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Depletion of CD8* lymphocytes during acute simian immunodeficiency virus (SIV) infection
of rhesus macaques (RMs) results in irreversible prolongation of peak-level viral replication
and rapid disease progression, consistent with a major role for CD8* lymphocytes in deter-
mining postacute-phase viral replication set points. However, we report that CD8* lympho-
cyte depletion is also associated with a dramatic induction of proliferation among CD4*
effector memory T (Tg,) cells and, to a lesser extent, transitional memory T (Ty,,) cells,
raising the question of whether an increased availability of optimal (activated/proliferat-
ing), CD4*/CCR5* SIV "target" cells contributes to this accelerated pathogenesis. In keeping
with this, depletion of CD8* lymphocytes in SIV- RMs led to a sustained increase in the
number of potential CD4+ SIV targets, whereas such depletion in acute SIV infection led to
increased target cell consumption. However, we found that the excess CD4+ Ty, cell prolif-
eration of CD8* lymphocyte-depleted, acutely SIV-infected RMs was completely inhibited
by interleukin (IL)-15 neutralization, and that this inhibition did not abrogate the rapidly
progressive infection in these RMs. Moreover, although administration of IL-15 during
acute infection induced robust CD4+ T, and Ty, cell proliferation, it did not recapitulate
the viral dynamics of CD8* lymphocyte depletion. These data suggest that CD8* lymphocyte
function has a larger impact on the outcome of acute SIV infection than the number and/
or activation status of target cells available for infection and viral production.

In the initial weeks of HIV infection of humans  collapse and rapid progression to AIDS, to con-
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and pathogenic simian immunodeficiency virus
(SIV) infection of Asian macaques, viral repli-
cation peaks, then declines to a quasiequili-
brated set point of ongoing viral production
and clearance, the level of which plays a major
role in determining the subsequent tempo of
disease progression (Mellors et al., 1996; Staprans
et al., 1999). Outcomes range from an inability
to substantially restrain viral replication from
peak levels, leading to early immunological

trol of viral replication to undetectable levels
and long-term nonprogression (Farzadegan et al.,
1996; Picker et al., 2004; Deeks and Walker,
2007; Goulder and Watkins, 2008). However,
the vast majority of infections manifest viral repli-
cation set points and progression rates between
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these two extremes (Munoz et al., 1989; Okoye et al., 2007).
The mechanisms responsible for these different outcomes
have not been precisely defined, although differences in adap-
tive immunity, innate immunity, and CD4*, CCR5" target
cell availability, susceptibility to infection, productivity (viral
yield per infected cell), and dynamics have all been implicated
(Goldstein et al., 2000; Seman et al., 2000; Zhang et al., 2004;
Alter et al., 2007; Goulder and Watkins, 2008; Lehner et al.,
2008; Mahalanabis et al., 2009).

The HIV/SIV-specific CD8* T cell response has been
widely accepted as a major, if not dominant, contributor to
this heterogeneity of outcomes based on the observations that
(a) the appearance of these responses is temporally coordinated
with the postpeak fall in viral replication (Koup et al., 1994),
(b) vaccines that elicit strong CD8* T cell responses can lower
viral replication set points compared with unvaccinated con-
trols (Wilson et al., 2006; Liu et al., 2009), (c) particular class
1 MHC alleles and their associated CD8* T cell responses are
strongly associated with postpeak control of viremia (Goulder
and Watkins, 2008), (d) viral mutations facilitating escape from
CD8" T cell recognition can be associated with either loss of
virologic control or a fitness cost that handicaps replication of
escaped virus (Barouch et al., 2002; Goulder and Watkins,
2008), and (e) treatment of rhesus macaques (RMs) with de-
pleting anti-CD8" mAbs at the outset of SIV infection, tran-
siently depleting CD8™ lymphocytes from blood and secondary
lymphoid tissues, typically results in unrestrained viral replica-
tion and rapid disease progression (Matano etal., 1998; Schmitz
et al., 1999; Kim et al., 2008; Veazey et al., 2008). On the
other hand, there is considerable circumstantial evidence sug-
gesting that the availability, susceptibility to infection, and cu-
mulative per cell virus production of HIV/SIV target cells may
also play a major role in determining acute-phase viral dynam-
ics and subsequent viral load set points. In early acute SIV
infection, the primary target cells are small, resting CD4",
CCRS5" Ty, and transitional memory T (T'p,y) cells in tissues;
massive infection and destruction of these cells corresponds to
the initial peak of viral replication and its subsequent decline
(Picker et al., 2004; Li et al., 2005; Mattapallil et al., 2005).
With the destruction of resting CD4™ target cells and the onset
of infection-associated inflammation, the infection shifts to
predominant replication in activated, proliferating CD4" Tgy,
and Ty cells (Zhang et al., 2004; Haase, 2005). These obser-
vations suggest that in typical SIV infections, plateau-phase
viral replication might depend on both the rate of new target
cell production and the enhanced per cell virus production
of activated target cells. Consistent with this, it has been well
documented that both coinfection with other pathogens and
other modes of immune activation in acute infection, which
increase the number of activated target cells, are associated
with increased levels of viral replication and rapid disease pro-
gression (Folks et al.,, 1997; Zhou et al., 1999; Sequar et al.,
2002; Garber et al., 2004; Cecchinato et al., 2008).

Determination of the interplay between cellular immune
effector responses and target cell dynamics in the regulation of
acute-phase HIV/SIV replication will be crucial to understand
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the potential impact of vaccines and other immunomodulators
on HIV/SIV pathogenesis. However, experimental dissection
of these processes in vivo is complicated by the fact that primary
viral targets—CD4" memory T cells—are an intrinsic and
essential part of the adaptive immune response and are almost
invariably coregulated with CD8" lymphocyte—mediated ef-
fector responses. In this paper, we report on the use of CD8”"
lymphocyte depletion in RMs, which effectively eliminates
CD8* effector lymphocyte responses in acute SIV infection
(Matano et al., 1998; Schmitz et al., 1999; Kim et al., 2008;
Veazey et al., 2008), to determine the importance of target
cell expansion and activation on viral dynamics in acute SIV
infection. We document that CD8* lymphocyte depletion
induces massive selective proliferation of CD4*, CCR5*
memory T cell targets, leading to profound expansion of this
population in uninfected RMs and their increased consump-
tion in acute SIV infection. Furthermore, we identify IL-15
as the major mediator of this proliferative response. Signifi-
cantly, however, in vivo inhibition of IL-15 by administration
of a neutralizing anti—IL-15 mAb during CD8* lymphocyte
depletion of acutely SIV-infected RMs blocked induction of
CD4" target cell proliferation, but did not reverse either the
high viral replication or rapid disease progression in CD8*
lymphocyte—depleted, acutely infected animals. Moreover,
administration of exogenous IL-15 during acute SIV infec-
tion in RMs with an intact CD8* lymphocyte compartment
stimulated CD4" target cell proliferation with kinetics similar
to CD8" lymphocyte depletion, but did not recapitulate the
early viral dynamics of CD8* lymphocyte depletion. Collec-
tively, these data provide compelling evidence that the rela-
tive effectiveness of adaptive and/or innate immune function
of CD8* lymphocytes plays a considerably more significant
role in determining outcome of acute SIV infection than dif-
ferences in target cell number and/or activation status.

