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Abstract

Indian rhesus macaques infected with the Rev-independent live-attenuated SIVmac239 strains
control viremia to undetectable levels, have persistent but low cellular and humoral anti-SIV
responses, and show no signs of immune deficiency. To analyze the immune mechanisms
responsible for viral control, five macaques infected at day 1 after birth were subjected to CD8*
cell depletion at 6.7 y postinfection. This resulted in viremia increases to 3.7-5.5 log;g RNA
copies, supporting a role of CD8-mediated responses in the control of viral replication. The
rebounding viremia was rapidly controlled to levels below the threshold of detection, and occurred
in the absence of SIV-specific CD8* T cells and significant CD8* T cell recovery in four of the
five animals, suggesting that other mechanisms are involved in the immunological control of
viremia. Monitoring immune responses at the time of viral control demonstrated a burst of
circulating SIV-specific CD4* T cells characterized as CD45RA-CD28*CD95*CCR7~ and also
granzyme B*, suggesting cytotoxic ability. Control of viremia was also concomitant with increases
in humoral responses to Gag and Env, including a transient increase in neutralizing Abs against the
neutralization-resistant SIVmac239 in four of five animals. These data demonstrate that a
combination of cellular responses mediated by CD4" T cells and humoral responses was
associated with the rapid control of the rebounding viremia in macaques infected by the Rev-
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independent live-attenuated SIV, even in the absence of measurable SIV-specific CD8* T cells in
the blood, emphasizing the importance of different components of the immune response for full
control of SIV infection.

Infection with live-attenuated SIV (LASIV) provides the best-known protection against
challenge with pathogenic SIVVmac strains (for reviews, see Refs. 1 and 2 and references
therein). Attenuation of SIVmac239 has been achieved by different strategies, including
deletion of nonessential genes, mutation of viral sequences, or replacing essential gene
functions (3-14). Challenge of LASIV-vaccinated rhesus macaques with wild-type SIV
showed that they were able to successfully control subsequent SIVmac239 or SIVmac251
challenge (for reviews, see Refs. 1 and 2 and references therein). The immune mechanisms
responsible for this protection are not well defined. The study of this model is thought to
provide critical information to identify immune mechanisms responsible for prevention of
AIDS development. This information could be helpful for the design of vaccines against
HIV infection in humans.

We previously reported the generation of nonpathogenic LASIVmac239 derivatives, in
which the essential genomic regions encoding revand the Rev binding site on the viral RNA
(Rev-responsive element [RRE]) were replaced with the constitutive transport element
(CTE) identified in the Mason-Pfizer monkey virus/simian retrovirus type 1 (SRV-1) (11—
18). Rev is an essential viral protein that binds to RRE RNA site in the nucleus and
promotes transport of viral mMRNAs from the nucleus to the cytoplasm and efficient
translation (19-21). The Rev-independent LASIV uses an alternative posttranscriptional
control strategy for the expression of structural proteins, which is able to replace Rev/RRE.
Infection of rhesus macaques with the Rev-independent LASIV manifests with lower peak
viremia during the acute phase compared with infection by the wild-type SIVmac239, which
was subsequently rapidly controlled to levels at or below the threshold of detection (12-14).
The animals showed persistent low-level humoral and cellular immune responses,
demonstrating persistent chronic infection (12-14). We reported that control of infection
with the Rev-independent LASIV is long lasting without any signs of pathogenicity (12-14)
in animals infected as juveniles (>7 y) as well as in macaques infected as neonates (5.9 y),
which is the most sensitive model to evaluate the pathogenic potential of SIV-attenuated
strains. Other LASIV, including SIVmac239Anef, caused frequent pathogenic effects and
AIDS to infected neonates (22, 23). Similar to infection with SIVmac239Anef or A3 (24—
27), animals infected with the Rev-independent LASIV showed protection against challenge
with wild-type SIV (A. von Gegerfelt, manuscript in preparation), demonstrating great
potency of these LASIV-induced immune responses.

The importance of CD8* responses in the control of SIV infection has been elegantly
demonstrated by systemic depletion of macaque CD8™ cells after injection of a cytotoxic
anti-CD8 mAh (28-37). In these studies, transient depletion of CD8™ cells resulted in rapid
rebound of viremia, which was attributed to the loss of viral control mediated by SIV-
specific CD8* CTL responses, a conclusion that was reinforced by the observation that
rebounding virus control occurred simultaneously with the recovery of the CD8* T cell
population. CD8" cell depletion in macaques infected with live-attenuated or avirulent
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strains of SIV has also been performed (34, 38-40). The outcomes of these depletion studies
were different depending on the strain of LASIV used for infection. For instance, rapid viral
rebound was reported in animals infected with SIVmac239Anef (38), but not in macaques
infected with SIVmac239A3 (34), suggesting lower chronic viremia in the latter, which
could not be reactivated even in the absence of CD8" cells. It was further found that
depletion of CD8* cells on the day of SIVmac251 challenge resulted in impaired control of
the challenge virus as compared with non-CD8*-depleted LASIV-infected controls (34) and
resulted in higher viremia than in nondepleted macaques, but lower (100-fold) viremia than
in naive monkeys, suggesting that significant viral control is also mediated by mechanisms
other than CD8* cells.

