
FIG 7 Protection from intravenous SIVmac239 challenge following infusion with CD8�255R1. At 4 weeks after infusion with CD8�255R1 or control IgG, animals
were challenged intravenously with SIVmac239. Viral load assays were performed for full-length nef (red, open symbols) and Δnef (red, closed symbols) at the
indicated time points for each animal and graphed in the context of absolute CD8��� T cell count (black). The limit of detection for the assay (100 vRNA
copies/ml) is represented by a horizontal red dotted line. Animals with identifications highlighted in red became infected following SIVmac239 challenge. *,
cy0690 required necropsy at week 6 following CD8�255R1 infusion.
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important for SIV replication that were not sampled in this study, such as the intestinal
tract, were also incompletely depleted (52). Previously, administration of the anti-CD8�

mAb cM-T807 did not deplete CD8� cells in the jejunum of SIV-infected rhesus
macaques, leaving open the possibility that CD8��� T cells in gut tissues of the
CD8�255R1-treated animals may have also played a critical role in the current study
(53). While our results specifically demonstrated that administration of the CD8�255R1
depleting antibody led to a rise in LASIV plasma viremia, we could not conclusively
determine whether the residual CD8��� T cells in tissues or the persistence of CD8���

T cells, NK cells, and/or �� T cells was responsible for reestablishment of LASIV control
and subsequent protection from pathogenic SIVmac239 challenge. Because animals
also had very low neutralizing antibody titers against SIVmac239 throughout the study
period, it is unlikely that protection against challenge was mediated by neutralization
of the challenge virus.

We found that animals treated with the CD8�255R1 antibody exhibited demonstra-
bly fewer total CD8��� T cells in the periphery and the lymph nodes than control
IgG-treated animals. To determine if we depleted virus-specific CD8��� T cells, we
initially performed gamma interferon enzyme-linked immunospot (IFN-� ELISPOT)
assays with PBMC prior to and 3 weeks after infusion with CD8�255R1, but we were
unable to confirm if the SIV-specific responses that were detected 3 weeks after
infusion were attributable to CD8� T cells or CD4� T cells (data not shown). While
numerous pieces of evidence point toward a critical role of CD8� T cells in long-term
viral control (8–10, 13, 14, 17, 19), one report suggests that virus-specific CD8� T cells
in peripheral blood may not be absolutely required for control of virus replication
during chronic SIV infection, even if they are needed to initially suppress viremia (54).
Tetrameric reagents are an alternative method to detect virus-specific T cells, but these
reagents were not available for two reasons: (i) Many of the epitopes that would elicit
CD8��� T cells were rendered nonimmunogenic in the mutant LASIV used to infect

FIG 8 Plasma neutralization potency in vitro is not predictive of protection from challenge in vivo. Plasma samples collected immediately before mAb infusion
and 4 weeks later immediately before intravenous SIVmac239 challenge were used to test antibody neutralization potency against select tier 1 (SIVmac239.H9
and SIVsmE660.CP3C), tier 2 (SIVmac251.30), and tier 3 (SIVmac239) viruses. (a) Neutralizing antibody titers were measured prior to infusion with control IgG
(left panel) and prior to SIVmac239 challenge (right panel). (b) Neutralizing antibody titers were measured prior to infusion with CD8�255R1 (left panel and
prior to SIVmac239 challenge (right panel). Titers are shown as 50% inhibitory dilution (ID50). Animals that became infected following SIVmac239 challenge are
highlighted in red.
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several of these animals (47), and (ii) tetrameric reagents specific for the CD8 and CD4
T cells that developed in the animals infected with the mutant LASIV have not been
produced. We did perform intracellular cytokine staining experiments with lymph
nodes that were collected 3 weeks after antibody infusion. Interestingly, the three
animals with the largest frequency of Env-specific CD8��� T cells were the three
animals that were originally infected with strains of LASIV containing immunogenic
epitopes. Two animals were infected with wild-type SIVmac239Δnef, and the third
animal was infected with the mutant LASIV but expressed some non-M3 MHC alleles.
As a result, these three animals likely had the largest pool of virus-specific memory
CD8��� T cells that could emerge when viremia increased. Together, our data imply
that the most effective way to eliminate virus-specific CD8��� T cells with currently
available technology is to infect animals with a virus whose T cell epitopes are rendered
nonimmunogenic combined with a CD8�-specific depleting antibody. Even with this
“double-knockout approach,” more sophisticated reagents are needed to improve
CD8��� T cell depletion in tissues to determine if they are required to reestablish viral
control.

