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Abstract
Infection with HIV persists despite suppressive antiretroviral therapy (ART) and treatment
interruption results in rapid viral rebound. Antibody-mediated CD8+ lymphocyte depletion in
simian immunodeficiency virus (SIV)-infected rhesus macaques (RMs) shows these cells
contribute to virus control in untreated animals. However, the contribution of CD8+ lymphocytes
to maintaining virus suppression under ART remains unknown. We showed that in SIV-infected
RMs treated with short-term ART (i.e., 8-32 weeks), depletion of CD8+ lymphocytes resulted in
increased plasma viremia in all animals, and that repopulation of CD8+ T cells was associated
with prompt reestablishment of virus control. Although the number of SIV-DNA-positive cells
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remained unchanged after CD8 depletion and reconstitution, the frequency of SIV-infected CD4+
T cells pre-depletion positively correlated with both peak and area-under-the-curve of viremia
post-depletion. These results suggest a role for CD8+ T cells in controlling virus production during
ART, thus providing rationale to explore immunotherapeutic approaches in ART-treated HIVinfected individuals.

Introduction

Author Manuscript

CD8+ T cells are important for immune defense against viruses, intracellular pathogens and
cancers. CD8+ T cell responses to lentiviruses such as HIV and SIV can be detected as early
as day 7 post infection (Reimann et al.; Yasutomi et al.). Several lines of evidence indicate
that CD8+ lymphocytes inhibit virus replication during HIV or SIV infection. First, there is a
temporal association between the expansion of antigen-specific CD8+ lymphocytes and the
post-peak decline of plasma viremia (Borrow et al.; Koup et al.). Second, there is a clear
association between certain MHC class-I alleles (i.e., HLA-B*57 and Mamu-B*08 and
−B*17) and disease progression during both HIV infection of humans and SIV infection of
rhesus macaques (RMs) (Altfeld et al.; Costello et al.; Evans et al.; Evans et al.; Haynes et
al.; Kaslow et al.; Klein et al.). Third, during both acute and chronic HIV or SIV infection,
immunologic pressure mediated by virus-specific CD8+ T cells is manifested by the
emergence of viral escape mutations (Borrow et al.; Chen et al.; McMichael and Phillips).
Fourth, HIV-1-infected individuals with the “elite controller” phenotype exhibit CD8+
lymphocyte responses characterized by polyfunctionality, greater proliferative capacity, and
stronger in vitro killing potential than those observed in normal progressors (Betts et al.;
Migueles et al.; Peris-Pertusa et al.). However, this CD8+ T cell response is unable to clear
or even control the infection in the overwhelming majority of HIV-infected individuals.
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In the experimental animal model of SIV infection of RMs, the most direct evidence for the
role of CD8+ lymphocytes in viral control came from studies in which these cells were
transiently depleted in vivo using CD8-specific monoclonal antibodies. This procedure
results in (i) abrogation of post-peak decline of viremia when performed during acute SIV
infection (Matano et al.; Schmitz et al.) and (ii) increased virus replication when performed
during chronic SIV infection (Chowdhury et al.; Jin et al.; Metzner et al., 2000). The fact
that viral loads rapidly return to pre-depletion levels upon reconstitution of the CD8+
lymphocyte pool further confirms the antiviral role of these cells. However, the contribution
of CD8+ lymphocytes in controlling virus replication and/or production during continuous,
highly active ART is unknown. Assessing the potential antiviral role of CD8+ lymphocytes
under ART is important as it would provide key rationale to explore immunotherapeutic
approaches such as therapeutic vaccines and checkpoint blockade-inhibitors as clinical
interventions to reduce the virus reservoir in HIV-infected individuals. In this study, we
directly assessed the function of CD8+ lymphocytes in a cohort of thirteen SIV-infected,
ART treated RMs and found that depletion of CD8+ lymphocytes resulted in increased virus
levels in both plasma and lymphoid tissues in all treated animals.
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Results
Administration of anti-CD8 antibody MT-807R1 to SIV-infected ART-treated RMs
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Sixteen Indian origin RMs infected intravenously (i.v.) with SIVmac239 started an ART
regimen consisting of Tenofovir, Emtricitabine, Raltegravir, and Darunavir at week 8 post
infection and were treated for 8 to 32 weeks prior to further intervention (Figure 1A, see also
Table S1). Three RMs were euthanized prior to study completion due to rapid disease
progression or side effects of ART, leaving 13 animals to complete the study. ART
suppressed viremia to <60 copies/ml in 12/13 RMs that completed the protocol (see
Experimental Procedures). Seven RMs showed at least four consecutive time-points with
viremia below 60 copies/ml (mean= 6.9 weeks, range 4-10 weeks; i.e., “persistent
suppressors”) while five showed a mix of undetectable and detectable levels (i.e.,
“intermittent suppressors”). The last animal never achieved undetectable viremia, even
though ART decreased viremia by >5 logs. As expected, ART partially restored CD4+ T
cells in PBMCs, lymph nodes (LN), and rectal biopsies, RB (data not shown). Despite
variability in the duration of ART and kinetics of viremia suppression, at the time of CD8
depletion viral load had declined >99.97% as compared to pre-ART levels in all animals
(Table S2). Once viral loads were consistently undetectable (persistent suppressors) or
undetectable on at least 3 non-consecutive evaluations (intermittent suppressors), we
administered one dose of the α-CD8 depleting antibody, MT-807R1, at 50 mg/kg iv.
Animals were followed for 8 weeks after antibody administration and continued on ART
(Figure 1A). Using this method, we were able to deplete >95% of CD8+ T cells in peripheral
blood by day 1 post depletion (Figure 1B). This depletion was rapid and sustained (mean
92% SD=9 and mean 94% SD=5 at weeks 1 and 3, respectively) until approximately 5
weeks post depletion, at which time a variable degree of CD8+ lymphocyte reconstitution in
the periphery was observed (Figure 1B, C). Since MT-807R1 is directed at the CD8α chain,
CD3−CD8α+ NK cells were also depleted during this procedure (Figure S1A-C). Of note,
CD8 depletion in LNs was less complete than in peripheral blood with an average of ~70%
depletion (SD=26) at week 1 and ~85% depletion (SD=11) at week 3 post depletion (Figure
S1D, E). CD8 depletion was least efficient in RB, with an average of ~62% depletion
(SD=27) at week 1 post MT-807R1 administration and a more rapid reconstitution starting
by week 3 (mean 56% depletion, SD=30) (Figure S1F, G). While MT-807R1 was less
effective in depleting CD8+ lymphocytes in tissues as compared to blood, previous studies
showed that CD8+ lymphocytes are functionally impaired following binding of the α-CD8
antibody even if they are not physically depleted (Schmitz et al.). CD8 depletion is followed
by homeostatic proliferation of CD4+ T cells (Fukazawa et al.; Okoye et al.), and we
observed increased CD4+ T cell proliferation starting at week 2 post depletion in PBMCs
(Figure 1D), week 3 in LNs (Figure 1E), and week 1 in RBs (Figure 1F). This increased
CD4+ T cell proliferation involved predominantly CD4+ effector memory (Tem) cells, with
smaller and delayed increases observed in CD4+ stem-cell memory (Tscm) and central
memory (Tcm) cells (Figure 1G, H). We also examined the frequency of CCR5+, HLA-DR+,
and PD-1+ CD4+ T cells both prior to and during CD8 depletion. We find that CD8
depletion is associated with a moderate increase in the fraction of CD4+HLA-DR+ and
CD4+CCR5+ T cells in LNs (Figure S2). Overall, these results indicated that administration
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of the MT-807R1 antibody was effective in depleting CD8+ T cells in blood and lymphoid
tissues of ART-treated SIV-infected RMs.
CD8 depletion is followed by increase in plasma viral load and SIV RNA in LNs in 100% of
ART-treated RMs

