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in SIV-infected rhesus macaques
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CD4' T cells play a central role in the immunopathogenesis of HIV/AIDS, and their depletion during chronic
HIV infection is a hallmark of disease progression. However, the relative contribution of CD4* T cells as media-
tors of antiviral immune responses and targets for virus replication is still unclear. Here, we have generated
data in SIV-infected rhesus macaques (RMs) that suggest that CD4* T cells are essential in establishing control
of virus replication during acute infection. To directly assess the role of CD4* T cells during primary SIV infec-
tion, we in vivo depleted these cells from RMs prior to infecting the primates with a pathogenic strain of SIV.
Compared with undepleted animals, CD4* lymphocyte-depleted RMs showed a similar peak of viremia, but did
not manifest any post-peak decline of virus replication despite CD8" T cell- and B cell-mediated SIV-specific
immune responses comparable to those observed in control animals. Interestingly, depleted animals displayed
rapid disease progression, which was associated with increased virus replication in non-T cells as well as the
emergence of CD4-independent SIV-envelopes. Our results suggest that the antiviral CD4* T cell response may

play an important role in limiting SIV replication, which has implications for the design of HIV vaccines.

Introduction
The interaction between HIV and the host immune system is com-
plex, with both suppression of virus replication by certain immune
mediators (e.g., CD8" T lymphocytes, neutralizing Abs, and Ab-
dependent cellular cytotoxicity [ADCC]; reviewed in ref. 1) and
facilitation of virus transmission and/or replication by others (e.g.,
activated CD4*CCRS"* T cells and DCs; reviewed in refs. 2, 3). This
complexity is one of the reasons why an effective AIDS vaccine has
yet to be designed. In particular, the interaction between CD4* T
cells and HIV may result in contrasting effects with respect to virus
replication. On one hand, HIV-specific CD4" T cells provide help for
both HIV-specific CD8* T cells and B cells, thus resulting in strong
cytotoxic T lymphocyte (CTL) activity and production of HIV-spe-
cific Abs (reviewed in refs. 4, 5). On the other hand, activated CD4* T
cells are key targets for HIV replication, and their presence in muco-
sal sites may favor virus transmission and/or replication (2, 6-8).
The host antiviral immune response during HIV infection has
been studied using the in vivo experimental model of pathogenic
SIVima infection of rhesus macaques (RMs), which results in a dis-
ease similar to HIV infection in humans. By performing in vivo
depletion of specific cell populations with mAbs as well as adoptive
transfer of SIV-specific Abs, it has been established that both CD8*
T lymphocytes and neutralizing Abs suppress virus replication in
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SIV-infected RMs (9-15). A potential antiviral role of CD4* T helper
cells in determining the level of virus replication was suggested by
an experiment in which RMs were subjected to a costimulatory
blockade with CTLA-Ig and anti-CD40L Abs at the time of primary
SIV infection, resulting in abrogation of the post-peak decline of
viremia (16). However, in that study, both T cell- and B cell-medi-
ated SIV-specific immune responses were significantly disrupted,
thus precluding a direct assessment of the role of CD4* T cells. To
directly measure the role of CD4" T cells in determining the level
of peak viremia and the magnitude of the post-peak decline dur-
ing primary SIV infection, we depleted CD4* lymphocytes in vivo
in 5 Indian RMs by administering the humanized anti-CD4 mAb
Cdr-OKT4A-hulgG1, and included 4 age- and gender-matched ani-
mals as undepleted controls. In this study, we selected a treatment
protocol that depletes the vast majority of circulating CD4* T cells,
as well as those resident in LNs and BM, but has only a marginal
effect on the level of mucosal CD4* T cells. The rationales for this
choice were (a) to preserve the overall dynamics of early SIV replica-
tion and dissemination that mainly occur in mucosal tissues during
the acute phase of infection (17-19), (b) to selectively abrogate the
function of CD4* T helper cells in inductive sites, and (c) to reduce
the availability of CD4* target cells in the post-peak phase of pri-
mary viremia (i.e., after virus-mediated depletion of mucosal CD4*
T cells). We also reasoned that this treatment would not change the
effect of antiviral CD8" T cell responses, based on the current para-
digm that priming of virus-specific CTL responses is independent of
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Experimental design of CD4+ lymphocyte depletion and SIV infection. 5 RMs were treated with the CD4+ lymphocyte—depleting Ab Cdr-OKT4A-
hulgG1 prior to SIV infection, while 4 control animals were infected without any prior treatment. Samples of peripheral blood, BM, RB, and LN

were collected at various time points before and after SIV infection.

CD4" T cell help (20-22). Similarly, we reasoned that this treatment
would not influence the antiviral effect of SIV-specific neutralizing
Abs, as they do no become detectable until after the acute stage of
SIVpna infection (23-25). Finally, we proposed that by inoculating
RMs with SIV after a 6-week washout period from the last infusion
of Cdr-OKT4A-hulgG1, we would avoid the potential confounding
factor of direct antiviral activity of this anti-CD4 Ab (26).

We found that CD4* lymphocyte-depleted, SIV-infected RMs
reached a peak level of virus replication very similar to that observed
in undepleted controls. However, CD4* lymphocyte-depleted RMs
did not manifest a post-peak decline of virus replication despite
CD8* T cell- and B cell-mediated SIV-specific immune responses
that were comparable to those of undepleted animals. As expected,
this inability to control virus replication was associated with rapid
disease progression. Since there was no evidence of a substantial
increase in CD4" target cells (i.e., total or memory CD4" T cells
expressing Ki67 and/or CCRS) in the CD4* lymphocyte-depleted
RMs, our findings support the possibility of a direct antiviral effect
of CD4* T cells during primary SIV infection.

Results
Experimental design. To investigate the in vivo role of CD4* T cells
during primary SIVp,. infection of RMs as either mediators of
antiviral immune responses or targets for virus replication, we
depleted CD4" lymphocytes from 5 RMs using the humanized
mADb Cdr-OKT4A-hulgG1, administered i.v. 4 times over 12 days at
adose of 10 mg/kg. The study also included 4 undepleted animals
as controls. All RMs were infected i.v. with 3,000 tissue culture IDs
(TCIDso) of SIVmacas1 at day 45 after the last Cdr-OKT4A-hulgG1
administration, and tissues (BM and LN as well as rectal mucosa via
rectal biopsy, referred to herein as RB) and peripheral blood were
sampled at multiple time points throughout the study (Figure 1).
This 45-day washout period prior to SIV infection was considered
sufficient to remove the potential confounder of a direct antiviral
effect mediated by Cdr-OKT4A-hulgG1.

