JVI

Journals.ASM.org

Live-Attenuated Lentivirus Immunization Modulates Innate Immunity
and Inflammation while Protecting Rhesus Macaques from Vaginal
Simian Immunodeficiency Virus Challenge

Meritxell Genesca,*?* Zhong-Min Ma,?® Yichuan Wang,*?* Basel Assaf,*** Huma Qureshi,*® Linda Fritts,>® Ying Huang,
Michael B. McChesney,? and Christopher J. Miller®?
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Immunization with attenuated lentiviruses is the only reliable method of protecting rhesus macaques (RM) from vaginal chal-
lenge with pathogenic simian immunodeficiency virus (SIV). CD8* lymphocyte depletion prior to SIVmac239 vaginal challenge
demonstrated that a modest, Gag-specific CD8™" T cell response induced by immunization with simian-human immunodefi-
ciency virus 89.6 (SHIV89.6) protects RM. Although CD8™ T cells are required for protection, there is no anamnestic expansion
of SIV-specific CD8* T cells in any tissues except the vagina after challenge. Further, SHIV immunization increased the number
of viral target cells in the vagina and cervix, suggesting that the ratio of target cells to antiviral CD8™ T cells was not a determi-
nant of protection. We hypothesized that persistent replication of the attenuated vaccine virus modulates inflammatory re-
sponses and limits T cell activation and expansion by inducing immunoregulatory T cell populations. We found that attenuated
SHIV infection decreased the number of circulating plasmacytoid dendritic cells, suppressed T cell activation, decreased mRNA
levels of proinflammatory mediators, and increased mRNA levels of immunoregulatory molecules. Three days after SIV vaginal
challenge, SHIV-immunized RM had significantly more T regulatory cells in the vagina than the unimmunized RM. By day 14
postchallenge, immune activation and inflammation were characteristic of unimmunized RM but were minimal in SHIV-immu-
nized RM. Thus, a modest vaccine-induced CD8" T cell response in the context of immunoregulatory suppression of T cell acti-

vation may protect against vaginal HIV transmission.

Ithough an attenuated human immunodeficiency virus

(HIV) vaccine is unlikely to be used in humans due to safety
concerns (63), the immune mechanisms that confer protection
against pathogenic lentiviral infection can be tested in monkeys
vaccinated with attenuated virus (38). In fact, live attenuated len-
tivirus infection is the only immunization strategy that elicits con-
sistent protection after vaginal challenge with pathogenic simian
immunodeficiency virus (SIV); 60% of rhesus macaques (RM)
immunized with attenuated simian-human immunodeficiency
virus 89.6 (SHIV89.6) avoid infection or control viral replication
after intravaginal challenge with SIVmac239 (3, 52). SHIV immu-
nization induces modest but persistent polyfunctional SIV Gag-
specific CD4™ and CD8™ T cell responses in the vagina (26, 27),
and CD8* lymphocyte depletion in vivo suggests that these SIV-
specific CD8™ T cells are responsible for protection from vaginal
SIV challenge in immunized RM (26, 27). However, the strength
of the CD8™ T cell responses in SHIV-immunized RM is less than
has been elicited by vaccines that do not protect humans from
HIV infection. With a gamma interferon (IFN-v) enzyme-linked
immunospot (ELISPOT) assay, 56% (5/9) of SHIV-immunized
RM had SIV-specific T cells (range of 30 to 165/10° peripheral
blood mononuclear cells [PBMC]) in blood at the time of vaginal
SIV challenge (26). For comparison, 77% (258/354) of people that
participated in the phase IIB step trial of the MRKAd5 HIV-1
gag/pol/nef vaccine responded with IFN-vy-secreting HIV-specific
T cells (range of 163 to 686/10° PBMC) by ELISPOT; and HIV-
specific CD8™ T cells were found in 73% (117/160) of participants
in a flow cytometry-based intracellular cytokine assay (49). In the
phase III efficacy trial (RV144) of the prime-boost vaccine con-
taining ALVAC-HIV, vaccination induced an HIV Env- and/or
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Gag-specific T cell response, as measured by IFN-y ELISPOT as-
say, in 19.7% of volunteers 6 months after the final dose of vaccine.
Further, HIV-specific CD8 ™" T cells were found in 11% (16/144) of
participants in a flow cytometry-based intracellular cytokine assay
(62). The STEP trial vaccine elicited moderate T cell responses but
did not protect from HIV infection. While SHIV immunization
elicited weak CD8 ™ T cell responses in blood, it does protect mon-
keys from vaginal SIV challenge. The lack of a direct relationship
between the strength of virus-specific CD8" T cell immunity and
protection from infection in immunized people (49, 62) and
SHIV-immunized RM (26, 27) suggests that the strength of vac-
cine-elicited antiviral CD8™ T cell responses is not a reliable pre-
dictor of vaccine efficacy.

In SHIV-immunized monkeys, a number of features of the
antiviral T cell response were unusual. After vaginal SIV challenge,
SIV-specific CD8 T cells in the vaginal mucosa of immunized
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RM proliferated, but SIV-specific CD8" T cells in the blood or
other tissues did not (27). Furthermore, the levels of systemic T
cell activation, proliferation, and apoptosis in SHIV-immunized
RM were low and stable after SIV challenge (27), in contrast to the
aberrant T cell activation that occurs in unimmunized RM in-
fected with SIV (21). Thus, systemic anamnestic expansion of
memory T cells to produce large numbers of activated CD8* T
cells, a process that has been invoked to explain the effectiveness of
memory antiviral T cell responses, was not required for protection
in SHIV-immunized RM.

The nature of infection with attenuated SHIV89.6 may explain
the effectiveness of the elicited STV Gag-specific CD8" T cell re-
sponses in protecting RM from vaginal SIV challenge. SHIV im-
munization results in a persistent infection. SHIV RNA is readily
detected in plasma for 8 to 12 weeks after immunization, and
low-level SHIV89.6 replication persists up to the time of SIV chal-
lenge, 6 to 8 months after SHIV infection (26). CD8™ T cell de-
pletion of SHIV-immunized RM prior to SIV challenge results in
a rapid rebound of plasma SHIV vRNA in most RM (C. J. Miller,
unpublished data; 70). Thus, an antiviral CD8™ T cell response
effectively controls SHIV replication in the first few weeks after
immunization, and this is followed by an extended period of low-
level antigenic stimulation from residual SHIV replication.
Chronic antigen production is characteristic of attenuated lenti-
viral immunization, and this temporal pattern of antigen expo-
sure differs from the limited period of antigen exposure typical of
other vaccines. The presence of effector stage antiviral CD8" T
cells in the vaginal mucosa, at the time of STV challenge, due to this
chronic low-level antigenic stimulation may explain the effective-
ness of this SIV vaccine model (26). However, SHIV immuniza-
tion also induced SIV-specific CD4™ T cells in the vagina (26, 27)
and increased the total number of CD4™ T cells and activated
CD4" T cells (see below). Thus, SHIV immunization increases
viral target cells in the site of viral challenge, and this should limit
the effectiveness of STV-specific CD8™ T cells at this site. In fact, the
CD8™ lymphocyte depletion experiment demonstrated that the
SHIV-induced CD4™ T cells in the vaginal mucosa have the capacity
to enhance viral replication, as SIV RNA levels in the plasma at day 7
and in the vaginal mucosa at day 14 postchallenge (PC) were signifi-
cantly higher in the CD8" lymphocyte-depleted, SHIV-immunized
RM than in the unimmunized control RM (70).