Author Manuscript
Author Manuscript

As shown in Figure 2, all 13 SIV-infected RMs showed a measureable increase in plasma
viremia after CD8 depletion, with several animals rebounding as early as day 1 postdepletion, and only one animal remaining below 60 copies/ml until week 3 post-depletion, at
which point virus was detectable (RGb13). The seven persistent suppressors all showed at
least one time-point with detectable SIV-RNA post-depletion, with 6 out of 7 showing at
least three time-points with viremia >60 copies/ml (Figure 2A). Similarly, the 5 intermittent
suppressors had detectable viremia at all examined time-points post-depletion (Figure 2B).
The one animal that never achieved undetectable viremia despite 32 weeks of ART and a
decrease of viral load of >5 logs (i.e., >99.99% decline from baseline) showed a marked
increase in viremia after CD8 depletion up to ~105 copies/ml (Figure 2C). Of note, CD8+ T
cell reconstitution was consistently associated with a decrease in plasma viral loads to levels
similar to those observed prior to CD8 depletion (Figure 2A-C). Interestingly, in 3 out of 4
cases where CD8+ T-cells did not reconstitute in peripheral blood during the 8 week follow
up period post-depletion, plasma viral loads remained elevated above the limit of detection.
To further analyze the impact of CD8 depletion and reconstitution on SIV viremia we next
divided the experimental timeline into three periods defined as follows: period 1, the last 6
weeks of ART before CD8 depletion; period 2, the time-points after CD8 depletion in which
the level of circulating CD8+ T cells was <10% of baseline; and period 3, the time-points
during CD8+ lymphocyte reconstitution in which circulating CD8+ T cells were >20% of
baseline (lines blue, green, and purple in Figure 2, respectively, also Table S3). Using a
mixed linear effects model we compared viral loads in these three periods and found that the
geometric mean of period 2 (275; 95% CI: 116-653) was significantly higher than either
period 1 (53; 95% CI: 33-83, p<0.05) or period 3 (90; 95% CI: 45-179, p<0.001) (Fig. 2D).
Due to the many non-detectable time points, we also conducted a binary analysis
(detectable/non-detectable) which does not assume normality, and found that period 2 had
significantly more detectable time points than either period 1 or 3 (data not shown). When
we applied the mixed linear effects model to only the 7 ART-treated SIV-infected RMs with
persistent suppression of viremia pre-depletion (Figure 2A), the geometric mean of period 2
(135; 95% CI: 96-193) was again significantly higher than either period 1 (34; 95% CI:
29-41, p<0.05) or period 3 (44; 95% CI: 29 −65, p<0.05) (Figure 2E).
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To determine whether the trends in viremia observed in our cohort of SIV-infected RMs
were also present in lymphoid tissues, we next conducted a sequential analysis of the levels
of SIV-RNA production in LNs using the RNAscope technology at 3 time-points, i.e., before
initiation of ART, during ART but before CD8 depletion, and during ART after CD8
depletion. As shown in Figure 3, panels A-C, for representative animals, we observed a
dramatic decrease in the number of LN SIV-RNA-positive cells after ART and a rebound of
SIV-RNA production after CD8 depletion. A quantitative analysis of the number of SIVRNA-positive cells per square millimeter in the B cell and T cell areas of LNs before and
after CD8 depletion is shown in Figure 3D. Taken together, these data indicate that, in SIV-
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infected RMs, CD8+ lymphocytes contribute to maintenance of virus suppression during
ART.
Ultrasensitive viral load assay reveals a 72 to 350 fold increase in virus production after
CD8 depletion