Anti-CD4 Ab induces major CD4* T cell depletion in blood, LNs, and BM.
The efficacy of the anti-CD4 Ab in depleting CD4" T cells in vivo
was assessed in each examined site by multiparametric flow cytom-
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etry. As expected, treated RMs exhibited a major decrease (approxi-
mately 90%-95% relative to baseline) in both the percentage and
absolute number of peripheral blood CD4* T cells that persisted
until the time of infection (Figure 2, A and B). Of note, one of
the treated RMs, animal RUv6, exhibited less dramatic CD4* T cell
depletion; therefore, we presented results from this animal sepa-
rately from the others. Prior to treatment with the anti-CD4 Ab,
RMs in the treatment group showed 55.8% + 14.0% CD3*CD4* T
cells and an absolute count of 765.6 + 362.9 CD4" T cells/ul in
peripheral blood (Figure 2B). Similarly, control animals exhib-
ited 60.9% + 10.2% CD3*CD4" T cells and an absolute count of
876.4 +394.6 CD4" T cells/ul in peripheral blood. At the nadir of
depletion, the level of circulating CD4* T cells was 3.6% + 0.6% of
CD3" T cells, with an absolute count of 5.0 + 4.3 CD4" T cells/ul. By
the time of SIV infection, the level of circulating CD4* T cells was
15.3% + 5.5% of CD3* T cells, with an absolute count of 65.4 + 44.8
CD4" T cells/ul, representing an average decrease of 91.4% + 3.0% of
the absolute number of CD4* T cells compared with baseline. The
depleting treatment similarly affected all of the main CD4" T cell
subsets, including naive, central memory, effector memory, and
regulatory cells (data not shown). In contrast, in untreated RMs,
circulating CD4* T cells at the time of experimental SIV infection
represented 57.8% + 1.2% of CD3* T cells, an absolute count of
659.8 £ 597.8 CD4" T cells/ul (P = NS vs. baseline; Figure 2B). We
next measured the relative percentage of CD3*CD4" T cells within
the BM, LN, and RB. As shown in Figure 2C, treatment with anti-
CD4 Ab induced a substantial depletion of CD4* T cells in the BM
and LNs (mean decline of 90.1% + 1.9% and 75.5% + 18.0%, respec-
tively, relative to baseline), but not in the RB, in which depleted
RMs exhibited levels of CD4* T cells similar to those of undepleted
controls (54.3% + 24.7% and 31.1% + 6.7% of CD3" T cells, respec-
tively; P = NS). Importantly, the effect of Cdr-OKT4A-hulgG1 was
highly specific for CD4" T cells, as other subsets of circulating or
tissue-based mononuclear cells (i.e., monocytes, B cells, NK cells,
and CD8" T cells) were not affected by this treatment (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI46023DS1). Similarly, no changes in the
levels of circulating plasmacytoid and myeloid DCs were observed
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Figure 2

Anti-CD4 Ab induces major CD4+ T cell loss in blood, LN, and BM, followed by residual CD4+ T cell proliferation. (A) Representative flow cytom-
etry plots of percent circulating CD4+ T cells (relative to total CD3* T cells) before and after Cdr-OKT4A-hulgG1 treatment. (B) Longitudinal
assessment of percent and absolute number per ul of peripheral blood CD4+ T cells before and after Cdr-OKT4A-hulgG1 treatment. CD4+ T cell
dynamics were significantly different between CD4+ lymphocyte—depleted RMs and controls from baseline to the time of infection (P < 0.001,
linear mixed-effects model). (C) Longitudinal assessment of percent CD4+ T cells in the BM, LN, and RB. Percent CD3+*CD4+ T cells was sig-
nificantly lower in the BM (P = 0.0011) and LN (P = 0.0378) of CD4+ lymphocyte—depleted RMs (Student’s ¢ test with Welch correction). Some
baseline time points were unavailable in RB due to technical error (n = 4). (D) Longitudinal assessment of percent CD4+Ki67+ T cells in peripheral
blood, significantly higher at the time of infection in CD4+ lymphocyte—depleted RMs (P = 0.0062, Student’s t test with Welch correction). (E) Cor-
relation between peripheral CD4+ T cell absolute count (orange) and percent CD4+Ki67+ T cells (green) in CD4+ lymphocyte—depleted animals
(P <0.0001, R? = 0.4173). Shaded area represents time of CD4+* lymphocyte—depleting treatment.

after treatment with the anti-CD4 Ab (data not shown). Of note,
the levels of circulating anti-CD4 Ab at the last time point prior
to infection (i.e., day 45 after depletion) were assessed as serum
CD4-binding activity by incubating serial dilutions of serum with
the CD4-expressing cell line HUT78 and measuring binding activ-
ity by flow cytometry. This analysis revealed that, at day 45 after
depletion (i.e., time of SIV infection), the binding of CD4 by the
sera of depleted animals was slightly increased compared with that
of undepleted animals (average MFI increase of 38.7%, as opposed
to 327% of the sera collected immediately after infusion, data not
shown), with the exception of animal RZjS, which showed CD4
binding levels similar to the positive controls.

Anti-CD4 Ab—mediated CD4* lymphocyte depletion is followed by increased
proliferation of residual CD4" T cells. In vivo depletion of CD4* lympho-
cytes in nonhuman primates is followed by homeostatic proliferation
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of residual CD4* T cells, which involves preferentially non-naive cells
(27, 28). To confirm this phenomenon in our group of CD4* lym-
phocyte-depleted RMs, we longitudinally measured the expression
of the proliferation marker Ki67 on CD4* T cells by flow cytometry
in blood and tissues (LN, BM, and RB). As shown in Figure 2, D and
E, after CD4" lymphocyte depletion, residual peripheral blood CD4*
T cells exhibited a marked increase in Ki67 expression, with a sig-
nificant inverse correlation between absolute number of CD4* T cells
and percent circulating CD4* T cells expressing Ki67 (R? = 0.4173;
P < 0.0001). Of note, depletion of CD4* T cells did not induce an
increase in the level of proliferating CD8" T cells (data not shown).
This relationship between absolute CD4* T cell count and fraction
of CD4'Ki67* cells was absent in undepleted control animals (data
not shown). The difference in percent CD4°Ki67* T cells between
depleted RMs and undepleted controls remained significant at the
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time of infection (P = 0.006, Student’s ¢ test with Welch correction
for unequal variances). As expected based on the finding that our
treatment depleted CD4* T cells in LN and BM, but not in RB, we
observed an increase in the fraction of CD4'Ki67* T cells in the LN
and BM of the depleted RMs, but not in RB (data not shown). In all,
these data confirmed that experimental CD4* lymphocyte depletion
is associated with a lineage- and tissue-specific increased prolifera-
tion of the residual CD4" T cells.