Even when we minimized the CD8��� T cell populations with our interventions, we
were surprised to find that six out of seven animals treated with CD8�255R1 were
resistant to infection with pathogenic SIVmac239. This level of protection was on par
with that for the animals treated with control IgG. Unfortunately, even when we
examined non-CD8�� immune cell populations and neutralizing antibody titers, there
were no obvious immune correlates of protection. Protection afforded to LASIV has
previously been associated with the presence of effector-differentiated T cell responses
within the lymph node (44, 45), so it is entirely possible that the residual virus-specific
T cells in the lymph nodes or tissues were sufficient to protect animals from SIVmac239
challenge. Continuing to improve the methods to deplete virus-specific immune cells
in the LASIV model will be needed to directly demonstrate the immune correlates of
protection mediated by LASIV.

One unique attribute of our study was the inclusion of animals treated with an
isotype-matched IgG control antibody, which was absent in recent reports of
CD8�255R1 (33, 34). By comparing paired differences of cell populations between
animals treated with CD8�255R1 and control IgG, we accounted for potential artifacts
that may result from infusion of a nonspecific IgG antibody. For example, increases over
baseline in the percentage of central memory CD4� T cells expressing Ki-67� in both
groups suggest that IgG infusion alone induces proliferation of these cells. Additionally,
similar to a previous study using CD8�255R1 (33), we observed increased numbers of
circulating NK cells in animals receiving CD8�255R1, though similar increases were also
detected in the control IgG animals. These observations question whether changes to
central memory CD4� T cell populations were a direct consequence of administration
of the specific CD8�255R1 monoclonal antibody or whether the administration of a
control antibody was sufficient to induce this expansion. Thus, including an IgG control
group in these types of antibody infusion studies is critical for identifying nonspecific
depletion effects.

In this study, we provide a comprehensive comparison of the immunological impact
that follows infusion with the anti-CD8� mAb CD8�255R1 compared to an isotype-
matched control IgG. The persistent depletion of peripheral CD8��� T cells following
administration of CD8�255R1 is in stark contrast to the transient depletion of CD8���

T cells following infusion with a CD8�-specific mAb. Unlike studies with the CD8�-
depleting antibody that observed regained control of virus replication coincident with
rebound of CD8� T cells, we observed regained control of viral replication, even when
peripheral CD8�� T cells remained depleted. Moreover, protection from intravenous
challenge with pathogenic SIVmac239 was achieved when the CD8��� T cell magni-
tude was reduced by administration of CD8�255R1 and, in some cases, in combination
with a mutant LASIV that failed to elicit many virus-specific T cells (47). Nonetheless, the
data we provide demonstrate that the CD8�255R1 antibody can be used to specifically
deplete CD8��� T cells, while leaving other CD8�� immune cell populations intact.
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This may be valuable in future studies evaluating the importance of CD8��� T cells in
diverse disease models.

MATERIALS AND METHODS
Animal care and use. Two Vietnamese-origin cynomolgus macaques were purchased from Covance

Inc. and included in the depletion study of naive cynomolgus macaques. Both animals were housed and
cared for at the National Institutes of Health Animal Center (NIHAC) (Poolesville, MD) according to
protocols approved by the Vaccine Research Center Animal Care and Use Committee. Both animals
received a single 50-mg/kg intravenous infusion of the anti-CD8� monoclonal antibody (mAb)
CD8�255R1.

