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ABSTRACT Simian-human immunodeficiency viruses (SHIVs) have been utilized to
test vaccine efficacy and characterize mechanisms of viral transmission and patho-
genesis. However, the majority of SHIVs currently available have significant limita-
tions in that they were developed using sequences from chronically HIV-infected in-
dividuals or uncommon HIV subtypes or were optimized for the macaque model
by serially passaging the engineered virus in vitro or in vivo. Recently, a newly devel-
oped SHIV, SHIV.C.CH505.375H.dCT (SHIV.CH505), which incorporates vpu-env (gp140)
sequences from a transmitted/founder HIV-1 subtype C strain, was shown to retain
attributes of primary HIV-1 strains. However, a comprehensive analysis of the immu-
nopathology that results from infection with this virus, especially in critical tissue
compartments like the intestinal mucosa, has not been completed. In this study, we
evaluated the viral dynamics and immunopathology of SHIV.CH505 in rhesus ma-
caques. In line with previous findings, we found that SHIV.CH505 is capable of in-
fecting and replicating efficiently in rhesus macaques, resulting in peripheral viral ki-
netics similar to that seen in pathogenic SIV and HIV infection. Furthermore, we
observed significant and persistent depletions of CCR5+ and CCR6™ CD4* T cells in
mucosal tissues, decreases in CD4* T cells producing Th17 cell-associated cytokines,
CD8™* T cell dysfunction, and alterations of B cell and innate immune cell function,
indicating that SHIV.CH505 elicits intestinal immunopathology typical of SIV/HIV in-
fection. These findings suggest that SHIV.CH505 recapitulates the early viral replica-
tion dynamics and immunopathogenesis of HIV-1 infection of humans and thus can
serve as a new model for HIV-1 pathogenesis, treatment, and prevention research.

IMPORTANCE The development of chimeric SHIVs has been instrumental in advanc-
ing our understanding of HIV-host interactions and allowing for in vivo testing of
novel treatments. However, many of the currently available SHIVs have distinct
drawbacks and are unable to fully reflect the features characteristic of primary SIV
and HIV strains. Here, we utilize rhesus macaques to define the immunopathogen-
esis of the recently developed SHIV.CH505, which was designed without many of
the limitations of previous SHIVs. We observed that infection with SHIV.CH505 leads
to peripheral viral kinetics and mucosal immunopathogenesis comparable with
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those caused by pathogenic SIV and HIV. Overall, these data provide evidence of the
value of SHIV.CH505 as an effective model of SIV/HIV infection and an important
tool that can be used in future studies, including preclinical testing of new therapies
or prevention strategies.

KEYWORDS SHIV, immunopathogenesis, mucosal immunity, nonhuman primate

uman immunodeficiency virus (HIV) is one of the world’s most devastating dis-

eases and is a substantial public health burden. The development of an effective
vaccine to prevent new HIV infections and of novel therapeutics and interventions to
improve health in HIV-infected individuals is therefore a significant focus of contem-
porary biomedical research. Pathogenic simian immunodeficiency virus (SIV) infection
of nonnatural nonhuman primate (NHP) hosts, such as rhesus and pigtail macaques,
results in viral kinetics and immunopathology similar to those of HIV infection, includ-
ing viral dynamics, persistence and long-lived reservoir formation, loss of relevant
immune cell subsets, and progression to AIDS (1). Given these similarities, this model
has been instrumental in advancing our understanding of the mechanisms behind
lentiviral pathogenesis and our ability to preclinically test novel treatment concepts.
However, despite the homology between SIV and HIV, these viruses have fundamental
differences that may limit the use of SIV for some applications. For example, the two
viruses differ enough in their envelope (Env) proteins that vaccines containing Env
immunogens cannot be directly tested by challenging with SIV, which prevents the
comprehensive assessment and validation of specific HIV vaccine strategies, especially
those involving antibodies.

To overcome these disadvantages, chimeric simian-human immunodeficiency vi-
ruses (SHIVs) have been developed that are typically made up of an SIV backbone and
engineered to express genetic material from HIV-1, such as HIV Env. The use of SHIVs
has enabled the in vivo testing of a variety of interventions, including broadly neutral-
izing antibodies against the HIV Env protein (2-4), novel antiretroviral therapy (ART)
drugs (5, 6), and specific HIV-host interactions (7-9). However, the SHIV model also has
distinct drawbacks. For example, because HIV Env does not naturally bind efficiently to
macaque CD4, many of the commonly used SHIVs were developed by serially passaging
the virus in vivo or in vitro until they acquired conformational adaptations that allowed
for entry into macaque CD4™ T cells, but consequently these adaptations also disrupted
antibody recognition of the HIV Env protein (10). In addition, many SHIVs have been
constructed using HIV Env sequences isolated from chronically HIV-infected individuals
with Envs bearing unique characteristics, rather than from transmitted/founder (TF) or
primary HIV variants. As TF variants have been shown to have distinct qualities (11),
SHIVs with atypical Envs or those isolated from later stages of infection may not be as
useful for transmission and vaccine studies (8). Finally, many of the existing SHIVs have
been formulated with subtype B HIV Envs, rather than A, C, or D Envs, which account
for the majority of transmitted subtypes worldwide (8, 12).

Recently, a set of SHIVs specifically engineered to address these limitations was
designed and tested in the rhesus macaque model (13). In particular, SHIV.C.
CH505.375H.dCT was developed using a replication-competent, pathogenic TF virus
(SIVmac766) backbone and incorporated vpu-env (gp140) sequences from the clinically
relevant TF HIV-1 subtype C strain, CH505 (13, 14). In addition, the Env residue 375 was
modified from Ser to His to improve binding to rhesus macaque CD4 and enhance
replication in vivo (13). Finally, 58 amino acids of the SIVmac766 gp41 carboxy-terminal
tail were replaced with the homologous 33 amino acids of HIV-1 in order to improve in
vitro and in vivo replication (13). The combination of these modifications resulted in
successful infection and viral replication of SHIV.C.CH505.375H.dCT (SHIV.CH505) in vivo
and overall pathology characteristic of SIV/HIV infection. However, a comprehensive
assessment of the immunopathogenic impact of SHIV.CH505 on intestinal mucosal and
peripheral immune subsets remained to be completed.

The goal of this study was to evaluate SHV.CH505 infection kinetics and impact on
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FIG 1 Dynamics of SHIV.CH505 viremia in rhesus macaques. Male rhesus macaques were intrarectally challenged
with SHIV.CH505, and infectivity rate and postinfection viral kinetics were assessed post-SHIV infection. (A)
Experimental timeline depicting sample collection prior to and subsequent to intrarectal challenge. (B) Survival
curve showing the percentage of animals that remained uninfected after each intrarectal challenge. (C) Plasma viral

loads (RNA copies/ml plasma) at all time points. Each animal is represented by a different symbol.

mucosal and peripheral immune tissue in acute and early infection of rhesus macaques.
We observed that low-dose intrarectal challenge resulted in productive infection and
sustained viremia through 16 weeks; caused significant and sustained loss of major
target populations in intestinal tissue, including CCR5* and CCR6" CD4* T cells; and
caused derangements of CD8 T cells, B cells, and innate immune cells. The findings
reported here provide an in-depth assessment of SHIV.CH505 infection dynamics in vivo
and provide evidence to support the value of this novel SHIV for studies that focus on
testing new treatment and prevention concepts in rhesus macaques.

