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Short Communication

Characteristics of Effective Immune Control of Simian/Human
Immunodeficiency Virus in Pigtail Macaques

IVAN STRATOV,! C. JANE DALE,! SOCHEATA CHEA,! DAVID C. MONTEFIORI,? ROBERT DE ROSE,!
JEANETTE C. REECE,! and STEPHEN J. KENT!

ABSTRACT

Considerable evidence suggests both HIV-specific T cells and neutralizing antibodies (nAb) can, separately,
assist control of viremia. T cell and nAb responses were studied in detail in three pigtail macaques protected
from chronic simian/human immunodeficiency virus (SHIV) viremia by DNA prime/fowlpoxvirus boost vac-
cine regimens. Immunity was studied both after an initial intrarectal SHIV challenge, as well as during CD§
T cell depletion and a subsequent intravenous SHIV rechallenge. Remarkably, SHIV-specific CD4 and CD$8
T cells were detectable in the absence of viremia following an initial SHIV challenge in one animal, subse-
quent to recovery from CD8 T cell depletion in all three animals, and following control of heterologous SHIV
rechallenge in two animals. Neutralizing antibodies were also enhanced following CD8 depletion without re-
crudescence of viremia in all three animals. These observations, although in a small subset of animals, sug-
gest the hypothesis that combinations of primed T cell immunity and neutralizing antibodies can maintain
control of chronic primate lentiviral infections.

INTRODUCTION MATERJALS AND METHODS

NDERSTANDING, AND INDUCING, EFFECTIVE IMMUNITY TO We recently performed a challenge study of DNA and recom-

HIV remains a global priority. Induction of broad neutral-  binant fowlpoxvirus (tFPV) vaccines expressing shared SHIV
izing antibody (nAb) to HIV by vaccines has not been achiev- antigens in 30 pigtail macaques, 24 vaccinated with SHIV DNA
able to date. Many current HIV-1 vaccine research efforts en-  and rfFPV combinations, and 6 controls.5 The DNA and rFPV vac-
deavor to primarily induce effective HIV-specific T cell cines expressed shared SIV 030 gag/pol genes and expressed
immunity. CD8 and CD4 T-lymphocytes are important in con-  heterologous HIV-1 env genes. One or two 1 mg doses of the
trolling HIV-1 infection in humans and simian immuno- DNA were administered intramuscularly (IM), followed by 5 X
deficiency  virus/simian/human  immunodeficiency virus 107 pfu of IFPV IM at 4 weekly intervals, followed by an in-
(SIV/SHIV) infection in macaques, and generally correlate with  trarectal challenge 10 weeks later with a CXCR4-utilizing
protective immunity in macaque-SHVI studies.!4 Promising  SHIVmn29 stock. Overall, partial protection from SHIV viremia
data have been obtained in nonhuman primate models, show-  was observed, which correlated with T cell immunity. However,
ing protection from AIDS, with large or complete reductions in  in contrast to rhesus macaque T cell-based vaccine studies utiliz-
SHIV viremia following the induction of SHIV-specific T cell  ing SHIVgo gp challenges,>'213 only a minority (three) of the 24
immunity with DNA/poxvirus prime/boost vaccination regi- DNA/FPV vaccinated pigtail monkeys controlled SHIV 200
mens.>® T cell responses also appear critical in the control of viremia to undetectable levels within 11 weeks of initial challenge.
viremia in macaques and humans following transient early an- The control of SHIV in these three animals, however, offers
tiretroviral treatment,’!! the opportunity to probe the nature of the protective immune
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FIG. 1. Virologic and immunologic responses following SHIV challenge, CD8 depletion, and SHIV nn220/SHIVsE;62p3 rechal-
lenge. Each panel shows responses for 33 weeks following initial intrarectal SHIV 200 challenge (left panel); for up to 43 days
following CD8 T cell depletion (three doses over 7 days, arrows) at week 36 following the initial challenge (left panel, right hand
side); and for up to 91 days following a-combined intravenous SHIV ,520/SHIV s162p3 rechallenge at week 43 following the ini-
tial challenge (right panel). Symbols for the macaques studied in each panel are shown in (A) and (G). (A) Serial CD8 and (B)
CD4 T cell counts in peripheral blood by flow cytometry. Levels are expressed as a percentage of total gated lymphocytes. ©
Plasma SHIV RNA by real-time PCR. (D) Total cellular SHIV DNA in PBMC by real-time PCR. Copies of cellular SHIV DNA
were standardized to number of cells by real-time PCR for cellular CCRS. (E) SIV Gag-specific CD8 and (F) CD4 T cells ex-
pressing IFN-vy by intracellular cytokine staining of fresh whole blood and flow cytometric analysis. (G) nAb titers on TZM-bl
cells using a luciferase reporter gene assay. After the combined SHIV yq900 and SHIV g 62p3 rechallenge (right panel), nAb were
assayed to both viruses.
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responses. To further characterize effective immunity to SHIV,
we performed a detailed suite of virologic and immunologic
analyses following a set of interventions (initial SHIV infec-
tion, CD8 T cell depletion, and combined homologous/heterol-
ogous SHIV rechallenge) to examine the nature of protective
immunity in these apparently successfully immunized animals.