Eleven Mauritian cynomolgus macaques (MCMs) were purchased from Bioculture Ltd. and included
in the depletion/challenge study of cynomolgus macaques chronically infected with a LASIV. These
MCMs were housed and cared for at the Wisconsin National Primate Research Center (WNPRC) according
to protocols approved by the University of Wisconsin Graduate School Animal Care and Use Committee.
All 11 animals were previously infected intravenously with 10 ng p27 of wild-type SIVmac239Δnef
(animals cy0749 and cy0752) or a variant of SIVmac239Δnef containing 10 nonsynonymous mutations
(cy0685, cy0688, cy0690, cy0691, cy0750, cy0753, cy0755, cy0756, and cy0757) for 34 to 73 weeks prior
to the start of this study (47). All animals were homozygous for the M3 MHC haplotype, with the
exception of cy0691, which was heterozygous for the M2 and M3 MHC haplotypes. Seven MCMs received
a single 50-mg/kg intravenous infusion of the anti-CD8� mAb CD8�255R1, and four MCMs received a
single 50-mg/kg intravenous infusion of the DSPR1 rhesus recombinant IgG control mAb, both of which
were provided by the NIH Nonhuman Primate Reagent Resource (R24 OD010976 and U24 AI126683). All
11 MCMs were challenged intravenously with 100 TCID50 of SIVmac239 (0.71 ng p27) at 4 weeks
following mAb infusion.

Antibodies. CD3-AF700 (clone SP34-2; BD Biosciences), CD4-BV711 (clone OKT4; BioLegend), CD8�-
phycoerythrin (PE) (clone DK25; Dako), CD8�-ECD (clone 2ST8-5H7; Beckman Coulter), TCR��-fluorescein
isothiocyanate (FITC) (clone 5A6.E9; Invitrogen), CD95-PE/Cy5 (clone DX2; BD Biosciences), CD28-BV510
(clone CD28.2; BD Biosciences), CCR7-Pacific Blue (clone G043H7; BioLegend), NKG2a-PE/Cy7 (clone Z199;
Beckman Coulter), CD16-BV650 (clone 3G8; BD Biosciences), CD16-BV786 (clone 3G8; BD Biosciences),
and Ki-67-AF647 (clone B56; BD Biosciences) antibodies were used. Live/Dead fixable near-infrared dead
cell stain (Invitrogen) was used to assess cell viability. All samples were run on an LSR II instrument (BD
Biosciences) and analyzed using FlowJo, version 9.9.6 (BD Biosciences). The presence of the CD8�255R1
mAb does not cross-block binding with the anti-CD8� clone 2ST8-5H7 (33).

Peptides. The NIH AIDS Research and Reference Reagent Program (Germantown, MD) provided
15-mer peptides overlapping by 11 amino acid positions that spanned the entire SIVmac239 proteome.
Gag and Env peptides were combined into 2 and 3 pools, respectively, and used at a final pooled
concentration of 5 �M during stimulation.

Lymphocyte isolation and phenotype staining. In the depletion study of naive cynomolgus
macaques, phenotype staining of peripheral blood mononuclear cells (PBMC) was performed in triplicate
on whole blood and in duplicate on lymph node samples. Cells were incubated with a surface antibody
mix for 25 min in the dark at room temperature. In the depletion/challenge study, PBMC were isolated
from EDTA-anticoagulated blood by Ficoll-based density centrifugation as previously described (41). Cells
were resuspended in RPMI 1640 (HyClone) supplemented with 10% fetal calf serum (FCS), 1% antibiotic-
antimycotic (HyClone), and 1% L-glutamine (HyClone) (R10 medium). Approximately 0.5 to 1.0 � 106

PBMC were placed in cluster tubes (Fisher Scientific) and washed with 1� phosphate-buffered saline
(PBS) prior to staining. Surface antibodies were added, and cells were incubated for 30 min in the dark
at room temperature. Cells were then washed twice with 1� PBS supplemented with 10% FCS (10%
FCS/PBS) and fixed with 2% paraformaldehyde (PFA) for a minimum of 30 min. Fixed cells were then
washed once with 1� PBS and then permeabilized with medium B (Invitrogen, Carlsbad CA) and allowed
to incubate with intracellular antibodies for 30 min in the dark at room temperature. Cells were then
washed twice with 10% FCS/PBS and resuspended in 2% PFA prior to data collection. Following exclusion
of doublets and dead cells, lymphocyte populations were defined as follows: CD8��� T cells, CD3� CD4�

TCR��� CD8�� CD8��; CD8��� T cells, CD3� CD4� TCR��� CD8�� CD8��; �� T cells, CD3� CD4�

CD8�� CD8�� TCR���; NK cells, CD3� CD4� CD8�� NKG2a� CD16�; CD4 T cells (naive), CD3� CD4�

CD8�� CD95� CD28� CCR7�; CD4 T cells (effector memory), CD3� CD4� CD8�� CD95� CD28� CCR7�;
and CD4 T cells (central memory), CD3� CD4� CD8�� CD95� CD28� CCR7�.