RESULTS

Experimental design. In order to obtain a comprehensive overview of the viral
kinetics and immunophenotypic impact of SHIV.CH505, seven male rhesus macaques
underwent a repeated low-dose challenge regimen. Each macaque was inoculated with
1ml of a 1:100 dilution of SHIV.CH505 (viral stock concentration = 178 ng/ml of
p27Ag) in RPMI 1640 medium once per week. Weekly intrarectal challenges were
repeated until positive confirmation of SHIV infection by detection of SHIV RNA in
plasma. Colon and rectum biopsy specimens were obtained at weeks —9, —7, and —4
before the first SHIV challenge (Fig. 1A; green diamonds). Peripheral blood was col-
lected at weeks —9, —7, and —4 (Fig. 1A; red triangles). Peripheral lymph nodes (LN)
(inguinal or axillary) were collected at weeks —9 and —7 (Fig. 1A; blue circles). Data
from these baseline time points were averaged and graphed as “pre-SHIV.” After SHIV
infection, colon, rectum and LN biopsy specimens were collected at weeks 2 and 8
postinfection (p.i.), and peripheral blood was collected at weeks 2, 4, 8, and 12 p.i. (Fig.
1A). Animals were euthanized and necropsied between weeks 16 and 18 p.i.

Viral dynamics of SHIV.CH505 viremia. We first characterized the viral dynamics
of SHIV.CH505 by assessing the rate of positive SHIV infection and postinfection viral
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loads in each animal. As shown in Fig. 1B, we observed a 40% infectivity rate per
challenge, with all animals becoming productively infected within 5 intrarectal chal-
lenges. After initial infection, the median peak viral load was 1,005,383 copies/ml
plasma (range = 89,415 to 5,453,898 copies/ml), which was reached by 2 weeks p.i. (Fig.
1Q). All animals maintained high plasma viremia for the duration of the study (16 weeks
p.i.), with a median set point viral load of 2,537 copies/ml plasma (range = 752 to
38,508 copies/ml) (Fig. 1C).

CD4+* T cell subset frequencies are minimally disrupted in acute SHIV.CH505
infection. A hallmark of pathogenic HIV and SIV infection is the rapid depletion of
CD4* T cells in peripheral blood and mucosal tissues (15). Thus, we assessed the
kinetics of CD4* T cell loss in SHIV.CH505-infected rhesus macaques by flow cytometry
(Fig. 2A and B). We observed that total peripheral blood CD4* T cell frequencies were
maintained throughout SHIV.CH505 infection at levels similar to what was observed
pre-SHIV infection (Fig. 3A). Similarly, the numbers of CD4* T cells per ul of blood were
maintained throughout SHIV.CH505 infection at levels comparable to that observed
pre-SHIV infection (Fig. 3B). In the colon, rectum, and lymph node, we observed that
overall CD4* T cell frequencies were also maintained at levels similar to pre-SHIV
infection (Fig. 3Q).

Previous work has demonstrated that the memory cell compartments of CD4+ T
cells are preferentially infected and depleted in SIV and HIV infection (15-17). Therefore,
we assessed the frequency of central and effector memory cells within CD4" T cells in
rectum, colon, and lymph node tissue by flow cytometry (Fig. 2B). CD4* central
memory cells were identified as CD95* CD28*+ CCR7™" cells within CD4" T cells, and
CD4™ effector memory cells were identified as CD95+ CD28~ CCR7~ cells within CD4*
T cells in each tissue, as has been previously described (18-22). Overall, we observed
moderate alterations in both central and effector memory CD4" T cells in the rectum
and colon after SHIV.CH505 infection compared to pre-SHIV infection levels (Fig. 3D and
E). However, the median frequency of central memory CD4* T cells in the rectum at
week 8 p.i. was significantly lower than pre-SHIV infection levels (P = 0.0057; Fig. 3D).
Conversely, there was no change in the frequency of central and effector memory CD4*
T cells in peripheral lymph nodes after SHIV.CH505 infection compared to pre-SHIV
infection levels (Fig. 3D and E).

CD4* T cells expressing a CD95+ CD28*+ CCR7~ phenotype have previously been
shown to represent a population of “transitional memory” T cells (21-25). We assessed
the frequency of these cells throughout SHIV.CH505 infection of rhesus macaques
by flow cytometry (Fig. 2B) and found that similarly to central and effector memory
CD4™* T cells, only moderate alterations in the frequency of this subset were observed
(Fig. 3F).

CCR5* and CCR6* CD4+ T cells are significantly depleted in intestinal tissue
during acute SHIV.CH505 infection. Previous work has demonstrated that CD4*+ T
cells that express the HIV/SIV coreceptor CCR5 are almost completely depleted from
mucosal tissue during SIV and HIV infection (26, 27). As SHIV.CH505 is a CCR5-tropic
virus (13), we next assessed the frequency of CCR5-expressing cells within total CD4*
T cells, as well as within central, effector, and transitional memory CD4* T cells in the
rectum, colon, and lymph node throughout SHIV.CH505 infection by flow cytometry
(Fig. 2B). Total CCR5* CD4™" T cells were significantly depleted in the rectum and the
colon after SHIV.CH505 infection (Fig. 4A). Specifically, at week 2 p.i, the median
frequencies of CCR5% CD4* T cells in the rectum and colon were significantly lower
those that observed pre-SHIV infection (P = 0.003 and 0.0028, respectively; Fig. 4A). This
depletion remained statistically significant in the rectum at week 8 p.i. compared to
pre-SHIV infection levels (P = 0.0214; Fig. 4A), and lower frequencies were observed
throughout infection in the rectum and colon, although these were not statistically
significant. Conversely, there was no difference in the frequency of CCR5+ CD4" T cells
in the lymph node at any of the p.i. time points compared to pre-SHIV infection levels
(Fig. 4A).
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FIG 2 Representative flow plots demonstrating gating strategy used to identify CD4* and CD8" T cell subsets. Multicolor flow cytometry was used to identify
CD4* and CD8* T cell subsets in lymph node, rectum, and colon cells. Depicted here are representative plots of stained lymph node cells from an uninfected
rhesus macaque. (A) Cells were identified by first excluding doublets using forward scatter (FSC) area and height properties, gating on CD45" cells, excluding
dead cells using an Aqua Live/Dead viability dye, and removing any remaining debris using FSC and side scatter (SSC) properties. Next, CD3* cells were
identified, and CD4* and CD8* T cells were gated within CD3* cells. (B) Total CD4* T cells were assessed for expression of CCR5, CCR6, and Ki-67. Within CD4*
T cells, central memory cells were identified by gating on CD28* CD95* cells and further classified as CCR7*. Transitional memory cells were identified as CD28+
CD95* cells and further classified as CCR7 . Effector memory cells were identified as CD28~ CD95* and further classified as CCR7 . Central, transitional, and
effector memory CD4* T cells were each assessed for expression of CCR5, CCR6, and Ki-67. (C) Total CD8" cells were assessed for expression of Ki-67. Central
memory cells (CD28*+ CD95* CCR7*), transitional memory cells (CD28+ CD95* CCR7 ), and effector memory cells (CD28~ CD95+ CCR7 ~) were identified within
CD8* T cells. Central, transitional, and effector memory CD8* T cells were assessed for expression of Ki-67.