Author Manuscript

To better assess the level of residual viremia in the group of “persistently suppressed” SIVinfected ART-treated RMs at the time of CD8 depletion, we repeated the measurement of
viral load using an ultrasensitive viral load assay with limit of detection of 3 copies/ml (Del
Prete et al.). We found that viremia was <100 copies/ml in all these ART-treated RMs, with
5 out of the 7 animals showing levels of residual viremia ≤25 copies/ml (Table S2), thus in
the range of levels of viremia measured in long-term ART-treated HIV-infected
individuals,(Chun et al.; Maldarelli et al.). To more rigorously evaluate the impact of CD8
depletion on residual viremia during ART, we next used the same ultrasensitive assay to
measure viral load at all post-CD8 depletion time points in the five RMs with the lowest
residual viremia. As shown in Figure 4A, these data largely recapitulate the results shown in
Figure 2, and indicate that the level of viremia increased from pre-depletion ranging from
<3-25 copies/ml (geometric mean=8.3; 95% CI: 2-31) to post-depletion peak viremia
ranging from 700-4,900 copies/ml (geometric mean=1977; 95% CI: 822-4754, p<0.05), for
a 72 to 350-fold increase (Figure 4B). Of note, no correlation was found between pre- and
post-CD8 depletion viral loads as measured using the ultrasensitive assay (data not shown).
Overall, these data confirm that CD8+ lymphocytes contribute to the suppression of viremia
observed in SIV-infected RMs treated with short-term (i.e., 8-32 weeks) ART.
Pre-depletion SIV-specific CD8+ T cells but not CD8+ NK cells positively correlate with the
magnitude of on-ART plasma virus rebound post-depletion
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The depleting MT-807R1 is directed at the α-chain of the CD8 molecule and depletes
CD8α+ NK cells as well as CD8+ T cells in RMs. As expected, the frequency and absolute
number of SIV-specific CD8+ T cells decreased substantially after initiation of ART (data
not shown). However, we were able to detect low frequencies of Gag-CM9 specific CD8+ T
cells (as measured by tetramer staining) in the PBMCs of Mamu-A*01 RMs at the time of
CD8 depletion. First, we determined that the absolute number of pre-CD8 depletion
circulating GAG-CM9-specific CD8+ T cells (but not their percentage of the total CD8+ T
cells) directly correlated with viral load at both 1 and 3 weeks post-depletion (Figure S3A,
B). However, we found no correlation between the numbers of circulating CD8+ NK cells
pre-depletion and viral load post-depletion at either week 1 or 3 (Figure S3C, D). Second,
we conducted the same analysis described in Figure 2D-E by dividing the study into three
periods based on the kinetics of CD8+ NK cell numbers: period 1, the last 6 weeks of ART
before CD8 depletion; period 2, the time-points after CD8 depletion in which the level of
circulating CD8+ NK cells was <20% of baseline; and period 3, the time-points during
CD8+ lymphocyte reconstitution in which circulating CD8+ NK cells were >20% of baseline
(blue, green, and purple respectively in Figure S4). As shown in Figure S4A for one
representative RM with persistent suppression of viremia, the CD8+ NK cells return to predepletion numbers around week 3 post-depletion while CD8+ T cells were still significantly
depleted. Using the same mixed linear effects model of Figure 2, we found that while the
geometric mean of the viral load in period 2 (199; 95% CI: 136-321) was significantly
Immunity. Author manuscript; available in PMC 2017 September 20.
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higher than period 1 (53; 95% CI: 44-70, p<0.05), the geometric mean of the viral load in
period 3 (221; 95% CI: 122-382) was unchanged when compared to period 2 (Figure S4B).
We found similar results when we analyzed only the persistently suppressed RMs (Figure
2A), with viral loads that remain elevated despite reconstitution of the CD8+ NK cell pool
(Figure S4C). Finally, no correlation was observed between either the length of ART or the
time to suppression with the change in viremia observed following CD8 depletion (data not
shown). These data, together with those shown in Figure 2D-E, indicate that the depletion
and repopulation of CD8+ T cells, but not the repopulation of CD8+ NK cells, is temporally
associated with the control of viremia under ART.
Pre-depletion amounts of cell-associated SIV-DNA positively correlated with plasma SIV
RNA post depletion
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To determine whether CD8 depletion had an impact on the overall virus reservoir in ARTtreated SIV-infected RMs, we sequentially measured the amount of total, cell-associated
SIV-DNA by RT-PCR in bulk CD4+ T cells as well as in subsets of CD4+ Tscm , Tcm,
transitional memory (Ttm), and effector memory (Tem) cells. As shown in Figure 5A and B,