The Rev-independent LASIV strains used in this study produced all the SIV proteins found
in the parental SIVmac239 molecular clone, except Rev, or except Rev and Nef (11, 13).
Animals, infected with these viruses at day 1 after birth, were able to fully suppress virus
replication for many years (12, 13). Therefore, the Rev-independent LASIVmac239 is
significantly different from other LASIV tested, such as the nef-deleted LASIV, which is
pathogenic in neonatal macaques (22, 23). To explore the mechanisms leading to full virus
suppression and lack of pathogenicity of Rev-independent LASIVmac239, we analyzed the
virological and immunological outcome upon CD8* lymphocyte depletion in five rhesus
macaques chronically infected for 6.7 y. Previous studies involving CD8" cell depletion in
SIV-infected macaques did not address the type of cells associated with viral control (in
most cases cell responses were measured by ELISPOT only). Therefore, we characterized
the phenotype of the SIV-specific T cells responsible for the control of the rebounding
viremia upon administration of the cM-T807 mAh, using detailed flow cytometric analysis.
In agreement with previous studies, we found a rapid rebound in viral replication after CD8*
depletion. Viral rebound was controlled concomitantly with the increase of SIV-specific
CD4* T cell responses with a cytotoxic phenotype and increased Ab levels, including
neutralizing Abs (Nabs) to SIVmac239, despite the lack of SIV-specific CD8* T cell
responses and poor total CD8* T cell recovery in these animals. Our results show that SIV-
specific CD4* T cells and humoral immune responses mediate the potent control of the
rebounding virus in the absence of SIV-specific CD8" T cells.

Materials and Methods

Animals, infection, and in vivo CD8" lymphocyte depletion

Indian rhesus macaques (Macaca mulatto) from the California National Primate Research
Center were housed in accordance with the standards of the American Association for
Accreditation of Laboratory Animal Care. The Rev-independent LASIVmac239 molecular
clones contain multiple point mutations introduced in the rev gene and the RRE, and have
either the CTE from the SRV-1 or the related CTE from an intracisternal A-particle (1AP)
retroelement inserted after nt 9281 and are either nef or nef*, as previously described (11,
12, 15, 17, 18), generating the pSIVmac239 molecular clone Rev"RRE™Nef*CTE* and Rev
“RRE™Nef CTE ap*. Virus stocks were generated in rhesus PBMC. The animals were
infected via the i.v. route at day 1 after birth and monitored for 6.7 y. Transient depletion of
peripheral CD8" cells was performed by administering i.v. a single dose of the mAb cM-
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T807 (produced by Centocor, Malvern, PA; provided by K. Reimann, Harvard Medical
School, Boston, MA) at 50 mg/kg body weight (35, 36, 40). Viral loads in plasma were
determined by a RT-PCR assay with a threshold of detection of 30 copies/ml (41).

Lymphocyte phenotyping after CD8 depletion

Efficiency of CD8* cell depletion was monitored in fresh peripheral blood samples by flow
cytometry using two different anti-CD8 mAbs: the DK25 clone (DakoCytomation,
Carpinteria, CA) recommended by the cM-T807 protocol and the SK1 clone from BD
Pharmingen (San Jose, CA). Briefly, four-color flow cytometry was used, consisting of a
single tube containing PerCP-conjugated anti-human CD8 (clone SK1; BD Pharmingen),
FITC-conjugated anti-human CD3 (clone SP34; BD Pharmingen), PE-conjugated anti-
human CD4 (clone M-T477; BD Pharmingen), and allophycocyanin-conjugated anti-human
CD20 (clone L27; BD Pharmingen). RBCs were lysed, and the samples were fixed in
paraformaldehyde by the Coulter Q-prep system (Coulter, Hialeah, FA). Flow cytometry was
performed on a FACSCalibur flow cytometer (BD Pharmingen). Lymphocytes were gated by
forward and side light scatter and were then analyzed with CellQuest software (BD
Pharmingen). For the second staining, the anti-CD8 Ab was replaced by the DK25 clone
conjugated to FITC (and combined with anti-CD3 PerCP, anti-CD4 PE, and anti-CD20
allophycocyanin).