RESULTS

CD8* lymphocyte depletion during acute SIVmac239
infection abrogates the postpeak decline in viral replication
and results in rapid disease progression

i.v. administration of highly pathogenic, CCR5-tropic SIV
(SIVmac239 or SIVmac251) to Indian-origin RMs results
in a characteristic pattern of plasma viremia arising from the
massive, systemic infection of CD4" memory T cells (Picker
et al., 2004; Mattapallil et al., 2005; Grossman and Picker,
2008). As shown in Fig. 1, acute-phase plasma viral loads peak
at postinfection day (PID) 10 at a mean value of ~3 X 107 SIV
RNA copy equivalents/ml, and in typical infections, those
destined for AIDS-free survival for >200 d (“normal” pro-
gressors; Picker et al., 2004), plasma viral loads drop by a mean
of 1.85 logs in the subsequent 32 d to a stable plateau-phase
level. In RMs administered the depleting, CD8a-specific
mAb cM-T807 concomitant with SIV infection, mean plasma
viral loads are identical to control infections through PID 10, but
in these CD8* lymphocyte—depleted RMs (see also Fig. 5 A),
plasma viral loads continue to rise from PID 10 to 14 by a mean
of 0.3 logs, and thereafter fall only 0.21 logs to plateau-phase
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plasma viral loads >4 X 107 copy equivalents/ml (Fig. 1).
In keeping with these high viral replication rates, all seven of
the CD8* lymphocyte—depleted RM:s studied in this experi-
ment manifested rapid disease progression, with a median
time to overt AIDS of 92 d (range = 42-161 d).

CD8* lymphocyte depletion induces profound proliferation
and expansion of CD4+, CCR5* memory T cells in SIV- RMs
These plasma viral load patterns indicate that the effect of
CD8" lymphocyte depletion on acute-phase SIV replication
manifests quite early, between PID 10 and 14. Although abro-
gation of developing CD8" T cell effector responses could
certainly account for the accelerated viral replication of CD8*
lymphocyte—depleted RMs, it is significant that this time
period also corresponds to the peak of the massive, direct or
indirect destruction of viral targets (Li et al., 2005; Mattapallil
et al., 2005), raising the possibility that a limitation in target
cell availability may also restrict subsequent viral production
(Haase, 2005). Given the overlap between regulatory factors
controlling CD4* and CD8" population dynamics (Moniuszko
et al., 2004; Picker et al., 2006; Boyman et al., 2007), CD8*
lymphocyte depletion might set in motion a homeostatic reac-
tion that would spur production and/or activation of CD4",
CCR5" memory T cells, and thereby provide additional
and/or more productive targets for the maintenance of high
level viral production.

To investigate this latter possibility, we initially assessed the
effect of CD8" lymphocyte depletion on CD4* T cell dynam-
ics in healthy, SIV-uninfected RMs. As shown in Fig. 2 A,
cM-T807 administration to such RMs completely depleted
CD8" T cells from the circulation for ~14 d, followed by a
slow and incomplete recovery over the period of follow up.
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Except for a transient decline immediately after the first
cM-T807 dose, the absolute counts of CD4* naive T (Ty)
cells in blood remained steady after CD8* lymphocyte deple-
tion. In contrast, the absolute counts of total CD4" memory
T cells in these RMs progressively increased after day 14,
peaking, on average, at more than twice their initial levels
at days 42—70 before declining back toward baseline. This
memory expansion suggests the development of a CD4"*
memory T cell “homeostatic” response to CD8" lymphocyte
depletion, and in keeping with this, starting at day 3 and
peaking at day 14 we observed a profound but highly asym-
metric increase in the proliferative fraction of certain CD4"
memory T cell subsets (Fig. 2 B). Although both CD4" T
and CD4%, CD28*/CCR7* Ty T cells showed no or little
proliferative response to CD8" lymphocyte depletion, the
CD4*, CD28*/CCR7™ Ty and the CD4*, CD28~, CCR7~
Tgy cell subsets manifested moderate and very strong prolif-
erative responses, respectively.

The proliferative asymmetry among CD4* memory T cell
subsets in response to CD8" lymphocyte depletion was
further explored in two additional SIV-uninfected RMs
(Fig. 3). In these RMs, CD4" memory T cell subsets were
defined by expression patterns of CD28, CCR7, and CCR5,
allowing precise definition of progressive memory differenti-
ation from CD28*/CCR77/CCR5™ Ty cells to the earliest
transitional effector memory subset (CD28*/CCR7*/CCR5"
Trm1), to more mature transitional effector memory cells
(CD28"/CCR77/CCR5" Trrypp), and, finally, to fully differ-
entiated Ty cells (CD287/CCR7~/CCR5dim™; Picker et al.,
2006; Grossman and Picker, 2008). As shown in Fig. 3 A,
the CD4" memory T cell proliferative response to CD8”
lymphocyte depletion followed this differentiation process
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Figure 1. CD8* lymphocyte depletion abrogates the postpeak decline in viral replication rates during acute SIVmac239 infection.

(A and B) Comparison of log-transformed, acute-phase plasma viral load profiles of (A) 23 SIVmac239-infected, untreated normal progressors versus (B)
7 RMs treated with 10, 5, 5, and 5 mg/kg of the depleting anti-CD8« mAb cM-T807 at days O, 3, 7, and 10 of SIVmac239 infection, respectively. Normal
progression was defined as SIV-infected RMs that either manifested disease-free survival for >200 d without antiretroviral treatment or that manifested
the typical immunological characteristics of normal progression through a minimum of 100 d of untreated infection (Picker et al., 2004; Okoye et al.,
2007). None of the cM-T807-treated RMs expressed class | MHC alleles (Mamu B*08 and B*17) associated with spontaneous SIV control (Goulder and
Watkins, 2008). The effects of cM-T807 treatment on CD8* T cell numbers in the blood of these seven RMs are shown in Fig. 5. (C) The means of the log-
transformed plasma viral loads at each time point for each group are shown together. For each RM, the log viral load numbers from days 42-84 were
averaged to define plateau-phase levels, and the differences between these levels and the viral load peaks were determined so as to define the mean
“change from peak” for the CD8* lymphocyte-depleted and control groups. The significance of the difference in these values in the CD8* lymphocyte-
depleted and control groups was determined by an unpaired Student's t test, with the p-value shown.
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precisely, with no response among Ty, cells and an increas-
ing response magnitude from T to Trg, to Try cells.
Changes in the absolute counts of these subsets in blood were
in keeping with this pattern of proliferation: CD4* Ty, and
Ty cells were, on a fold-change basis, largely stable over
the course of CD8" lymphocyte depletion (although show-
ing some random fluctuation); CD4* T, cells were stable
in one RM, and showed a modest posttreatment increase in
the other; and CD4" Tp,, cell numbers increased dramati-
cally (approximately ninefold) in both RM:s. Strikingly, the
CD4" Tgy cell proliferative response in these RMs lasted for
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Figure 2. CD8* lymphocyte depletion of SIV- RMs induces CD4*
memory T cell proliferation and expansion. (A and B) The effect of
cM-T807-mediated CD8* lymphocyte depletion on CD4* T cell subset
dynamics was evaluated in seven SIV~ RMs. Two cohoused untreated SIV-
RMs served as negative controls. (A) The fraction of naive versus memory
CD4* T cells in blood was determined by flow cytometric evaluation of
CD28, CD95, and CCR7 expression patterns (Walker et al., 2004; Picker et al.,
2006), and was used to calculate absolute numbers of these cells, with the
mean + SEM shown at each time point relative to cM-T807 treatment (the
results for the two control RMs are shown individually). Absolute numbers
of total CD8* T cells in blood are also shown for the cM-T807-treated RMs.
In the period from 28 to 70 d after initial treatment, absolute CD4* memory
counts were 2.1 + 0.3-fold higher than at baseline, whereas the absolute
CD4* T cell counts increased by only 1.1 + 0.02-fold. The two untreated
RMs showed no net increase in either subset. (B) The proliferative fractions
of CD4* Ty, cells and the CD4* memory T cell subsets defined by CD28 and
CCR7 expression were evaluated by determination of the percentage of each
subset expressing Ki-67. The difference in mean change + SEM in percent
Ki-67 from baseline to posttreatment peak was 61.9 + 3.2, 20.3 + 2.4, and
3.9 + 1.09% for CD28~, CCR7~ Ty, CD28*, CCR7~ Ty, and CD28*, CCR7*
Tow cells, respectively (P < 0.0001, and P = 0.0001 and 0.012, respectively, by
the paired Student's t test). The two untreated control RMs showed only
random fluctuation of percent Ki-67 over the same time period.
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30—40 d after the onset of cM-T807 treatment, and the
absolute CD4* Ty, cell counts peaked still later (~day 50),
indicating that the homeostatic mechanism induced by CD8”
lymphocyte depletion has prolonged effects.