Within central memory CD4™" T cells, the median frequencies of CCR5" CD4* T cells
at week 2 p.i. in the rectum and colon were significantly lower than pre-SHIV infection
(P =0.001 and 0.0019, respectively; Fig. 4B). The frequency of these cells remained
persistently lower than pre-SHIV infection frequencies throughout infection in both the
rectum and colon, although they were not statistically altered at later time points (Fig.
4B). Similar alterations were observed within effector memory cells, with a significant
decrease in the median frequencies of CCR5" CD4™" effector memory cells at weeks 2
and 8 p.i. in the rectum (P = 0.0389 and 0.0027, respectively) and at week 16 p.i. in the
colon compared to pre-SHIV infection (P = 0.0389; Fig. 4C). In addition, the frequency
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FIG 3 Minimal disruption of CD4* T cell subsets during acute SHIV.CH505 infection. CD4* T cell subsets were characterized in whole
blood, rectum, colon, and lymph node tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of CD3*
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of CCR5% CD4* transitional memory cells was significantly lower in the rectum at
weeks 2 and 8 p.i. (P = 0.0006 and 0.0389, respectively) and in the colon at week 2 p.i.
(P =0.0113) compared to pre-SHIV infection (Fig. 4D). As with total CCR5+ CD4™* T cells,
central and effector memory CCR5" CD4* T cells were not altered in peripheral lymph
nodes at any of the p.i. time points compared to pre-SHIV infection levels (Fig. 4B and
C); however, the frequency of CCR5* CD4™ transitional memory cells were significantly
lower at week 8 p.i. compared to pre-SHIV infection (P = 0.0304; Fig. 4D).

Prior studies have shown that CCR6% CD4* T cells are preferential target cells for SIV
and HIV infection, especially in vaginal tissues (28-30). In order to determine whether
SHIV.CH505 infection also resulted in CCR6™ CD4* T cell loss in intestinal mucosal
tissue and peripheral lymphoid tissue, we characterized the frequency of this popula-
tion in the colon, rectum, and peripheral lymph nodes by flow cytometry (Fig. 2B). We
observed that CCR6" CD4™ T cells were depleted after SHIV.CH505 infection (Fig. 5A).
Specifically, the median frequencies of CCR6™ CD4™ T cells were significantly lower at
week 16 p.i. in the rectum and colon compared to pre-SHIV infection (P = 0.004 and
0.0389, respectively; Fig. 5A). Similar trends were observed for CCR6* CD4™ central
memory cells, with a significant loss of these cells at week 16 p.i. in the rectum and
colon compared to pre-SHIV infection (P = 0.0389 and 0.0113, respectively; Fig. 5B).
Although the median levels of CCR6™ CD4™* effector memory cells were lower at p.i.
time points compared to pre-SHIV infection, these differences did not reach statistical
significance (Fig. 5C). In addition, the frequency of CCR6* CD4™ transitional memory T
cells was significantly lower in the rectum and colon at week 16 p.i. compared to
pre-SHIV infection (P = 0.0214 for both; Fig. 5D). Finally, overall CCR6" CD4* T cell
frequencies, as well as those of CCR6" CD4* central, effector, and transitional memory
cells, were unchanged in peripheral lymph nodes following SHIV.CH505 infection
(Fig. 5A to D).

Frequencies of colonic Ki-67+ CD4+ T cells are significantly increased in acute
SHIV.CH505 infection. It is notable that although we observed a significant reduction
in the frequency of CCR5" and CCR6™ CD4™" T cells during SHIV.CH505 infection, this
loss did not appear to impact overall CD4+ T cell frequencies in peripheral blood,
intestinal tissues, or peripheral lymph nodes. A potential explanation for this could be
that proliferation of CD4™ T cells reconstituted the total CD4™ T cell pool in each tissue
compartment, thus maintaining overall frequencies of this cell subset. In order to assess
this possibility, we determined the frequency of Ki-67-expressing CD4+ T cells in
rectum, colon, and lymph node tissue before and after SHIV.CH505 infection by flow
cytometry (Fig. 2B). We found that the median frequencies of Ki-67 CD4* T cells were
elevated p.i. in the rectum, colon, and lymph node compared to pre-SHIV infection
(Fig. 6A). Specifically, the median frequencies of Ki-67" CD4* T cells were significantly
elevated in the colon at weeks 2 and 8 p.i. compared to pre-SHIV infection (P = 0.0113
and 0.0214, respectively; Fig. 6A). Finally, elevations in the frequencies of Ki-67+ CD4™
central, effector, and transitional memory T cells were also observed after SHIV.CH505
infection (Fig. 6B to D). In particular, there was a significant increase in Ki-67+ CD4*
central, effector, and transitional memory T cells at week 2 p.i. in the colon compared
to pre-SHIV infection (P = 0.0113, 0.0052, and 0.0113, respectively; Fig. 6B to D). Finally,
the frequency of Ki-67+ CD4™ transitional memory T cells was increased in the rectum
at week 2 p.i. compared to pre-SHIV infection (P = 0.0389; Fig. 6D).

Cytokine-producing CD4+ T cells are depleted in SHIV.CH505-infected rhesus
macaques. CD4™" T cell functionality, particularly in terms of cytokine production, is

FIG 3 Legend (Continued)

CD4* T cells of CD45" leukocytes in whole blood at all time points. (B) Absolute number of CD4* T cells per ul of blood at all time
points. (C) Percentage of CD3* CD4* T cells of CD45* leukocytes in rectum, colon, and lymph node tissue at all time points. (D)
Percentage of CD4" central memory cells (CD28* CD95* CCR7") of CD4* T cells in rectum, colon, and lymph node at all time points.
(E) Percentage of CD4* effector memory cells (CD28~ CD95* CCR7~) of CD4* T cells in rectum, colon, and lymph node at all time
points. (F) Percentage of CD4" transitional memory cells (CD28+ CD95" CCR7-) of CD4* T cells in rectum, colon, and lymph node
at all time points. In all panels, each animal is represented by a different symbol. Statistical significance between the post-SHIV
infection time points and pre-SHIV infection baseline was calculated using Friedman'’s test and Dunn’s multiple-comparison test.
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FIG 4 CCR5* CD4™ T cells significantly decreased during SHIV.CH505 infection. CD4* T cell subsets expressing CCR5 were characterized in rectum, colon,
and lymph node tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of CCR5* cells of CD4* T cells in rectum, colon, and
lymph node at all time points. (B) Percentage of CCR5" cells of CD4* central memory T cells in rectum, colon, and lymph node at all time points. (C)
Percentage of CCR5* cells of CD4+ effector memory T cells in rectum, colon, and lymph node at all time points. (D) Percentage of CCR5* cells of CD4*
transitional memory T cells in rectum, colon, and lymph node at all time points. In all panels, each animal is represented by a different symbol. Statistical
significance between post-SHIV infection time points and pre-SHIV infection baseline was calculated using Friedman’s test and Dunn’s multiple-
comparison test.
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FIG 5 CCR6" CD4™" T cells decreased during SHIV.CH505 infection. CD4+ T cell subsets expressing CCR6 were characterized in rectum, colon, and lymph node
tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of CCR6* cells of CD4* T cells in rectum, colon, and lymph node at all time
points. (B) Percentage of CCR6 " cells of CD4" central memory T cells in rectum, colon, and lymph node at all time points. (C) Percentage of CCR6" cells of CD4*
effector memory T cells in rectum, colon, and lymph node at all time points. (D) Percentage of CCR6* cells of CD4* transitional memory T cells in rectum, colon,
and lymph node at all time points. In all panels, each animal is represented by a different symbol. Statistical significance between post-SHIV infection time points
and pre-SHIV infection baseline was calculated using Friedman'’s test and Dunn’s multiple-comparison test.
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FIG 6 Elevation in Ki-67+ CD4* T cells in acute SHIV.CH505 infection. CD4* T cell subsets expressing Ki-67 were characterized in rectum, colon, and lymph node
tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of Ki-67* cells of CD4" T cells in rectum, colon, and lymph node at all time
points. (B) Percentage of Ki-67* cells of CD4* central memory T cells in rectum, colon, and lymph node at all time points. (C) Percentage of Ki-67+ cells of CD4*
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and lymph node at all time points. In all panels, each animal is represented by a different symbol. Statistical significance between post-SHIV infection time points
and pre-SHIV infection baseline was calculated using Friedman'’s test and Dunn’s multiple-comparison test.
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FIG 7 Depletion of cytokine-producing CD4+ T cells in SHIV.CH505 infection. CD4" T cells producing cytokines were characterized subsequent to mitogenic
PMA-ionomycin stimulation in colon tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. Percentage of IFN-y (A)-, IL-22 (B)-, TNF-« (C)-, IL-10
(D), IL-17 (E)-, and IL-21 (F)-producing CD4* T cells in colon at all time points. Pooled data are accompanied by a representative flow plot showing gating for
the indicated cytokine. In all panels, each animal is represented by a different symbol. Statistical significance between post-SHIV infection time points and

pre-SHIV infection baseline was calculated using Friedman'’s test and Dunn’s multiple-comparison test.