T cell responses and flow cytometry

The frequency of SIV-specific cytokine-producing T cells in rhesus macaques was
determined by flow cytometric analysis, as previously described (42). Briefly, thawed
cryopreserved PBMCs were incubated at 106 cells/ml in the presence of SIV Gag and Env
peptide pools (15-aa peptides overlapping by 11 aa, at a final concentration of 1 ug/ml for
each peptide; Infinity, Aston, PA). Some samples were also treated with the anti-CD28
(clone E293) and anti-CD49d (clone E25; BD Pharmingen) mAbs (1 ug/ml of each Ab) to
provide additional costimulatory signals. Samples incubated in the absence of peptide
stimulation were included in all the experiments and served as negative controls for each
macaque analyzed. The cells were treated overnight with monensin to prevent protein
secretion, and cell surface staining was performed using the following Ab mixture: CD3
allophycocyanin Cy7 (clone SP34-2), CD4 PerCP Cy5.5 (clone L200), CD45RA PE (clone
5H9), CD28 biotin (clone CD28.2; BD Pharmingen), and CD8 AF405 (clone 3B5; Caltag
Laboratories, Carlsbad, CA). After washing the cells, the samples were incubated for 20 min
at room temperature with streptavidin allophycocyanin Cy5.5 (Caltag Laboratories). The
cells were washed twice, fixed, permeabilized with Cytofix/Cytoperm (BD Pharmingen),
and stained for intracellular cytokine detection using the following Ab mixture: IFN-y FITC
(clone B27), I1L-2 allophycocyanin (clone MQ1-17H12), and TNF-a PE Cy7 (clone MAb11;
BD Pharmingen). Some samples were also analyzed using the following Ab mixture for cell
surface staining: CD3 allophycocyanin Cy7, CD28 PerCP Cy5.5, CD95 FITC (cloneDX2;
BD Pharmingen), CD45RA AF700 (clone F8-11-13; AbD Serotec, Oxford, U.K.), CCR7 PE
(clone 1SO503; R&D Systems, Minneapolis, MN), CD4 AmCyan (National Institutes of
Health Nonhuman Primate Reagent Resource, Boston, MA), and CD8 AF405 (Caltag
Laboratories), followed by permeabilization and intracellular staining with IFN PE Cy7 (BD
Pharmingen) and granzyme B allophycocyanin (clone GB12; Invitrogen, Carlsbad, CA).
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Some PBMC samples were assayed for SIV-specific responses in the presence of anti-CD28
and CD49d mAbs. Data analysis was performed using the FlowJo platform (Tree Star,
Ashland, OR), and all Ag-specific responses were determined within the CD3* population
after subtracting values obtained from samples incubated with medium alone.

Humoral immune responses and Nab measurements

Results

Binding Abs against SIV Env and Gag were measured by ELISA using serial dilutions of
the plasma samples (Advanced BioScience Laboratories, Kensington, MD). Samples with
Ays0 absorbance value higher than twice the value obtained from naive animals were
considered positive. The binding Ab titers are reported as the reciprocal value of the highest
positive dilution. The Nabs against SIVmac251-TCLA (H9 cell grown) and
SIVmac239CS.23 (293T pseudovirus) were measured in M7-luc and TZM-bl cells,
respectively (43). The Nab titers are reported as the reciprocal serum dilution at which the
relative luciferase units were reduced by 50% compared with virus control wells.

Persistent long-term control of viremia in macaques infected by the Rev-independent SIV

strains

The five animals enrolled in this study were infected with related strains of the Rev-
independent LASIV at day 1 after birth (12, 13). These LASIV strains are derivatives of the
pathogenic SIVmac239, do not produce the essential posttranscriptional regulator Rev, and
lack the RRE located within the envopen reading frame, but maintain the wild-type Env
sequence. These strains have the viral posttranscriptional control replaced by the CTE of
either SRV-1 or the related 1AP (11, 12, 15-18), which use the cellular NXF1 export
receptor to transport the full-length SIV transcript to the cytoplasm (44, 45). We previously
showed that these SIV strains lack pathogenicity even in the presence of nef(12, 13).
Animals 31469, 31470, and 31474 were infected with Rev"RRE"Nef*CTE™, and animals
31376 and 31388 were infected with Rev"RRE"Nef CTE ap* (Fig. 1A), and plasma virus
loads were determined over time (Fig. 1B). We previously reported (12, 13) that after the
initial peak of primary viremia (ranging from 5.6 to 7.1 log; of SIV RNA copies/ml
plasma), the viral loads declined rapidly to levels below the threshold of the assay and
remained at this level up to year 5.9 postinfection. In this study, we extend the observation
period and show (Fig. 1B) that these five animals continue to control viremia to year 6.7; at
the day of CD8* cell depletion, the virus loads for four of the animals (31388, 31474, 31469,
and 31470) were <30 RNA copies/ml plasma, whereas macaque 31376 showed 140 viral
RNA copies/ml. Persistent low levels of both cellular and humoral immune responses
demonstrate efficient control of the chronic LASIV infection, and none of these infected
macaques displayed any signs of immunodeficiency or CD4* T cell decline [(12, 13) and
this report (Fig. 2B)], underscoring the non-pathogenicity of these LASIV strains.

Effects of CD8* lymphocyte depletion on replication of Rev-independent LASIV

To examine the role of CD8™ cells in the control of viremia of the Rev-independent LASIV-
infected animals, the macaques were treated with a single high dose of cM-T807, an anti-
CD8 mADb that had been shown to efficiently deplete all CD8* cells, including CD8* T

J Immunol. Author manuscript; available in PMC 2020 June 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

von Gegerfelt et al.