It is noteworthy that the frequency of actively proliferat-
ing (Ki-677) effector site CD4" T cells (T and/or Tpy cells
in lung airspace and small intestinal lamina propria) was not
increased at day 7 after CD8" lymphocyte depletion com-
pared with baseline (unpublished data). These data indicate
that the stimulation of CD4* T cells by CD8" lymphocyte
depletion primarily affects the cells recirculating among sec-
ondary lymphoid tissues, either via induction or maintenance
of proliferation in preexisting or developing CD4* T,y and
Tgy cells, and/or the simultaneous induction of proliferation
and effector memory differentiation among CD4" Ty or
CD4* Ty cells. However, because induction of proliferation
among circulating CD4* Ty, and Tgy, cells is associated with
extensive migration of their postproliferative progeny into
effector sites (Picker et al., 2006; Grossman and Picker, 2008),
it is highly likely that the expansion of CD4" T and Tgy
cell populations in response to CD8" lymphocyte depletion
does include the extralymphoid effector site compartment.

CD8* lymphocyte depletion during acute SIV infection

is associated with the activation and rapid consumption

of optimal SIV “target” T cells

These data indicate that CD8* lymphocyte depletion with
mAb cM-T807 results in the robust activation, proliferation,
and expansion of CD4*, CCR5* memory T cells, precisely
those cells targeted by CCR5-tropic SIV and capable of the
highest viral production (Picker et al., 2004; Zhang et al.,
2004). As suggested above, it is conceivable that such target
cell enhancement during the upswing of viral replication in
acute SIV infection contributes to or even accounts for the
accelerated viral dynamics and pathogenesis associated with
CD8" lymphocyte depletion during acute infection. In keep-
ing with this, we observed that CD8" lymphocyte depletion
induces massive proliferation of CD4* T,y and, particularly,
CD4" Tgy cells 7 d after SIV infection, dramatically higher
than what is observed in control SIV infections at this time
point (Fig. 4). This effect is quantified for seven cM-T807—
treated versus eight untreated control RMs with acute SIV-
mac239 infection in Fig. 5. The induction of proliferation in the
CD4" Tr and Tgy, cell populations in ¢cM-T807—treated,
SIV-infected RMs was similar to that observed in uninfected
RMs (Fig. 3), but in striking contrast to the uninfected R Ms,
these populations did not increase in size but instead dramati-
cally collapsed, to a much greater extent than control SIV in-
fections (Fig. 5 B). CD4* T, and Tyy, cells were therefore
activated and then destroyed in the setting of cM-T807 treat-
ment during acute SIV infection, likely by direct infection. In
addition, these CD4" T+, and Ty cells were not partially
regenerated by enhanced production, as they typically are in
control infections. We have previously shown that such new
CD4" Ty and Tgy cell production (and AIDS-free sur-
vival) is dependent on inducing and maintaining increased
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proliferation and differentiation of CD4" Ty, cells, the sub-
strate for CD4" Ty and Tgy, cell production (Picker et al.,
2004; Okoye et al., 2007). This response, which characteristi-
cally initiates on approximately PID 17, is significantly de-
layed in the CD8* lymphocyte—deleted RMs, and CD4* Ty,
cell populations in these RM:s stabilize at significantly lower
levels than in controls (Fig. 5 B). This compromise of CD4*
Tewm cell homeostasis and the associated failure of CD4" Ty
and Ty cell production is similar to that observed in spon-
taneous rapid progressors (Picker et al., 2004), and almost
certainly underlies (or significantly contributes to) the rapid
clinical progression observed in these RMs.

IL-15 mediates the CD4* Ty, cell proliferative response
associated with CD8* lymphocyte depletion, but IL-15
blockade does not abrogate accelerated viral replication

and disease progression of CD8* lymphocyte depletion

in acute SIV infection

The pattern of selective CD4" T, and Tgy, cell prolifera-
tion induced by CD8* lymphocyte depletion is highly remi-
niscent of the effects of in vivo administration of IL-15 in
RMs (Picker et al., 2006). In addition, IL-15 can promote si-
multaneous proliferation and effector memory differentiation
among highly purified CD4* Ty cells (unpublished data),
consistent with an ability to recruit and expand Ty and Tgy
cells from recirculating Ty, cell precursors. We therefore
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hypothesized that the ability of mAb cM-T807 to abruptly
deplete CD8" T cells and NK cells from blood and lymphoid
tissues would either decrease consumption or increase pro-
duction of IL-15, potentially exposing CD4" T cells in these
sites to high levels of this regulatory cytokine. To investigate
this possibility, we treated two cohorts of CD8" lymphocyte—
depleted, acutely SIV-infected RMs with either a neutraliz-
ing anti-IL-15 mAbD or an isotype-matched control. As shown
in Fig. 6 A, CD8" lymphocyte depletion was associated with a
marked spike in plasma IL-15 levels in the control but not in
the anti-IL-15—treated RMs. Moreover, the CD4* Ty, cell
proliferative response to CD8* lymphocyte depletion was com-
pletely abrogated by the anti—IL-15 mAb, although the smaller
CD4" Ty cell proliferative response was not (Fig. 6 B).
Most significantly, despite complete inhibition of the CD4*
Tgy cell proliferative response, the anti-IL-15 treatment did
not alter the other pathophysiologic characteristics of CD8"
lymphocyte—depleted acute infection, including (a) the rapid
consumption of CD4" Tgy, cells, (b) the delayed CD4* Ty
cell proliferative response, (c) the lower plateau levels of
CD4* Ty cells, (d) the failure to lower postpeak viral repli-
cation, and (e) accelerated disease progression (Fig. 6, B and C).
The extent of derangement of these parameters was some-
what reduced in both the anti-IL-15— and control-treated
cohorts compared with the CD8" lymphocyte—depleted R Ms
presented in Fig. 5 (most likely because of the shorter duration
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Figure 3. The effect of CD8* lymphocyte depletion on CD4* memory T cell proliferation and expansion is restricted to CCR5-expressing
cells and increases with progressive effector memory differentiation. (A and B) Two additional SIV= RMs were CD8* lymphocyte-depleted with

50 mg/kg of mAb cM-T807 at days 0 and 7, and followed for changes in (A) the proliferative fraction and (B) absolute number of circulating CD4+* memory
T cell subsets defined by CD28, CCR7, and CCR5 expression (Tey — Trer — Traao — Tew, from least to most “effector” differentiated).
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of CD8™ lymphocyte depletion in this vs. the previous exper-
iment: 17-21 vs. 35 d; Veazey et al., 2008), but the observa-
tion that the anti—IL-15— and control-treated cohorts did not
show significant differences in these parameters indicates that
the IL-15-induced CD4* Ty, cell proliferative response is
not a primary mediator of the accelerated pathogenesis of
CDS8* lymphocyte depletion.