CD8 depletion did not induce any significant change in the number of SIV-DNA-positive
CD4+ T cells in either blood or LNs. Similarly, we did not find any significant change in the
amount of SIV-DNA in sorted CD4+ Tscm, Tcm, Ttm, and Tem in either blood or LNs
following CD8 depletion (Figure S5A, B). While the analysis of SIV-DNA changes before
and after CD8 depletion did not reveal a consistent pattern, we observed several RMs in
which the cell-associated SIV DNA increased in either blood- or LN-derived CD4+ T cells,
thus suggesting that CD8 depletion induced expansion of the virus reservoir under ART in a
subset of animals. Interestingly, we observed a significant direct correlation between the
amount of cell-associated SIV-DNA in CD4+ T cells before CD8 depletion and both the
peak and the area-under-the-curve of plasma viremia post CD8 depletion (Figure 5C, D),
suggesting that the size of the reservoir under ART is a key determinant of the resultant
amount of virus production when CD8+ lymphocytes were removed from the system.
Finally, we sought to determine whether the amount of virus production after CD8 depletion
(i.e., peak and/or area-under-the curve) correlated with observed changes in the CD4+ T cell
proliferation and activation, as measured by Ki67, CCR5, HLA-DR and PD-1 expression, in
various cell subsets and tissues. As shown in Table S4, we found no significant correlations
between the change in the fraction of proliferating (i.e., Ki-67+) cells in any of the examined
CD4+ T cell subsets after CD8 depletion and the amount of viremia at the same time-point.
We also found no correlation between the fraction of proliferating CD4+ T cells and the
amounts of cell-associated SIV-DNA after CD8 depletion (data not shown). This lack of
correlation suggests that the homeostatic proliferation of CD4+ T cells that is associated with
CD8 depletion is unlikely to be a key factor responsible for the observed increase in SIV
viremia. However, we found a direct correlation between changes in CD4+HLA-DR+ and
CD4+PD-1+ T cells (but not CD4+Ki-67+ or CD4+CCR5+ T cells) and viremia that was
significant only at the earliest time points post-depletion (i.e., days 1 and 2) (Table S5),
suggesting that the initial activation of CD4+ T cells that occurs following CD8 depletion
may contribute to the observed increase in SIV viremia.
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To gain insight into the dynamics of virus replication and/or reactivation after CD8
depletion, we performed a longitudinal study of plasma virus by single genome analysis
(SGA) of the env gene of SIVmac239 at three time points: (i) day 10 post SIV-infection, i.e.,
peak viremia, (ii) day 56 post SIV-infection, i.e., immediately prior to ART initiation, and
(iii) after CD8 depletion. We conducted this analysis on three representative RMs (RKq11,
ROw8, and RLb13) with persistent SIV suppression under ART (Table S2). As shown in
Figure 6, circulating viruses sequenced at day 10 post-infection were relatively homogenous
within each RM (99.9-100% amino acid identity). In contrast, sequences isolated day 56
post-infection showed several fixed mutations that likely represent escape from either T cellmediated or antibody responses. Interestingly, the viral sequences derived from plasma after
CD8 depletion were more similar to those derived at peak viremia, compared to those
derived immediately prior to ART (i.e., peak vs. pre ART amino acid identity = 99.5-99.7%,
and peak vs. post CD8 depletion amino acid identity = 99.8-99.9). Importantly, the
previously fixed escape mutations observed at the pre-ART time point represent only a small
fraction of the circulating viruses after CD8 depletion. In addition, we conducted a MiSeq
deep sequence analysis of the circulating cell-associated SIV-DNA immediately prior to
ART initiation and immediately before CD8 depletion. As shown in Figure S6, this analysis
revealed a consistent increase in inoculum-like sequences (i.e., similar to those derived at
peak viremia) under ART. This latter observation is consistent with the finding that viruses
similar to the initial infecting variants reemerge in plasma during the early stages of ART
(data not shown), and suggests the presence of a pool of cells infected with inoculum-like
virus that outlive cells infected with virus harboring escape mutations. Of note, when we
conducted the same longitudinal sequence analysis of plasma virus by SGA in the SIVinfected RM that never achieved undetectable viremia (ROn13), we found a complex pattern
of virus quasi-species diversity throughout the three examined time points that was
consistent with continuous virus replication (data not shown). Overall, these data suggest
that the plasma viruses that are present after CD8 depletion are produced from long-lived
cells that were infected prior to ART initiation and before the generation of immune escape
mutants.