Page 6

lymphocytes and NK cells, from periphery and lymph nodes in rhesus macaques (35, 36,
40). At the time of CD8™ depletion, four of the animals had undetectable viral loads,
whereas macaque 31376 had 140 copies of SIV RNA/mI plasma. After treatment, blood
samples were taken at different time points to monitor changes in CD8" and CD4*
lymphocytes and plasma viral loads (Fig. 2). After the anti-CD8 Ab administration, there
was an immediate and complete loss of circulating CD8* T lymphocytes in all the animals
(Fig. 2A) without significant changes in the CD4* T cell count (Fig. 2B). Concomitantly, a
rapid increase of viremia occurred in four of the animals, reaching a peak at day 10-14 after
CD8™ cell depletion, with viral loads ranging from 4.6 to 5.5 logyo of SIV RNA copies/ml
plasma (Fig. 2A). The only exception to this pattern was animal 31470, which, despite a
similar kinetic of CD8™ cell depletion, did not show virus rebound until 5 wk postdepletion
(compared with ~2 wk for the other animals) and showed a peak of viremia of 3.7 logyp. A
possible explanation of this delayed viremia rebound is the lower chronic viremia in this
animal. This is in agreement with the lower levels of humoral immune responses measured
in 31470 (Table 1), as also reported previously (12, 13). In all animals, virus replication was
rapidly controlled, resulting in a steady decline of the viral loads to levels below the
detection threshold of the assay (30 viral RNA copies/ml) by week 5 (week 8 for macaque
31470). Complete virus suppression was maintained in all animals for the entire follow-up
period (33 wk).

Comparison of the virus levels at peak of the primary viremia upon infection by the Rev-
independent LASIV (12, 13) and after CD8 depletion showed remarkably lower viremia
after cM-T807 treatment, with a reduction ranging from 0.4 to 2.4 logyq copies of SIV
RNA/mI plasma (median, 1.8 logyp). Animal 31474 showed the highest delta-peak level of
2.4 logyo. It is possible that virus replication after CD8" depletion activated potent recall
immune responses in the chronically LASIV-infected macaques able to reduce the viremia
(see below). Together, these data show that, after many years (6.7 y) of successful control of
viremia, replication of the Rev-independent LASIV can be rapidly activated by removal of
CD8™ cells, and that virus replication is potently controlled thereafter.

Lack of CD8 cell recovery after cM-T807 Ab treatment

We used flow cytometric analysis to monitor the changes of the CD8* T cell subset within
the T lymphocyte population. CD8" T cells were monitored using two assays with two
different anti-CD8 mAbs: clones DK25 and SK1 (DakoCytomation and BD Pharmingen,
respectively; Fig. 2) were used with fresh whole blood samples, and clone 3B5 (Invitrogen;
Fig. 3) was used with frozen PBMCs. Similar results were obtained with all three anti-CD8
mAbs. The CD8* T cells represented between 15 and 40% (median 33%) of the circulating
T lymphocytes at enrollment, and were efficiently depleted after Ab treatment. Interestingly,
in four of the animals (31376, 31388, 31474, and 31470), control of viral replication
occurred despite a very poor recovery of circulating CD8* T cells. Reduction of viremia by
>90% was achieved in animals 31376, 31388, and 31474 by week 4 post-CD8" depletion,
whereas CD8* T cell count was ~10 to <1% (animal 31470 at week 8 postdepletion) of the
predepletion levels. Poor recovery of CD8™ cells in periphery has been noted previously and
was attributed to the age of the animals (age >5 y) (36). In accordance with this observation,
the animals in our study were 6.7 y of age, which is most likely responsible for the observed
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long-term effect of CD8 depletion obtained despite a single Ab treatment. Only macaque
31469 showed a substantial recovery of the CD8* T cell population in the blood,
concomitant with control of viremia, similar to data reported by others (28-40). Importantly,
despite the observed long-term CD8™ depletion, rapid control of viremia was observed in all
the animals, suggesting that additional mechanisms, independent of CD8" T cells, were
responsible for this phenomenon.

Induction of SIV-specific CD4* T cells, but lack of CD8" T cell responses after CD8™ cell

depletion

SIV-specific T cell responses were monitored in PBMC samples by intracellular staining and
flow cytometric analysis. The lymphocyte population was gated based on forward and side
scatter, and cytokine-positive cells were determined within the T cells (gated by CD3
staining). The phenotype of these Ag-specific T cells was further analyzed for CD4, CD8,
and expression of different memory markers, as described in Materials and Methods.
Because the infection by the nonpathogenic LASIV strains shows extremely low levels of
virus replication, very low levels of Ag-specific cellular responses could be detected before
the onset of the study (Fig. 4), which consisted of both SIV-specific CD4* and CD8" T cells
in three of the animals (31376, 31388, and 31469) or only CD4™ cells in the other two
animals (31474 and 31470).

After CD8" cell depletion, we found a great increase in SIV-specific T cell responses (Fig.
4A) against Gag (/eft panel) and Env (right panel), demonstrating efficient induction of
recall responses. The increase of SIV-specific cellular immune responses against both Gag
and Env postdepletion coincided with the clearance of viremia (~1 wk postpeak viremia),
and peaked at week 3 for animals 31376, 31388, 31469, and 31474 and at week 6 for animal
31470. These responses were generally greater against Gag, reflecting the greater Gag
responses detected in these animals over the course of the long-term infection prior to CD8
depletion (12). The responses ranged from 0.065 to 5.3% and from 0.03 to 0.56% of the
circulating T cells for Gag and Env, respectively. Macaque 31470, which had the delayed
viral rebound, also showed high cellular immune responses against Gag and Env at the time
of control of viremia. We noted that several animals maintained relatively high levels of
cellular responses for a couple of weeks. Upon Gag and Env peptide stimulation, all
responses led to the production of IFN-y only, and neither IL-2 nor TNF-a was detected in
any of the samples.