SIV infection of CD4* T lymphocyte—depleted RMs is characterized by
absence of post-peak viral decline and rapid progression to AIDS. After
completion of the CD4* lymphocyte-depleting protocol, all ani-
mals were infected with 3,000 TCIDso SIVmac2s1 (day 0). We then
examined the kinetics of SIV plasma viremia. As shown in Figure 3,
A and B, both groups of animals experienced a rapid, exponential
increase in virus replication that reached a maximum level atapprox-
imately day 11 post infection (p.i.; control, 9.5 x 107 + 6.3 x 107
copies/ml; CD4* lymphocyte-depleted, 6.8 x 107 + 4.1 x 107,
P =NS). Importantly, whereas the control, undepleted SIV-infect-
ed RMs showed a discernible post-peak decline of viremia (i.e.,
1-2 logs on average), the 4 fully CD4* lymphocyte-depleted SIV-
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Figure 3

CD4+ lymphocyte depletion is associated with the absence of post-
peak decline of viremia and with accelerated disease progression.
Longitudinal assessment of plasma viremia expressed as log plasma
viral load for individual animals (A) and mean + SEM of the log plasma
viral load (B) in CD4+ lymphocyte—depleted and control RMs. Setpoint
viral loads (days 18—42 p.i.) were significantly higher in treated animals
(P =0.044, log plasma viral load, linear mixed effects model). (C) Surviv-
al curves for CD4+ lymphocyte—depleted and control RMs (P = 0.0414,
hazard ratio 8.317, Kaplan-Meier estimate through day 467).

infected RMs did not display a clear post-peak decline of viremia
and maintained a mean setpoint viral load greater than 1 log high-
er than that of control animals. This difference was statistically
significant between days 14 and 42 p.i. (P = 0.001, linear mixed-
effects model). Interestingly, RUv6, which had the least effective
CD4" lymphocyte depletion, exhibited the lowest peak and sharp-
est post-peak decline of viremia of all SIV-infected RMs. The more
benign course of infection (i.e., lower viral load and increased sur-
vival) observed in RUv6 is unlikely to be caused by persistence of
depleting Ab, since this animal showed the lowest levels of circulat-
ing anti-CD4 AD at the last time point prior to experimental SIV
infection (data not shown). Of note, the higher setpoint viremia
observed in CD4* lymphocyte-depleted SIV-infected RMs was asso-
ciated with faster disease progression, with all 4 fully depleted ani-
mals succumbing to AIDS within 90 days of infection (Figure 3C;
median survival, depleted RMs, 63 days p.i.; controls, about
400 days p.i.). This trend was considered statistically significant
(P=0.0414, hazard ratio 8.317, Kaplan-Meier estimates); however,
this significance was lost when RUv6 was included in the depleted
group (P =0.2393, hazard ratio 2.914, Kaplan-Meier estimates).
SIV infection induces systemic CD4* T cell loss in both CD4* Lymphocyte—
depleted and undepleted RMs. We next assessed the effect of SIV infec-
tion on the dynamics of CD4* T cells in treated and untreated RMs.
Since our experimental model resulted in homeostatic prolifera-
tion of residual CD4* T cells in depleted animals prior to infection,
we first assessed the impact of this proliferation on the CD4* T
cell dynamics that typically follow SIV infection. At day 14 p.i.,
CD4* lymphocyte-depleted RMs exhibited a mean of 2.7% + 1.1%
CD3*CD4* T cells, with an absolute count of 7.0 + 6.3 CD4* T
cells/ul, whereas control animals exhibited a mean of 17.4% + 5.4%
CD3*CD4* T cells, with an absolute count of 377.0 + 240.7 CD4* T
cells/ul (Figure 4A). Thus, the SIV-induced CD4* T cell decline rela-
tive to the preinfection baseline was comparable in the 2 groups of
RMs (depleted, 82.6% + 5.4% decline; control, 70.0% + 8.9% decline),
despite the much lower CD4" T cell counts observed in CD4" lym-
phocyte-depleted animals at the time of infection. We next exam-
ined the dynamics of CD4* T cells after SIV infection in the LN,
BM, and RB. As shown in Figure 4, B and C, the loss of CD4* T cells
atday 14 p.i. in the LN was similar in control and depleted animals
(declines of 58.7% + 13.6% and 63.4% + 14.1%, respectively). In the
BM, the loss of CD4* T cells at day 14 p.i. was also comparable in
CD4" lymphocyte-depleted and control RMs (32.7% + 18.1% and
32.1 £ 19.8% declines, respectively), even though the levels of BM-
based CD3"CD4" T cells were higher in control RMs (13.5% + 5.3%)
than CD4" lymphocyte-depleted animals (2.1% + 0.6%). Interest-
ingly, by day 42 p.i., the CD4" lymphocyte-depleted RMs exhibited
a recovery of BM-based CD4" T cells to preinfection (but not pre-
treatment) levels, consistent with the previously described role of
the BM as a preferential anatomic site for homeostatic prolifera-
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SIV infection induces systemic CD4+ T cell loss in both groups of CD4+ lymphocyte—depleted and undepleted RMs. Longitudinal assessment of
CD4+ T cell levels after SIV infection. (A) Circulating CD4+ T cells, shown as percent relative to baseline (pre-SIV infection), percent of CD3* T cells,
and absolute CD4+ T cell count per ul, in CD4+ lymphocyte—depleted and control RMs and RUv6. (B) Longitudinal assessment of CD4+ T cells
(measured as percent of baseline) in the BM, LN, and RB. (C) Longitudinal assessment of CD4+ T cells (measured as percent of CD3* T cells).

tion of CD4" T cells in nonhuman primates (29). Within RBs, in
which the preinfection levels of CD4* T cells were similar between
depleted and control RMs, SIV infection induced a similarly dra-
matic loss of CD4" T cells in the 2 groups by day 28 p.i. (decline
0f 94.7% + 1.6% and 97.5% = 1.0% in depleted and control animals,
respectively). Taken together, these data indicate that SIV infection
had a similar effect on depleting circulating and tissue CD4" T cells
in CD4* lymphocyte-depleted and control RMs.

CD4* lymphocyte—depleted SIV-infected RMs do not show a substantial
increase in activated and/or CCRS*CD4* T cells that may serve as preferen-
tial targets for virus infection. The absence of post-peak decline of vire-
mia in CD4* lymphocyte-depleted SIV-infected RMs is consistent
with 2 hypotheses: (a) defective antiviral immune responses, and (b)
increased availability of target cells. While CD4* lymphocyte-deplet-
ed RMs showed lower levels of total CD4* T cells both at the time
of SIV inoculation and throughout the acute phase of infection, we
considered the possibility that the depletion-induced homeostatic
proliferation of CD4* T cells may have led to an absolute increase in
activated (i.e., Ki67*) and/or CCR5*CD4" T cells that may have acted
as preferential targets for SIV infection. To address this question,
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we measured the absolute levels (cells/ul blood for circulating CD4*
T cells, percentage of CD3* T cells for LN- and RB-based CD4* T
cells) of CD4*Ki67* T cells, CD4*CCRS* T cells, CD4'Ki67*CCRS* T
cells, memory (i.e., CD95") CD4'Ki67* T cells, memory CD4*CCRS*
T cells, and memory CD4'Ki67*CCRS5* T cells in CD4* lympho-
cyte-depleted and control RMs. As summarized in Table 1, none
of these populations of potential preferential targets for SIV infec-
tion was increased in the CD4* lymphocyte-depleted RMs at day
14 p.i. compared with control animals, and in depleted animals,
only the percentage of activated/CCR5*CD4* T cells in the RB was
increased at day 28 p.i. It should be noted, however, that by day 28
p.i., the fraction of residual CD4" T cells in the RB was very low
in both CD4* lymphocyte-depleted and control RMs (Figure 4C).
Overall, these data do not support the possibility that the lack
of post-peak decline of SIV viremia in depleted RMs is caused by
increased numbers of CD4* target cells.