Discussion
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This study demonstrates that CD8+ lymphocytes can contribute to maintaining suppression
of plasma viremia in SIV-infected RMs that are treated with short-term ART (i.e., 8-32
weeks). To date, the in vivo suppressive effect of CD8+ lymphocytes has primarily been
characterized in studies involving untreated animals (Chowdhury et al.; Jin et al.; Matano et
al.; Schmitz et al., 1999a) with only one report in three SIV-infected RMs treated with
nonsuppressive tenofovir monotherapy (Van Rompay et al.). Indeed, in our knowledge, the
current work represents the first experiment in which SIV-infected RMs underwent depletion
of CD8+ lymphocyte in the setting of highly active ART (i.e., >99.97% suppression of
viremia). While the majority of the RMs included in this study showed some residual virus
production under ART, these levels of viremia were often within the range observed in longterm ART-treated HIV-infected individuals (Maldarelli et al.). Importantly, the magnitude of
the viral load increase after CD8 depletion (i.e., 72 to 350 fold) and the fact that control of
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viremia is promptly reestablished upon CD8+ T cell reconstitution strongly support the
hypothesis of an important (and yet previously unrecognized) role of CD8+ lymphocytes in
cooperating with ART to maintain virus suppression. As such, the current set of data
provides an evidence base to explore immune-based interventions, such as therapeutic
vaccines and check-point blockade inhibitors, in ART-treated HIV-infected individuals. It
should be noted, however, that interventions aimed at improving the antiviral CD8+
lymphocyte-mediated response under ART will be expected to be effective only against
infected cells with sufficient expression of viral antigen, suggesting that combining viral
induction and immune based approaches may enhance effectiveness of such interventions.