We found that the SIV-specific cellular responses were almost exclusively mediated by
CD4™* T cells at the time of virus control (week 3 or 6). One exception was macaque 31376,
which had a transient minor fraction of Gag-specific CD8* T cells (2% of the SIV-specific T
cells). Surprisingly, macaque 31469, the only animal that showed significant recovery of
circulating CD8* T cells, also had no detectable SIV-specific CD8" T cell responses in the
peripheral blood by the time of control of viremia. All animals, except 31376, developed
extremely low levels of SIV-specific CD8" T cells at much later time points, several weeks
full control of viremia (week 8 or 33 post-CD8 depletion). Our data show that a burst of
SIV-specific CD4" T cell recall responses coincides with control of viremia (Fig. 4B),
suggesting a potent role of this subset of T cells in virus control. Together, these findings
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indicate the contribution of mechanisms other than SIV-specific CD8* cells mediating the
rapid control of viremia.

To understand the nature of the induced T cell responses, we used additional memory
markers in flow cytometry to distinguish the Ag-specific T cells into subsets with central
memory markers, characterized as CD3*CD45RA~CD28*, and effector memory markers,
characterized as CD3*CD28~. The analysis of the total SIV-specific (Gag and Env) T cell
response is shown in Fig. 5A. We found that the increase in the SIV-specific CD4* T cell
population was mainly due to CD45RA"CD28*CD4* T cells, which were greatly increased
at week 3 (time of virus control) and maintained at week 8, with peak values ranging from
0.1 to 5% of the circulating T cells. Paralleling the delay in viral rebound, monkey 31470
showed a delay (week 6) in the increase of these SIV-specific CD4* T cells. The majority of
its responses showed an effector phenotype characterized by the lack of CD28 expression. In
fact, only two of the animals, 31469 and 31470, showed a significant increase of SIV-
specific CD4*CD28" effector memory cells (peak response of 0.04 and 0.75% of the blood
T cells, respectively). Analysis of the very low levels of SIV-specific CD8" responses
(animal 31376 at week 3; animals 31388, 31474, 31469, and 31470 at weeks 8 and/or 33)
showed that these were CD8*CD28* memory T cells. In all animals, the total SIV-specific
responses declined over time after control of the rebounding virus, probably reflecting the
lack of antigenic stimulation in the absence of detectable viral replication.

The phenotype of the SIV-specific T cell responses was analyzed in more detail at three
selected time points: prior to CD8 depletion, at the time of control of the rebounding virus
(Figs. 5B, 6), and at week 33 postdepletion. In addition to CD28 and CD45RA, the analysis
of these samples included CD95, CCR7, and granzyme B. Fig. 5B (/eft panel) shows that at
the time of re-establishing viral control, the animals had a great increase of the SIV-specific
T cells (over-layed in blue) that were CD95* and mainly CD28* in three animals (31376,
31388, and 31474). The other two macaques, 31469 and 31470, showed an additional
significant population of cells lacking CD28, as described above (Fig. 5A). Interestingly, the
majority of the CD95"CD28*/~ T cells were CCR7, and in all cases a significant fraction
contained granzyme B (range 30-90% of the IFN-y* T cells; Fig. 5B, right panel),
indicative of an effector phenotype with cytotoxic capabilities.

The frequency of granzyme B* cells among the Gag- and Env-specific CD4* T cell
responses was further analyzed at the same time points (Fig. 6). The frequency of these cells
increased significantly compared with the time prior to depletion, when the T cell responses
were very low (see also Fig. 5A). At the time of viral control, the frequency of granzyme B*
T cells within each of the five animals was similar for both Gag- and Env-specific cells (Fig.
6). In all animals, these responses were almost exclusively mediated by CD4* T
lymphocytes with an effector phenotype characterized by the lack of CCR7 expression. At
week 33 after CD8 depletion, only animals 31469 and 31470 retained a subset of CCR7~
granzyme B* cells (70 and 50% of the SIV-specific T cells, respectively), indicating a
contraction of cells with cytotoxic potential after the clearance of the rebounding virus (data
not shown). In agreement with the lack of CD28 in their SIV-specific T cells, macaques
31469 and 31470 had the highest frequency of IFN-y* granzyme B* T lymphocytes (90 and
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70%, respectively; Fig. 6), whereas in macaque 31376, with the highest SIV-specific T cell
responses, only 30% of the IFN-y™ cells also expressed granzyme B (Fig. 6).