ICS. Flow cytometry was used to measure intracellular cytokine expression as previously described
(55). Cryopreserved cells isolated from LNs were thawed, washed twice in warm R10 medium, and
allowed to rest at 37°C overnight prior to stimulation. Ki-67 was used to measure the proliferative
capacity of lymphocytes freshly isolated from blood, and IFN-�, tumor necrosis factor alpha (TNF-�), and
CD107a were used to measure SIV-specific responses in cryopreserved lymphocytes isolated from LNs at
week 3 after mAb infusion. LN cells were incubated with CD107a and stimulated with Gag or Env peptide
pools for a total of 6 h, with brefeldin A (Sigma-Aldrich) and monensin (BioLegend) added 1 h after
stimulation. PBMC and LN cells were incubated with Live/Dead fixable near-infrared dead cell stain for
20 min, incubated with surface markers for 30 min, and fixed with 2% paraformaldehyde (PFA) for at least
20 min. Medium B (Invitrogen) was used to permeabilize PBMC, and 0.1% saponin was used to
permeabilize LN cells. PBMC and LN cells were stained for 30 min with Ki-67 or with IFN-� and TNF-�,
respectively. Data were collected on an LSR II instrument (BD Biosciences) using 2% PFA-fixed cells and
then analyzed using FlowJo version 9.9.6 (BD Biosciences).
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Plasma viral load analysis. Plasma was isolated alongside PBMC and cryopreserved at �80°C
prior to analysis. SIV gag viral loads were determined as previously described (41). Briefly, viral RNA
(vRNA) was isolated from plasma, reverse transcribed, and amplified with the Superscript III platinum
one-step quantitative reverse-transcription-PCR (RT-PCR) system (Invitrogen). The detection limit of
the assay was 100 vRNA copy equivalents per ml of plasma (copies/ml). When the viral load was at
or below the limit of detection, the detection limit value of 100 was reported. Full-length nef and
Δnef viral loads were determined as previously described (41). Briefly, highly specific real-time
RT-PCR assays were used with primers that accurately differentiate viruses containing full-length nef
from those that contain nef with a 182-bp deletion, using the methods described above. Serial
dilutions of in vitro transcripts for both full-length nef and nef with a 182-bp deletion were used as
internal standards for each run. The same machines and software used for the gag viral load assay
were used to detect and quantify the nef and Δnef viral loads. The limit of detection was identical
to that for the SIV gag viral load assay.

Virus neutralization assays. SIV Env pseudoviruses were produced as previously described (51).
Briefly, plasmid DNA encoding SIV gp160 was combined with a luciferase reporter plasmid containing the
essential HIV structural genes to produce pseudoviruses expressing SIVmac251.H9, SIVmac251.30,
SIVsmE660.CP3C, or SIVmac239 Env. Using TZM-bl target cells, virus neutralization was measured
following incubation with SIV-Env pseudovirus and plasma collected from blood. The 50% inhibitory
dilution (ID50) was defined as the plasma dilution that caused a 50% reduction in relative light units (RLU)
compared to virus control wells following subtraction of background RLU. A nonlinear-regression
5-parameter Hill slope equation was used to calculate plasma ID50 values.

Statistical analyses. Comparison of two groups in Fig. 2b and c, 4c and d, and 5d to f was conducted
using Wilcoxon rank sum tests. Comparison of changes from baseline separately for each treatment
group shown in Fig. 2a, 3, 4a and b, and 5a to c utilized repeated-measures analysis of variance
(RM-ANOVA) to estimate the mean contrasts with animal as a random effect. Comparison between both
groups in changes from pretreatment levels at multiple follow-up time points also utilized RM-ANOVA
with treatment, time, and their interaction as fixed effects and animal as a random effect. The model
assumptions of RM-ANOVA were examined and were not deemed to be grossly violated. Dunnett’s P
value adjustment for multiple testing over multiple time points was used to keep a family-wise 0.05 type
1 error rate (56). All tests were conducted using a two-sided significance level of 0.05. All analyses were
conducted using R for statistical computing version 3.3 (57).
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