To explain the protective effect of the modest SIV-specific ef-
fector CD8™ T cell response in the vagina (27), we hypothesized
that persistent SHIV89.6 infection induces changes in the immu-
noregulatory and inflammatory environment that limit immune
activation in the SHIV-infected host even after vaginal SIV chal-
lenge. In support of this hypothesis, it was recently reported that
people who have been repeatedly exposed to HIV but resist infec-
tion have reduced frequencies of activated T cells and elevated
frequencies of regulatory CD4™ T cells (Tregs) compared with
those of HIV-unexposed individuals (15). Tregs suppress T cell
proliferation, limiting the size of the HIV target cell pool, and low
levels of immune activation may contribute to the ability of some
individuals to resist HIV infection (15). Indeed, after infection
with attenuated SHIV89.6, we found that there were significant
changes in plasmacytoid dendritic cell (pDC) number and func-
tion, mRNA levels for proinflammatory and regulatory molecules,
and the phenotype of activated T cells. These changes persisted up
to the day of challenge. After vaginal SIV challenge, CD4™" Tregs
rapidly expanded in the vaginal mucosa of SHIV-immunized RM,
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and the mRNA levels of innate immune genes and proinflamma-
tory mediators increased. However, by 14 days after SIV challenge,
all innate and inflammatory responses were suppressed in SHIV-
immunized RM compared to those in unimmunized control RM.
Thus, SHIV immunization of RM has specific effects on innate
immunity and immunoregulation that collectively increase the
threshold for T cell activation in RM exposed to SIV, and this may
be critical for the effectiveness of a modest SIV-specific effector
CD8™" T cell response at the site of mucosal challenge.

MATERIALS AND METHODS

Experimental design. The SHIV vaccination and SIV challenge are de-
scribed in detail in previous publications that characterized the SIV-spe-
cific CD8" T cell responses and the extent of viral replication of the
SHIV89.6 vaccine virus and the SIVmac239 challenge virus (26, 27, 70). A
total of 30 female monkeys were intravenously infected with live, viru-
lence attenuated SHIV89.6 for 6 to 8 months, as previously described (3).
After the 6- to 8-month immunization period, at the day zero time point,
nine of these RM were necropsied, and a detailed study of the SIV-specific
T cell responses has been published (26). The remaining immunized RM
(n = 21) were challenged with pathogenic STVmac239 by intravaginal
inoculation, as described previously (27), and necropsied at 3 (n = 3), 7
(n = 6), or 14 (n = 12) days postchallenge (PC). Twenty-one unimmu-
nized female RM were vaginally challenged with pathogenic STVmac239
and necropsied at 3 (n = 3), 7 (n = 9), and 14 (n = 9) days PC as
unimmunized, SIV control RM. In addition, to establish baseline values
for parameters measured, 6 normal control female RM were necropsied
for sample collection. The identifying animal number, age at necropsy,
and number of copies of SIV GAG per ml of plasma at necropsy are listed
in Table S1 in the supplemental material.

Flow cytometric analysis of cell populations. The percentage of
CD3" CD4™ and CD3™ CD8™ T cells in blood samples was determined
using a FACSCalibur (Becton, Dickinson) and RM-reactive antibodies
(Abs) anti-CD3-peridinin chlorophyll protein (PerCP) clone no. SP34,
anti-CD4-PE clone no. L-200, and anti-CD8-FITC clone no. SK1 (NIAID
AIDS Reagent Repository) (where PE is phycoerythrin and FITC is fluo-
rescein isothiocyanate). Additional combinations of surface markers were
examined on the same blood samples for CD3 and CD8: CD45RA-FITC/
CD28-PE (clone no. RA3-6B2 and L293, respectively) and HLA-DR-PE/
CD38-FITC (clone no. G46-6 and OKT10, respectively).

Flow cytometric analysis of Tregs. Freshly isolated PBMC and
lymph node (LN) cell suspensions were labeled with anti-CD3-Pacific
Blue, anti-CD4-AmCyan, anti-CD25-Cy7PE, anti-CTLA-4-Cy5PE
(clone n0.BN13), and anti-HLA-DR-Cy5.5PerCP antibodies. Samples
were permeabilized with Foxp3 Fix/perm buffer (Biolegend) for intracel-
lular staining with anti-Foxp3-allophycocyanin antibody (clone no.206D;
Biolegend). Samples were incubated for 15 min at room temperature.
After being washed with Foxp3 Fix/perm buffer, cells were fixed with 1%
paraformaldehyde. Data were acquired using a FACSAria flow cytometer
(Becton, Dickinson) and analyzed using FlowJo software (Treestar, Inc.)
and Macintosh G5 computers (Apple Inc.). A minimum of 150,000 small
lymphocyte events were collected per sample. All Abs were purchased
from Pharmingen unless another source is noted.

Relative quantification of mRNA expression levels in tissues. nRNA
levels were determined by real-time PCR, as described previously (3, 76),
for CD4, interleukin 1 (IL-1), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17,
1L-23, IL-29, tumor necrosis factor (TNF), CCL3/MIP1-a, CCL4/
MIP1-B, CCL20/LARC, CXCR3, CCR5, tripartite motif 5 a (TRIM5a),
IFN-a, IFN-B, IFN-vy, monokine-induced by IFN-y (MIG), 2'-5"-oli-
goadenylate synthetase (OAS), IFN-inducible protein 10 (IP-10), MxA,
interferon regulatory factor 7 (IRF7), melanoma differentiation-associ-
ated gene 5 (MDAS5), retinoic-acid-inducible protein 1 (RIG-1), virus-
induced signaling adapter (VISA), Siglecs 3 and 5, transforming growth
factor 3 (TGF-B), FoxP3, perforin, granzyme, and GAPDH. Samples were
tested in duplicate, and the GAPDH housekeeping gene and the target
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gene were tested in the same plate. The reaction was carried out in a
96-well optical plate (Applied Biosystems) in a 25-pl reaction volume
containing 5 pl cDNA plus 20 pl Mastermix (Applied Biosystems). All
sequences were amplified using the 7900 default amplification program: 2
min at 50°C, 10 min at 95°C, followed by 40 to 45 cycles of 15 s at 95°C and
1 min at 60°C. The results were analyzed with the SDS 7900 system soft-
ware, version 2.3 (Applied Biosystems).

The comparative threshold cycle (AC;) method was used for quanti-
fication of mRNA levels (User Bulletin no. 2; ABI PRISM 7700 Sequence
Detection System, Applied Biosystems) (2, 77). GAPDH was used as the
reference gene for all gene targets except FoxP3, which was normalized to
CD4 mRNA levels, and all samples were tested in duplicate. C; values of
both GAPDH and target genes were recorded. A AC;-value was generated
by subtracting the C; value of GAPDH from the C. value of the target
mRNA. Thus, the smaller the resulting AC; value, the higher the target
mRNA level in the sample. The analysis of a sample was repeated if the
standard deviation (SD) of the AC; of the duplicate wells was above 0.5.
Tissues from 6 sex- and age-matched uninfected normal control RM were
used to determine the reference range of all target mRNA levels. We esti-
mated the number of FoxP3 mRNA copies/CD4™ T cell by dividing the
AC; of FoxP3 mRNA by the AC; of CD4 mRNA in a tissue sample as an
estimate of the number of FoxP3 transcripts/CD4 " T cell in a tissue. This
approach accounts for the relative number of CD4™ T cells in the sample
and allows FoxP3 mRNA levels to be meaningfully compared in samples
with widely disparate numbers of CD4™" T cells, i.e., LNs and the vagina.

Treg suppression assay. Cryopreserved mononuclear cells from
spleen were thawed and rested overnight at 37°C in 5% CO, in AIM-V
medium supplemented with 10% fetal bovine serum (FBS). An aliquot of
the cells was depleted of CD25" cells using a previously titrated anti-
CD25-PE monoclonal antibody (MAb) (Miltenyi Biotec, Auburn, CA)
for 15 min at 4° and positive selection using the CD25 selection kit as
described by the manufacturer (StemCell Technologies, Inc.). Both the
undepleted cell fraction and the CD25-depleted fraction were counted
and resuspended at 2 X 10°/ml and plated in triplicate in a 96-well plate at
2 X 10 cells/well and either left unstimulated or stimulated with ConA at
1 or 10 pg/ml. Cells were then pulsed overnight with *H-thymidine and
harvested at 72 h, and radioactivity was counted in a beta counter (Wallac
Microbeta Trilux; Perkin Elmer, Sheldon, CT). For each cell fraction, a
stimulation index was calculated from the mean of triplicate data as the
cpm of stimulated/unstimulated cultures. The results of the assay are re-
ported as a “suppression index” that was calculated by dividing the stim-
ulation index of the CD25" T cell-depleted fraction by the stimulation
index of the unfractionated cells from a sample.