Administration of recombinant IL-15 during acute SIV
infection recapitulates the CD4+ Ty, and Ty, cell
proliferation of CD8* lymphocyte depletion but not

the immediate postpeak loss of virologic control

Anti—IL-15 did not block the CD4* T, cell proliferative
response to CD8" lymphocyte depletion, leaving open the
possibility that this response, though of smaller magnitude
than the CD4 Ty, cell proliferative response, plays a role in
supporting the high level, postpeak viral replication charac-
teristic of CD8" lymphocyte depletion. To address this issue,
we treated five acutely SIV-infected RMs with 50 pg/kg of
recombinant IL-15 on PID 0, 3, and 7 (Picker et al., 2006),
and compared cell dynamic and virologic parameters of these
RMs with those of untreated, acutely infected controls.

A SIV infection alone
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As shown in Fig. 7, exogenous IL-15 induced CD4" Ty, and
T\ cell proliferative responses with kinetics similar to CD8
lymphocyte depletion. The magnitude of peak CD4* Tgy
cell proliferation was slightly reduced compared with that
observed with CD8* lymphocyte depletion, but the magni-
tude of the CD4" Ty, cell proliferative response was equiv-
alent. However, the virologic course of these IL-15—treated
SIV infections did not recapitulate the CD8" lymphocyte
depletion pattern, most notably by the ability of these RMs
to initially control viral replication rates immediately after the
PID 10 peak. Indeed, through day 42, the mean plasma viral
loads of these RMs overlapped those of untreated controls
(although it is notable that a slight “blip” in viral replication
was noted at PID 17 in the IL-15—treated group).

IL-15 administration in acute SIV infection has been as-
sociated with accelerated progression (Mueller et al., 2008),
and strikingly, mean plasma viral loads began to diverge from
those of the control group at PID 56 and rose to levels associ-
ated with rapid disease progression by PID 84 (Fig. 7 A).
These data suggest that the accelerated progression of IL-15-
treated RMs is not related to target cell activation and/or
expansion (which was not apparent immediately before or at
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Figure 4. CD8* lymphocyte depletion during acute SIV infection is associated with a marked increase in the proliferating fraction of circu-
lating, CD4*, CCR5* "SIV targets” during the rising phase of viral replication. (A and B) Representative flow cytometric profiles of CD4* memory
subset proliferation at baseline and at 7 d after i.v. inoculation with SIVmac239 in (A) an untreated control RM and (B) an RM treated with 10, 5, 5, and
5 mg/kg of mAb cM-T807 at days 0, 3, 7, and 10, respectively. The bivariate dot plots in the figure reflect events that were gated on CD3*, CD4*, small
lymphocytes first, followed by gating on the CD28 versus CD95 profiles to include the overall memory population (Picker et al., 2006). The Ki-67 histo-

grams were gated as shown in the dot plots (pink boxes).
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the time of the viral load rise) but rather to a loss of immuno-
logical control. Indeed, it is noteworthy that CD8* Tgy, and
T cells, like their CD4* counterparts, were highly respon-
sive to IL-15 and manifested a profound burst of proliferation
at PID 7, followed by an abrupt decline (Fig. 7 C). More-
over, whereas control infections typically manifest and main-
tain an increase in proliferation by CD8" (as well as CD4%)
Tem and Tryy cells starting at PID 14—17, almost certainly
including SIV-specific effectors, these responses were dimin-
ished and/or poorly sustained in IL-15—treated RMs. These
results suggest that premature and/or excessive exposure of
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the developing SIV-specific CD8" (and perhaps CD4*) T cell
response to IL-15 might compromise SIV-specific memory
T cell generation and stability, and thereby account for the
subsequent loss of virologic control in these IL-15—treated,
acutely SIV-infected RMs (see Discussion).

DISCUSSION

The ability of HIV and SIV to target the major (CD4") lin-
eage of memory/effector T cells and to replicate to the highest
level in activated members of this lineage sets up a dilemma
for the adaptive immune system: a strong response to infection
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Figure 5. The induction of massive proliferation among CD4+, CCR5* viral targets accelerates their depletion in acute SIV infection and is
associated with an inadequate CD4+ T, cell homeostatic response. (A and B) Comparison of (A) total CD8* T cell counts and (B) CD4 memory T cell
subset dynamics in the peripheral blood of seven CD8* lymphocyte-depleted, SIVmac239-infected RMs (10, 5, 5, and 5 mg/kg of mAb cM-T807 at days
0,3, 7, and 10, respectively; black) versus eight control SIVmac239 infections (blue). The viral load profiles of the CD8* lymphocyte-depleted group are
shown in Fig. 1. The control group used in this experiment is a subset of the normal progressing SIVmac239 infections shown in Fig. 1. This subgroup had a
mean + SEM log-transformed peak (day 10) and plateau phase (days 42-87) viral load of 7.5 + 0.2 and 5.9 + 0.3 copies/ml, respectively. The data shown
reflect the means + SEM of the designated parameters, presented as either change from preinfection baseline (CD8* T cell counts and proliferative fraction)
or the actual measured value (absolute CD4* memory T cell subset counts). Analysis of the CD4+ Ty, cell subset was discontinued at day 28, as this popula-
tion was completely depleted in the majority of CD8* lymphocyte-depleted RMs by day 35, preventing further analysis. The red arrows indicate analysis of
the significance of the difference in the designated values by the unpaired Student's t test, with the p-values shown. Student's ¢ test analysis of differences
in plateau-phase CD4+* Ty, cell numbers (bottom right) was made after normalization of the data to “change from baseline,” with the p-value shown.
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Figure 6. A neutralizing anti-IL-15 mAb specifically blocks the CD4+ Ty, cell proliferative response associated with CD8* lymphocyte depletion
during acute SIV infection but does not block accelerated viral replication rates or prevent rapid progression in these depleted RMs. 16 RMs that
were SIVmac239 infected and CD8* lymphocyte depleted with mAb cM-T807, as described in Fig. 5, were divided into two groups of 8 RMs each, with one
group additionally receiving the neutralizing anti-IL-15 M111 mAb and the other group receiving an isotype-matched control (both given at 5 mg/kg i.v. on
days 0, 3, and 7). One RM in the M111-treated group had inadequate CD8* lymphocyte depletion and was not further considered, leaving a total of seven
mAb M111-treated and eight control-treated RMs for analysis. (A) The means + SEM of the change in CD8* T cell counts from baseline and of the concentra-
tion of plasma IL-15 of the anti-IL-15- (left) and control-treated (right) RMs are shown. The significance of the difference in IL-15 levels in day 5 plasma in
these two groups was determined by the unpaired Student's t test, with the p-value shown. (B) The means + SEM of the change from baseline in percent Ki-67
within the designated CD4* memory T cell subsets (top) and of the absolute cell counts of these subsets in blood (bottom) are shown for the anti-IL-15- (red)
and control-treated (blue) groups. Analysis of the CD4* Ty, cell subset was discontinued at days 21 and 35 for the control- and M111-treated groups, respec-
tively, as this population was completely depleted in the majority of RMs in these groups at these times, preventing further analysis. The significance of the
differences in AKi-67 between the anti-IL-15- and control-treated groups was determined by the unpaired Student's t test, with the p-values shown. (C, left)
The means + SEM of the log-transformed plasma viral loads of the anti-IL-15- (red) and control-treated (blue) groups are shown, with the significance of
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might bring to bear potent antiviral effector responses, but
if it includes a CD4" T cell response, it will also, inevitably,
increase both the number of potential target cells and the level
of virus production per infected target cell, potentially en-
hancing viral replication and accelerating pathogenesis (Douek
et al., 2002; Staprans et al., 2004; Haase, 2005; Grossman et al.,
2006). This theoretical conundrum has been recognized for
many years, but the actual, relative contribution of these
forces to the outcome of acute infection has never been clari-
fied. The ability of adaptive immunity, in particular the CD8*
T cell effector response, to modulate HIV/SIV replication
set points and subsequent pathogenesis is convincingly docu-
mented by evidence of class I MHC allele—associated control
of infection, either spontaneously or after vaccination (Goulder
and Watkins, 2008), but the extent to which cellular immune
responses contribute to the partial (but crucial) plateau-phase
control of typical infection (those in the individuals without
clearly protective alleles) is less clear. The massive destruction
of target cells in acute SIV infection, coincident with the fall
of plasma viral loads from peak levels, and the subsequent
switch of viral targeting from resting to activated/proliferating
targets (Picker et al., 2004; Zhang et al., 2004; Haase, 2005;
Li et al., 2005; Mattapallil et al., 2005) suggests that target cell
dynamics may regulate acute-phase viral replication. How-
ever, evidence showing that differences in CD4" target cell
numbers, rates of target cell expansion, and/or activation can
independently determine viral replication set points and the
pathogenic outcome of acute infection is quite limited, con-
sisting largely of observations that during acute SIV infection,
simultaneous coinfection with other pathogens or immune
manipulations increasing CD4" T cell activation and prolifer-
ation are associated with increased viral replication rates and
more rapid disease progression (Folks et al., 1997; Zhou et al.,
1999; Sequar et al., 2002; Garber et al., 2004; Staprans et al.,
2004; Cecchinato et al., 2008). Cause and effect have not
been shown in these studies, but in several instances, a signifi-
cant correlation has been observed between the number of
activated CD4% T cells and outcome (Garber et al., 2004;
Staprans et al., 2004).