impaired during pathogenic SIV and HIV infection (31). Therefore, we next assessed
whether SHIV.CH505 infection of rhesus macaques resulted in colonic CD4* T cell
dysfunction by evaluating the frequency of cytokine-producing CD4* T cells following
mitogenic phorbol myristate acetate (PMA) and ionomycin stimulation by flow cytom-
etry (Fig. 7). Subsequent to SHIV.CH505 infection, the median frequencies of gamma
interferon-positive (IFN-y*) CD4* T cells were significantly decreased at weeks 2, 8, and
16 p.i. compared to pre-SHIV infection levels (P = 0.0057, 0.0389, and 0.0057, respec-
tively; Fig. 7A). Additionally, there was a reduction in interleukin-22 (IL-22)-producing
CD4* T cells, which reached significance in the colon at weeks 2, 8, and 16 p.i.
compared to pre-SHIV infection levels (P = 0.0113, 0.0389, and 0.0028, respectively; Fig.
7B). The frequencies of tumor necrosis factor alpha-positive (TNF-a™) CD4™ T cells were
significantly lower at weeks 2 and 16 p.i. compared to pre-SHIV infection levels
(P =0.0214 and 0.0028, respectively; Fig. 7C). The frequencies of IL-10- and IL-17-
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producing CD4™ T cells were also lower p.i. compared to pre-SHIV infection levels;
however, these differences were not statistically significant (Fig. 7D and E). IL-21-
producing CD4™ T cells were unchanged during SHIV.CH505 infection compared to
pre-SHIV infection levels (Fig. 7F).

CD8+ central and effector memory cell frequencies are elevated in the intes-
tinal mucosa during acute SHIV.CH505 infection. CD8™" T cells are a critical immune
subset for controlling viral infections, and previous work has demonstrated that CD8*
T cell frequencies, including memory subsets, are expanded during acute SIV/HIV
infection in the periphery, mucosal, and lymphoid tissues (32). We therefore assessed
the frequency of CD8* T cells, including central and effector memory subsets, after
SHIV.CH505 infection by flow cytometry (Fig. 2A and C). As with CD4* cells, CD8*
central memory cells were identified as CD95+ CD28*+ CCR7™, effector memory cells
were identified as CD95*" CD28~ CCR7~, and transitional memory T cells were identi-
fied as CD95*" CD28+ CCR7~ (Fig. 2C). The overall frequencies of CD8* T cells were
similar at all p.i. time points compared to pre-SHIV infection levels in rectum, colon, and
lymph node tissues (Fig. 8A). Within CD8* T cell subsets, we observed a significant
increase in the median frequencies of central memory CD8* T cells in the rectum at
weeks 8 and 16 p.i. compared to pre-SHIV infection levels (P =0.0057 and 0.0113,
respectively; Fig. 8B). Similarly, there was a significant increase in CD8* central memory
cells in the colon at week 8 p.i. (P =0.0214) and in the lymph node at week 16 p.i.
compared to pre-SHIV infection (P = 0.0052; Fig. 8B). In addition, we observed a
significant decrease in CD8* effector memory T cells in the rectum at week 8 p.i.
(P =0.0057) but a significant increase in the lymph node at week 16 p.i. compared to
pre-SHIV levels (P = 0.0219; Fig. 8C). Finally, no differences in the frequency of CD8*
transitional memory cells were observed throughout SHIV.CH505 infection (Fig. 8D).

Elevated frequencies of CD8™" T cells that express Ki-67 have been observed in SIV
and HIV infection (33, 34). Thus, we next determined the frequency of Ki-67+ CD8* T
cells in rectum, colon, and lymph node tissue after SHIV.CH505 infection by flow
cytometry (Fig. 2C). We observed significant increases in the frequencies of Ki-67+
CD8* T cells at week 2 p.i. in the rectum, colon, and lymph node compared to pre-SHIV
infection levels (P = 0.0113, 0.0057, and 0.0024, respectively; Fig. 9A). This increase was
sustained throughout SHIV.CH505 infection in all tissues and was significant in the
rectum at week 16 p.i. (P = 0.0156), in the colon at week 8 p.i. (P = 0.0389), and in the
lymph node at week 8 p.i. (P = 0.0219) (Fig. 9A). We also observed that the frequencies
of Ki-67+ CD8* central memory cells were significantly increased in the rectum at
weeks 2 and 8 p.i. compared to pre-SHIV infection levels (P =0.0013 and 0.0389,
respectively; Fig. 9B). Similarly, these cells were increased in the colon at weeks 2
and 8 p.i. compared to pre-SHIV infection levels (P = 0.0013 and 0.0389, respectively;
Fig. 9B). In addition, Ki-67+ CD8™" central memory cells were increased in the lymph
node at weeks 2 and 8 p.i. compared to pre-SHIV infection (P = 0.0052 and 0.0417,
respectively; Fig. 9B). Ki-67+ CD8* effector memory cells were elevated after
SHIV.CH505 infection compared to pre-SHIV infection and were significantly increased
in the colon at weeks 2 and 8 p.i. compared to pre-SHIV infection (P = 0.0214 for both;
Fig. 9C). Moreover, these cells were elevated in the lymph node at weeks 2 and 8 p.i.
compared to pre-SHIV infection levels (P = 0.0052 and 0.0156, respectively; Fig. 9C).
Finally, a significant increase in the frequency of Ki-67+ CD8™ transitional memory cells
was observed in the colon at weeks 2 and 8 p.i. (P =0.0113 and 0.0214, respectively)
and in the lymph node at week 2 p.i. (P = 0.0052) (Fig. 9D).

SHIV.CH505 infection induces strong virus-specific CD8+ T cell immune re-
sponses in rhesus macaques. HIV-specific T-cells play a role in viral replication and
progression of infection (35, 36). Therefore, we evaluated peripheral SHIV-specific T-cell
responses elicited by SHIV.CH505 infection after viral set point was established in
comparison to pre-SHIV infection responses. To do this, peptide-specific responses to
HIV Env and SIV Gag were measured in peripheral blood mononuclear cells (PBMCs) at
weeks 8 and 16 p.i. (Fig. 10). All animals developed CD4*+ and CD8™ T cell responses to
both antigens by week 8 p.i. that declined somewhat by week 16 p.i., concurrent with
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FIG 8 Elevation of CD8* T cell frequencies during acute SHIV.CH505 infection. CD8" T cell subsets were characterized in rectum, colon, and lymph node tissue
of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of CD3+ CD8* T cells of CD45+ leukocytes in rectum, colon, and lymph node tissue
at all time points. (B) Percentage of CD8* central memory cells (CD28" CD95* CCR7*) of CD8* T cells in rectum, colon, and lymph node at all time points.
(C) Percentage of CD8* effector memory cells (CD28~ CD95+ CCR7~) of CD8* T cells in rectum, colon, and lymph node at all time points. (D) Percentage of
CD8" transitional memory cells (CD28* CD95* CCR7~) of CD8* T cells in rectum, colon, and lymph node at all time points. In all panels, each animal is
represented by a different symbol. Statistical significance between the post-SHIV infection time points and pre-SHIV infection baseline was calculated using

