response both qualitatively and quanti-
tatively. These memory T cells were able
to become IFN-y—secreting effector cells
when re-encountering the same antigen,
which can further enhance the protection
efficacy of vaccination during infection.

A number of studies have revealed
the profound relationship between
low-inflammation scenarios of CD8 +
T cell priming and the magnitude and
quality of CD8 + T cell effector and
memory response. (5,29-31) Chemokine
receptors have been shown to play an
important role in many inflammatory
situations, primarily by directing the mi-
gration of immune cells. Recent studies
have demonstrated that antigen-specific
CD8 + T cells in the lungs that lacked
the inflammatory chemokine receptor
CXCR3 showed decreased activation,
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Figure 6. Proliferative ability of CD8 + T cells in NP-immunized mice with or without TAK-779
freatment compared with control group. Two weeks after TAK-779 cessation, splenocytes
were prepared from individual spleens collected from naive mice, mice treated with
TAK-779 (TAK), mice immunized once (NP) or twice with NP (NP2) and mice immunized
once (TN) or twice (TN2) with NP and treated with TAK-779. Proliferation was measured as
mean fluorescence intensity (mfi) of CFSE by flow cytometry upon NP stimulation. (A) One
NP immunization; (B) 2 NP immunizations. Results are expressed as the mean + SD. The
data are representative of 2 independent experiments with at least 4 mice per group.
Mice were analyzed individually.
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Figure 7. Effector functional characteristics of cells in NP-immunized mice with or without
TAK-779 treatment compared with confrol group. Two weeks after TAK-779 cessation,
individual spleens were collected from naive mice, mice treated with TAK-779 (TAK),
mice immunized once (NP) or twice with NP (NP2) and mice immunized once (TN) or
twice (TN2) with NP and treated with TAK-779. Splenocytes were prepared and analyzed
by IFN-y ELISPOT assay upon restimulation with NP protein. Results are expressed as the
mean * SD of the number of positive spots per 2 x 10° cells. Results are representative of 2
independent experiments. * p <0.05, ** p <0.001.

were protected from apoptosis and were
largely resistant to contraction, leading
to the generation of massive amounts
of CD8 + T cell memory. (11-13) CCR5
was also shown to play a role in the
enhancement of T cell memory. (13) On
the other hand, since several chemokine
receptors, including CXCR3 and CCR5,
have been shown to play a role in the
accumulation of effector T cells in the
lung, (32,33) permanent inhibition of

CXCR3 and CCR5 may be detrimental
to the host. Using the CXCR3 and CCR5
antagonist TAK-779, we showed that
NP vaccination along with temporary
TAK-779 treatment resulted in enhanced
memory generation, with more mem-
ory precursor and fewer terminally
differentiated effector CD8 + T cells.
Significantly more CD127 + and fewer
CD69 + CD8 T cells were detected in
NP-immunized TAK-779-treated mice
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than their non-TAK-779-treated coun-
terparts as well (Figure 4). In addition, as
many of the signals that shape CD8 + T
cell memory have the potential to affect
other aspects of the adaptive (B cells
and CD4 + T cells) or innate immune
response, we also examined humoral
immune response after TAK-779 ad-
ministration. However, no significant
differences in total anti-NP IgG and its
isotypes were found between the immu-
nized groups with or without TAK-779
treatment. Taken together, our data
demonstrate that TAK-779 treatment
after vaccination significantly expedited
cell-mediated response to an immu-
nized antigen with no negative effect on
humoral recall response. Interestingly,
being the first licensed antiretroviral
therapeutic agent that targets CCR5,
Maraviroc (MVC) has also been shown
to have immunomodulatory effects on
vaccination response, T-cell phenotype
and function in HIV-1+ subjects. (34)
MVC intensification has a favorable
immunological impact on T cell phe-
notype and cell-mediated responses to
previously encountered antigens, lead-
ing to increased memory T cells and
decreased CD8 + T cell activation. (34)
Kavana-Tachikawa et al. also demon-
strated that MVC beneficially impacts
host HIV-1-specific T cell immunity with
prolonged maintenance of virus-specific
T cell response. (35) Hence, our study
provides further data on the immuno-
modulatory and beneficial use of MVC
containing cART in HIV infection, and
potentially in other immunologically
relevant settings.

Although TAK-779 treatment resulted
in quantitative and phenotypic differ-
ences in CD8 + T cells, it did not enhance
the proliferative ability of CD8 + T cells
(Figure 5). Thus the significant increase in
number of memory CD8 + T cells could
be a consequence of attenuated contrac-
tion. (13) We further show that CD8 + T
cells generated after TAK-779 treatment
in NP-immunized mice are fully func-
tional and able to exert their effector
functions upon antigen restimulation in
vitro (Figure 6). Indeed, viral loads were
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Figure 8. Protection efficacies of mice immunized with NP with or without TAK-779 treat-
ment against lethal HINT influenza A virus challenge Mice were immunized once or twice
with NP and treated with or without TAK-779 as scheduled. Two weeks after TAK-779 ces-
sation, mice were challenged with 10 LD50 of HIN1 (A/FM/1/47). The survival rates (A)
were compared with infected control mice (naive and TAK groups). Body-weight changes
(B) were monitored daily, and mice were euthanized when body weight loss exceeded
25% of original body weight. (C) Viral load quantification in the lunygs of control mice and
mice immunized twice with NP and treated with or without TAK-779. Mice were immunized
twice with NP and freated with or without TAK-779 as scheduled. Two weeks after TAK-779
cessation, mice were challenged with 10 LD50 of HINT (A/FM/1/47). At 3 d post-viral chal-
lenge, the viral loads were measured in the lungs of different groups of mice by TCID50
assay. Each symbol represents an individual mouse, and the lines represent the yeometric
mean + SD. Five animals per group per time point were assayed. *** p < 0.001.