Plasmacytoid DC enumeration and assessment of IFN-a produc-
tion. As previously described (5), pDC were phenotyped by flow cytom-
etry using an FITC lineage marker Ab cocktail (lin 1; CD3, CD14, CD16,
CD19, CD20, CD56; BD Biosciences), anti-HLA-DR-PerCP antibody,
and anti-CD123-PE antibody (clone no. 7G3; BD Pharmingen). To assess
IFN-a production, PBMC were cultured in 24-well plates at 1 X 10°
cells/ml in RPMI 1640 supplemented with 10% fetal calf serum (FCS),
penicillin-streptomycin, and L-glutamine. PBMC were cultured with her-
pes simplex virus (HSV; multiplicity of infection [MOI] = 1) and har-
vested at 6 h poststimulation. During the last 2 h of stimulation, brefeldin
A (10 mg/ml) was added to all cultures. Intracellular staining with an MAb
for IFN-a (clone no. MMHA-2; PBL Biomedical Laboratories) was com-
bined with surface marker staining described above to determine the phe-
notype of the IFN-a-producing cells. After cell surface marker staining,
cells were fixed and permeabilized using phosphate-buffered saline (PBS)
supplemented with 2% FBS and 0.5% saponin (Sigma). The IFN-a Ab
was conjugated with allophycocyanin using the Molecular Probes’ Zenon
labeling kit (Invitrogen, Inc., Carlsbad, CA) according to the manufactur-
er’s instructions. A total of 150,000 cells were collected on a FACSCalibur
(Becton, Dickinson) and analyzed using FlowJo software (Treestar, Inc.)
and Macintosh G5 computers (Apple Inc.). Since the PBMC concentra-
tion in blood varies among different time points, it is not reasonable to
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compare the pDC frequency or percentage in our experiments. Thus, we
determined the concentration (absolute number per ml of blood) of both
pDC and IFN-a-producing pDC by multiplying the proportion of mono-
nuclear cells that are pDC (pDC number/total mononuclear cell number)
with the number of mononuclear cells/ml of blood.

Immunohistochemistry and quantitative image analysis. Tissue was
fixed in 4% paraformaldehyde (Electron Microscopy Sciences) and em-
bedded in paraffin. The following primary Abs were used: monoclonal
anti-CD123 antibody (clone 7G3; BD Pharmingen Inc.), anti-CD4 mouse
serum (clone IF6; Vector Inc.), polyclonal anti-Ki67 rabbit serum (Lab
Vision), polyclonal anti-Foxp3 rabbit serum (Abcam Inc.), monoclonal
anti-IDO mouse serum (clone 10.1; Millipore Inc.), and polyclonal anti-
IDO sheep serum (AbD Serotec Inc.). Primary Abs were replaced by nor-
mal mouse (Dako Inc.) and rabbit IgG (Zymed Inc.) or sheep (R&D
Systems Inc.) IgG and included with each staining series as the negative
control. Binding of the CD4 and FoxP3 Abs was detected simultaneously
using Alexa Fluor 568-labeled polyclonal goat anti-rabbit IgG and Alexa
Fluor 488-labeled polyclonal goat anti-mouse I1gG (Molecular Probes
Inc.). For CD123 and IDO staining, Envision anti-mouse Ig polymer was
used, while biotinylated rabbit anti-sheep IgG (Vector Lab Inc.) and
streptavidin-horseradish peroxidase (HRP) (Invitrogen Inc.) were de-
tected by diaminobenzidine (DAB; Dako Inc.). All the control experi-
ments gave appropriate results with minimal nonspecific staining (data
not shown).

Slides were visualized with light microscopy or epifluorescent illumi-
nation using a Zeiss Axioimager-1 microscope (Carl Zeiss Inc.) and ap-
propriate filters. Digital images were captured and analyzed by using a
Zeiss Axiocam System and Openlab software (Inprovision Inc.) as previ-
ously described (16, 21). Five high-power (40X) microscope fields of the
T-cell-rich zone (paracortex) per LN section and five high-power fields of
lamina propria from rectal and vaginal sections were randomly chosen
and captured digitally with the system described above. Each captured
field includes an area of approximately 0.09 mm?. Only clearly positive
cells with distinctly labeled nuclei (DAPI [4',6-diamidino-2-phenylin-
dole]) and bright staining were considered positive. Individual positive
cells in five high-power microscope fields of immunohistochemically la-
beled tissue sections were counted manually by a single observer. The
number of positive cells is presented as cells per square millimeter in the
paracortex of the LNs, the lamina propria of the colon, and vaginal lamina
propria/submucosa.

Statistical analysis. Statistical analyses were performed using Prism
4.0 software (GraphPad Software) and R software version 13.1 (http:
/[cran.r-project.org/). In general, a two-sample ¢ test was performed for
comparison between two independent samples. For comparison between
multiple independent samples, such as the RM necropsied at different
time points, one-way analysis of variance (ANOVA) with Tukey’s multi-
ple comparison test was performed. Pearson’s correlation was calculated
between age and CD38 expression in T cells. In the gene expression anal-
ysis, which involves comparison of 35 different genes in 9 different tissues,
the target genes’” AC, values were compared using a Wilcoxon rank sum
test. Multiple testing performed was adjusted by controlling the false dis-
coveryrate (FDR) at the 0.05 level. The following sets of comparisons were
analyzed separately: SHIV versus control at baseline; control versus SIV-
SHIV atdays 3, 7, and 14; control versus SIV at days 3, 7, and 14; and SHIV
versus SHIV-SIV at days 3, 7, and 14. All P values presented are two sided.
Statistical significance was declared when the estimated FDR is less than
0.05 for gene expression analyses and when the P value is less than 0.05
otherwise.

RESULTS

Infection with SHIV89.6 increases the number of activated
CD4™ T cells in the female genital tract. We previously reported
that SHIV immunization elicited SIV Gag peptide-specific CD4 ™"
T cells in the vagina of 7 of 7 immunized RM and in the cervix of
5 of 7 immunized RM (26). To further characterize SIV target cell
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populations elicited by SHIV, we used quantitative immunohis-
tochemistry (43) to enumerate total and activated CD4™ T cells in
the genital tract. We found that compared to normal RM, the total
number of CD4™ T cells in the endocervix and ectocervix of
SHIV-immunized RM was not significantly different (Fig. 1A and
C). However, in the vaginal mucosa of SHIV-immunized RM, the
total number of CD4™ T cells was increased about 3-fold com-
pared to that in normal RM (P = 0.0006, two-sample f test; Fig.
1E). Further, SHIV immunization increased the number of acti-
vated Ki67"/CD4™" T cells in both the vagina and ectocervix about
3-fold compared to that in normal RM (P = 0.025 and P = 0.003,
respectively; Fig. 1D and F). A 3-fold increase in activated CD4™
target cells at the site of SIV challenge suggests that vaccine-in-
duced CD8™ T cells are necessary (27, 70) but insufficient to ex-
plain the resistance of 60% of vaccinated RM. Thus, to determine
the extent to which factors that limit target cell availability and
dampen T cell activation could contribute to the protection from
vaginal SIV challenge, we characterized the effect of SHIV immu-
nization on proinflammatory and immunoregulatory responses.

SHIV infection increases the frequency of circulating CD8*
HLA-DR* CD38™ T cells. To determine the extent of immune
activation caused by SHIV immunization, we determined the pat-
tern of CD38 and HLA-DR expression on CD8™" T cells of immu-
nized RM. Two weeks after SHIV89.6 immunization, the fre-
quency of CD8* CD38*" HLA-DR™ T cells in blood was
significantly elevated compared to preimmunization levels (Fig.
2A). However, 6 to 8 months after SHIV immunization, at the
time of vaginal SIV challenge, the frequency of CD8* CD38™
HLA-DR™ T cells was significantly lower than preimmunization
levels (Fig. 2A), and the frequency of CD8* CD38~ HLA-DR™ T
cells was significantly increased in SHIV-immunized RM com-
pared to that in normal, uninfected monkeys (Fig. 2B). Further,
SHIV immunization also decreased the frequency of CD4™"
CD38" HLA-DR™ T cells on the day of SIV challenge compared to
that in normal monkeys (Fig. 2D). Finally, if analyzed without
regard to the level of HLA-DR expression, the frequency of CD8*
CD38™ T cells, but not of CD4™ CD38" T cells, was lower in
SHIV-immunized RM than in normal monkeys (see Fig. S1A and
D in the supplemental material).