In this study, we have used the experimental model of
CD8" lymphocyte depletion in acutely SIV-infected RMs to
directly determine the relative contribution of these two poten-
tially conflicting consequences of immune responsiveness—
target cell augmentation versus antiviral effector responses—to
viral dynamics and pathogenesis. Previous work has established
that efficient CD8" lymphocyte depletion (defined as deple-
tion lasting >4 wk) with the CD8a-specific cM-T807 mAb
universally abrogates virologic control in acute SIV infection
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and precipitates rapid disease progression (Schmitz et al., 1999;
Veazey et al., 2008). Although it has been long recognized
that this manipulation eliminates adaptive (and likely innate)
effector responses to the virus mediated by CD8o-expressing
cells (Schmitz et al., 1999; Choi et al., 2008; Kim et al., 2008;
Veazey et al., 2008), we further demonstrate that this CD8"
lymphocyte depletion instigates a robust proliferative response
by CD4* Tgy, and, to a lesser extent, CD4* T, cell popula-
tions, which both express CCR5 and are known primary tar-
gets of CCR5-tropic SIV (Picker, 2006; Grossman and Picker,
2008). In uninfected RMs, this CD8* lymphocyte depletion—
associated proliferative response leads to prolonged expansion
of CD4* Ty, cells, but in the setting of acute SIV infection,
such expansion is not observed, and in fact, both circulating
CD4* Tgy and Ty cell populations precipitously collapse in
the early plateau phase of infection. These observations sug-
gest that activation of CD4" Ty, and Ty cells by CD8*
lymphocyte depletion facilitate their infection by SIV, which
in combination with delayed regeneration from CD4" Ty
cell precursors leads to their accelerated loss. As activated
T cells produce more virus than resting T cells (Zhang et al.,
2004), the profound CD4* Ty, and Ty cell activation noted
in our studies might be expected to increase and/or prolong
high level acute-phase viral replication, perhaps directly pre-
cipitating immune failure as well as facilitating selection of
viruses capable of efficiently targeting macrophages (which
are thought to maintain viral replication after memory CD4*
T cell depletion; unpublished data; Igarashi et al., 2001).
These potential mechanisms raise the possibility that the
rapid disease progression associated with CD8" lymphocyte
depletion in primary SIV infection may arise, alone or in sig-
nificant part, from enhancing the number of target cells, their
susceptibility to virus, and the virus yield per infected cell
rather than loss of immune effector function. In this case, in-
hibition of the CD8* lymphocyte depletion—associated, CD4*
target cell activation might be expected to actually lower post-
peak viral replication rates and ameliorate progression, even in
the continued absence of CD8* lymphocytes. This, however,
was not the case. We were able to demonstrate that the major
component of CD8" lymphocyte depletion—associated target
cell activation, that of CD4* Ty, cells, was IL-15 dependent
and completely inhibited by a neutralizing anti-IL-15 mAb.
This abrogation of the CD4* Ty, cell proliferative response
did not, however, alter the accelerated viral replication and
pathogenesis typical of CD8" lymphocyte depletion. CD4*
T\ cells are responsive to IL-2 and IL-7 as well (unpublished
data; Picker et al., 2006), and the CD8* lymphocyte deple-
tion—associated proliferation of these cells was not significantly

differences between groups assessed by the unpaired Student's t test. (right) Kaplan-Meier plot of disease-free survival of the two groups, with the statistical
differences between groups determined by the log-rank test. Note that two animals, one each for the anti-IL-15 and control groups, were lost to follow

up at day 87 (when disease free), and were censored from this analysis at this time point. Of note, it was retrospectively determined that 1 and 2 of the mAb
M111-treated and 1 and 4 of the control mAb-treated RMs in this experiment expressed the potentially protective Mamu B*08 and B*17 alleles, respectively,
but in keeping with the documented ability of CD8* lymphocyte depletion to abrogate CD8* T cell-mediated antiviral function (Kim et al., 2008), none of
these RMs controlled SIV replication and no consistent effect of these alleles on survival was identified.
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inhibited by anti—IL-15. However, administration of recom-
binant IL-15 to CD8* lymphocyte—intact RMs in acute infec-
tion did induce a CD4*% T,y cell proliferative response of
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Figure 7. Recombinant IL-15 induces extensive proliferation among CD4+, CCR5* viral targets during acute SIV infection but does not
recapitulate the failure to diminish postpeak viral replication manifested by CD8* lymphocyte—depleted RMs. (A) The plasma viral load patterns,
and (B) both CD4+ memory T cell subset dynamics and (C) CD8* memory T cell subset proliferation in the peripheral blood of five RMs that were
SIVmac239 infected and treated with 50 ug/kg rhiL-15 on PID O, 3, and 7 (but are CD8* lymphocyte intact) in comparison to the same untreated
SIV-infected controls (A-C) and CD8* lymphocyte-depleted, SIV-infected RMs (A) shown in Fig. 5. None of the IL-15-treated RMs expressed class | MHC
alleles (Mamu B*08 and B*17) associated with spontaneous SIV control (Goulder and Watkins, 2008). The data shown reflect the means + SEM of the
log-transformed plasma viral loads and the means + SEM of the designated cellular parameters, presented as either change from preinfection baseline
(proliferative fraction) or the actual measured value (viral loads, absolute CD4 memory T cell subset counts). Analysis of the significance of the difference
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in the designated values was done by the unpaired Student's t test (¥, P > 0.03 and < 0.08, borderline significance/trends).
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result in failure to control postpeak viral loads. At best, IL-15
treatment induced a slight postpeak blip in viral replication
(which, interestingly, was also observed in a previous report of
IL-15 administration in acute SIV infection; Mueller et al.,
2008). Whether this blip was caused by CD4* target T cell
activation/expansion is uncertain, but even if it were entirely
attributable to this mechanism, the effect would clearly be
quite small. Thus, when the major CD4* Ty, cell prolifera-
tive response is abrogated in the absence of CD8* cells, or
when CD4" Tgy, and Ty, cell proliferative responses are in-
duced in the presence of CD8" cells, there is no major change
in early postpeak viral replication (uncontrolled in the former
situation, controlled in the latter).