Friedman'’s test and Dunn’s multiple-comparison test.

leveling of viral replication (Fig. 10A). In particular, we observed a significant decrease
in the frequency of CD8™ T cells producing IL-2 in response to HIV Env at week 16 p.i.
compared to week 8 p.i. (P =0.031; Fig. 10A). At both time points, the CD8* T cell
responses to HIV Env and SIV Gag were stronger than the CD4" T cell response, with
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FIG 9 Significant increase in Ki-67+ CD8* T cells in SHIV.CH505 infection. CD8* T cell subsets expressing Ki-67 were characterized in rectum, colon, and
lymph node tissue of SHIV.CH505-infected rhesus macaques by flow cytometry. (A) Percentage of Ki-67* cells of CD8* T cells in rectum, colon, and
lymph node at all time points. (B) Percentage of Ki-67* cells of CD8* central memory T cells in rectum, colon, and lymph node at all time points. (C)
Percentage of Ki-67+ cells of CD8* effector memory T cells in rectum, colon, and lymph node at all time points. (D) Percentage of Ki-67+ cells of CD8*
transitional memory T cells in rectum, colon, and lymph node at all time points. In all panels, each animal is represented by a different symbol. Statistical
significance between post-SHIV infection time points and pre-SHIV infection baseline was calculated using Friedman’s test and Dunn’s multiple-
comparison test.
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FIG 10 SHIV-specific CD4* and CD8" T cell responses during SHIV.CH505 infection. SHIV-specific responses
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peptide pools prior to and after SHIV infection by flow cytometry. Frequencies were considered positive
after DMSO-stimulated and baseline subtractions. (A) Mean frequency of CD4* or CD8* T cells with
cytokine (IFN-v, IL-2, and TNF-a) or cytolytic effector (CD107a*/granzyme B [GrzB]*) functions. (B and C)
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effector functions described above. In panels B and C, each animal is represented by a different symbol.
Statistical differences between week 8 and 16 p.i. time points were calculated using a multiple t test with
corrections for multiple comparisons using the Holm-Sidak method.

SIV Gag-specific CD8™ T cells exhibiting predominantly a cytolytic (CD107a*/granzyme
B+ [Grz™]) effector function (Fig. 10A). Finally, we compared the total frequencies of
CD4+ or CD8™ T cells with any effector function at week 8 to week 16 p.i. and observed
that there were no significant differences in the total cytokine responses to HIV Env or
SIV Gag for either cell subset (Fig. 10B and Q).

B cell frequencies and subsets are modestly altered in SHV.CH505-infected
rhesus macaques. HIV infection is associated with significant alterations in B cell
frequency, phenotype, and function, including elevated frequencies of immature/
transitional B cells, B cell hyperactivation, heightened levels of autoantibodies, and
increased B cell turnover (37). In addition, altered levels of serum and mucosal immu-
noglobulin (Ig), in particular reductions of IgA, have been observed in SIV/HIV infection
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(38, 39). We therefore assessed B cell frequency and immunoglobulin phenotype in
SHIV.CH505-infected macaques by flow cytometry (Fig. 11A). We observed that there
were no alterations in the frequencies of B cells in the rectum or colon during
SHIV.CH505 infection (Fig. 12A). However, there was a significant increase in the
frequency of B cells in the lymph node at week 16 p.i. compared to pre-SHIV infection
levels (P=0.011; Fig. 12A). In addition, we observed a significant decrease in the
frequency of IgA* B cells in the rectum at weeks 2, 8, and 16 p.i. compared to baseline
(P =0.0389, 0.0389, and 0.0113, respectively; Fig. 12B). The frequencies of IgA*+ B cells
were reduced in the colon at p.i. time points compared to baseline; however, these
differences did not reach statistical significance (Fig. 12B). Conversely, no changes in
IgA*+ B cell frequencies were observed in the lymph node. Finally, the frequencies of
IgG™* B cells were unchanged in the rectum, colon, and lymph node at p.i. time points
compared to baseline (Fig. 12Q).

SHIV.CH505 infection induces humoral immune responses in rhesus macaques.
In both SIV and HIV infection, Env-specific binding antibodies can be detected shortly
after infection, with elevated levels generally corresponding with lowering of viral loads
from peak levels (40, 41). However, the induction of a neutralizing antibody response
against SIV and HIV is much slower and can take several months after initial infection
(40, 41). We assessed production of Env-specific binding antibodies in plasma during
SHIV.CH505 infection and observed detectable levels of Env-specific antibody by week
4 p.i. and significant levels of antibody at weeks 8, 12, and 16 p.i. compared to pre-SHIV
infection (P = 0.0411, 0.0039, and <0.0001, respectively; Fig. 12D). We also character-
ized development of the neutralizing antibodies in plasma during SHIV.CH505 infection
by assessing in vitro neutralization of HIV-SF162 (subtype B, tier 1a), HIV-MW965
(subtype C, tier 1a), and HIV-CH505 (subtype C, tier 2) (Fig. 12E to G). We tested two
additional heterologous subtype C strains (HIV-ZM53 and HIV-ZM109, both tier 1b) and
failed to detect neutralizing antibodies (data not shown). Detectable levels of neutral-
izing antibodies against HIV-SF162 were observed in three out of seven animals by
week 4 p.. and in all seven animals by week 8 p.i. (Fig. 12E). Significant levels of
neutralizing antibodies against HIV-SF162 were observed in plasma at weeks 12 and 16
p.i. compared to pre-SHIV infection (P = 0.0013 for both time points; Fig. 12E). Detect-
able levels of neutralizing antibodies against HIV-MW965 were observed in four out of
seven animals by week 8 p.i. and in all seven animals by week 16 p.i. (Fig. 12F).
Significant levels of neutralizing antibodies against HIV-MW965 were observed in
plasma at week 16 p.i. compared to pre-SHIV infection (P = 0.0028; Fig. 12F). Finally,
neutralizing antibodies against the autologous envelope in HIV-CH505 were detected
in three of the seven macaques by week 16 p.i. (Fig. 12G).

Neutrophils do not accumulate in mucosal tissue or peripheral blood during
acute SHIV.CH505 infection. Previous work has demonstrated elevated neutrophil
accumulation in mucosal tissues in chronic SIV/HIV infection and suggested that
elevated frequencies of these cells may contribute to mucosal dysfunction, elevated
inflammation, and increased barrier damage in SIV/HIV infection (42, 43). Hence, we
evaluated the frequency of neutrophils in the rectum and whole blood of SHIV.CH505-
infected animals by flow cytometry (Fig. 11B). We did not observe any sustained
accumulation of neutrophils in the rectum p.i. (Fig. 13A). In addition, although we
observed a trend toward a decrease in neutrophil frequencies in the blood at weeks 2
and 8 p.i, followed by a return to frequencies similar to those observed pre-SHIV
infection, these differences did not reach statistical significance (Fig. 13A).

ILC3 are significantly depleted in the rectum of SHIV.CH505-infected rhesus
macaques. Previous work has demonstrated that innate lymphoid cells 3 (ILC3s), a class
of cells important in maintaining epithelial barrier integrity that are primarily found in
mucosal tissue, are drastically reduced in the intestine following SIV infection (44). In
addition, natural killer (NK) cells, cytotoxic leukocytes important in defense against viral
infections, have been shown to be lost in the peripheral circulation but not in intestinal
mucosa in acute SIV infection (44). Thus, we assessed the frequency of both NK cells
and ILC3s in SHIV.CH505-infected rhesus macaques by flow cytometry (Fig. 11B). In
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agreement with these previous findings, we observed no difference in the overall
frequencies of NK cells in the rectum after infection with SHIV.CH505 (Fig. 13B).
However, there was a trend toward decreased frequencies of NK cells in the blood by
week 16 p.i. compared to pre-SHIV infection levels (Fig. 13B). There was a significant
decrease in the frequency of ILC3s in the rectum at week 16 p.i. compared to pre-SHIV
infection (P = 0.0156; Fig. 13Q). Finally, no differences in the frequencies of ILC3s were
observed in the blood p.i. (Fig. 13Q).