Analysis of anti-SIV humoral responses

The chronically LASIV-infected animals showed low levels of humoral immune responses
prior to enrollment in the CD8 depletion protocol, indicative of the persistent, but low-level
infection by the attenuated SIV (12, 13). At the day of CD8" lymphocyte depletion, all the
animals except 31470 had detectable Abs against SIV Gag and Env (Fig. 7), with the Ab
titers against Env being higher than those against Gag (range 2-4.4 logyq for Env versus Gag
range 1-3.2 logyp). Macaque 31469 had low anti-Env, but no anti-Gag responses, whereas
macaque 31470 (which showed the delayed viremia upon CD8* depletion) was the only
animal in the group that did not have detectable Gag or Env Abs at enrollment into the study,
suggesting very low levels of ongoing antigenic stimulation. The plasma samples were also
analyzed for neutralizing activity against SIVmac251 and the neutralization-resistant
SIVmac239. At the day of treatment, Nabs to SIVmac251 were detected in all the animals
except monkey 31470, and low titers of Nabs to SIVmac239 were detected in two macaques
(31388 and 31474; Table I).

After CD8" lymphocyte depletion and subsequent viral rebound, we found rapid and great
increases in SIV-specific humoral recall responses against both Env and Gag in all the
animals (Fig. 7, Table I). Peak titers developed between weeks 2 and 3 after CD8 depletion
(~1 wk postviremia peak) in four of the animals, with Env titers ranging from 5.3 to 5.6
logqg and Gag titers ranging from 3.8 to 5.0 logqg. In animal 31470, which had a delay in
virus rebound, the humoral responses appeared later (weeks 8-10), as expected, from the
kinetics of virus rebound. In summary, as a result of the rebounding viremia, the animals
showed increases for both Gag and Env Ab titers by ~2 logs.

Like the binding Abs to Env, the levels of the Nabs against the SIVmac251 increased (Table
1). Upon CD8* depletion, we also found increases in the neutralizing activity against the
neutralization-resistant SIVmac239 (Table I) in all animals, except animal 31470, which also
had the lowest level of Env Ab. Animals 31376 and 31469, which did not show detectable
levels of Nabs to SIVmac239 at enrollment, also showed increases upon CD8™ depletion,
suggesting the presence of Nabs to SIVmac239 at levels below the threshold of the assay
prior to depletion. This is similar to the previously reported finding by Metzner et al. (39),
which noted detectable Nabs to SIVmac239 in macaques infected by SIVmac239Anef,
which increased transiently after CD8 depletion. In summary, the transiently increased
viremia of the Rev-independent LASIV induced both binding and Nabs that were
maintained during the observation period.

Discussion

Depleting CD8* cells in vivo, which efficiently removes the CD8" cells both from blood and
lymph nodes (35, 36), established an important role of these cells in the control of SIV
replication. Although this procedure removes SIV-specific CTL responses mediated by
CD8™ T cells, multiple mechanisms may be responsible for viral rebound upon depletion of
CD8™ cells. CD8* depletion by the cM-T807 Ab removes not only T cells, but also NK cells
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that are important sources of the p-chemokines MIP-1 and RANTES, which inhibit CCR5
usage and contribute to viral control (46, 47). NKs are also effector cells of Ab-dependent
cellular cytotoxicity. CD8* T cells are also thought to produce a yet-unidentified soluble
factors) that inhibits viral expression in the absence of cytotoxic activity (48, 49). It has been
reported that vaccination with LASIV strains induces the production by CD8* T cells of
soluble factors, other than B-chemokines, able to inhibit SIV replication in a MHC-
unrestricted manner (50). Thus, it is possible that removal of CD8* cells results in increased
viral expression by the combination of two mechanisms, as follows: 1) loss of viral control
by MHC-restricted cytotoxic responses and 2) reduction of systemic levels of anti-SIV
soluble factors produced or induced by CD8" cells, either T lymphocytes or NK cells. The
important homeostatic changes taking place after systemic depletion of CD8* cells have
been recently highlighted by Okoye et al. (51), in which CD8* depletion resulted in
increased proliferation of CD4*CCR5™ effector memory T cells secondary to endogenous
IL-15 production.

In the cohort reported in this work, efficient control of viral rebound occurred in the
presence of only marginal levels of CD8* T cell recovery in four of the five CD8-depleted
macaques, and in the absence of SIV-specific CD8" T lymphocytes in the blood. Impaired
recovery of circulating CD8" T cells after depletion has been reported previously and was
attributed to the age of the macaques, because it was observed that younger macaques
recovered CD8* T cells faster than older animals (>5 y) (36, 52). It is possible that the anti-
CD8 Ab affects the pool of T cell precursors, which could be limited in some animals. The
animals in the present work were 6.7 y old at enrollment, and therefore, their age may
contribute to inefficient recovery of the CD8* cells. In contrast, the study of such animals
enables us to further dissect the role of CD8* cells and other mechanisms responsible for
suppression of viral replication.