CD4* lymphocyte—depleted SIV-infected RMs do not show increased infec-
tion of naive CD4" T cells or monocytes. We next investigated whether
CD4" lymphocyte depletion was associated with preferential tar-
geting of circulating non-CD4" T cells, such as monocytes, or by
Volume 121~ Number 11
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Table 1

CD4+ lymphocyte—depleted SIV-infected RMs do not show a substantial increase
in activated and/or CCR5+*CD4+ T cells that may serve as preferential targets for

virus infection

the 2 groups of SIV-infected RMs in any of the
tissues examined (Figure 5, A and B). To assess
potential functional differences in the SIV-spe-
cific CD8" T cell responses, we next assessed the
ability of SIV-specific CD8" T cells from both

Day 14 p.i. Day 28 p.i. groups of RMs to produce the cytokines IFN-y,
T cell subset Undepleted Depleted  Undepleted Depleted P IL-2, and TNF-0 and/or to degranulate (as
PBMC population (cells/ul) measured by surface expression of CD107a) in
CCR5+CD4* 63:70 03:02 6058 3365 NS response to in vitro stimulation with peptides
Ki67+CD4* 708+523 27:24  725:456 32.3:594 NS encompassing the entire SIV-Gag protein.
CCR5+Ki67+CD4+ 43+45 02+01 59+51 29+57 NS These experiments did not reveal any consis-
CCR5*CD4* memory 49+50 02+02 51+49 28+54 NS tent differences in the level or functionality of
Ki67+CD4+ memory 483+363 25:23 55.0+33.6 23.7+42.6 NS CD8" T cells from CD4* lymphocyte-depleted
CCR5+Ki67+CD4* memory 3.5+34 0.1+0.1 46+45 25x49 NS or control RMs at any of the examined time
LN (% of CD3+ T cells) points (Figure SC). Collectively, these data indi-
CCR5+CD4+ 26+10 2210 20+04 10+10 NS cate that the marked depletion of CD4* T cells
Ki67+CD4+ 52:12 31209 45213 2215 NS induced by the Cdr-OKT4A-hulgG1 Ab did
CCR5Ki67+CD4+ 2006 19:08 1504 0810 NS not compromise the generation of SIV-specific
CCR5+CD4+ memory 2612 2008 1704 0x09 NS CD8* T cell responses during primary SIV infec-
Ki67+CD4* memory 45+11 29209 38+12 21+15 NS tion. Therefore, these data do not support the
CCR5+Ki67+CD4* memory 1907 1.8:0.7 14:04 08+09 NS hypothesis that the absence of post-peak SIV
RB (% of CD3* T cells) replication decline observed in CD4* lympho-
CCR5+CD4+ 8458 37:15 1609 37%17  0.0368 cyte-depleted RMs is a consequence of defec-
Ki67+CD4+ 91+6.7 37+14 19+08 44+13 0.0082 tive SIV-specific CD8* T cell responses. Finally,
CCR5*Ki67+ 84+58 36=x14 15+08 34=x16  0.0415 we measured the level of SIV-specific CD4* T
CCR5+CD4+ memory 82+55 35+14 15£08 3616 0.0295 cell responses using the same combination
Ki67+CD4+ memory 87+62 3514 1.8+£07 4111 0.0061 of in vitro stimulation with SIV peptides and
CCR5*Ki67+CD4+* memory  8.1+5.5 3.4:14 1507 3415 0.0335

Average levels of total and memory CD4+ T cells expressing CCR5 and/or Ki67 (i.e., potential
target cells in the blood [PBMCs], LN, and RB) at days 14 and 28 p.i. Data shown as cells/ul

(+ SD) for PBMCs and as percent CD3* T cells for LN and BM.

an altered pattern of infected CD4* T cell subsets. To this end, we
measured the levels of cell-associated SIV-DNA in sorted cell pop-
ulations including monocytes, naive CD4* T cells (CD28'CD95),
central memory CD4* T cells (CD28*/-CD95*/°CCR?7), and effec-
tor memory CD4* T cells (CD28*/-CD95*/1°CCR7"). As shown
in Supplemental Figure 2A, we did not observe any significant
difference between CD4* lymphocyte-depleted and control SIV-
infected RMs in percent infected monocytes or naive CD4* T cells
at days 14 or 42 p.i. Similarly, we did not find any significant dif-
ference in the relative proportion of SIV-infected central memory
and effector memory CD4" T cells at either day 14 or day 42 p.i.
(Supplemental Figure 2B). Overall, these data do not support
the hypothesis that the absence of post-peak decline of viremia
observed in CD4* lymphocyte-depleted SIV-infected RMs is the
result of an expanded in vivo cellular tropism of the virus for
either monocytes or naive CD4* T cells.

CD4* lymphocyte—depleted SIV-infected RMs develop SIV-specific T cell
responses similar to those of control animals. To determine whether
CD4* T cell depletion reduces the ability of SIV-infected RMs to
generate virus-specific CD8" T cell responses, we longitudinally
compared the SIV-induced expansion of SIV-Gag- and SIV-Tat-
specific CD8" T cells within our experimental and control RMs, as
assessed by staining with the Gag-CM9 or Tat-SL8 tetramers in the
subset of Mamu-A*01 animals included in this study (3 CD4* lym-
phocyte-depleted and 2 undepleted RMs). Despite some expected
variation across individual RMs, we did not observe any consistent
differences in the level of Gag- or Tat-specific CD8* T cells between
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intracellular cytokine staining (ICS; Figure SD).
The percentage of CD4" T cells responding to
SIV peptides was similar in the 2 groups. How-
ever, given the dramatically lower CD4" T cell
counts of the depleted animals (Figure 4A),
these equivalent percentages resulted in much
lower absolute numbers of SIV-specific CD4* T cells/ul blood in
experimental animals compared with controls (data not shown).
CD4* lymphocyte—depleted RMs do not show differences in SIV-specific
humoral responses during primary SIV infection. We next investigated
whether the CD4" lymphocyte-depleted SIV-infected RMs expe-
rienced defective and/or delayed SIV-specific humoral immune
responses compared with control animals. To this end, we first
measured the absolute count of total and activated (i.e., Ki67*) B
cells in the blood and LNs during acute SIV infection and found
no difference between CD4* lymphocyte-depleted and control
RMs (data not shown). We then measured the time to serocon-
version for SIV-binding (i.e., non-neutralizing) Ab in the 2 groups
of animals by standard ELISA and again found no significant
difference (data not shown). Finally, we measured the ability of
plasma isolated from CD4* lymphocyte-depleted and control RMs
at various time points after SIV infection to neutralize SIVacs1.6
infectivity in vitro. As shown in Figure 6, and as expected based on
previous studies (25), the levels of neutralization were modest (i.e.,
reaching 50% inhibition only in RUv6) in both CD4* lymphocyte-
depleted and control SIV-infected RMs up to day 42 p.i. Although
control animals showed slightly greater inhibition, no significant
difference in neutralization was observed during acute or early
chronic infection. Collectively, these data do not support the pos-
sibility that the difference in post-peak decline of viremia observed
between CD4* lymphocyte-depleted and control SIV-infected RMs
was caused by a defective or delayed antiviral humoral immune
response in CD4* lymphocyte-depleted animals.
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CD4+ lymphocyte—depleted SIV-infected RMs develop SIV-specific T cell responses similar to those of control animals. Longitudinal assessment
of CD8* T cell responses against 2 Mamu-A*01-restricted immunodominant epitopes of SIV-Gag (A) and Tat (B) in PBMCs, BM, and RB of a
subset of Mamu-A*01+ RMs, as measured by tetramer staining. (C) SIV-specific CD8* T cell responses after in vitro stimulation with SIV-Gag
peptides, as measured in PBMCs by ICS, as well as expression of the degranulation marker CD107a by flow cytometry at days 11, 18, and 25
p.i. Horizontal lines denote medians. (D) SIV-specific CD4+ T cell responses after in vitro stimulation, as for CD8+* T cells.