Dendritic cell and monocyte frequencies are not significantly altered after
SHIV.CH505 infection. Dendritic cell subsets, including myeloid dendritic cells (mDCs)
and plasmacytoid dendritic cells (pDCs), have been shown to be depleted from the
blood (45) but not mucosal tissue (46) in HIV-infected individuals. We characterized
mDC and pDC subsets in SHIV.CH505-infected macaques by flow cytometry (Fig. 11B)
and observed that there was a trend toward a decrease in the frequency of mDCs by
week 16 p.i. in the rectum; however, this difference was not statistically significant (Fig.
13D). Conversely, no alterations in mDC frequencies were observed in the blood p.i.
(Fig. 13D). Moreover, no differences in pDC frequencies were observed in the rectum or
blood p.i. (Fig. 13E).

The frequencies of monocyte subsets have also been shown to be significantly
altered in SIV/HIV infection. For example, the frequency of classical monocytes is
significantly decreased in chronic HIV infection, while the frequencies of intermediate
and nonclassical monocytes are significantly increased (47, 48). Therefore, we next
examined the frequencies of monocyte and dendritic cell subsets in SHIV.CH505-
infected rhesus macaques by flow cytometry (Fig. 11B). We observed that there were no
differences in the median frequencies of classical, intermediate, and nonclassical mono-
cytes in the rectum in SHIV.CH505-infected animals compared to pre-SHIV infection
levels (Fig. 13F to H). In addition, while there was a trend toward a decrease in the
frequencies of classical monocytes and an increase in nonclassical monocytes in the
blood p.i., these differences did not reach statistical significance (Fig. 13F and H). No
difference in the frequencies of intermediate monocytes was observed in the blood
(Fig. 13G).

Plasma levels of zonulin-1 are unaltered throughout acute SHIV.CH505 infec-
tion. The loss of intestinal ILC3s, as well as decreased frequencies of mucosal CD4+ T
cells producing the homeostatic cytokines IL-17 and IL-22 during SHIV.CH505 infection,
could contribute to increased epithelial barrier permeability. To assess the impact of
SHIV.CH505 infection on epithelial barrier function, we quantified plasma levels of
zonulin-1 in macaques before and after SHIV.CH505 infection by enzyme-linked immu-
nosorbent assay (ELISA). We observed similar plasma levels of zonulin-1 in each animal
at all time points p.i. compared to pre-SHIV infection (Fig. 13l).

DISCUSSION

The overall goal of this study was to obtain a comprehensive immunopathologic
characterization of acute and early SHIV.CH505 infection in rhesus macaques. We
observed that intrarectal low-dose challenge of male rhesus macaques with
SHIV.CH505 resulted in productive infection and consistently high peripheral viral loads
that were maintained throughout 16 weeks of SHIV infection. These data are in line with
previous work (13) and demonstrate that this virus is capable of infecting and repli-
cating efficiently in rhesus macaques after low-dose intrarectal challenge. While other
groups have reported heterogeneity in the longer-term viral kinetics of SHIV.CH505

FIG 11 Legend (Continued)

representative plots of stained whole blood cells from an uninfected rhesus macaque. As with B cells, cells were identified by excluding
doublets using FSC area and height, gating on CD45" cells, excluding dead cells, and removing debris with FSC/SSC properties. Next,
CD3~ cells were identified, and neutrophils were gated as CD11b* CD14* HLA-DR~ SSCM cells. Monocytes were identified as CD11b*
CD14+ HLA-DR™ cells and then further classified as classical monocytes (CD14+ CD16-), intermediate monocytes (CD14* CD16%), and
nonclassical monocytes (CD14* CD16™"). After excluding CD11b* CD14* cells, B cells were excluded by gating out HLA-DR* CD20" cells,
and then NK cells were identified as NKG2a/c* CD8*. After excluding NK cells, ILC3s were identified as NKp44+ CD8~. After excluding
ILC3s, antigen-presenting cells were identified as HLA-DR* and further classified as mDCs (CD11c¢*) and pDCs (CD123+).
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FIG 12 Significant decrease in IgA* B cell frequencies and development of humoral immune response during SHIV.CH505 infection.
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infected rhesus macaques by flow cytometry, and humoral immunity was assessed by evaluating binding antibody titers and
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infection in other contexts (49, 50), we note similar plasma viral loads in the first 2 to
4 months p.i. across SHIV.CH505-infected rhesus macaques. Taken together, our data
suggest that the early infection kinetics of SHIV.CH505 mimics that of initial SIV/HIV
infection and indicate that this virus may be particularly useful in vaccine studies
designed to assess virus acquisition and for studies of viral immunopathogenesis.

Despite the massive systemic viral replication observed in these animals, the overall
CD4+ T cell compartment was minimally disrupted in SHIV.CH505-infected macaques.
However, we observed substantial depletion of CCR5* and CCR6™ CD4* T cells in the
intestinal mucosal tissue of infected animals. The specific loss of CCR5" and CCR6™
CD4+ T cells but maintenance of the overall CD4" T cell pool could potentially be
explained by increased proliferation of CD4* T cells. Indeed, we observed increased
frequencies of Ki-67+ CD4™ T cells in the colon of SHIV.CH505-infected macaques. In
addition, it is possible that had the animals been allowed to progress further into
chronic infection, we may have observed greater overall CD4* T cell loss. The loss of
CCR6™ T cells in intestinal tissue during SHIV.CH505 infection is reflective of a previous
study which demonstrated that this cellular subset is productively and preferentially
infected in the vaginal tissue of SIV-infected rhesus macaques (30). However, as the
animals included in the present work were all male, we were unable to assess whether
similar infection and depletion of CCR6™ T cells would occur in the female reproductive
tract of SHIV.CH505-infected macaques. In sum, these data suggest not only that
SHIV.CH505 is capable of productively infecting rhesus macaques but that major target
populations, including CCR5* and CCR6" CD4™ T cells, are consistently depleted from
intestinal mucosal tissue after infection.

In addition to CD4* T cell depletion, we also observed functional differences in T
cells subsequent to SHIV.CH505 infection. In particular, there was a significant decrease
in the frequency of CD4™* T cells producing the Th17 cell-associated cytokine IL-22 and
a trend toward decreased frequencies of IL-17-producing CD4* T cells. These cytokines
are important in maintenance of the intestinal epithelial barrier and aid in preserving
barrier integrity by promoting epithelial cell regeneration and tight junction formation
and inducing production of antimicrobial peptides (51). Indeed, previous work has
demonstrated reduced IL-17 and IL-22 levels during acute SIV infection (52), which has
been associated with loss of epithelial barrier integrity (53). Moreover, depletion of
Th17 cells has been shown to persist into chronic SIV/HIV infection (54), which likely
contributes to sustained mucosal dysfunction. Our findings suggest that SHIV.CH505
infection results in a gradual decline of IL-17-producing CD4* T cells, rather than an
immediate depletion during acute infection. It is possible that had we followed these
animals into chronic infection, this reduction would have become statistically signifi-
cant. Additional work with a larger sample size will be necessary to determine whether
SHIV.CH505 infection induces significant Th17 cell reductions in the intestinal mucosa
during chronic infection and whether these potential alterations could contribute to
defects in the epithelial barrier of the intestine.