Author Manuscript
Author Manuscript

When using ultrasensitive viral load assays, residual viremia below clinical limit of detection
is present in many ART-treated HIV-infected individuals (Chun et al., 2011; Dornadula et
al.; Maldarelli et al.). Whether and to what extent this residual viremia is due to continuous,
low-level de novo cycles of replication as opposed to either virus reactivation occurring in
latently infected cells or the presence of persistently virus expressing cells remains an active
area of research. Recent evidence suggests clonal expansion of virally infected cells during
ART is another important contributor to HIV persistence (Maldarelli et al.; von
Stockenstrom et al.; Wagner et al.). Similarly, at this time we do not know to what extent the
increase in viremia observed following CD8 depletion in SIV-infected, ART-treated reflects
de novo virus replication versus reactivation of latent virus versus increased virus production
from persistently, nonlatently infected cells. Regardless of the mechanisms responsible for
the very low viremia of ART-treated HIV-infected individuals and SIV-infected RMs, the
current study suggests a direct in vivo role for CD8+ lymphocytes in maintaining very low to
undetectable viral loads under ART. However, the current study does not define whether the
antiviral role of CD8+ lymphocytes under ART involves classical cytotoxic T lymphocyte
activity, non-cytolytic mechanisms (i.e., chemokine production and inhibition of virus
transcription (Cocchi et al.; Walker et al.)), or both.
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In this study, CD8 depletion was followed by various degrees of CD4+ T cell activation and
proliferation, which could at least in part contribute to the observed increase in SIV viremia
after CD8 depletion through reactivation of virus production from latently infected,
previously resting CD4+ T cells. Interestingly, we observed a direct correlation between the
changes in HLA-DR and PD-1 expression (but not Ki-67 or CCR5 expression) on CD4+ T
cells and the level of viremia early after CD8 depletion. In particular, animal RGb13, who
showed the greatest suppression of viremia with ART (<3 copies for three consecutive
measurements), experienced a delayed rebound of viremia that was coincident with the peak
of CD4+ T cell activation post CD8 depletion. In this context, however, we wish to
emphasize that the relationship between CD8 depletion, increased SIV viremia, and
increased CD4+ T cell activation is very complex, and that the exact contribution of this
latter factor will need to be assessed in future in vivo interventional studies in which CD4+ T
cell activation is selectively inhibited in SIV-infected ART-treated RMs at the time of CD8
depletion.
In this cohort of ART-treated SIV-infected RMs, the increased viremia that follows CD8
depletion was not consistently associated with specific changes (i.e., increase or decrease) in
the levels of cell-associated SIV-DNA. However, a subset of CD8 depleted SIV-infected
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RMs showed an increase in SIV-DNA levels, thus consistent with de novo rounds of virus
replication and/or homeostatic proliferation of SIV-infected cells. In this experimental
setting, the change in the fraction of SIV-DNA-positive cells in blood and LNs after CD8
depletion is the result of factors such as (i) de novo infection of cells; (ii) lifespan of cells
that have reactivated virus production, and (iii) proliferation levels and lifespan of cells that
harbor integrated SIV-DNA but do not express the virus. An additional complication of these
studies is that the level of cell-associated SIV-DNA is measured as number of copies per
fixed amount of cells (typically one million) while the actual total number of SIV-DNApositive cells in the body is virtually impossible to measure. Clarifying the relative
contribution of these mechanisms to the changes in the size of virus reservoirs after CD8
depletion is a challenging scientific problem that is the object of intensive studies in our
laboratories.
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In an attempt to elucidate the impact of CD8 depletion on the viral dynamics in our cohort of
ART-treated SIV-infected RMs we performed, in a subset of animals, a longitudinal
sequence analysis of plasma SIV-RNA and cell-associated SIV-DNA by SGA and deepsequencing, respectively. Our SGA analysis revealed a clear and consistent pattern of virus
sequence dynamics in three of the SIV-infected RMs with the best virus suppression under
ART. This analysis showed that (i) certain amino acid substitutions become “fixed” in the
circulating population of viruses in the interval between peak viremia and ART initiation,
and (ii) the virus that emerges after CD8 depletion shows sequences that largely overlap with
the peak viremia quasi-species and not the pre-ART quasi-species. In addition, the SIV-DNA
analysis revealed a concomitant increase in the fraction of “inoculum-like” sequences during
ART treatment. The most parsimonious explanation for these findings is that the de novo
virus production after CD8 depletion is mainly derived from a subset of long-lived cells that,
at the time of ART initiation, were either latently infected or produced only a small minority
of circulating virions. Potential mechanisms responsible for the increased virus production
by these putatively long-lived SIV infected cells after CD8 depletion include absence of
CD8+ lymphocyte-mediated cytolytic activity, lack of non-cytolytic virus suppression (Klatt
et al., 2010; Wong et al., 2010), and increased CD4+ T cell activation. Of note, the striking
similarity between the inoculum (i.e., peak viremia) sequences and the post-CD8 depletion
sequences does not support the hypothesis that the observed increase of viremia after CD8
depletion is simply the consequence of an “amplification” of cellular and/or anatomic
pockets of residual virus replication under ART.
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While the effect of CD8 depletion on the levels of plasma viremia in ART-treated SIVinfected RMs is clear, there are important caveats to this study. The first is that the used
antibody depletes both CD8+ T cells and CD8α-expressing NK cells. However, our analysis
of the correlation between viremia after CD8 depletion and either the numbers of CD8+ T
cells and CD8+ NK cells pre-depletion or their levels during depletion and repopulation
strongly suggests that CD8+ T cells, rather than NK cells, are the main contributors of the
control of viremia under ART. In addition, we observed reactivation of virus production in
lymphoid tissues in which the levels of CD8+ NK cells were extremely low even before CD8
depletion. Further studies using a CD8-β-specific antibody that depletes only CD8αβ+ T
cells will formally establish the specific contribution of CD8+ T cells in the control of
viremia in ART-treated SIV-infected RMs. The second caveat is that the period of ART
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suppression was relatively short even in the SIV-infected RMs defined as persistent
suppressors, and therefore the level of virus suppression may not be as complete as in longterm ART-treated HIV-infected humans. However, we wish to point out that the level of
virus suppression was >99.97% in all treated RMs (average 99.99%), with five animals
showing levels of viremia similar to those observed in long-term ART-treated HIV-infected
humans (Maldarelli et al., 2007). Further studies in which SIV-infected RMs are treated for
longer periods of time (i.e., >1 year) will determine whether and to what extent the virus
suppression that occurs in the setting of long-term ART is affected by CD8 depletion. We
wish to point out that even if future studies reveal that CD8+ cells are no longer needed to
maintain suppression of viremia when ART is administered for years, the current results
would still provide rationale for clinical interventions in which CD8 enhancing therapies
(checkpoint blockade inhibitors, therapeutic vaccines, etc) are performed during the first sixto-eight months of ART. The third caveat of the current study is that the impact of CD8
depletion on the reservoir was measured using a relatively insensitive assay, i.e., total cellassociated SIV-DNA, which does not provide a functional analysis of the reservoir of
replication competent virus. While interesting, analyses such as the quantitative viral
outgrowth assay require a large number of cells and were not feasible in animals undergoing
an already heavy schedule of blood collections. For these reasons, the current work can be
considered as a pilot, hypotheses-generating study that should prompt additional in-depth
investigation of this intriguing and previously unrecognized role of CD8 depletion in
inducing increased virus production in ART-treated SIV-infected RMs.
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Our current set of findings may seem to contrast with the observation that
immunosuppressive treatment is not consistently associated with increased viremia in ARTtreated HIV-infected individuals. However, these clinical instances are different from CD8
depletion as they may involve depletion of all T cells, as in the case of aggressive
chemotherapy regimens, or markedly reduce CD4+ T cell activation, as in the case of several
commonly used immunomodulators. For instance, cyclosporine and Tacrolimus (FK506) are
calcineurin inhibitors that inhibit NFAT-mediated CD4+ T cell activation and have a wellcharacterized direct antiviral effect via inhibition of cyclophilin (Bartz et al., 1995; Braaten
et al., 1996; Emmel et al., 1989; Franke and Luban, 1996; Franke et al., 1994; Schaller et al.,
2011; Sokolskaja et al., 2010; Streblow et al., 1998). Similarly, mycophenolate induces
apoptosis of activated CD4+ T lymphocytes and, in a time-dependent manner and inhibits
HIV replication (Chapuis et al., 2000; Margolis et al., 2002) while rapamycin (sirolimus)
decreases LTR-driven transcription of HIV (Roy et al., 2002) and reduces expression of the
main HIV co-receptor CCR5 (Gilliam et al., 2007). These caveats notwithstanding, the
current set of data has important implications for understanding how the host antiviral
cellular immune response works in concert with antiretroviral drugs in suppressing SIV
replication, and defining the rationale for therapeutic interventions aimed at boosting the
virus-specific CD8+ lymphocyte response in ART-treated HIV-infected individuals.