Because decreased CD38 expression on T cells is associated
with increasing age in humans (48), we determined if differences
in age among the RM could account for the differences in CD38
expression among the animal groups. There was a significant cor-
relation between age and the frequency of CD8" CD38 T cells
(Pearson r = —0.54) and CD4" CD38" T cells (Pearson r =
—0.33) (see Fig. S1B and E in the supplemental material). How-
ever, by the end of the immunization period, this correlation was
no longer apparent in SHIV-immunized RM (see Fig. S1C and F).
Thus, 6 to 8 months of live attenuated SHIV89.6 infection de-
creased the frequency of CD8" CD38™" T cells, regardless of the
age of the animal, and increased the frequency of CD8" HLA-
DR™ CD38™ T cells in blood.

SHIV infection transiently increases the frequency of circu-
lating Tregs. As Tregs control immune activation and T cell pro-
liferation (15), we sought to determine if changes in Tregs were
associated with the limited immune activation and restricted an-
amnestic T cell response in SHIV-immunized monkeys before
and after SIV challenge. We analyzed Treg frequency in SHIV and
normal control RM by flow cytometry using a combination of
FoxP3, CD25, HLA-DR, and cytotoxic T-lymphocyte antigen
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FIG 1 The total numbers of CD4" T cells and activated CD4" T cells are
increased in the genital tract of SHIV-immunized RM compared to those of
normal RM. The mean number of CD4™ T cells and Ki67*/CD4™ T cells per
mm? of tissue was assessed by immunohistochemistry 6 to 8 months after
SHIV immunization (SHIV-immunized RM, n = 9 monkeys; normal con-
trols, n = 6). (A) CD4™ T cells, endocervix; (B) Ki677/CD4™ T cells, endocer-
vix; (C) CD4™ T cells, ectocervix; (D) Ki67"/CD4™ T cells, ectocervix; (E)
CD4" T cells, vagina; (F) Ki67*/CD4™ T cells, vagina. Five randomly chosen
fields were counted for each individual animal. P values were generated using
a two-sample ¢ test.

(CTLA-4,CD152) on CD4 ™" T cells. CD4* CD25"8" HLA-DR™ T
cells have been identified as a distinct subset of mature Tregs in-
volved in contact-dependent in vitro suppression in humans (8),
and 6 weeks after SHIV immunization, there was a significant,
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FIG 2 Infection with attenuated SHIV89.6 induces transient T cell activation and a sustained increase in CD38 /HLA-DR™ CD8" T cells. Flow cytometry was
used to determine the percentage of activated T cell subsets in the blood of SHIV-immunized RM from the day of SHIV immunization to the day of SIV challenge.
(A) Percent of CD3" CD8" T cells expressing CD38 but not HLA-DR; (B) percentage of CD3" CD8™ T cells expressing HLA-DR but not CD38; (C) percentage
of CD3" CD8™ T cells expressing both CD38 and HLA-DR; (D) percentage of CD3" CD4™ T cells expressing CD38 but not HLA-DR. P values were generated
using Tukey’s multiple comparison post hoc test after a one-way ANOVA. Each animal is represented by a symbol.

transient increase in the frequency of CD4" CD25"¢" HLA-DR ™"
T cells in blood (Fig. 3A). Approximately 6 months later, on the
day of SIV challenge, the frequencies of CD4" CD25"¢" HLA-
DR*, CD4* FoxpS+ HLA-DR™, and CD4" CD25% FoxpS+
CTLA-4" T cells were significantly lower in blood of the SHIV-
immunized monkeys than in that of normal monkeys (P = 0.025,
P =0.019, and P = 0.003, respectively; two-sample ¢ test; Fig. 3A
and data not shown). Despite the decrease in peripheral Treg fre-
quency, the numbers of CD4™ Foxp3™ cells in colon, vagina, ax-
illary lymph node (Ax LN), and genital (Gen) LN of the SHIV-
immunized RM at 6 to 8 months after immunization were similar
to those in normal, age- and gender-matched RM (Fig. 3B).

SHIV infection decreases the number of cells expressing IDO
in the vaginal mucosa. Indoleamine 2,3-dioxygenase (IDO) ex-
pression in antigen-presenting cells (APC) is induced by IFN-«
(14, 51), and HIV-infected pDC expressing IDO (46) induce the
differentiation of Tregs from naive T cells (18) and inhibit CD4™
T cell proliferation (10). Thus, we sought to determine if IDO
expression was altered by SHIV immunization. Using quantitative
morphometric analysis, we found that 6 to 8 months after SHIV
infection, the immunized monkeys had almost 3 times fewer
IDO™ cells in the vagina than normal RM did (Fig. 3C), indicating
that SHIV immunization either depleted IDO™ APC or decreased
the expression of this enzyme in vaginal APC.

SHIV infection reduces the frequency of circulating pDC. To
assess the role of pDC in limiting inflammation and immune ac-
tivation in the SHIV-immunized RM, we analyzed pDC frequency
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and one function of pDC, IFN-a secretion. IFN-a is rapidly pro-
duced by pDC in response to viral infection, and increased IFN-o
mRNA expression and protein secretion is detectable with the
onset of viremia after SIV infection (1, 5, 28, 37, 45). Compared to
preimmunization levels, SHIV immunization decreased the num-
ber of circulating pDC (Fig. 4A). Further, the number of pDC
capable of producing IFN-a in response to in vitro stimulation
with HSV type 2 was decreased at all time points after SHIV im-
munization (Fig. 4B).

SHIV infection alters gene expression for proinflammatory
cytokine and regulatory molecules. To better understand the im-
mune environment in which the relatively modest SHIV-induced,
SIV-specific CD8™" T cell response confers protection from un-
controlled virus replication after SIV challenge, we assessed the
relative mRNA levels of proinflammatory and regulatory mole-
cules in tissues of SHIV-infected monkeys by TagMan reverse
transcription (RT)-PCR. In the 9 SHIV-immunized RM that were
necropsied on the day of SIV challenge, the mean mRNA levels of
a number of genes were significantly different compared to those
of normal RM (Table 1). Thus, IL-8, IL-4, and IL-2 mRNA levels
were lower in LN but not in vagina or cervix, while levels of CCL3/
MIP1-a were depressed in LN and vagina. In contrast, IFN-y and
RIG-1 mRNA levels were elevated in the genital tract (Table 1).
TNF mRNA levels were elevated in mesenteric LN, and the mRNA
of sialic acid-grabbing IgG-like lectin-5 (Siglec-5) was higher in
the iliac LN of SHIV-immunized RM than of normal monkeys
(Table 1). Siglecs are surface receptors on T cells that are thought
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FIG 3 Infection with attenuated SHIV89.6 induces a transient increase in Tregs, while IDO™ cells in the vaginal mucosa are decreased. (A) Flow cytometry was
used to determine the percentage of CD3* CD4" CD25" HLA-DR™ T cells in blood of SHIV-immunized RM from the day of SHIV immunization to the day
of SIV challenge. P values were generated using Tukey’s multiple comparison post hoc test after a one-way ANOVA. In the tissues, the mean number of
CD4*/Foxp3™* (B) and IDO™ (C) cells per mm? of tissue was analyzed using immunohistochemistry and quantified in normal monkeys (n = 6) and SHIV-
immunized monkeys (n = 9) on the day of challenge. P values were generated using a two-sample ¢ test.

to promote cell-cell interactions and to regulate T cell activation
through glycan recognition. Thus, the increased expression of
Siglec-5 and decreased expression of CCL3/MIP1-a could con-
tribute to the altered pattern of T cell activation in SHIV-immu-
nized RM. There was no significant difference in the mRNA levels
of VISA, MDAS5, Siglec-3, CCR5, CXCR3, IFN-a, IFN-3, MxA,
OAS, IP-10, IRF7, CxCL9 (MIG), CCL4 (MIP1-B), CCL20, IL-1,
IL-6,1L-10,1L-17, IL-23, TGF-B, FoxP3, TRIM5a, and perforin in
any tissues tested (data not shown).