SIV/HIV infection has been shown to lead to CD8* T cell expansion, which is
associated with development of non-AIDS comorbidities (32). Here, we observed that
SHIV.CH505 infection led to increased frequencies of CD8* T cells, especially memory
CD8* T cells in mucosal tissue and peripheral blood. This elevation was potentially due
to increased proliferation, as evidenced by increased frequencies of Ki-67+ CD8*F T
cells. Persistent CD8* T cell activation has been shown to be associated with slower
CD4+ T cell recovery during suppressive ART and to predict mortality in HIV-infected

FIG 12 Legend (Continued)

neutralizing antibody responses. (A) Percentage of CD20* HLA-DR* B cells of CD45" leukocytes in rectum, colon, and lymph node at
all time points. (B) Percentage of IgA* cells of B cells in rectum, colon, and lymph node at all time points. (C) Percentage of IgG™* cells
of B cells in rectum, colon, and lymph node at all time points. (D) Mean plasma antibody titers (ig/ml) of Env-specific (gp140) binding
antibodies at all time points. (E to G) Neutralization of HIV-SF162 (E), HIV-MW965 (F), and HIV-CH505 (G) by plasma samples at all time
points. Data are shown as the concentration (ug/ml) of antibody required to reach 50% neutralization (ID50) at each time point. In
all panels, each animal is represented by a different symbol. Statistical significance between post-SHIV infection time points and

pre-SHIV infection baseline was calculated using Friedman'’s test and Dunn’s multiple-comparison test.
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monocytes (F) (CD14+ CD167), intermediate monocytes (G) (CD14+ CD16*), and nonclassical monocytes (H) (CD14+ CD16*) of total monocytes in rectum and whole
blood at all time points. (I) Plasma levels of zonulin-1 were quantified by ELISA. In all panels, each animal is represented by a different symbol. Statistical significance
between post-SHIV infection time points and pre-SHIV infection baseline was calculated using Friedman's test and Dunn’s multiple-comparison test.
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individuals (55). Taken together, our data indicate that SHIV.CH505 infection leads to
CD8* T cell dysfunction similar to what is observed in pathogenic SIV/HIV infection,
which could contribute to continued inflammation and immune activation. Further
work is necessary to comprehensively characterize the specific mechanism by which
SHIV.CH505 may affect CD8™ T cells in vivo and whether and how these alterations
continue into chronic infection.

B cells have been shown to be significantly impacted in SIV/HIV infection, particu-
larly in terms of Ig production. The findings presented here indicate that SHIV.CH505
infection results in significant depletion of IgA* B cells, which is consistent with
previous work that demonstrated that IgA™ B cells and serum and mucosal levels of IgA
are depleted in pathogenic SIV/HIV infection (38, 39). Given that IgA aids in defense
against intestinal pathogens and helps to maintain the commensal microbiome (56),
the loss of IgA in SHIV.CH505-infected macaques may contribute to disruption of
gastrointestinal homeostasis in chronically infected animals.

Our study demonstrates that SHIV.CH505 infection induces SHIV-specific B and T cell
responses. In particular, we observed induction of Env-specific binding antibodies early
in acute infection, followed by a slower induction of neutralizing antibodies in
plasma of SHIV.CH505-infected macaques. At viral set point, SHIV.CH505-infected
animals developed strong SIV Gag-dominated CD8* cytolytic effector T cell re-
sponses. These data are similar to what has been observed in acute infection and
after set point of SIV and HIV infection (40, 41). Collectively, our findings indicate
that SHIV.CH505 elicits B and T cell responses characteristic of SIV/HIV infection, and
subsequent studies are needed to more fully characterize adaptive immunity,
especially CD8* T cell responses and antibody and neutralizing responses, in the
context of SHIV.CH505 infection.

The work presented here indicates that SHIV.CH505 infection causes alterations in
innate immune subsets consistent with what has been observed in pathogenic SIV/HIV
infection. In particular, while neutrophil accumulation has been observed in chronic SIV
and HIV infection (42, 43), our data are consistent with a previous study in rhesus
macaques that demonstrated a lack of neutrophil accumulation in acute infection (57).
Moreover, SHIV.CH505 infection resulted in significant loss of ILC3s in the rectum,
consistent with what has been shown previously in SIV-infected macaques (44). Given
that ILC3s are important in maintaining the mucosal barrier and intestinal homeostasis,
it is possible that the loss of ILC3s at the end of acute SHIV.CH505 infection, in
combination with lowered frequencies of CD4™ T cells producing IL-17 and IL-22, could
contribute to loss of intestinal barrier integrity. Although we did not observe an impact
of acute SHIV.CH505 infection on plasma levels of zonulin-1, it is possible that we would
have detected elevations in this marker of intestinal permeability had we examined
time points further into chronic infection. Taken together, our data suggest that
SHIV.CH505 infection mimics pathogenic SIV/HIV infection in terms of the impact on
innate immune cell subsets. However, as it appears that many of these populations are
not disrupted until chronic infection is reached, it will be important to complete
additional studies that assess whether chronic SHIV.CH505 infection results in contin-
ued dysfunction of these immune cell subsets and what impact these alterations may
have on intestinal barrier integrity and thus mucosal homeostasis.

A caveat of this study is the relatively small number of rhesus macaques used
(n =7), given that some animal-to-animal variation was observed. These factors may
have contributed to the lack of statistical significance at some time points, particularly
for rare cell subsets, like dendritic cells or ILCs. However, even with this limited group
of animals, although we did not observe the same levels of profound CD4* T cell
depletion that is seen in acute HIV infection, we did detect significant alterations in
immune cell frequencies, phenotype, and function after SHIV.CH505 infection, all of
which were largely consistent with what has been observed in pathogenic SIV/HIV
infection. Finally, as we followed animals only up to 16 to 18 weeks p.i., we were unable
to make conclusions regarding the impact of this SHIV in chronic infection. Additional
work with larger animal cohorts will be necessary to comprehensively assess the impact

September 2019 Volume 93 Issue 18 €00372-19

Journal of Virology

jviasm.org 22


https://jvi.asm.org

SHIV.CH505 Immunopathogenesis in Rhesus Macaques

of SHIV.CH505 infection on lower-frequency cell populations and adaptive immune
responses, as well as to determine the kinetics of this SHIV in chronically infected
animals.

In conclusion, our data demonstrate that SHIV.CH505 infection of rhesus macaques
results in acute peripheral viral kinetics and immunopathology comparable with what
has been observed in pathogenic SIV/HIV infection. In particular, this SHIV causes early,
massive, and persistent depletion of the CCR5* CD4™" T cell compartment in intestinal
tissue. Depletion of this subset, in the setting of the alterations in mucosal immune
subsets that we observed throughout early SHIV.CH505 infection, may drive gener-
alized mucosal dysfunction and intestinal damage in chronic infection, such as loss
of epithelial integrity, leading to increased microbial translocation and systemic
inflammation and immune activation. Longitudinal studies assessing SHIV.CH505-
infected macaques through chronic infection will be necessary to fully evaluate this
possibility. Given these findings, our work suggests that SHIV.CH505 may be
particularly useful in studies testing novel vaccine concepts or new therapeutics
and interventions, especially those that specifically target events in acute and early
infection.

MATERIALS AND METHODS

Study animals and approval. Seven male Indian-origin rhesus macaques (Macaca mulatta) were
utilized in this study. Four of the seven animals were negative for the protective Mamu-A*01, Mamu-B*08,
and Mamu-B*17 alleles. Animal number A16250 was positive for Mamu-A*01, A16262 was positive for
Mamu-B*08, and A16263 was positive for Mamu-B*17. All animals underwent baseline sample collection,
intrarectal SHIV challenge, and post-SHIV infection sample collection as detailed below. Animals were
housed and cared for in Association for the Assessment and Accreditation of Laboratory Animal Care
International (AAALACi)-accredited facilities, and all animal procedures were performed according to
protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
Washington and Washington National Primate Research Center.