Another study (34) showed that SIVmac251 challenge of CD8* cell-depleted
SIVmac239A3-vaccinated macaques resulted in higher viral loads compared with the
nondepleted vaccinated animals, but 2 logs lower viremia than in unvaccinated macaques,
indicating the contribution of CD8-independent mechanisms leading to reduced viremia.
Viral control in the absence of significant CD8* responses and the presence of very low
cellular responses and low Nabs has been described (53) in animals vaccinated with the
attenuated SIVmac239 that has a deletion of Env VV1-V2, which were strongly protected
against challenge with SIVmac239. In fact, protection in the absence of significant Nab
titers appears to be a common feature of macaques infected with LASIV (24, 27, 54, 55).
The contribution of cytotoxic mechanisms mediated by CD8* T cells in the control of
plasma viremia during the chronic phase of SIV infection has been recently addressed in
studies in which CD8-depleted animals received antiretroviral treatment (56, 57). In these
studies, it was found that the life span of the infected cells and the viral load decay were not
affected by the presence or absence of CD8* T lymphocytes, indicating that either CD8* T
cells contribute to viral control via noncytotoxic mechanisms or cytotoxicity is mediated by
other cells.

Our study using the CD8 depletion approach in LASIV-infected rhesus macaques is the first
report that extensively characterizes the phenotype of SIV-specific T cells associated with
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control of the rebounding virus using flow cytometry. We found that CD8* cell depletion
was accompanied by the rapid emergence of SIV-specific CD4* T cells in the blood. These
CD4" cells were characterized mainly as CD45RA~CD95*CD28*CCR7~ and reached peak
levels at the time of control of the rebounding viremia. The SIV-specific CD4* T cells
produced IFN-vy, but not IL-2, a cytokine associated with helper function, and a high
frequency of these effector cells expressed granzyme B, supporting their killing capability.
IL-2 production by blood CD4* T cells upon antigenic stimulation is mainly restricted to
CD28*CCR7* memory cells. In the study reported in this work, the vast majority of CD4*
SIV-specific T lymphocytes were CCR7~, which could explain the lack of I1L-2 secretion by
these cells and, together with granzyme B expression, emphasize their cytotoxic potential.
Veazey et al. (37) found that CD8"* cell depletion of naive macaques prior to challenge with
SIVmac251 resulted in high levels of viremia, with extensive killing of CD4*CCR5*
memory T cells also in mucosal tissues. This massive killing resulted in the inability of the
infected animals to mount an effective immune response with impairment of both cell-
mediated and humoral responses. In contrast, in our study, CD8* cell depletion was
performed in macaques chronically infected with an attenuated SIV strain in the presence of
efficient pre-existing immunity. These preserved SIV-specific CD4* T cells were able to
expand, display a cytotoxic phenotype, and most likely contribute efficiently to the
containment of viral rebound. Although the cytotoxic capability of CD4* T cells is well
known, originally it was thought that their mechanism of killing was mediated via apoptotic
signals delivered by Fas—Fas ligand interaction or by TNF-a secretion, whereas cytotoxicity
mediated by the release of cytolytic granules was exclusively mediated by CD8* T
lymphocytes and NK cells (58). It is now apparent that a subset of CD4* T cells expresses
both perforin and granzymes (59-61), and that these cells are capable of killing both in vitro
and in vivo. Direct killing in vivo by CD4* T cells has been shown in several viral
infections, including lymphocytic choriomeningitis virus, EBV, and gamma-herpesvirus
(62-64), and the presence of CD4* T cells with a cytotoxic phenotype has been described in
HIV-1-infected individuals (65). In fact, studies with CD4* T cells obtained from HIV-1-
infected individuals and healthy controls demonstrated that such CD4* T cells not only
harbor granules containing perforin and granzyme B, but were also able to release them
upon specific stimulation with CMV peptides, resulting in lysis of the target cells ex vivo
(66).

In our CD8-depleted animals, in addition to the increase in Ag-specific CD4* T cell
responses, we also found an increase in SIV-specific humoral responses in all animals. In
fact, the increase in both cellular and humoral responses coincided with viral rebound and
clearance of viremia; animal 31470 had a delay in both peak of viremia and increase of
immune responses, which suggests that the CD4 and Ab responses were stimulated
specifically by the viral replication and not by any other mechanisms triggered by CD8
depletion. The Ab responses were characterized by transient increased levels of Nabs to
SIVmac251 (all animals) and to the neutralization-resistant SIVmac239 (in four of the five
macaques). Whereas these Abs contribute to the control of the rebounding virus, macaque
31470, which did not show detectable neutralizing activity to SIVmac239, had very high
CD4" responses against Gag and Env and successfully controlled viremia. In fact, the
generation of SIV-specific CD4* T cell responses, in the absence of SIV-specific CD8* T
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cells, was the common feature in all the CD8-depleted animals. It is possible that the
increased Ab responses could also contribute to viral control via additional mechanisms,
such as Ab-dependent cellular cytotoxicity, which highlights the importance of a well-
balanced immune response for control of the infection. The specific contribution of either
CD4* T cells or humoral responses in the control of the rebounding virus could be addressed
by depletion of B cells, in addition to CD8. The small number of long-term LASIV-infected
animals available did not allow addressing this question. Using a different model, Zahn et al.
(67) recently reported that double depletion of CD8* cells and B lymphocytes performed
during primary infection of African Green monkeys failed to show significant contribution
of humoral responses in viral containment.