After vaginal SIV challenge, SHIV-immunized RM have an
increased frequency of circulating CD8* CD38~ HLA-DR* T
cells. At day 3 postchallenge (PC), a time before there are any
detectable differences in SIV replication between SHIV-immu-
nized and unimmunized SIV-infected control RM (referred to
here as “SIV RM”) (70), CD8" CD38~ HLA-DR" T cells were
significantly more frequent in the Ax LN (P = 0.043, two-sample
t test; data not shown) and mesenteric (Mes) LN (P = 0.06, two-
sample f test; data not shown) of the SHIV-immunized RM than
in the STV RM. These relatively increased frequencies of CD8™
CD38~ HLA-DR" T cells were maintained through day 14 PC,
when CD8" CD38~ HLA-DR™ T cells were significantly more
frequentin the Gen (P = 0.032, two-sample ¢ test; data not shown)
and Mes (P = 0.034, two-sample ¢ test; data not shown) LNG.
While CD8" CD38~ HLA-DR™ T cells were relatively rare in the
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SIV RM, the frequency of CD8" CD38" HLA-DR™ T cells steadily
increased in these RM after SIV challenge. By day 14 PC, the fre-
quencies of CD8" CD38" HLA-DR™ T cells in the LNs and blood
of STV RM were significantly higher than in SHIV-immunized RM
(90% versus 60%; P < 0.017 for each tissue in a two-sample ¢ test;
data not shown).

After SIV challenge, there are increased Tregs in the vagina of
SHIV-immunized RM. At day 3 PC, the number of Tregs in the
vagina of the SHIV-immunized RM was significantly higher than
in the SIV RM, but by day 7 PC, Treg levels in the SHIV-immu-
nized RM had declined to the level of SIV RM (Fig. 5A and B). In
the LNs and colon, Treg levels in the SHIV-immunized RM and
the SIV RM were similar at days 3 and 7 PC (Fig. 5A and B).
However, by day 14 PC, the frequencies of Tregs in the colon, Ax,
and Gen LN of the unimmunized RM were significantly lower
than in matched tissues of the SHIV-immunized RM (Fig. 5C).
Based on flow cytometry, the frequency of CD4" CD25"¢" HLA-
DR™ T cells significantly increased from days 0 to 7 PC in the Ax
LN and Gen LN (P = 0.012 and P = 0.013, respectively, two-
sample ¢ test; data not shown) and spleen (P = 0.011, two-sample
ttest; data not shown) of SHIV-immunized RM. Further, at day 14
PC, the frequency of CD4" Foxp3™ T cells in all LNs, but not in
the blood, of SHIV-immunized RM were significantly higher than
in the SIV RM (data not shown). Thus, after SIV challenge, there
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FIG 4 SHIV infection decreases the concentration of pDC and their ability to
produce IFN-« in response to HSV-1 stimulation. (A) pDC concentration in
peripheral blood from day of SHIV immunization to the day of SIV challenge.
(B) The concentration of blood pDC that produce IFN-a in response to in vitro
HSV-2 stimulation, from day of SHIV immunization to the day of SIV chal-
lenge. P values generated using Tukey’s multiple comparison post hoc tests
after a one-way ANOVA. Each animal is represented by a symbol.

was a rapid and sustained expansion of CD4* Tregs in the muco-
sal and lymphoid tissues of the SHIV-immunized RM compared
to the marked depletion of CD4 " Tregs from tissues of the unim-
munized SIV RM by day 14 PC.

Because phenotypic markers do not determine Treg function,
we assessed the in vitro suppressive capacity of CD4" CD25" T
cells (33, 59) by comparing the proliferative capacity of mitogen-
stimulated cells with or without CD25™ T cell depletion. Only the
spleen samples provided a sufficient number of cells to perform
this assay. At day 14 PC, there was significantly less suppressive
activity in the CD25™ T cells isolated from the spleens of SIV RM
than from the spleens of SHIV-immunized RM (Fig. 6). Thus, in
addition to the marked loss of Tregs at day 14 PC, the Tregs that
remain in the unimmunized STV RM were functionally impaired.

After SIV challenge, there are reduced numbers of IDO™ cells
in tissues of SHIV-immunized RM. After SIV challenge, the
number of IDO™ cells rapidly increased in the STV RM, and by day

9194 jviasm.org

14 PC, IDO™ cells in the Ax LN (P = 0.03) and Gen LN (P =
0.049) of the SIV RM were significantly higher than in the SHIV-
immunized RM (not shown). These findings are in agreement
with a previous report documenting increased IDO activity dur-
ing HIV/SIV infection (11). In both SHIV and STV RM, IDO™* cells
were highest in the colon at day 3 PC, but by day 7 PC in the
SHIV-immunized RM, the number of IDO™ cells in the colon had
dropped to the level seen prior to SIV challenge (not shown).
Further, while the number of IDO™ cells in the vagina was much
lower than that in any other tissue, at day 14 PC, the number of
IDO™ cells in the vagina was significantly higher in the STV RM
than in the SHIV-immunized RM (P = 0.025; data not shown).
Thus, SHIV immunization suppressed IDO expression in both
mucosal and lymphoid tissues after SIV challenge.

After SIV challenge, there is an anti-inflammatory environ-
ment in the tissues of SHIV-immunized RM. To understand the
effects of inflammation and regulation of T cell activation on the
outcome of vaginal SIV challenge, TagMan RT-PCR was used to
assess mMRNA levels of specific target genes in tissues of SHIV-
immunized and unimmunized RM at days 3, 7 and 14 PC. We first
compared the gene expression levels in tissues of normal RM to
SIV-infected RM at days 3, 7, and 17 PC (see Table S2 in the
supplemental material). Three days after SIV challenge, SIV-in-
fected RM had elevated granzyme mRNA levels in the colon and
MxA mRNA was elevated in axillary LN. Further, TRIM5a and
Siglec-5 mRNA levels were elevated in the vagina. In contrast,
MIP1-B,1L-8,1L-4,IL-2, and IL-17 mRNA levels were low in LN,
while IRF7 and MDAS5 mRNA levels were low in the genital tract 3
days after SIV challenge (see Table S2).

Seven days after SIV challenge, SIV-infected RM had elevated
granzyme, MxA, IFN-v, IL-29, MDA5, OAS, RIG-1, and TRIM5a
mRNA levels in the colon. The mRNA levels of MxA, IFN-v, IL-
29, IRF7, MDAS5, OAS, RIG-1, Siglec-5, and TGF-[3 were elevated
in LNs. Further, IFN-v, IL-6, IL-29, MxA, MDAS5, RIG-1, Siglec-5,
and TRIM5a mRNA levels were high in the genital tract. In con-
trast, CCL4/MIP1-3, IL-8, IL-4, IL-2, and IL-17 mRNA levels
were low in LNs 7 days after SIV challenge (see Table S2 in the
supplemental material).

TABLE 1 Modulation of chemokine, cytokine, and regulatory mRNA
levels by SHIV infection compared to their expression in normal, age-
and sex-matched RM

Median AC; Modulation by

Gene SHIV relative
product  Tissue Normal SHIV  to normal P value®
IFN-y Vagina 16.74 14.89 1 0.001
Cervix 16.88 13.44 1 0.0004
1L-2 Obturator LN 9.72 11.58 ! 0.0016
1L-4 Axillary LN 12.47 14.1 ! 0.0018
IL-8 Iliac LN 13.92 17.01 ! 0.0016
Obturator LN 13.89 17.6 ! 0.002
MIPl-a0  Axillary LN 8.02 11.03 ! 0.0008
Iliac LN 6.5 10.91 ! 0.0004
Obturator LN 7.82 10.09 | 0.0018
Vagina 13 1691 | 0.001
RIG-1 Vagina 8.51 7.65 1 0.0016
Siglec-5  Iliac LN 9.28 7.01 1 0.0004
TNF-a  Mesenteric LN 7.34 5.88 1 0.0016

“ Significant difference based on a Wilcoxon rank sum test with an estimated false
discovery rate for multiple comparisons of <0.05.
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FIG 5 CD4" FoxP3™" T cells rapidly increase in the vaginal mucosa of the
immunized RM after SIV vaginal challenge. The mean number of CD4"/
Foxp3™ T cells per mm? of tissue was assessed by immunohistochemistry on
day 3 PC (SHIV-immunized RM, n = 3; SIV controls, n = 3) (A), on day 7 PC
(SHIV, n = 6; SIV, n = 9) (B), and on day 14 PC (SHIV, n = 12; SIV, n = 9)
(C). Five randomly chosen fields were counted for each individual animal. P
values were generated using a two-sample ¢ test.