CD4* lymphocyte—depleted SIV-infected RMs show increased infection
of non-T cells in LNs and RBs. The presence of high levels of virus
replication in SIV-infected RMs with severe depletion of CD4*
T cells in all examined tissues prompted us to investigate the
source of virus in these animals. To this end, we used a combined
histological approach consisting of immunofluorescence or
immunohistochemical (IHC) analysis for the pan-T cell marker
CD3 and fluorescent in situ hybridization (ISH) for SIV in LN and
RB sections from CD4* lymphocyte-depleted and control animals.
Figure 7, A and B, shows representative staining of LN and RB
sections at day 28 p.i., with visual evidence of higher replication in
non-T cells in the CD4* lymphocyte-depleted RMs. As measured
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by quantitative image analysis, SIV replication in CD3* T cells ver-
sus CD3" non-T cells in the LN showed a significant increase in

ed in CD3" cells (P =0.0108) in CD4* lympho-

cyte-depleted RMs compared with control animals at day 28 p.i.

ample availability, we could not perform the

same quantitative analysis in RB. However, the level of SIV replica-
tion in CD68* macrophages and HLA-DM* APCs in RBs appeared
strikingly higher in CD4* lymphocyte-depleted RMs (Figure 7D).
Taken together, these results indicate that the CD4* lymphocyte-
depleting treatment was associated with a substantial increase in
the level of virus replication in non-T cells such as macrophages

ssues.
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Virus from CD4* lymphocyte—depleted SIV-infected RMs develops CD4-
independent envelopes. Finally, to determine whether CD4* lympho-
cyte depletion was associated with changes in viral envelope (Env)
receptor/coreceptor utilization patterns, we generated a panel of
envs by single genome amplification (SGA) from plasma of 7 RMs
(5 depleted and 2 undepleted) at day 42 p.i. and analyzed infection
patterns using pseudotype reporter viruses. As shown in Figure 8,
none of the Envs from the undepleted animals used CCRS inde-
pendently of CD4. In contrast, Envs from 4 of the 5 depleted
RMs were able to infect CCRS* cells in the absence of CD4 at lev-
els approximating 40%-60% of those seen in CCR5*CD4" cells.
Lower, but nonetheless detectable, levels of CD4-independent
infection were seen with Envs from RUv6, the animal that exhib-
ited only moderate CD4* T cell depletion. Concordant results were
seen when CCR5*CD4* U87 cells were treated with a CD4-block-
ing mAb (data not shown). We also examined use of alternative
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Figure 6

Low levels of plasma neutralizing activity against SIV in both CD4+ lym-
phocyte—depleted and control RMs. Percent infectivity of SIVmacesi.6 in
vitro after incubation with various dilutions of plasma collected at dif-
ferent time points p.i. in CD4+ lymphocyte—depleted and control RMs.
RUv6, which experienced moderate CD4+ lymphocyte depletion, is
also shown. Each line represents an individual time point. Dotted lines
denote 50%. Individual points illustrate mean + SEM per group or indi-
vidual. Assay was performed twice independently with duplicate wells.

coreceptors in transfected 293T cells. As expected for SIVnac, most
Envs used CXCR6 and GPR15 efficiently and GPR1 to a lesser
extent, but not CXCR4 or CCR2b. However, there was no increase
in breadth or efficiency of alternative coreceptor use among Envs
from CD4* lymphocyte-depleted compared with undepleted RMs
(data not shown). Thus, CD4* lymphocyte depletion was associ-
ated with CD4-independent use of CCRS, but not with expanded
alternative coreceptor utilization.

Discussion
CD4" T cells play a central role in the immunopathogenesis of
AIDS, and their attrition during chronic HIV infection is the main
hallmark of disease progression. Importantly, CD4* T cells may
influence HIV and SIV replication in 2 contrasting ways, i.e., by
acting as antiviral immune effector cells or by providing targets
for virus replication (reviewed in refs. 2, 4-8). The antiviral role of
CD4* T cells could be further classified as direct (i.e., by the pro-
duction of antiviral cytokines and cytotoxic activity) and indirect
(i.e., as help to other immune effector cells, such as CD8" T cells
and B cells). In this study, we sought to dissect the in vivo role of
CD4" T cells as immune effectors and targets for virus replication
by depleting these cells prior to SIV infection of RMs. We chose
an experimental system in which CD4" T cells are depleted from
blood, LNs, and BM, but not mucosal effector sites. This method-
ology allowed for the preservation of sufficient (and canonical)
targets for early virus replication, avoiding the possibility of abor-
tive infection, while eliminating or at least dramatically reducing
a primary CD4" T cell response.

We considered 2 alternative outcomes for the kinetics of virus rep-
lication during acute SIV infection in CD4* lymphocyte-depleted
RMs: (a) an increased peak and/or reduced post-peak decline of vire-
mia, which would indicate that the primary effect of removing CD4*
T cells is the loss of an important immune effector function; or (b) a
decreased peak and/or a more rapid post-peak decline, which would
indicate that the primary effect of removing CD4" T cells is a reduc-
tion of target cells for virus replication. The results of this study
clearly showed a normal peak of viremia but the absence of a post-
peak viral decline in the CD4* lymphocyte-depleted SIV-infected
RMs, supporting the hypothesis that CD4" T cells are essential to
establish control of virus replication during acute SIV infection. To
the best of our knowledge, this is the first time that this conclusion
has been reached through a direct experimental approach. Impor-
tantly, CD4" lymphocyte-depleted SIV-infected RMs also showed
accelerated disease progression compared with control animals.
This phenomenon may be attributed to higher setpoint viremia,
lower CD4* T cell counts, or both, and the current experimental set-
ting did not allow us to discriminate between these 2 possibilities.