RESULTS

This study serially measured peripheral total CD4 and CD8
T cell levels by flow cytometry (Fig. 1A and B), plasma SHIV
RNA, and cellular (PMBC) SHIV DNA by real-time PCR (Fig.
1C and D), SHIV-specific CD4 and CD8 T cell responses by
intracellular interferon (IFN)-y staining (Figs. 1E and F and 2),
and nAb responses (Fig. 1G) in pigtail macaque blood samples
using published assays.5-14-18 We studied in detail 3 of 24 an-
imals vaccinated with DNA/fFPV regimens that controlled
plasma SHIV RNA levels to undetectable levels following
SHIV 029 challenge. Virologic and immunologic responses
were compared to another DNA/IFPV vaccinated pigtail ma-
caque, animal 4277 (diamond symbols in Fig. 1), with stable
chronic viremia (104-10° copies SHIV RNA/m! plasma, Fig.
1C) following intrarectal SHIV 09 challenge, which also un-
derwent concurrent CD8 T cell depletion.

Initial intrarectal SHIV challenge

To first characterize immune responses during the control of
the initial intrarectal SHIV 050 exposure, we studied cellular
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and humoral immunity in the three protected macaques after
the SHIV 5229 challenge. Two of the three “protected” animals
(4664 and 4523) controlled SHIV 4209 viremia following acute
levels exceeding 108 copies SHIV RNA/ml (Fig. 1C, left panel).
As expected, these animals had readily detectable levels of cel-
lular SHIV DNA (Fig. 1D, left panel). Interestingly, although
the initial levels of SHIV RNA were similar, there was a ~100-
fold difference in levels of cellular SHIV DNA between these
two animals. The animal with lower levels of cellular SHIV
DNA (animal 4664) had higher levels of Gag-specific CD8 and
CD4 T cell immunity by intracellular IFN-vy staining using a
pool of overlapping SIVmac230 Gag 15mer peptides (similar to
the comparator viremic animal 4277, Fig. 1E and F).

One animal, 4237, did not become detectably infected fol-
lowing the initial SHIV ;299 challenge, with no cellular SHIV
DNA or plasma SHIV RNA detected (Fig. 1C and D) and no
seroconversion by Western blot (not shown). Gag-specific cel-
lular immunity was not detected in peripheral blood samples
from animal 4237 postchallenge (Figs. 1E and F and 2A). We
have previously shown that Gag-specific T cell immunity was
the predominant T cell response both primed by the
Gag/Pol/Env-expressing DNA and rFPV vaccines and boosted
following SHIV challenge in other animals.® Animal 4237 had
neither Gag- or Pol-specific CD8 nor CD4 T cell immaunity
(<0.1% by ICS) detected postvaccination. Surprisingly, how-
ever, both SIV Pol-specific and HIV-1 Env-specific CD4 and
CD8 T cell responses were detected in blood from animal 4237
following the SHIV challenge (Fig. 2A), suggesting that these
responses were either primed at very low levels by the initial
DNA/FPV vaccination or boosted following a transient low
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FIG. 2. T cell immune responses boosted in the absence of detectable viremia. Each panel shows the percentage of antigen-
specific IFN-y-expressing CD8 and CD4 T lymphocytes using sets of overlapping SHIV 15mer peptides. (A) SIViacz3e Gag-,
SIVmac239 Pol-, and HIV-1yn Env-specific CD4 and CD8 T cell responses in animal 4237 5 weeks after an initial SHIV 000
challenge, which resulted in undetectable levels of SHIV RNA and DNA. (B) Gag-specific T cell responses in animal 4523 be-
fore and 29 days following CD8 T cell depletion, which did not result in detectable SHIV viremia. (C) Gag-specific T cell re-
sponses in animal 4664 before and 20 days following SHIV n200 and SHIVgri62p3 rechallenge, which did not result in detectable
SHIV viremia.
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level infection not detected by SHIV RNA or DNA analyses.
These results are consistent with reports of T cell immunity in
HIV-1-exposed but uninfected humans.!?