Fourteen days after SIV challenge, SIV-infected RM had ele-
vated granzyme, IFN-a, MxA, IP-10, I[FN-y, IL-29, MDA5, OAS,
RIG-1, Siglec-5, perforin, and TRIM5a mRNA levels in the colon.
The mRNA levels of perforin, granzyme, IFN-y, IL-10, IL-29,
IRF7, MDA5, IP-10, OAS, MIG/CXCL9, RIG-1, Siglec-3, Siglec-5,
TGF-B, and TRIM5a were elevated in LNs. Further, perforin,
IFN-a, IFN-v, IL-10, IL-29, IL-6, IRF7, MDAS5, IP-10, OAS, MIG/
CXCL9, RIG-1, Siglec-3, Siglec-5, TGF-3, VISA, and TRIM5a
mRNA levels were high in the genital tract. In contrast, IL-23,
IL-17, IL-12, IL-8, IL-4, IL-2, and CCL4/MIP1-B mRNA levels
were low in LNs 14 days after SIV challenge (see Table S2 in the
supplemental material). These data clearly illustrate that the ex-
pression of innate immune genes is largely unaltered in all tissues
until day 7 PC, when moderate changes associated with an innate
immune response can be detected in some tissues. By day 14 PC,
there is a marked increase in the expression of a wide variety of
genes associated with innate and adaptive immunity in all tissues.
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FIG 6 In vitro suppressive activity of CD4" CD25" T cells in spleen 14 days
after vaginal SIV challenge. On the day of SIV challenge or on days 7 and 14
postchallenge, the suppressive capacity of CD25" CD4" splenic T cells was
assessed by comparing the proliferative capacity of mitogen-stimulated cells
with or without CD25" T cell depletion. A suppression index was calculated as
described in Materials and Methods. P values were generated using Tukey’s
multiple comparison post hoc tests after a one-way ANOVA.

To understand the effect of SHIV immunization on gene ex-
pression, we compared gene expression levels in tissues of normal
RM to SHIV-immunized RM at days 3, 7, and 14 PC (Table 2).
After eliminating all comparisons with an estimated false discov-
ery rate of >0.05, significant differences in gene expression be-
tween these 2 RM groups were not apparent until day 14 PC.
While SHIV-immunized RM had few changes in gene expression
in most tissues after vaginal SIV challenge, there was increased
expression of 2 genes important for antiviral immunity. The
mRNA level of CXCR3 was elevated in axillary LN, and IFN-y
mRNA levels were high in the vagina. In contrast, CCL3/MIP1-a,
IL-8,1L-4,and IL-1 mRNA levels were low in LNs 14 days after STV
challenge of SHIV-immunized RM (Table 2). Thus, while SHIV-
immunized RM had few changes in gene expression in most tis-
sues after vaginal SIV challenge, there was increased expression of
2 genes (the IFN-y and CXCR3 genes) important for antiviral
immunity in the vagina and axillary LN.

We also compared gene expression levels in tissues of SIV-
infected RM to SHIV-immunized RM at days 3, 7, and 14 PC
(Table 3), and no significant differences in gene expression be-
tween these 2 RM groups were apparent until day 14 PC, after
eliminating all comparisons with an estimated false discovery rate
of >0.05. Fourteen days after SIV challenge, mRNA levels of IL-
29, IP-10, IRF7, and CCL3/MIP1-a were significantly lower in
LNs of SHIV-immunized RM than in SIV RM, and levels of

TABLE 2 mRNA levels for chemokine, cytokine, and regulatory genes
from SHIV-immunized RM on day 14 after SIV challenge compared to
their expression in normal, age- and sex-matched RM

. Modulation b

Gene M SHIV relativey
product  Tissue Normal SHIV  to normal P value
CXCR3 Axillary LN 9.85 6.23 1 0.00032
IFN-vy Vagina 16.88 13.62 1 0.00043
IL-1 Cervix 13.34 14.71 ! 0.00011
1L-4 Axillary LN 12.47 15.58 U 0.00088
IL-8 Iliac LN 13.92 17.12 0.00046
MIPl-a  Iliac LN 6.5 12.29 ! 0.00022

Obturator LN 7.82 10.38 | 0.00043
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TABLE 3 mRNA levels for chemokine, cytokine, and regulatory genes
from SHIV-immunized RM (SHIV) compared to their expression in
unimmunized RM (SIV) on day 14 after SIV challenge

. Modulation b
Gene % SHIV relative '
product Tissue SIV SHIV  to SIV P value”
CXCR3 Vagina 8.49 9.34 ! 0.00095
Granzyme Vagina 4.12 6.32 l 0.000048
1L-10 Cervix 11.41 1387 | 0.00066
1L-29 Axillary LN 15.15 2127 | 0.00017
Cervix 17.77 25 ! 0.00011
Iliac LN 16.06 22.12 0.00017
Obturator LN 14.63  21.2 ! 0.00042
Vagina 16.72 25 ! 0.000075
1P-10 Axillary LN 13.77 1652 0.00013
Cervix 16.12  20.62 | 0.00033
Iliac LN 12,55 17.7 l 0.00094
Vagina 15.35  19.5 ! 0.00046
IRF7 Cervix 6.2 9.59 ! 0.0000068
Vagina 6.14  9.88 ! 0.00095
MDA5 Colon 5.36 8.16 ! 0.00066
Vagina 5.46 8.12 ! 0.0000068
MIG Vagina 7.19 11.06 l 0.00094
MIP1-a Axillary LN 8.48 11.61 0.00083
MX Cervix 0.87 5.38 ! 0.0000068
Vagina 0.64 5.29 l 0.000082
OAS Cervix 6.2 9.37 ! 0.000048
Vagina 5.89 8.86 ! 0.000014
Perforin Vagina 593  7.56 ! 0.00095
RIG-1 Vagina 5.11 7.23 ! 0.00014
Siglec-5 Vagina 9.37 10.66 | 0.00066
TRIM5a Vagina 6.61 8.77 l 0.00073

“ Significant difference based on a Wilcoxon rank sum test with an estimated false
discovery rate for multiple comparisons of <0.05.
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CXCR3, granzyme, perforin, IL-10, IL-29, IP-10, OAS, MxA,
IRF7, MDA5, MIG/CXCLY, RIG-1, Siglec-5, and TRIM5a were
significantly lower in the genital tract of SHIV-immunized RM
than in SIV RM (Table 3).