To examine the pathophysiologic mechanisms by which
depletion of CD4* T cells results in abrogation of the post-peak
decline of viremia, we first considered the possibility that the
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Figure 7

CD4+ lymphocyte—depleted SIV-infected RMs show increased infection of non-T cells in LNs and RBs. Repre-
sentative images of LN sections (A), using SIV fluorescence ISH with CD3 immunofluorescence, and RB sec-
tions (B), using chromogenic SIV ISH with CD3 IHC, from untreated control and CD4+ lymphocyte—depleted
RMs at day 28 p.i. Arrows denote CD3+SIV vRNA* cells; arrowheads denote CD3-SIV vRNA* cells. (C) Percent
CD3-SIV vRNA* cells from LN sections of control and CD4+* lymphocyte—depleted RMs at days 14 and 28 p.i.
*P =0.0108, Student’s t test. (D) Representative images from RB sections using chromogenic SIV ISH with
HLA-DM (left) and CD68 (right) IHC from CD4+ lymphocyte—depleted animals. Arrowheads, HLA-DM* or
CD68+SIV vRNA* cells; arrows, HLA-DM- or CD68-SIV vRNA* cells. Original magnification, x600 (A); x200

(B and D, left); x400 (D, right).

CD4" lymphocyte-depleting treatment was followed by a para-
doxical increase in the number of CD4" target cells for SIV rep-
lication. It was conceivable that, although we used a CD4" lym-
phocyte-depleting Ab, the treated RMs may have had increased
numbers of activated and/or proliferating CD4* T cells as a result
of strong stimulation by homeostasis-driven CD4* T cell tropic
cytokines such as IL-7 and IL-15 (30). We therefore measured the
absolute numbers of proliferating and/or CCRS* total and mem-
ory CD4* T cells that could serve as preferential targets for SIV
infection in blood, LNs, and mucosal tissues. This analysis did
not reveal any sign of an increased number of CD4" target cells in
CD4" lymphocyte-depleted SIV-infected RMs, except for a mod-
est increase in the fraction of activated/CCRS*CD4* T cells in
the RB at a p.i. time at which the vast majority of mucosal CD4"
T cells had been depleted, in agreement with numerous previ-
ous studies (17, 18, 31, 32). In addition, we found no evidence
of an expanded cell tropism of SIV for either naive CD4* T cells
or circulating monocytes as a possible contributor to the higher
viremia in the CD4* lymphocyte-depleted SIV-infected RMs. The
current set of data does not exclude the possibility that higher
levels of activated and/or infected CD4* T cells are present in
anatomic compartments that were not examined as part of this
study, nor that SIV replication was higher on a per-cell basis in
CD4* lymphocyte-depleted RMs. These caveats notwithstand-
ing, we conclude that the bulk of the available experimental data
are not consistent with the idea that CD4* lymphocyte depletion
results in a paradoxical increase in CD4" target cells.

We next sought to determine whether the loss of an antiviral
effect of CD4* T cells in CD4* lymphocyte-depleted SIV-infected
RMs was due to reduced effectiveness of CD8* T cells and/or Ab-
producing B cells. We measured SIV-specific cellular immune
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responses by both ICS and
tetramer staining as well
as humoral responses by
assessment of B cell activa-
tion and production of both
SIV binding and neutral-
izing Abs. This analysis did
not reveal any obvious defect
of SIV-specific CD8" T cell-
mediated responses in the
CD4* lymphocyte-deplet-
ed RMs during the first
42 days of infection that
could explain the lack of
post-peak decline of viremia
in these animals. This result
was actually not surprising,
as primary virus-specific
CD8* T cell responses have
previously been shown to be
by and large CD4* T cell inde-
pendent in numerous exper-
imental models (20-22).
In addition, we did not
detect any difference in SIV-
specific B cell responses in
CD4* lymphocyte-depleted
RMs compared with con-
trols. One explanation for
this finding is that the residual CD4* T cells present in deplet-
ed SIV-infected RMs may have been sufficient to provide the
required help for SIV-specific B cells. It should also be noted
that the induction of potent anti-SIV neutralizing Ab responses
is reported to occur several weeks, if not months, after infection
(23-25,33). This time frame is not consistent with a major role for
these Abs in the post-peak decline of viremia that occurs between
day 14 and 21 p.i. Collectively, these data are consistent with the
hypothesis that the abrogation of direct CD4* T cell-mediated
antiviral immune responses is the main determinant of the lack of
post-peak decline of viremia in CD4" lymphocyte-depleted SIV-
infected RMs. It should be noted, however, that in this study we
did not assess directly the cytolytic activity of SIV-specific CD4*
T cells in either group of animals, nor did we analyze the ability
of CD8" T cells to directly inhibit virus replication. Moreover, the
presented data do not rule out that non-neutralizing Abs and/or
ADCC activity play a role in the early control of virus replication
that could be reduced in the absence of CD4 help. Therefore, we
cannot exclude the possibility that subtle differences in the in
vivo antiviral function of CD8* T cells or in the SIV-specific Ab
function between CD4* lymphocyte-depleted and control RMs
are involved in the observed phenotype.

Several previous studies have provided evidence in support
of a direct antiviral role of CD4" T cells during both HIV and
SIV infection (34-42). However, this antiviral effect has not
been formally tested in vivo by depleting CD4* T cells in SIV-
infected RMs (analogous to the classical experiments of CD8*
lymphocyte depletion). The current study provides the first
direct experimental evidence to our knowledge that CD4* T
cells are necessary to achieve a post-peak decline of SIV viremia
in RMs. In addition to the well-known helper effect, HIV- and
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Figure 8

Emergence of CD4-independent SIV envelopes in CD4-depleted, but not undepleted, RMs. Env clones were obtained by SGA from plasma at
day 42 p.i. and used to generate luciferase-expressing pseudotype reporter viruses. Pseudotype virus was used for infection of 293T cells trans-
fected with CD4 alone, CCR5 alone, or CD4 and CCRS5 together. Infection based on luciferase activity in cell lysates was normalized relative to

that mediated by CCR5 and CD4 together for each Env.

SIV-specific CD4" T cells may directly inhibit virus replication
through granzyme B and/or perforin-mediated cytolytic activ-
ity and through production of antiviral cytokines and chemo-
kines (36-38, 41-43).

The presence of very high virus replication in the context of the
severe, generalized CD4" T cell depletion observed in the anti-CD4
Ab treated RMs prompted us to investigate the cellular origin and
coreceptor use of the virus in these animals. These experiments
revealed that CD4" lymphocyte depletion induced a significant
increase in the level of virus replication occurring in non-T cells,
such as tissue macrophages and other APCs, which was coupled to
the emergence of CD4-independent virus strains. Possible expla-
nations for this change in the pattern of in vivo SIV-infected cells
may be related to a lack of canonical CD4" T cell targets (44, 45)
and/or the absence of an antiviral effect mediated by CD4* T cells
(or other immune effector functions). While the current set of data
cannot distinguish between these 2 possibilities, further studies
aimed at better understanding the relationship between CD4" T
cell loss and virus replication in non-T cells during SIV infection
of RMs are warranted.