Immunity. Author manuscript; available in PMC 2017 September 20.

Cartwright et al.

Page 11

Author Manuscript

Experimental Procedures
Animals
Sixteen Indian origin RMs were enrolled in this study. They were all infected i.v. with 3,000
TCID50 of SIVmac239. Three animals were euthanized due to severe weight loss prior to
CD8 depletion and were thus excluded from analysis. The remaining 13 animals consisted
of 6 females and 7 males and ranged in age from 4-13 years at time of infection. Nine were
Mamu-A*01 positive, and all 16 were Mamu-B*08 and B*17 negative. All animals were
housed at the Yerkes National Primate Research Center (YNPRC) of Emory University and
maintained in accordance with US National Institutes of Health guidelines. Anesthesia was
used for all blood and tissue collections. All studies were approved by the Emory University
Institutional Animal Care and Usage Committee (IACUC).
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Antiretroviral therapy
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All RM were put on ART at 8 weeks post SIV infection. The drug regimen started as 20
mg/kg PMPA (Tenofovir) and 30 mg/kg FTC (Emtricitabine) administered once a day by
subcutaneous injection along with 100 mg Raltegravir and 400 mg Darunavir orally twice
daily. During the first 8 weeks, all RM received this treatment regimen. Three animals
remained on this regimen for the duration of the study. In the remaining 10 animals, we
increased the dose of Darunavir and Raltegravir as described in Supplemental Table 1, until
suppression was achieved. Animals were given oral antiretroviral treatment via orogastric
tube on days where anesthesia was also administered, due to fasting and nausea. Suppression
of plasma viremia to below the limit of detection of our assay (60 copies/ml of plasma) was
achieved in 12 out of 13 animals, with persistent suppression observed in 7 out of 13
animals. Of note, the original study design planned for CD8 depletion after two consecutive
undetectable viremia measured 2 weeks apart. However, some animals who had not reached
this definition show side effects of ART. As such, we decided to perform the depleting
treatment in all enrolled animals to generate as much data as possible regarding CD8
depletion in ART-treated RMs.
Depletion of CD8+ lymphocytes
We administered one dose of MT-807R1 (from the NIH NHP Reagent Resource Program)
i.v. at 50 mg/kg (<0.25 EU/ml of endotoxin by LAL gel-clot). The extent of CD8 depletion
was determined (i) in peripheral blood by flow cytometric staining and complete blood
counts (CBC) as both number of cells/cmm of blood and percentage of CD3+ T cells, and
(ii) in tissues by flow cytometry and measuring the level of CD8+ T cells as fraction of their
pre-depletion frequency.
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Sample collection & tissue processing
Blood was collected in EDTA tubes. Plasma was obtained by centrifugation. Peripheral
blood mononuclear cells (PBMC) were obtained by density-gradient centrifugation using
90% Lymphocyte Separation Media from Lonza. LN biopsies were taken at day 56 pre-ART
initiation, 1 week pre-CD8 depletion, weeks 1 and 3 post-CD8 depletion, as well as at
necropsy. LNs were cut in half and one half was put in 4% paraformaldehyde and then
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embedded in paraffin. LN-derived cells were obtained by grinding over a 70-μm cellstrainer. RBs were digested in 0.75 mg/ml Collagenase (Sigma-Aldrich) and 0.15 μL DNase
in 10% fetal calf serum (FCS), 1% penicillin-streptomycin, and 1% L-glutamine at 37° C
with gentle shaking. After 2 hours, tissues were mechanically separated using plastic
cannula and run over a 70-μm filter.
Immunophenotype by flow cytometry

Author Manuscript

Multiparametric flow cytometry was performed on PBMC, LNMC, and cells isolated from
RBs using fluorescently labeled monoclonal antibodies cross-reactive in RMs. The
following antibodies were used: CD3-APC/Cy7 (SP34-2), CD4-PE-CF594 (L200) CD8BV711 (RPA-T8), CCR7-FITC (150503), CD45RA-PE/Cy7 (L48), CD95-PE/Cy5 (DX2),
Ki67-AlexaFluor700 (B56), CD14-BV650 (M5E2), CD56-BV605 (NCAM16.2), CD62LPE (SK11), HLA-DR-PerCPCy5.5 (G46.6), CCR5-APC (3A9) from BD Biosciences;
CD28-ECD (CD28-2) from Beckman Coulter; CD16-BV421 (3G8), CD4-BV650 (OK-T4),
PD-1-BV421 (EH12.2H7), from Biolegend; CD8-APC (DK25) from DAKO. All specimens
were acquired on an LSR II (BD Biosciences) and analysis of the acquired data was
performed using FlowJo software (Tree Star).
Cell sorting
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After isolation, cells were resuspended in PBS containing 2 mM EDTA and spun to remove
contaminating platelets. Prior to sorting, CD4+ T cells were enriched using magnetic beads
and column purification (Miltenyi Biotec). Enriched cells were then stained with previously
determined volumes of CD3-APC/Cy7 (SP34-2), CD4-Brilliant Violet 650 (OKT-4) CD8Brilliant Violet 421 (RPA-T8), Live/Dead-Aqua, CD45RA-APC (5H9), CCR7-PE/Cy7
(3D12), CD95-PE/Cy5 (DX2), CD28-ECD (CD28-2), CD62L-PE (SK11). Populations for
sorting were defined as follows: Tscm (CD45RA+CCR7+CD95+CD62L+), Tcm
(CD45RA−CD95+CD28+CCR7+CD62L+), Ttm (CD95+CCR7+CD62L−), and Tem
(CD95+CCR7−CD62L−). Sorting was performed on a FACSAria LSR II (BD Biosciences)
equipped with FACS Diva software.
Plasma viral load and cell-associated SIVgag DNA
Plasma viral quantification was performed as described previously (Taaffe et al.)
Quantification of SIVmac gag DNA was performed as previously described (Chahroudi et al.,
2014). Additional details can be found in the Supplemental Experimental Procedures.
In situ hybridization (ISH)
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For ISH we used a next-generation, ultra-sensitive RNA in situ hybridization technology,
RNAscope (Advanced Cell Diagnostics), as described previously (Smedley et al.).
Ultrasensitive viral load assay
Ultrasensitive plasma viral RNA measurements were performed essentially as described
previously (Del Prete et al.).
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Single genome analysis of plasma-derived SIV was performed essentially as described
previously (Burton et al., 2015; Smith et al., 2016). Additional details can be found in the
Supplemental Experimental Procedures.
Deep sequencing of cell-associated SIV-DNA
Deep-sequencing of two amplicons covering nucleotides 6679-7103 and 8748-9196 of the
wildtype SIVmac239 genome (NCBI accession#: M33262.1) and corresponding to Env
amino acids 35-158 and 724-845 was performed essentially as described previously
(Vanderford et al., 2011). Additional details can be found in the Supplemental Experimental
Procedures.
Statistical analysis
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The data presented in Figure 2D and E and Figure S4B, C were analyzed by fixing a mixed
effects linear model that allows estimation of mean viral load by period. Comparisons
between frequency of infection pre- and post-depletion were carried out using either
Kruskal-Wallis (Figure 5A and B) or Wilcoxon matched-pairs signed rank test (Figure S5A
and B). Correlations were determined using the non-Gaussian Spearman correlation.
Significance was attributed at p<0.05. Analysis was done using GraphPad Prism 6.0, and R
3.1.3.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
•