Because infection of rhesus macaques with LASIV is characterized by control of viremia
and lack of disease progression, the macaques had a preserved CD4" T cell population with
normal CD4 counts in the peripheral blood. The healthy CD4 levels present in these animals
are probably critical for mounting an effective CD4" T cell response upon CD8 depletion
and to provide help to the B lymphocytes for the production of high titers of anti-SIV Abs,
including anti-Env Nabs. Taken together, our results indicate important roles of different
components of the immune responses, including CD8-independent responses in the control
of viremia in SIV-infected rhesus macaques. Therefore, strategies for vaccines against HIV
should include the development of a broad, well-balanced type of immunity, including CD8*
and CD4* cells, and humoral responses.
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FIGURE 1.

Rev-independent SIV strains with attenuated growth properties. A, Molecular clones of the
Rev-independent SIVmac239. All viruses have multiple point mutations destroying revand
RRE, designed to preserve the coding potential of the overlapping zatand env coding regions
(11-13). The clone Rev"RRE"Nef CTE;ap* contains the CTE,ap inserted 3 to the
terminator of env, which renders this clone ne£minus (13). The clone Rev"RRE Nef*CTE*
contains the SRV-1 CTE and has the 5 portion of nef{nt 9081-9280) inserted 3" to the CTE,
generating an intact nefopen reading frame. B, The Rev-independent LASIV-infected
animals were monitored over time. The plasma virus loads are shown over 6.7 y of infection
up to the day of enroliment of the CD8 depletion study. Note that the threshold of the assays
changed over the years of follow-up. The follow-up to 5.9 y postinfection has been reported
previously (12). CTE ap; CTE from the murine IAP retroelement.
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FIGURE 2.
Changes in CD8" T cells and viral loads after treatment with cM-T807 Ab. A, Macaques

were subjected to CD8™ cell depletion 6.7 y postinfection with the Rev-independent
SIVmac239 strains. A single treatment with the cM-T807 Ab led to temporal depletion of
CD8* lymphocytes and transient loss of control of viremia. The CD3*CD8* T cell counts
(measured with the anti-CD8 Ab DK25) per ul of blood (gray line) and plasma viral loads
(black line) were monitored over time. B, Measurements of circulating CD4* T cells of the
five animals subjected to CD8™ cell depletion.
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FIGURE 3.

Frequency of CD8* cells within the T lymphocyte population measured by flow cytometry.
A, T lymphocytes were gated according to a scatter (/eff) and CD3 staining (right). B, Dot
plots show the frequency of circulating CD8* and CD4* cells within gated CD3* T cell
population upon CD8* lymphocyte depletion. The five macaques were monitored at the day
of depletion and at weeks 1, 4, 8, and 33 postdepletion. Numbers represent the percentage of
these two cell populations among the total CD3* T lymphocytes.
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FIGURE 4.

SIV-specific cellular immune responses induced upon CD8* depletion. Analysis of blood
samples collected 4 wk prior to depletion, at the day of depletion, and at weeks 1, 3, 4, 6
(animal 31470), 8, and 33 postdepletion is shown. A, The frequency of SIV-specific CD4*
(light gray bar) and CD8" (black bar) T cells was measured in PBMCs by multicolor flow
cytometry after in vitro stimulation with Gag (/eft panel) or Env (right panel) peptide pools,
followed by intracellular staining for IFN-y. Note the variable scales for the different
animals. Arrow indicate the time of peak viremia. B, Viral loads and changes in the
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frequency of SIV-specific CD4* T lymphocytes after depletion with the cM-T807 Ab. In all
five animals, control of viremia coincides with a peak of Ag-specific CD4* T cells.
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FIGURE 5.
Phenotypic analysis of the SIV-specific T cells. A, Memory phenotype of the SIV-specific

(Gag and Env) T cells upon CD8 depletion. The T cells were divided in
CD3*CD28*CD45RA™ and CD3*CD28™. The two subsets were further divided in CD4* and
CD8™ populations. B, Overlays showing the pattern of expression of the SIV-specific T cells
(blue) and the general T cell population (red) for CD95 and CD28 (/eft panels) and CCR7
and granzyme B (right panels) at the time of control of rebounding virus (week 3 for four of
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the animals, and week 6 for macaque 31470). #, sample not analyzed for Env responses; n/a,
sample not available.
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Frequency of granzyme B™ cells among the Gag-specific (/eft panels) or Env-specific (right
panels) T lymphocytes at the time of control of rebounding viremia (week 6 for animal

31470, and week 3 for the other four macaques). Numbers in the plots denote the percentage
of granzyme B™ included in the displayed gates.
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FIGURE 7.
Increase in SIV-specific humoral immune responses after CD8* lymphocyte depletion.

Reciprocal log Ab titers to SIV Gag (open circles) and Env (black circles), respectively,
were defined as the plasma dilution at or above two times the absorbance values of the naive
controls. Plasma samples below the cutoff value of dilution 1/20 are shown in the graph as
log 1. Ab titers for Gag and Env for the five animals and the SIV viral loads (from Fig. 1,
gray lane) are shown. Note the different scale of the x-axis for animal 31470.
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