The results of this work have particular relevance both for
the understanding of AIDS immunopathogenesis and for HIV
vaccine design. Currently, much emphasis is placed on candi-
date AIDS vaccines that would protect from HIV transmission
and/or disease progression by eliciting neutralizing Abs and
CD8" CTLs (1). The current study suggests that, in addition to
humoral and/or CD8* T cell-mediated immune responses, the
antiviral CD4* T cell response may play an important role in
limiting HIV replication, a finding that could be exploited in
the design of candidate AIDS vaccines. As CD4* T cell activa-
tion induced by an AIDS vaccine has the intrinsic potential of
generating more targets for HIV (and SIV) infection (46), it will
be essential to investigate at the phenotypic and functional level
what type of CD4" T cell responses mediate the protective anti-
viral effect revealed in this study.
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Methods
Animals and virus. Of the 9 healthy, SIV-uninfected Indian RMs (Macaca
mulatta) used in this study, 5 were Mamu-A*01* and 4 were Mamu-A*01-.
These animals were housed at the Yerkes National Primate Research Cen-
ter and maintained in accordance with NIH guidelines. All animals were
infected i.v. with 3,000 TCIDso SIVimac2s1 (provided by C. Miller, UCD,
Davis, California, USA). Animals that reached disease endpoint, as defined
by wasting syndrome unresponsive to therapy, were sacrificed according to
the recommendations of the 2007 American Veterinary Medical Associa-
tion (AVMA) Guidelines on Euthanasia.

CD4* lymphocytedepletion. 5 uninfected RMs (3 Mamu-A*01*,2 Mamu-A*01-)
were treated i.v. with 10 mg/kg humanized anti-CD4 mAb (Cdr-OKT4A-
hulgG1; clone 12F11; provided by K. Reimann, Beth Israel Deaconess Med-
ical Center, Boston, Massachusetts, USA) at days -57, -52, -47, and -45
relative to SIV infection. The efficacy of the depleting treatment in tissues
in which absolute number calculations of the total lymphoid cellularity
were not performed was assessed assuming that the non-CD4* T cell frac-
tion remained unchanged after the anti-CD4 Ab treatment.

Determination of viral load RNA. Quantitative real-time RT-PCR assay to
determine SIV viral load was performed as previously described (47).

Tissue collection and sample processing. PBMCs were stained in whole blood
and lysed with 1x BD FACS Lysing Solution prior to intracellular stain-
ing. Procedures for LN biopsy and RB as well as for isolation of lympho-
cytes from these samples were performed as previously described (48).
All samples were processed, fixed (1% paraformaldehyde), and analyzed
within 24 hours of collection.

Flow cytometry and immunophenotyping. Polychromatic flow cytometry
analysis was preformed on an LSR II equipped with FACS DiVA software
(version 6.1.1; BD). The following Abs were used at predetermined vol-
umes: CCRS-PE (clone 3A9), CCR7-PECy7 (clone 3D12), CD3-Alexa Fluor
700 (clone SP34-2), CD8-APCCy7 (clone SK1), CD14-PE (clone MSE2),
CD107a-FITC (clone H4A3), IFN-y-PE (clone B27), IL-2-APC (clone
MQ1-17H12), Ki67-FITC (clone B56), and TNF-0-PECy7 (clone MAB11)
from BD Biosciences — Pharmingen; CD4-Pacific Blue (clone OKT4) and
CD95-PECyS5 (clone DX2) from eBiosciences; CD20-ECD (clone B9E9) and
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CD28-ECD (clone 28.2) from Beckman-Coulter. MHC class I tetramers spe-
cific for SIV-immunodominant epitopes Gagisi-1s9 CM9 (CTPYDINQM)
and Tatys 35 SL8 (STPESANL) were prepared as previously described (49)
and conjugated to streptavidin-allophycocyanin fluorophore (Invitrogen).
Cells were permeabilized with 1x BD FACS Permeabilizing Solution 2 prior
to intracellular staining with Ki67. The data acquired were analyzed using
Flow]Jo software (version 8.8.4; TreeStar). For all analyses, we used a threshold
cutoff of 100 collected events.

Determination of antigen-specific CD8" T cell responses. SIV-specific CD8* T
cell responses were measured by flow cytometry using ICS in response to
pools of 15-mer peptides overlapping by 11 amino acids and spanning the
entire sequence of the SIV.239 Gag, as previously described (50). Complete
peptide sets for SIVimac239 were obtained from the NIH AIDS Research and
Reference Reagent Program.

Neutralization assay. Plasma samples from experimental animals were
tested for neutralizing Ab activity by the ability to neutralize SIViacast.6,
as previously described (51, 52). Briefly, Env-pseudotyped virions were
incubated with serial dilutions of heat-inactivated plasma and added to
JCS3BL-13 (Tzm-bl) cells. Cells were incubated for 2 days and then lysed,
and the luciferase activity for each well was assessed. Percent infectivity was
calculated by dividing luciferase units from wells at each plasma dilution
by values obtained from control (no plasma) wells. Each experiment was
performed twice independently with duplicate wells.

Quantitative PCR for SIV gag DNA. Sorting of CD4* T cell subsets was
performed on a FACSAria III Cell Sorter (BD). Cells were initially gated
based on characteristic light scatter properties. Live CD3*CD4* T cells
were characterized as either naive (CD28*CD95-CCR7"), central memory
(CD28-CD95*/°CCR7"), or effector memory (CD28*/-CD95*/°CCR7").
Live monocytes were defined as CD14*CD4*/'°. Quantification of SIV s
gag DNA was performed by quantitative PCR by the 5" nuclease (Taq-
Man) assay with an ABI7700 system (PerkinElmer Life and Analytical
Sciences), as previously described (53). For cell number quantification,
quantitative PCR was performed simultaneously for monkey albumin
gene copy number. The sequence of the forward primer for SIV,,c was
5'-GTCTGCGTCAT(T/C)TGGTGCATTC-3'; the reverse primer sequence
was 5'-CACTAG(C/T) TGTCTCTGCACTAT(A/G)TGTTTTG-3'.