Collectively, these data strongly argue against a major role
for CD4* target cell activation and expansion in the initial
establishment of postpeak viral load set points in acute SIV
infection, and conversely, strongly imply that functional ac-
tivities of CD8™ lymphocytes play the determining role. The
adaptive, SIV-specific, CD8* T cell response is the most ob-
vious candidate for such antiviral activity, and if this is the
case, it would imply that the delivery of SIV-specific CD8*
T cell effectors to sites of viral production at days 10-14 after
infection is, though not maximal (Reynolds et al., 2005), suf-
ficient to affect viral replication at these sites. However, the
possibility that this initial control is mediated by innate
immune function of CD8* lymphocytes must also be consid-
ered. With respect to this possibility, CD8" NK cells are
quite efficiently depleted by ¢cM-T807 treatment (unpub-
lished data) and are, therefore, a potential contributor to
postpeak viral load control. The observation that CD16*
lymphocyte depletion did not materially alter the virologic
and clinical course of acute SIV infection argues against a
major NK cell contribution to this control but does not rule
it out, because not all RM NK cells express CD16 and the
depletion reported with the CD16 mAb was not complete
(Choi et al., 2008). However, NK cells are not the only
CDS8™ cells capable of innate responses: conventional mem-
ory CD8" T cells can also mediate such innate-like responses
(Lertmemongkolchai et al., 2001; Kambayashi et al., 2003),
and the overall memory CD8" T cell population is obviously
widely dispersed, side-by-side with memory CD4" viral
targets, at essentially all potential sites of viral replication
throughout infection. It is therefore possible that a general-
ized (nonantigen-specific) release of B chemokines or other
HIV/SIV inhibitory factors (DeVico and Gallo, 2004), in-
duced by innate stimulation, hinders viral spread sufficiently
to lower postpeak viral loads.

Our demonstration that the robust CD4*, CCR5*
memory T cell proliferation induced by CD8* lympho-
cyte depletion has little effect on subsequent viral dynam-
ics contradicts the prevailing hypothesis that coinfection
or other immune manipulations leading to CD4" T cell
activation and proliferation mediate increased pathogene-
sis by expanding CD4* target cell populations. In this re-
gard, the effect of IL-15 treatment is illustrative. Although
IL-15 administration in acute infection accelerates SIV
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pathogenesis, its effect on viral replication is relatively late
(after PID 50), long after its stimulation of CD4* memory
T cell proliferation (the current study; Mueller et al.,
2008). This pattern strongly suggests the initial establish-
ment and then loss of immune control, possibly caused by
dysregulated development of the SIV-specific T cell and/
or antibody response. Consistent with this, we demon-
strated a significant diminution of CD4* and CD8" Tyy
cell proliferation after the viral load peak in IL-15—treated
versus control RMs in this study (Fig. 7), and Mueller
et al. (2008) report that IL-15 administration significantly
changes the character of cellular and humoral immune re-
sponses to SIV in the plateau phase of infection. As IL-15
potently promotes expansion, differentiation, and effector
site migration of effector lymphocyte populations (Picker
et al., 2006), as well as inducing negative regulators of
itself and other common <y-chain cytokines (Ramsborg and
Papoutsakis, 2007), it is quite plausible that premature or
excessive IL-15 activity would compromise the extent,
quality, and longevity of a developing pathogen-specific
immune response. In this regard, it is noteworthy that IL-15
administration specifically abrogated the protective effects
of a therapeutic SIV vaccine in SIV-infected, virally sup-
pressed RMs (Hryniewicz et al., 2007). Whether such im-
mune dysregulation is the basis for the accelerated SIV
disease associated with acute-phase coinfection with other
agents and other acute-phase immune modulations remains
to be determined, but given the insensitivity of SIV repli-
cation and disease progression to target cell proliferation/
activation status in this paper, this possibility clearly merits
further investigation.

The issue of the impact of acute-phase CD4" memory
activation on viral replication and pathogenesis has crucial
implications for HIV/AIDS vaccine development. With few
exceptions, prophylactic HIV/AIDS vaccines generate spe-
cific CD4* memory T cell responses that are primed for anam-
nestic expansion and CCR5" Tgy and Ty cell production
after pathogenic viral challenge. A central tenet of the HIV/
AIDS T cell vaccine concept is that the T cell effector activ-
ity generated by such responses will outweigh the impact of
providing more or better viral targets, but there is concern
for, and some evidence of; such vaccination-induced responses
making subsequent infection more, rather than less, patho-
genic (Staprans et al., 2004). Although it remains possible that
the IL-15-mediated homeostatic activation studied in this
paper differs from the antigen-driven CD4" T cell expan-
sions that would occur in primary HIV/SIV infections of
subjects with vaccine-generated HIV/SIV-specific CD4"
T cell memory, our data provide some reassurance on this
issue, suggesting that CD4" target cell activation and expan-
sion has less effect on the outcome of systemic infection than
feared. It should be noted that we investigated systemic infec-
tion via i.v. challenge; our data do not speak to the issue
of whether the number or activation status of CD4" T cell
targets in mucosal sites affect the development of HIV/SIV
infection after mucosal exposure (Li et al., 2009).
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The major implications of these studies are that the size
and activation status of CD4™ target cell populations do not
appear to be primary limiting factors in the replication of
highly pathogenic, CCR5-tropic SIV in acute infection,
and that increasing target cell number, infection suscepti-
bility, and/or progeny virus productivity during the rising
phase of acute-phase SIV replication does not, by itself, sig-
nificantly accelerate the tempo of SIV infection and patho-
genesis. Rather, CD8* lymphocyte function, innate and/or
adaptive, appears to play the dominant role in setting this
tempo, and the increased pathogenicity observed in con-
comitant infection and other settings of generalized im-
mune stimulation is most likely secondary to dysregulation
of this function. Target cell availability is even less likely to
be limiting in human HIV infection, as the tempo of viral
replication and target cell destruction in typical HIV infec-
tion is somewhat slower than that seen in SIV infection of
RMs (Mellors et al., 1996; Brenchley et al., 2004; Mehandru
et al., 2004; Mattapallil et al., 2005; Okoye et al., 2007).
Finally, these studies emphasize the dynamic, reactive nature
of the in vivo immune system, in particular highlighting
homeostatic responses to subset perturbations. We describe a
major homeostatic response to CD8" lymphocyte depletion
in primates and define its dependence on IL-15. This is likely
not the only homeostatic response to CD8* lymphocyte
depletion, and it is certain that perturbation of other subsets
have analogous reactions. This complexity does not under-
mine the value of exploring such experimental perturbations,
but it does speak to the need to identify such reactive responses
and define their effects.

MATERIALS AND METHODS

Animals and viruses. A total of 62 purpose-bred male RMs (Macaca mulatta)
were used in this study, all of Indian genetic background and free of Cerco-
pithecine herpesvirus 1, D type simian retrovirus, simian T-lymphotrophic
virus type 1, and SIV infection at study initiation. Of this total, 51 were
infected with STVmac239 (Kestler et al., 1990) and 11 were used as unin-
fected controls; 32 were CD8" lymphocyte depleted with mAb cM-T807
(23 concomitantly infected with SIVmac239 and 9 uninfected; cM-T807
was provided by the National Institutes of Health [NIH| Nonhuman
Primate Reagent Resource Program, Boston, MA; Schmitz et al., 1999;
Veazey et al., 2008); and 5 were treated with rhIL-15 (all SIV infected).
mAb cM-T807 was administered in multiple doses, typically 10 mg/kg
(subcutaneous injection) at day 0, followed by three i.v. doses of 5 mg/kg
at days 3, 7, and 10. An alternative (and functionally equivalent) regimen,
used in two uninfected RMs (Fig. 3), was 50 mg/kg i.v. at days O and 7.
The anti—IL-15 mAb M111 (American Type Culture Collection; Barzegar
et al., 1998) and isotype-matched control mAb 1B7.11 (anti-trinitrophenyl
|TNP]) were administered by i.v. injection at a dose of 5 mg/kg on days 0, 3,
and 7 (4 h after cM-T807 injection). rhIL-15 was prepared as previously
described (Villinger et al., 2004) and administered subcutaneously at 50 pg/kg
at days 0, 3, and 7. SIVmac239 infections were initiated with 1.v. injection
of 5-ng equivalents of SIV p27 (2.7-3 X 10* infectious centers), as previ-
ously described (Picker et al., 2004). Plasma SIV RNA was assessed using a
real-time RT-PCR assay (Cline et al., 2005) with a threshold sensitivity of
30 SIV gag RNA copy equivalents per milliliter of plasma. All RMs were
housed at the Oregon National Primate Research Center according to
standards of the Animal Care and Use Committee and the NIH Guide for
the Care and Use of Laboratory Animals (Institute for Laboratory Animal
Research, 1996). Disease onset (AIDS) was defined by the presence of