After SIV challenge, there are similar numbers of pDC in the
genital tract of unimmunized and SHIV-immunized RM. Based
on a cross-sectional study of a limited number of control and
SIV-inoculated rhesus macaques, it was reported that the density
of CD4™ T cells increases in the cervix in the first few days after STV
inoculation (41). The authors also noted pDC strongly positive for
type 1 interferons, and the CCR5™ cell-attracting chemokines
MIP1-a and MIP1-B aligned just beneath the endocervical epi-
thelium in a rhesus macaque 1 day after vaginal SIV inoculation
(41) but not in the few control macaques examined. These find-
ings led to the conclusion that the viral inoculum initiates an out-
side-in signaling pathway that recruits pDC and T cells to the
cervix, and this putative influx of virus target cells supports the
expansion of the nascent viral infection, allowing the infection to
become established in the new host (41). To determine if the al-
tered inflammatory environment in the tissues of SHIV-immu-
nized animals limits the earliest stages of viral replication by af-
fecting this process, we characterized the density of CD123" pDC
in sections of vagina and cervix of the SHIV-immunized and SIV
RM necropsied at day 3 postchallenge (Fig. 7). We found that the
density of pDC was quite variable among individual RM and was
related to the levels of neutrophilic inflammation in the tissue.
Thus, in the endocervix of one SIV animal with moderate neutro-
philic cervicitis, CD123 ™ cells were relatively abundant below and
within the columnar epithelium (Fig. 7A). In the other 2 STV RM,
CD123" pDC were rare (Fig. 7B). The density of pDC in the
SHIV-immunized RM also varied. In the endocervix of one SHIV-
immunized animal with mild to moderate neutrophilic cervicitis,
CD123™ cells were found below and within the columnar epithe-

e

FIG 7 The number of plasmacytoid dendritic cells in the endocervix of RM is highly variable and unrelated to SIV exposure/infection status. (A) CD123" pDC
in the endocervix of unimmunized monkey 28617 3 days after vaginal SIV challenge; (B) CD123™ pDC in the endocervix of SHIV-immunized monkey 32644 3
days after vaginal SIV challenge; (C) CD123 ™" pDC in the endocervix of unimmunized monkey 28257 3 days after vaginal SIV challenge; (D) CD123™ pDCin the
endocervix of SHIV-immunized monkey 31298 3 days after vaginal SIV challenge; (E) CD123 " pDC in the endocervix of an age-matched, SIV-naive, normal
RM; (F) CD123" pDC in the endocervix of a second age-matched, SIV-naive, normal RM. All tissue sections were stained immunohistochemically using a
horseradish peroxidase-DAB chromogen system so that CD123™ cells appear dark brown. Scale bars indicate 50 um.
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lium (Fig. 7C), but CD123* pDC were rare in the cervix of the
other 2 SHIV-immunized RM (Fig. 7D). pDC were also rare in the
vaginal mucosa of all SHIV-immunized and SIV RM (not shown).
In age-matched, normal RM, the number of pDC in the endocer-
vix was also highly variable. In one normal animal, CD123™ cells
were common just below and within the columnar epithelium
(Fig. 7E), while in the endocervix of another normal animal,
CD123" pDC were rare (Fig. 7F).

Thus, large numbers of pDC in the endocervix are not a con-
sistent finding in either unimmunized control RM or SHIV-im-
munized RM after vaginal SIV inoculation, and large numbers of
pDC were seen in the endocervix of some SIV naive normal RM. A
pDC infiltrate similar to that previously reported (41) was found
in 1 SIV-exposed/infected control animal (Fig. 7A) and in 1 SHIV-
immunized SIV-exposed/infected animal (Fig. 7B) at day 3 after
SIV inoculation, but the same pDC infiltrate was seen in some
normal unexposed RM as well.

DISCUSSION

A critical role for CD8™ T cells in SHIV-induced protection can be
inferred from the fact that immunized monkeys depleted of
CD8a™ lymphocytes on the day of challenge were unable to con-
trol SIV replication after challenge. Thus, SIV-specific CD8" T
cells induced by SHIV immunization are necessary for protection
from vaginal SIV challenge (3, 25, 27). Because natural killer cells
also express CD8a, they might contribute to controlling viral rep-
lication after SHIV immunization, but the role of NK cells in ef-
fective anti-SIV immunity seems minor, as depletion of CD8™"
CD16™" natural killer cells has no effect on SIV replication during
acute infection (12). Our studies to date have not determined if an
antiviral CD8™ T cell response alone is sufficient to protect immu-
nized animals. Several features of the SHIV-induced antiviral T
cell response are unusual. First, the strength of the SIV Gag-spe-
cific CD8" T cell response in the SHIV-immunized RM is not
impressive (26). In fact, the T cell responses in blood of SHIV-
immunized RM were weaker than those elicited by an Ad5-HIV
vaccine that provided no protection from HIV infection in a hu-
man clinical trial (49). Second, while the SIV Gag-specific CD8* T
cells in the vaginal mucosa expanded after SIV challenge, antiviral
T cells in the blood and other tissues of SHIV-immunized RM
remained sporadic and did not expand after SIV challenge (27),
perhaps because the challenge virus did not disseminate to sec-
ondary lymphoid tissues (70). Third, SHIV immunization in-
duced SIV-specific CD4™ T cells (26) and increased the frequency
of total and activated CD4 ™ T cells in the vagina and cervix at the
time of vaginal SIV challenge (Fig. 1). Thus, although SHIV im-
munization increases the number of target cells in the genital tract
at the time of challenge, T cell activation is reduced after challenge,
and that may allow the moderate antiviral CD8™" T cell response to
control SIV replication before the infection can disseminate. After
SIV challenge, there is much less activation and death of CD8* T
cells in SHIV-immunized RM compared to in unimmunized RM
(27). We now show that even prior to SIV challenge, the nature
and extent of generalized CD8™ T cell activation was significantly
altered by SHIV immunization, as evidenced by the pattern of
CD38 and HLA-DR expression. This CD8* T cell activation phe-
notype in SHIV-immunized monkeys (CD8* CD38~ HLA-DR™)
may define a highly effective killer cell that efficiently eliminates
virus-infected cells (64).

We also found that SHIV infection dramatically altered many
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biomarkers of inflammation and immune activation in the immu-
nized RM. The mRNA levels of some proinflammatory cytokines
were increased, while others were decreased by SHIV immuniza-
tion (Table 1). Importantly, expression of CCL3/MIPl-a, a
chemokine that recruits T cells to tissues, was suppressed by SHIV
infection, and expression of a cell surface molecule that dampens
T cell activation, Siglec-5, was enhanced. Taken together, these
results demonstrate that SHIV infection altered the gene expres-
sion of several molecules that control and shape immune activa-
tion in the host. After SIV challenge, altered expression of innate
immune response genes was not detectable in tissues of unimmu-
nized RM until 7 days after vaginal SIV inoculation, when in-
creased expression of proinflammatory genes and genes involved
in the innate antiviral response are detected in the genital tract and
some lymph nodes. However, by day 14 PC, increased expression
of these genes occurs in all mucosal and lymphoid tissues of the
unimmunized RM. This temporal and anatomic pattern of altered
gene expression is consistent with a previous report describing
changes in gene expression after vaginal SIVmac251 inoculation
(4). Further, this pattern of gene expression suggests that while
SIV induces immune activation, it also blocks the elaboration of
the full range of adaptive antiviral responses by decreasing IL-2
and IL-4 mRNA levels in lymph nodes. In contrast to unimmu-
nized RM, expression of immune activation genes did not increase
in SHIV-immunized RM after vaginal SIV challenge. Further, as
Siglecs contribute to the control of T cell activation (7, 74, 75), the
increased expression of Siglec-5 in lymph nodes may provide an
explanation for the altered T cell activation patterns in SHIV-
immunized RM. Taken together, these changes are consistent
with the conclusion that SHIV immunization decreased immune
activation and inflammation in the immunized RM after SIV chal-
lenge.

SHIV-immunized RM also had decreased numbers of pDC in
blood. Although it is not clear if these cells were depleted, as in
chronic SIV and HIV infection (13, 31, 42, 55, 61, 67), or had
redistributed to tissues, there was no evidence of increased num-
bers of pDC in the genital tissues of the SHIV-immunized RM
(Fig. 7). The pDC that remained in blood after SHIV immuniza-
tion were hypofunctional, as they had a reduced ability to secrete
IFN-a in response to in vitro HSV stimulation. These changes in
pDC may contribute to the altered immune activation in SHIV-
immunized RM, as these cells are key mediators of the innate
antiviral immune response and secrete large amounts of IFN-a
(17, 22, 66). The mechanisms behind the altered pDC biology
have not been elucidated, but it seems unlikely that any loss of
pDC is a direct effect of viral replication, because in RM infected
with attenuated SHIV, pDC activity declines despite low viral
loads and transient immune activation.