SIV fluorescent ISH, double ISH/IHC, and quantitative image analysis. We
designed and developed highly sensitive digoxigenin-labeled SIVimac230
riboprobes for ISH. These newly designed SIV riboprobes were generated
by PCR-based cloning of target regions in gag, pol, vif/vpx/vpr, env, and rev
(9 riboprobes) of roughly equal size (~600 bp), allowing for equal stochio-
metric molar equivalent riboprobes in our riboprobe cocktail. SIV fluores-
cence ISH and double ISH/THC was modified from previously published
ISH procedures (54). In brief, 5-mm tissue sections were mounted on
Superfrost Plus Microscope Slides (Fisher Scientific), dewaxed, and rehy-
drated in double-distilled H,O. Slides were immersed at room tempera-
ture (RT) in 0.2 N HCI for 30 minutes, 0.15 M triethanolamine (pH 7.4)
for 15 minutes, and 0.005% digitonin for 5 minutes. The slides were then
incubated for 30 minutes at 37°C in a Tris-buffered solution containing
2 mM CaCl; and proteinase K (5 mg/ml). Alternatively, for ISH combined
with HLA-DM (Sigma-Aldrich) or CD68 (clone KP1; Dako) IHC, after rehy-
drating in double-distilled H,O, the slides were treated with heat-induced
epitope retrieval (HIER) in lieu of proteinase K digestion using 1x Diva
buffer (Biocare Medical) in a pressure cooker (122°C, 30 seconds; Biocare
Medical decloaking chamber). After either HIER or proteinase K digestion,
slides were washed in HyPure molecular biology-grade H,O (Hyclone;
Thermo Scientific), acetylated (0.25% acetic anhydride) for 20 minutes,
and placed in 0.1 M triethanolamine (pH 8.0) until hybridization. Sections
were then covered with hybridization solution (50% deionized formamide,
10% dextran sulfate, 0.6 M NaClI, 0.4 mg/ml yeast RNA [Ambion Inc.], and
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1x Denhardt medium in 20 mM HEPES buffer [pH 7.2] with 1 mM EDTA)
containing 100-400 ng/ml pooled SIV riboprobes and hybridized for
18 hours at 48°C. After hybridization, slides were washed in 5x SSC
(1x SSC=0.15 M NaCL +0.015 M Sodium Citrate) at 42°C for 20 minutes,
2x SSC in 50% formamide at 50°C for 20 minutes, and 1x RWS buffer at
37°C with ribonuclease A (25 ug/ml) and T1 (25 U/ml) for 30 minutes.
After washing in RWS buffer, 2x SSC, and 0.1x SSC at 37°C for 15 min-
utes each, sections were transferred to 1x Tris-buffered saline (TBS; Boston
BioProducts) containing 0.05% Tween-20 (TBS-Tw). Tissues were blocked
in TBS containing either 2% sheep serum (double ISH/THC) or 2% donkey
serum (fluorescence ISH) for 1 hour at RT and incubated with either sheep
Fab anti-digoxigenin (Roche Applied Science) at 1:500 in TBS containing
2% sheep serum (double ISH/THC) or mouse anti-digoxigenin (Jackson
ImmunoResearch) at 1:2,000 in TBS containing 2% donkey serum (for
fluorescence ISH) with rabbit monoclonal anti-CD3 (clone SP7; Labvision)
for 1 hour at RT or overnight at 4°C. For double SIV ISH/THC, tissues
were washed in TBS-Tw, incubated with Polink-1 Rabbit HRP 1-step poly-
mer system (Golden Bridge International Labs) for 30 minutes, developed
with ImmPact NovaRED peroxidase substrate (Vector Laboratories) for
2-10 minutes, washed in TBS-Tw, incubated with the alkaline phosphatase
substrate NBT/BCIP containing levamisole (Roche Applied Science) for
2-6 hours, placed into double-distilled H,O, covered in Clear-Mount (Elec-
tron Microscopy Systems), dried, cleared in xylenes, and coverslipped with
Permount (Fisher). Double ISH/ITHC slides were scanned at high magnifi-
cation (x400) using the ScanScope CS System (Aperio Technologies Inc.).
Representative high-magnification (x200 or x400) images were acquired
from these whole tissue scans. For SIV fluorescence ISH, slides were
washed in TBS-Tw, incubated with goat anti-mouse DyLight-594 (Jackson
Immunoresearch) for 1 hour at RT, washed in TBS-Tw, incubated with
donkey anti-rabbit-Alexa Fluor 488 (Invitrogen) and donkey anti-goat-
Alexa Fluor 594 (Invitrogen) containing 300 nM DAPI for 1 hour at RT,
washed in TBS-Tween, mounted in Aqua-Poly mount (Polysciences Inc.),
and imaged using a Nikon 80i fluorescent microscope with a metal halide
illuminator. 8-10 high-magnification (x600) monochromatic images were
randomly acquired from the T cell zone, images were merged in Photoshop
CS3 (Adobe), the number of SIV viral RNA-positive (VRNA*) cells that were
CD3" and CD3" was manually counted per high-powered field, and the
proportions were determined.

Analysis of viral envelopes. Complete viral env genes (plus rev) were PCR-
amplified from plasma obrtained at day 42 p.i. using a procedure for
endpoint diluted single genomes (51, 52, 55). Briefly, vVRNA was puri-
fied from plasma using the QIAamp Viral RNA purification kit (Qiagen),
and ¢cDNA was prepared using Superscript III (Invitrogen) and the
primer SM-ER1 (see below). First-round PCR amplification was per-
formed on endpoint diluted cDNA using forward primer H2SM-EF1
(5'-CCCTTGAAGGMGCMRGAGAGCTCATTA-3') and reverse primer
SM-ER1 (5'-CTATCACTGTAATAAATCCCTTCCAGTCCC-3'). Second-
round PCR amplification was performed using forward primer H2SM-
EF2 (5'-CACCTAAAAARTGYTGCTAYCATTGCCAG-3'"; modified for
directional cloning) and reverse primer SM-ER2 (5'-ATAAAATGAGA-
CATGTCTATTGCCAATTTG-3'). PCR amplicons were cloned into the
pcDNA3.1V5HisTOPO-TA plasmid expression vector, and transformed
colonies that contained an insert were identified through a PCR screen.
Env-containing plasmids were recovered and used to generate pseudo-
typed virions, and coreceptor-mediated target cell infection was analyzed
as previously described (56). Briefly, 293T cells were cotransfected with
env expression plasmids and the HIV-1 luciferase-expressing env-deleted
pNL-luc-E-R+ vector. Pseudotypes were harvested 2 days later and quan-
tified by infection of U87/CD4/CCRS cells. Equal amounts of each pseu-
dotype (105 RLU as measured in U87/CD4/CCRS cells) were then used
Volume 121~ Number 11
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to infect 293T cells transfected with CD4 alone, CCRS alone, or both
together. Cells were lysed 3 days later, and infection was measured by
luciferase activity in cell lysates.

Statistics. Statistical analyses were performed using Prism (version 4.0c;
GraphPad Software Inc.) or SAS 9.1 (SAS Institute Inc.). 1-tailed Student’s
t tests were performed to determine the significance of changes in the per-
cent or count of CD4*CD3* T cells relative to baseline (paired) or in the
difference of particular cell subsets at single time points in or among CD4*
lymphocyte-depleted and control animals (unpaired). Welch corrections
were applied as indicated. The Mann-Whitney test was performed on sam-
ples that received stimulation or were sorted for PCR. A mixed linear-effects
model was used to assess the longitudinal significance of differences in
the percent and count of peripheral CD3*CD4" T cells between groups as
well as setpoint viral load. Pearson correlation was performed between the
absolute number of CD3*CD4* T cells and the percentage of circulating
Ki67*CD4" T cells. The Kaplan-Meier estimate was applied to survival data
to determine survival significance between CD4* lymphocyte-depleted and
control animals. Averaged data are presented as arithmetic mean + SEM.
A Pvalue less than 0.05 was considered significant.

Study approval. Animal studies were conducted in accordance with protocols

approved by the IACUCs of University of Pennsylvania and Emory University.
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