1586

clinical and/or laboratory evidence of opportunistic infection, a wasting
syndrome unresponsive to therapy, and/or non-Hodgkin lymphoma
(McClure et al., 1989). RMs that developed disease states that were not
manageable were euthanized according to the recommendations of the
AVMA Panel on Euthanasia, American Veterinary Medical Association (2001).

Flow cytometric analysis. Whole blood was obtained and stained for flow
cytometric analysis as previously described (Walker et al., 2004). Polychro-
matic (8-12 parameter) flow cytometric analysis was performed on an LSR
I instrument (BD) using Pacific blue, AmCyan, FITC, PE, PE-Texas red,
PE-Cy7, PerCP-Cy5.5, allophycocyanin (APC), APC-Cy7, and Alexa
Fluor 700 as the available fluorescent parameters. Instrument set up and data
acquisition procedures were performed as previously described (Walker
etal., 2004). List mode multiparameter data files were analyzed using FlowJo
software (version 6.3.1; Tree Star, Inc.). Criteria for delineating naive and
memory T cell subsets and for setting + versus — markers for Ki-67 expres-
sion have been previously described in detail (Picker et al., 2006).

mAbs. mAbs L200 (CD4; AmCyan and APC-Cy7), SP34-2 (CD3; Alexa
Fluor 700), SK1 (CD8a; APC-Cy7, PerCP-Cy5.5, and PE-Cy7), CD28.2
(CD28; PE and PerCP-Cy5.5), B56 (Ki-67; FITC and PE), DX2 (CD95;
PE, APC, and PE-Cy7), and 3A9 (CCR5; PE and APC) were obtained
from BD. mAbs 2ST8.5h7 (CD8@; PE and PE-Cy7), CD28.2 (PE-Texas
red), and streptavidin—PE-Cy7 were obtained from Beckman Coulter. mAb
DK25 (CD8a; PE and APC), which is non—cross-reactive with ¢cM-T807,
was obtained from Dako. FN-18 (CD3) was produced and purified in house
and conjugated to Pacific blue or Alexa Fluor 700 using a conjugation kit
from Invitrogen. mAb 150503 (anti-CCR7) was purchased as purified
immunoglobulin from R&D Systems, conjugated to biotin using a biotinyl-
ation kit (Thermo Fisher Scientific), and visualized with streptavidin—Pacific
blue (Invitrogen). Production and purification of anti-IL-15 and isotype
control antibodies was performed using cell lines producing the m111 (anti—
IL-15) and 1B7.11 (anti-TNP—isotype control) antibodies obtained from the
American Type Culture Collection. Scale-up growth of the hybridomas was
performed in bioreactors (CL1000; BD). Antibodies were captured from
growth medium using cation exchange chromatography and further purified
using recombinant protein A columns. The purified antibodies were dia-
lyzed into PBS and frozen at —80°C before use.

Determination of plasma IL-15 levels. Multiplex kits for measuring cyto-
kines and chemokines on the Luminex platform were obtained from Millipore.
The kits were used according to the manufacturer’s instructions. Frozen
plasma samples collected from RMs were thawed rapidly and clarified by
centrifugation at 10,000 ¢ for 5 min. 25-pl aliquots were used per well in a
96-well filter plate. Incubations were performed with agitation on a plate
shaker overnight at 4°C. After the final wash, beads in the 96-well microtiter
plate were resuspended in 125 pl of Luminex sheath fluid and loaded into the
Luminex instrument. An acquisition gate was set between 8,000 and 15,000
for the doublet discriminator, and at least 100 events per region were acquired.
The IL-15 concentration in the plasma samples were determined by the
standard curves generated with recombinant rhesus IL-15 using a weighted
5-parameter logistic method.

Statistical analysis. Statistical analysis was conducted with the programs
Statview (Abacus Concepts) and SAS version 9.1 (SAS Institute Inc.). Compari-
sons between different groups of animals (treated vs. control) were made using
unpaired Student? ¢ tests. The significance of differences between pre- and post-
treatment values was assessed with paired Student’ ¢ tests. The significance of dif-
ferences in disease-free survival was determined with the Kaplan-Meier analysis
and log-rank testing. In all analyses, a two-sided significance level (o) of 0.05 was
used, with correction made for multiple comparisons by the Bonferroni method.

The authors would like to thank D. Cawley for preparation of the M111 and 1B7.11
mAbs. The NIH Nonhuman Primate Reagent Resource Program provided the CD8a-
specific antibody cM-T807 used in this work (contracts AI040101 and RR0O16001),
which was originally obtained from Centocor, Inc.

CD8 DEPLETION INDUCES SIV TARGET CELL PROLIFERATION | Okoye et al.



This work was supported by NIH grants R37-Al054292 (to LJ. Picker), P51-
RR00163 (to LJ. Picker and M.K. Axthelm), U42-RR016025 and U24-RR018107 (to
M.K. Axthelm), and RO1-Al065335 (to J.E. Schmitz), and by National Cancer Institute
funds under contract no. HHSN266200400088C (to J.D. Lifson and M. Piatak).

The authors have no conflicting financial interests.

Submitted: 17 February 2009
Accepted: 4 June 2009

REFERENCES

Alter, G., M.P. Martin, N. Teigen, W.H. Carr, TJ. Suscovich, A.
Schneidewind, H. Streeck, M. Waring, A. Meier, C. Brander, etal. 2007.
Differential natural killer cell-mediated inhibition of HIV-1 replication
based on distinct KIR/HLA subtypes. J. Exp. Med. 204:3027-3036.

Barouch, D.H., J. Kunstman, M.J. Kuroda, J.E. Schmitz, S. Santra, F.W.
Peyerl, G.R. Krivulka, K. Beaudry, M.A. Lifton, D.A. Gorgone, et al.
2002. Eventual AIDS vaccine failure in a rhesus monkey by viral escape
from cytotoxic T lymphocytes. Nature. 415:335-339.

Barzegar, C., R. Meazza, R. Pereno, C. Pottin-Clemenceau, M. Scudeletti,
D. Brouty-Boye, C. Doucet, Y. Taoufik, J. Ritz, C. Musselli, et al.
1998. IL-15 is produced by a subset of human melanomas, and is in-
volved in the regulation of markers of melanoma progression through
juxtacrine loops. Oncogene. 16:2503-2512.

Boyman, O., J.F. Purton, C.D. Surh, and J. Sprent. 2007. Cytokines and
T-cell homeostasis. Curr. Opin. Immunol. 19:320-326.

Brenchley, J.M., T.W. Schacker, L.E. Ruff, D.A. Price, J.H. Taylor, G.J.
Beilman, P.L. Nguyen, A. Khoruts, M. Larson, A.T. Haase, and D.C.
Douek. 2004. CD4* T cell depletion during all stages of HIV disease occurs
predominantly in the gastrointestinal tract. J. Exp. Med. 200:749-759.