SHIV challenge. Rhesus macaques were intrarectally challenged with SHIV.CH505.375H.dCT. The
stock virus had a concentration of 178 ng/ml of p27Ag, a titer of 6.8 X 10° IU/ml on TZM cells, and
6.32 X 108 VRNA molecules/ml (3.16 X 108 virions/ml). To inoculate the animals, stock virus was diluted
1:100 in RPMI 1640 medium (GE Healthcare, Logan, UT). Once per week, animals were sedated, had blood
drawn, and then were challenged by placing the animal into a prone Trendelenburg position and
inserting a sterile, disposable, lubricated, flexible feeding tube into the rectum. One milliliter of the
diluted virus was injected into the rectum, and the animal was allowed to remain prone for several
minutes to ensure absorption of the inoculum. Plasma viral load at the time of each challenge was
determined by real-time reverse transcription-PCR (RT-PCR) using primers specific for SIV/SHIV (Gag
region), as previously described (58). Challenges continued until an animal tested SHIV positive by PCR,
at which point challenges were halted and postinfection sampling commenced.

Sample collection. Colon and rectum biopsy specimens were obtained via an endoscope or a
speculum inserted into the rectum and using sterile biopsy forceps. Peripheral blood was collected into
Vacutainer blood collection tubes with EDTA anticoagulant (BD, Franklin Lakes, NJ) via venipuncture.
Inguinal or axillary lymph nodes (LN) were biopsied via surgical removal.

Tissue processing. Colon and rectum biopsy specimens were enzymatically digested and ground
through a 70-um cell strainer into a single cell suspension in R10 medium (RPMI 1640 medium with 2.05
nM L-glutamate, supplemented with 10% fetal bovine serum [FBS], 100 U/ml penicillin, and 100 wg/ml
streptomycin [all from GE Healthcare]), as previously described (59). LN tissue was also ground through
a 70-um cell strainer into a single cell suspension in R10 medium, as previously described (59, 60). Single
cell suspensions were immediately stained for flow cytometric analysis. Complete blood counts with
differential were measured on a Beckman Coulter AC*T 5diff CP hematology analyzer (Beckman Coulter,
Brea, CA).

Flow cytometry. Multicolor flow cytometric analysis was performed on whole peripheral blood;
peripheral blood mononuclear cells; and cellular suspensions of colon, rectum, and LN tissue, according
to standard procedures using optimized antimacaque or antihuman monoclonal antibodies (MAbs) that
cross-react with rhesus macaques. All cells were first stained with a Live/Dead Fixable Aqua dead cell
stain kit (Thermo Fisher Scientific, Grand Island, NY), in order to exclude dead cells. Cells were further
surface stained with predetermined optimal concentrations of the following antibodies with clones listed
in parentheses, all from BD Biosciences unless otherwise stated: CD45-PE (phycoerythrin)-CF594 or
-BV786 (D058-1283); CD3-AF700, -PerCP (peridinin chlorophyll protein), or -BV650 (SP34-2); CD4-BV605
(OKT4; BioLegend, San Diego, CA); CD8-BV650 (SK1) or -BV786 (RPA-T8); CD20-BV570 (2H7; BioLegend);
HLA-DR-BV711 (L243; BioLegend); CD14-BV785 (M5E2; BioLegend); CCR6-BB515 or -BV650 (11A9);
CCR5-PE (3A9); CD11c-PerCP-eFluor710 (3.9; eBioscience/Thermo Fisher Scientific, Waltham, MA); CD123-
eFluor450 (6H6; eBioscience); NKp44-APC (allophycocyanin) (2.29; Miltenyi, Auburn, CA); NKG2a-PE (Z199;
Beckman Coulter); CD11b-APC-H7 (ICRF44); CD28-ECD (CD28.2; Beckman Coulter); CD95-eFluor450 (DX2;
eBioscience); CCR7-FITC (fluorescein isothiocyanate) (3D12); IgA-APC (polyclonal; Jackson Immunore-
search, West Grove, PA); and 1gG-PE-Cy5 (G18-145). Red blood cells were lysed in whole-blood samples

September 2019 Volume 93 Issue 18 e00372-19

Journal of Virology

jviasm.org 23


https://jvi.asm.org

Bar et al.

using fluorescence-activated cell sorting (FACS) lysing solution (BD). In order to assess cellular prolifer-
ation, rectum, colon, and LN tissue were permeabilized and fixed using a CytoFix/Perm kit (BD Phar-
mingen) and intracellularly stained with anti-Ki-67 (clone BD56; BD). In order to evaluate cytokine
production following mitogenic stimulation, colon cells were stimulated overnight with PMA (5 ng/ml;
Sigma-Aldrich, St. Louis, MO) and ionomycin (1 wM/ml; Thermo Fisher Scientific) for 10 to 14 h, in the
presence of brefeldin A (1 ug/ml; Sigma-Aldrich), and fixed and intracellularly stained. To evaluate
peptide-specific T cell responses, PBMCs were stimulated 1 to 2 h with 15-mer peptides with 11-amino-
acid overlap, SIVmac239 Gag (6204) and HIV-1 consensus C Env (9499), both from the NIH AIDS reagent
program, in the presence of CD107a-PE-Cy5 (eBioH4A3; eBioscience), and then stimulated overnight in
the presence of brefeldin A. PBMCs stimulated with dimethyl sulfoxide (DMSO) or PMA and ionomycin
were used as negative and positive controls, respectively. PBMCs were then permeabilized and fixed
using a True-Nuclear transcription factor buffer set (BioLegend) and intracellularly stained. Intracellular
antibodies used included TNF-a-AF700 or -PE-Cy7 (BD Biosciences) (Mab11), IL-17-PE (ebio64CAP17),
IL-22-PerCP-eFluor710 (IL22JOP; all three from eBioscience), IL-10-PE-Cy7 (JES3-9D7), IFN-y-BV650 (4S.B3;
both from BioLegend) or -FITC (B27; BD Biosciences), IL-21 (3A3-N2.1; BD), IL-2-AF700 (MQ1-17H12;
BioLegend), and granzyme B-BV421 (GB11). Flow cytometric acquisition was performed on a BD LSRII
cytometer using FACS Diva software (version 8; BD Pharmingen). Analysis of the acquired data was
performed using FlowJo software (version 9.9.6 [PBMC ICS] or 10.0.8; Tree Star, Ashland, OR). All reported
peptide-specific cytokine responses are after subtraction of DMSO negative-control and baseline values.
Total frequencies of cytokine-positive cells in response to peptide stimulation were determined using
Boolean gating.

ELISA antibody assays. HIV-1 Env binding antibody titers were measured in plasma samples
collected at regular intervals against autologous CAP257 54wpi_D gp140 according to methods previ-
ously established (61, 62).

Neutralization assay. The TZM-bl neutralization assay was performed as previously described using
HIV-SF162, HIV-MW965, and CH505 pseudoviruses (63). All values were calculated with respect to
virus-only wells [(relative light unit {RLU} value for virus only — cells only) — (value for serum — cells
only)l/(value for virus — cells only).

Detection of plasma markers of epithelial barrier permeability. Plasma levels of zonulin-1 were
assessed using commercial enzyme-linked immunosorbent assay kits (MyBioSource, San Diego, CA),
according to the manufacturer’s recommended protocols.

Statistical analysis. Statistical analysis was performed using GraphPad Prism statistical software
(version 6; GraphPad Software, San Diego, CA). Overall statistical significance was evaluated using a
Friedman test, and differences between baseline (pre-SHIV infection) and individual post-SHIV infection
time points were further assessed using Dunn’s multiple-comparison test. A P value of <0.05 was
considered significant.
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