significantly reduced in NP2 + TAK mice
vs control mice and NP2 mice atd 3
post influenza virus challenge without
deteriorating lung immunopathology

(Figures 7C and 8). However, when the
mice were challenged with 10LD50 het-
erologous HIN1 (A/FM/1/47) influenza
virus, protection was suboptimal and all
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groups of mice succumbed to infection.
This could be attributed to the protective
efficacy of memory CD8 + cells against
influenza A virus infection. Actually, the
contribution of memory CD8 + T cells

to protection against influenza A virus

is still under debate, because several
studies have shown that vaccination or
previous influenza A virus exposure did
not protect from subsequent heterologous
influenza A virus infection. (36-38) An-
other reason may be that antigen-specific
memory CD8 + T cells generated in the
study were still not enough to confer op-
timal protection, or the virus dose used
for the challenge was too high, and fur-
ther improvement of the study is a matter
of future research. Nevertheless, mice
immunized twice with NP and treated
with TAK-779 (NP2 + TAK group) in-
deed showed significant delay in death
and changes in body weight compared
with those in the control groups and

NP groups (naive, TAK, NP and NP2)

(P < 0.05), demonstrating that the signifi-
cant increase in memory CD8 + T cells by
temporary CXCR3 and CCR5 inhibition
with TAK-779 administration was trans-
lated into better protection upon influ-
enza A virus challenge.

As mentioned earlier, chemokines and
their receptors have been reported as
essential and selective mediators in leu-
kocyte migration to inflammatory sites
and secondary lymphoid organs. As a
G-protein—coupled chemotactic receptor,
CXCR3 has been found to affect tissue
recruitment of antiviral CD8 + T cells
and antiviral immunity. (39,40) Studies
have shown that during secondary viral
infection, CXCR3 expression by memory
effector CD8 + T cells in the lymph nodes
is needed for T cell trafficking to infected
peripheral tissues. (41,42) Recently,
CXCR3 has been shown to be critical for
memory CD8 + T cells to populate the air-
ways and for virus-infected cells to exert
antiviral effector functions during a steady
state of influenza A virus infection. (43,44)
In addition, Kohlmeier and colleagues
discovered that CCR5 played a crucial role
in the accelerated recruitment of memory
CD8 + T cells to the lung airways during
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Figure 9. Luny histopatholoygy of the lunys of control mice and mice immunized twice
with NP and treated with or without TAK-779. Mice were immunized twice with NP and
treated with or without TAK-779 as scheduled. Two weeks after TAK-779 cessation, mice
were challenged with 10 LD50 of HINT (A/FM/1/47). At 3 d post-viral challenge, all in-
fected mice displayed significant perivascular and peribronchial inflammation, pulmo-
nary edema and necrotizing bronchitis. Forty fields were analyzed per group ( > 5 fields/
section, 2 sections/mouse). Representative sections are shown. The data were represen-
tative of 2 independent experiments with 5 mice per yroup.

influenza virus challenge, and CCR5 defi-
ciency resulted in decreased recruitment
of memory T cells and impaired control of
virus replication during the initial stages
of a secondary response. (45) In our study,
since TAK-779 treatment was ceased

2 wks before the influenza virus challenge,
CXCR3 and CCR5 were only temporarily
dampened, and this would not have af-
fected subsequent CD8 + T cell migration
to the airways to carry out their effector
functions. Further studies are necessary

to determine if restoration of CXCR3 and
CCR5 expression on CD8 + T cells occurs
after an influenza virus challenge. Further-
more, the redundancy in expression of in-
flammatory chemokine receptors such as
CXCR6 may facilitate the recruitment, ac-
tivation and function of memory CD8 + T
cells in a secondary response.

Some limitations of the study merit
discussion. Due to the availability of
TAK-779 and the necessity of using rel-
evant control groups, we were not able
to optimize the minimum duration of
TAK-779 treatment that is required for
protection. Challenge with a lower dose
of influenza virus was also hampered by
TAK-779 availability, and this hindered us
in observing the protective efficacy more
clearly. In addition, it would be interesting
to test the protective efficacy of temporary
CXCR3 and CCRS5 inhibition during other
vaccination scenarios in future studies.

In conclusion, our study demonstrates
that temporary inhibition of chemokine
receptors CXCR3 and CCRS5 through
TAK-779 administration leads to en-
hanced memory CD8 + T cell immune
response and better protection against a
lethal influenza A virus challenge. Our
study is of particular importance to vac-
cination against pathogens against which
high numbers of memory CD8 + T cells
are needed. Our study also supports the
immunomodulatory and beneficial use of
MVC containing cART in HIV infection
and potentially in other immunologically
relevant settings.

CONCLUSION

Temporarily dampening the chemok-
ine receptors CXCR3 and CCR5 during
vaccination by administration of TAK-
779 resulted in enhanced memory
CD8 + T cell immune response, with
more memory precursor and fewer
terminally differentiated effector cells.
These memory T cells were able to be-
come IFN-y—secreting effector cells upon
antigen restimulation, which can further
enhance the efficacy of vaccination.
These data provide a promising strat-
egy for vaccination against pathogens
where high numbers of memory CD8 + T
cells are needed, and also supports the
immunomodulatory and beneficial use of
MVC containing cART.
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