A critical role for pDC in explaining the reduced immune ac-
tivation and lack of disease progression in African primates natu-
rally infected with SIV (30, 56-58, 78) was proposed by Mandl et
al. after finding that, compared to the pDC of RM, the pDC of
sooty mangabeys (SM) produce markedly less IFN-« in response
to SIV and other Toll-like receptor 7 and 9 ligands in vitro (47).
More recently it was reported that the pDC of African green mon-
keys (AGM) rapidly produce IFN-a in vitro (20, 35), and thus an
inherent inability of pDC to produce IFN-a does not explain the
lack of immune activation in African primates. In fact, acute SIV
infection in either natural or aberrant macaque hosts of SIV is
associated with robust innate immune responses and increased
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expression of IFN-a and interferon-stimulated genes and other
proinflammatory mediators (1, 5, 12, 35). However, SM and AGM
rapidly suppress these innate immune responses while RM do not,
leading to chronic immune activation (1, 5, 12, 35). Thus, active
immunoregulatory mechanisms efficiently downregulate the im-
mune activation that occurs soon after SIV infection of the natural
host.

Although SHIV immunization had no effect on the number of
pDC in the genital tract (Fig. 7), suppressed pDC activity may
represent an active immunoregulatory response induced by SHIV
immunization that contributes to the altered pattern of T cell
activation and innate immune responses after SIV challenge, thus
contributing to the ability of a modest antiviral CD8* T cell re-
sponse to control infection at the portal of entry.

SHIV immunization decreased the number of IDO™ cells in
the vagina of immunized RM, providing additional evidence for
altered immune activation. IDO-mediated tryptophan degrada-
tion by DC results in inhibition of T-cell proliferation, increased
T-cell apoptosis, and de novo formation of Tregs (reviewed in
reference 19). Macrophages and DC can up- and downregulate
IDO expression in response to external stimuli (32, 53, 54), with
proinflammatory signals inducing IDO expression in DC (re-
viewed in reference 19). Thus, the lower number of IDO™ cells in
the vagina of SHIV-immunized RM than in normal RM is consis-
tent with reduced levels of immune activation in the SHIV-immu-
nized RM. On the other hand, the increased number of IDO™ cells
in tissues of unimmunized RM after SIV challenge likely reflects
generalized immune activation.

In addition to the changes noted above in SHIV-immunized
RM prior to SIV challenge, after SIV challenge, CD4" FoxP3™
Tregs in the vaginal mucosa expanded by >3-fold at day 3 PC (Fig.
5A). By day 14 PC, the levels of proinflammatory cytokines and
IDO™ cells were much lower in SHIV-immunized RM than in
unimmunized RM, indicating that the immunized RM had
avoided or resolved their innate responses to challenge. The rapid
expansion, conversion, or recruitment of Tregs into the vaginal
mucosa after SIV challenge (Fig. 5A) is similar to the rapid expan-
sion of Tregs after SIV infection of AGM (39), Friend leukemia
virus infection of mice (34, 79), and West Nile virus infection of
mice and humans (40). In all these viral infections, high levels of
peripheral Tregs develop soon after infection, and these Tregs
protect the immunocompetent host against severe immune-me-
diated disease. Further, people who have been exposed to HIV but
resist infection have relatively low levels of immune activation,
reduced frequencies of CD69™ T cells, and elevated frequencies of
Tregs compared with those of HIV-unexposed controls (15), sug-
gesting that Tregs may contribute to HIV resistance by controlling
levels of T cell activation and minimizing the pool of CD4™ T cells
susceptible to infection (15). The expanded vaginal Treg popula-
tion in SHIV-immunized RM after SIV challenge suggests that
there was priming of Treg responses and local expansion of Tregs
after SIV challenge, but these cells did not eliminate the antiviral
immune responses in the vagina of SHIV-immunized RM (27).
Thus, the rapid expansion of Treg in the vagina may have contrib-
uted to the lack of inflammation and limited T cell activation after
vaginal SIV challenge. By suppressing immune activation and pre-
venting the generation of more activated target cells to support
SIV replication, this rapid, local Treg response may contribute to
arelatively quiescent tissue environment in immunized RM post-
challenge.
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In HIV-infected people, both the level of general immune ac-
tivation and the specific nature of T cell activation clearly affect the
progression to AIDS. HIV-infected individuals with large num-
bers of CD8" HLA-DR™ CD38™ T cells have a relatively good
prognosis, while those with large numbers of CD8* HLA-DR™
CD38™ T cells have more rapid CD4 ™ T cell declines and disease
progression (29). In circulating T cells, CD38 is associated with
activation, proliferation, and cytokine secretion in mature lym-
phocytes (44). It has been proposed that increased CD38 expres-
sion on T cells in HIV/SIV infection reflects aberrant, cytokine-
driven immune activation in response to chronic high viral loads
(60). We found that SHIV-immunized RM had a significantly
lower level of this type of T cell activation than naive control RM.
Thus, 6 months after SHIV immunization and before SIV chal-
lenge, the frequency of CD8" CD38™ T cells was lower and the
frequency of CD8" CD38~ HLA-DR™ T cells was higher than
prior to immunization (Fig. 2). The reduced expression of CD38
on CD8™ T cells in SHIV-infected RM may be a consequence of
the reduced ability of pDC from SHIV-immunized RM to pro-
duce IFN-a in response to viral infection, because CD38 expres-
sion on T cells is enhanced by IFN-a secreted by pDC (9, 23,
47, 50).

Although it was previously reported that a key feature of vagi-
nal SIV transmission is an influx of pDC and CD4 ™ T cells into the
endocervix after vaginal inoculation (41), we could not confirm
that finding in the present study. We did not find any differences
in the frequency of pDC lining the endocervical epithelia among
the naive control animals or SHIV-immunized animals necrop-
sied 3 days after SIV challenge (Fig. 7). In fact, among normal
SIV-naive animals, SHIV-immunized animals, and SIV control
animals, the number and location of pDC in these tissues was
highly variable and independent of virus exposure status (Fig. 7).
Neutrophils were also often present in these tissues, a set of fea-
tures that is consistent with ongoing inflammation in the cervix of
these animals. Because the mixed immune cell infiltrate was found
in the cervix of SIV-naive animals as well as STV-exposed animals,
pDC are likely to be a component of an inflammatory process that
was present at the time of inoculation.

Although we did not attempt to determine the cause of the
cervicitis found in some animals, the vaginal flora of captive rhe-
sus and pigtail macaques is unique to each animal, and all animals
are colonized with a large variety of bacterial vaginosis-type or-
ganisms (68, 69). In women, bacterial vaginosis is a source of
genital inflammation that is associated with HIV acquisition (6,
65, 71-73). We recently found that in normal female RM at the
CNPRGC, there is a polymicrobial flora with TNF and IL-1 mRNA
levels in cervicovaginal secretions that vary by up to 100-fold be-
tween animals (C. J. Miller and G. T. Spear, unpublished data). It
seems likely that the unique polymicrobial vaginal flora in each
animal contributes to the levels of inflammatory cytokine mRNAs
in cervicovaginal secretions and the variability in the number of
endocervical pDC in RM.

The generally accepted goal of conventional vaccines is to elicit
the strongest possible B and T cell responses so that, upon expo-
sure to the pathogen, strong antiviral effector mechanisms are in
place and a rapid expansion of pathogen-specific memory lym-
phocytes occurs to amplify these antiviral responses. However, we
have shown that a live-attenuated lentivirus vaccine that elicits a
modest effector CD8™ T cell response protects rhesus monkeys
from infection or uncontrolled viral replication after vaginal STV
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challenge (24, 27). It is probably critical that this mucosal antiviral
CD8" T cell response occurs in a setting of minimal immune
activation that is actively maintained by a population of local
Tregs, as recently reported (36). By limiting the expansion of ac-
tivated CD4 " viral target cells and antiviral CD8" T cells imme-
diately after vaginal SIV challenge, the mucosal immunoregula-
tory T cell population and the anti-inflammatory environment in
the tissues of immunized RM likely contribute to the ability of the
antiviral CD8™" T cell response to maintain control of SIV replica-
tion in SHIV-immunized RM.
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