CD8+ lymphocyte depletion during ART increases SIV plasma viral
load (72-350 fold)

•

Reconstitution of CD8+ T cells is associated with re-establishment of
viral control.

•

Pre-depletion levels of SIV-DNA+ CD4+ T cells correlate with viremia
post depletion.
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Figure 1. Treatment of SIV-infected ART-treated RM with the depleting anti-CD8 antibody
MT-807R1

Author Manuscript

(A) Study design. (B) CD3+CD8+ T cells as percentage of CD3+ lymphocytes in PBMC. (C)
CD8+ T cells as percentage of pre-depletion frequencies (“baseline”) in PBMC. Data shown
is for 13 SIV-infected ART treated RM. Bars drawn at the mean and error bars represent
standard error of mean. Proliferation (Ki67+) of total CD4+ T cells in (D) PBMC, (E) LN,
and (F) RB. Proliferation (Ki67+) of CD4+ T cell subsets in (G) PBMC and (H) LN. Gap in
x-axis represents 8-32 weeks of continuous ART. Black arrow and dotted vertical line
indicate MT-807R1 administration. NX=necropsy.
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Figure 2. CD8 depletion results in increased plasma viremia in ART-treated SIV-infected RMs

Viral load (red) and CD8+ T cell counts (black) of SIV-infected RM that were (A)
persistently suppressed, (B) intermittently suppressed, and (C) never fully suppressed on
ART. Black arrow and dotted vertical line indicate anti-CD8 antibody MT-807R1
administration. (D) Geometric mean viremia for each statistical period for 13 RM.
(Described fully in Table S3). Bars show the geometric mean with 95% CI, *p< 0.05,
***p<0.001. (E) Geometric mean viremia for each statistical period for 7 persistently
suppressed RM. Bars show the geometric mean with 95% CI, *p <0.05. Statistical analysis
was conducted using a linear, mixed effects model.
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Figure 3. CD8 depletion results in increased SIV-RNA in LNs of ART-treated SIV-infected RMs

Representative in situ hybridization of SIV-RNA in LNs of (A) chronically infected, (B)
ART-treated, pre-CD8 depletion, and (C) ART-treated, post-CD8 depletion RMs. Data
presented in (B) and (C) are from LNs of two and three different animals, respectively. Red
indicates SIV-RNA positive, productively infected cell; F=follicle, TZ= T cell zone. Images
are 20X magnification. (D) Number of SIV-RNA-positive cells per millimeter square in the
B cell area (left) and T cell area (right) of the LN before and after CD8 depletion.
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Figure 4. Ultrasensitive viral load assay confirms the increase in viremia post-CD8 depletion

(A) Viral load (orange) and CD8+ T cell counts (black) of SIV-infected RM that were
persistently suppressed. Shaded area represents ART period. Black arrow and dotted vertical
line indicate anti-CD8 antibody MT-807R1 administration. (B) Pre-depletion and peak postdepletion viremia (log10) for 5 RM. Dotted line is limit of detection of ultrasensitive viral
load assay (3 copies/ml plasma). Dashed line is limit of detection of standard viral load
assay (60 copies/ml plasma). Paired t-test, *p< 0.05.
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Figure 5. Pre-depletion levels of SIV infection in CD4+ T cells predicts post CD8-depletion
changes in viremia

Fraction of SIV-infected sorted CD4+ T cells in (A) PBMC and (B) LN. WK 3= week 3
post-depletion, NX= necropsy. Kruskal-Wallis, NS=not significant. Correlation of cellassociated SIV-DNA in peripheral CD4+ T cells pre-depletion and the peak viral rebound
(C) and area-under-the-curve (D) post depletion. Data is shown for all 13 animals. Spearman
rank correlation. ( ) persistent suppressors, (◯) intermittent suppressors,(엯) never
suppressed.
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Figure 6. Highlighter plots of Single Genome Amplification derived Env amino acid sequences

Highlighter plots were generated to illustrate variation in amino acid composition within
Env over the course of the experimental protocol in three animals: RLb13 (left), ROw8
(center), and RKq11 (right). Sequences were isolated at peak viral load, pre-ART initiation,
and post-CD8 depletion (range week 1 to week 6). Colored ticks indicate deviation from
master sequence.
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