CD8T cell depletion

CD8 T cell are widely recognized as an important immune
response in controlling HIV/SIV infections. Transient CD8 T
cell depletion of macaques by infusing an anti-CD8 mAb gen-
erally results in large increases in SIV/SHIV viremia.2%?! To
further probe the effective immunity in the three aviremic pig-
tail macaques, CD8 T cells were depleted for 10-12 days, 36
weeks following the initial SHIV challenge. We used the anti-
CD8 mAb cM-T807 (generously provided by Keith Reimann,
Harvard Medical Center, Boston, obtained from the National
Cell Culture Center) administered subcutaneously (10 mg/kg)
on day 0, and intravenously (5 mg/kg) on days 3 and 7 (Fig.
1A).72! In the comparator viremic animal (4277), a transient
~100-fold increase in SHIV viremia ensued as expected,?:2!
but in the three aviremic animals, plasma SHIV RNA remained
undetectable (Fig. 1C).

nAb responses are generally thought to be responsible for
the complete absence in viremia (“sterilizing immunity”) fol-
lowing SIV or SHIV exposure.?223 nAb responses were there-
fore assayed to the SHIV 1220 challenge stock using a well-val-
idated luciferase reporter gene assay.®!” The two animals with
detectable acute viremia (4664 and 4523) gradually developed
nAb to SHIV 000 8 weeks after the initial infection despite un-
detectable levels of plasma viremia, but no significant nAbs
were detected in animal 4237 prior to CD8 depletion (Fig. 1G,
left panel). nAb titers to SHIV n200 Were relatively stable from
26 weeks preceding CD8 depletion, however, within 2-3 weeks
of CD8 depletion there was a mean 4.1-fold increase in nAb
within all animals. This brisk rise in nAb levels suggests a role
for nAb responses in maintaining control of viremia in the ab-
sence of CD8 T cells.

We also hypothesized that T cell immunity generated after
vaccination or the initial challenge could be reactivated by small
increases in virus levels following CD8 T cell depletion. Both
animals 4523 and 4664 had Gag-specific T cell immunity de-
tected following the initial SHIV challenge (Fig. 1C and D) and
animal 4664 had high levels of Gag-specific CD8 T cells
(0.26%) and CD4 T cells (0.18%) detected following vaccina-
tion. We therefore serially analyzed SIV-specific CD4 and CD8
T cells following CD8 T cell depletion. A significant increase
in Gag-specific CD4 and CD8 T cell immunity evolved as CD8
T cells recovered on days 21-29 postdepletion, particularly in
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animal 4523 and, to a lesser extent, animals 4237 and 4664, de-
spite the lack of detectable viremia (Figs. 1E and F and 2B).

Unexpectedly, the comparator animal 4277 reduced plasma
SHIV RNA levels to undetectable levels (10- to 100-fold lower
than the stable chronic levels predepletion) when CD8 T cells
recovered postdepletion (Fig. 1C). This was associated with
large expansions of both Gag-specific CD4 T cells and nAb re-
sponses. Further, animal 4664 had a sustained 100-fold reduc-
tion in cellular SHIV DNA following CD8 depletion (Fig. 1D).
These observations require confirmation but suggest the hy-
pothesis that even very low levels of recrudescent virus fol-
lowing CD8 depletion can induce or enhance effective non-CD8
T cell immune responses. ‘

Heterologous SHIV rechallenge

To further assess the durability of protective immunity in
these three animals, all three animals were then rechallenged
intravenously simultaneously with 3 X 10* TCIDsq of the same
stock of CXCR4-utilizing SHIV 029 used during the initial
challenge, as well as 3 X 103 TCIDs, a heterologous CCR5-
utilizing SHIVsg;62p3 stock.2423 This intravenous challenge oc-
curred 44 weeks after the initial mucosal challenge and used
similar amounts of virus that have successfully infected over
80 pigtail macaques via mucosal (rectal or vaginal) routes®!6
(Kent et al., submitted for publication). Since mucosal chal-
lenges are typically 100 to 1000-fold less efficient than intra-
venous challenges,?® this intravenous exposure represented a
high dose rechallenge.

Animal 4237 became infected following the intravenous
rechallenge, with high levels of SHIV RNA and DNA and sig-
nificant depletion of CD4 T cells (Fig. 1A-D, right panels).
However, unlike naive SHIV n220-infected controls, CD4 T cell
depletion was incomplete®16 suggesting some immunity. In-
deed, brisk increases in Gag-specific CD8 and CD4 T cells en-
sued in animal 4237, later followed by an increase in
SHIV unoe-specific nAb (Fig. 1E-G), which are not observed
in naive animals.

Animal 4664 had no detectable plasma SHIV RNA follow-
ing this rechallenge, and in animal 4523 SHIV RNA was only
detected once—8 days following rechallenge. Both these ani-
mals had large elevations in Gag-specific CD8 and CD4 T cells
for several weeks after the combined homologous/heterologous
rechallenge (Figs. 1E and F and 2C), likely reflecting expan-
sion of T cell immunity primed by the vaccination or initial
SHIV challenge. Although nAb titers were high for SHIVgn220
prior to the rechallenge, titers remained unchanged, and there

TaBLE 1. ViIrRUS SEQUENCE IN PBMC DNA roLLOWING SHIV 1229 AND SHIVFi62ps RECHALLENGE
Virus or Days
macaque ID postrechallenge Envelope sequence (amino acids 305-364)
SHIV 220 Stock SVSQRTGRAFVTTGKIGNMRQAHCNISRAKWNNNLKQIASKLREQYGNNRTIIFKOS
SHIVsgi16op3 Stock LY LU KOUYALLDLILDT. ... GE....T....VI'..QA.FE.K..V....
4237 o
4664 13 e

4523 13
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were no detectable nAbs to the heterologous SHIVgg;p3 stock
(Fig. 1G).

To determine which of the two SHIV strains used in the
rechallenge resulted in infection, HIV-1 Env sequences were
amplified, cloned, and sequenced from PBMC DNA using con-
served Env primers ENV1151-1134: TCTGGGTCCCCTCCT-
GAG and ENV931-950: AGACCYAACAAYAATACAAG
with standard methodology.?’ In all three animals, the envelope
fragment sequenced following the combined rechallenge was
identical to the SHIV n209 stock (Table 1).

DISCUSSION

Taken together, this series of interventional analyses sug-
gests that in the small number of effectively vaccinated ma-
caques studied (1) control of viremia during CD8 depletion can
occur concomitantly with SHIV-specific CD4 T cells and nAb
responses and (2) heterologous rechallenge can be controlled
coincident with increases in combinations of T cell and nAb
immunity. Although anecdotal, our studies are consistent with
observations on the roles of passive transfer of antibodies,?3
HIV-specific CD4 T cells following treatment of acute HIV-1
infection,!! and induction of T cell immunity in HIV-1-exposed
but uninfected humans.!® Although these studies were limited
by the small subset of three animals protected from initial SHIV
challenge by DNA and rFPV vaccines, if confirmed in larger
studies the results serve to highlight the potential breadth of ac-
quired immune responses required to efficiently maintain long-
term control of primate lentivirus infection.
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