Cecchinato, V., E. Tryniszewska, Z.M. Ma, M. Vaccari, A. Boasso, W.P.
Tsai, C. Petrovas, D. Fuchs, J.M. Heraud, D. Venzon, et al. 2008.
Immune activation driven by CTLA-4 blockade augments viral rep-
lication at mucosal sites in simian immunodeficiency virus infection.
J. Immunol. 180:5439-5447.

Choi, E.I., K.A. Reimann, and N.L. Letvin. 2008. In vivo natural killer cell
depletion during primary simian immunodeficiency virus infection in
rhesus monkeys. J. Virol. 82:6758—6761.

Cline, A.N., J.W. Bess, M. Piatak Jr., and J.D. Lifson. 2005. Highly sensi-
tive SIV plasma viral load assay: practical considerations, realistic perfor-
mance expectations, and application to reverse engineering of vaccines
for AIDS. J. Med. Primatol. 34:303-312.

Deeks, S.G., and B.D. Walker. 2007. Human immunodeficiency virus con-
trollers: mechanisms of durable virus control in the absence of antiretro-
viral therapy. Immunity. 27:406—416.

DeVico, A.L., and R.C. Gallo. 2004. Control of HIV-1 infection by soluble
factors of the immune response. Nat. Rev. Microbiol. 2:401-413.

Douek, D.C., J.M. Brenchley, M.R. Betts, D.R. Ambrozak, B.J. Hill, Y.
Okamoto, J.P. Casazza, J. Kuruppu, K. Kunstman, S. Wolinsky, et al.
2002. HIV preferentially infects HIV-specific CD4+ T cells. Nature.
417:95-98.

Farzadegan, H., D.R. Henrard, C.A. Kleeberger, L. Schrager, A.J. Kirby,
AJ. Saah, C.R. Rinaldo Jr., M. O’Gorman, R. Detels, E. Taylor, et al.
1996. Virologic and serologic markers of rapid progression to AIDS after
HIV-1 seroconversion. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol.
13:448-455.

Folks, T., T. Rowe, F. Villinger, B. Parekh, A. Mayne, D. Anderson, H.
McClure, and A.A. Ansari. 1997. Immune stimulation may contribute
to enhanced progression of SIV induced disease in rhesus macaques.
J. Med. Primatol. 26:181-189.

Garber, D.A., G. Silvestri, A.P. Barry, A. Fedanov, N. Kozyr, H. McClure,
D.C. Montefiori, C.P. Larsen, J.D. Altman, S.I. Staprans, and M.B.
Feinberg. 2004. Blockade of T cell costimulation reveals interrelated ac-
tions of CD4+ and CD8+ T cells in control of SIV replication. J. Clin.
Invest. 113:836-845.

Goldstein, S., C.R. Brown, H. Dehghani, ]J.D. Lifson, and V.M. Hirsch.
2000. Intrinsic susceptibility of thesus macaque peripheral CD4+ T cells
to simian immunodeficiency virus in vitro is predictive of in vivo viral
replication. J. Virol. 74:9388-9395.

JEM VOL. 206, July 6, 2009

ARTICLE

Goulder, PJ., and D.I. Watkins. 2008. Impact of MHC class I diversity
on immune control of immunodeficiency virus replication. Nat. Rev.
Immunol. 8:619—-630.

Grossman, Z., M. Meier-Schellersheim, W.E. Paul, and L.J. Picker. 2006.
Pathogenesis of HIV infection: what the virus spares is as important as
what it destroys. Nat. Med. 12:289-295.

Grossman, Z., and L.J. Picker. 2008. Pathogenic mechanisms in simian
immunodeficiency virus infection. Curr. Opin. HIV AIDS. 3:380-386.

Haase, A.T. 2005. Perils at mucosal front lines for HIV and SIV and their
hosts. Nat. Rev. Immunol. 5:783-792.

Hryniewicz, A., D.A. Price, M. Moniuszko, A. Boasso, Y. Edghill-Spano,
S.M. West, D. Venzon, M. Vaccari, W.P. Tsai, E. Tryniszewska, et al.
2007. Interleukin-15 but not interleukin-7 abrogates vaccine-induced
decrease in virus level in simian immunodeficiency virus mac251-
infected macaques. J. Immunol. 178:3492-3504.

Igarashi, T., C.R. Brown, Y. Endo, A. Buckler-White, R. Plishka, N.
Bischofberger, V. Hirsch, and M.A. Martin. 2001. Macrophage are the
principal reservoir and sustain high virus loads in rhesus macaques after
the depletion of CD4+ T cells by a highly pathogenic simian immuno-
deficiency virus/HIV type 1 chimera (SHIV): Implications for HIV-1
infections of humans. Proc. Natl. Acad. Sci. USA. 98:658-663.

Institute for Laboratory Animal Research. 1996. Guide for the Care and
Use of Laboratory Animals. National Academic Press, Washington, DC.
124 pp.

Kambayashi, T., E. Assarsson, A.E. Lukacher, H.G. Ljunggren, and P.E.
Jensen. 2003. Memory CD8+ T cells provide an early source of IFN-
gamma. J. Immunol. 170:2399-2408.

Kestler, H., T. Kodama, D. Ringler, M. Marthas, N. Pedersen, A. Lackner,
D. Regier, P. Sehgal, M. Daniel, and N. King. 1990. Induction of AIDS
in rhesus monkeys by molecularly cloned simian immunodeficiency vi-
rus. Science. 248:1109-1112.

Kim, E.Y., R.S. Veazey, R. Zahn, K.J. McEvers, S.H. Baumeister, G.J.
Foster, M.D. Rett, M.H. Newberg, M.J. Kuroda, E.P. Rieber, et al.
2008. Contribution of CD8+ T cells to containment of viral replica-
tion and emergence of mutations in Mamu-A*01-restricted epitopes
in Simian immunodeficiency virus-infected rhesus monkeys. J. Virol.
82:5631-5635.

Koup, R.A., J.T. Safrit, Y. Cao, C.A. Andrews, G. McLeod, W. Borkowsky,
C. Farthing, and D.D. Ho. 1994. Temporal association of cellular im-
mune responses with the initial control of viremia in primary human
immunodeficiency virus type 1 syndrome. J. Virol. 68:4650—-4655.

Lehner, T., Y. Wang, J. Pido-Lopez, T. Whittall, L.A. Bergmeier, and K.
Babaahmady. 2008. The emerging role of innate immunity in protec-
tion against HIV-1 infection. Vaccine. 26:2997-3001.

Lertmemongkolchai, G., G. Cai, C.A. Hunter, and G.J. Bancroft. 2001.
Bystander activation of CD8+ T cells contributes to the rapid produc-
tion of IFN-gamma in response to bacterial pathogens. J. Immunol.
166:1097-1105.

Li, Q., L. Duan, J.D. Estes, Z.M. Ma, T. Rourke, Y. Wang, C. Reilly, J.
Carlis, C.J. Miller, and A.T. Haase. 2005. Peak SIV replication in rest-
ing memory CD4+ T cells depletes gut lamina propria CD4+ T cells.
Nature. 434:1148-1152.

Li, Q., J.D. Estes, P.M. Schlievert, L. Duan, A J. Brosnahan, P.J. Southern,
C.S. Reilly, M.L. Peterson, N. Schultz-Darken, K.G. Brunner, et al.
2009. Glycerol monolaurate prevents mucosal SIV transmission. Nature.
458:1034-1038.

Liu, J.,, K.L. O’Brien, D.M. Lynch, N.L. Simmons, A. La Porte, A.M.
Riggs, P. Abbink, R.T. Coffey, L.E. Grandpre, M.S. Seaman, et al.
2009. Immune control of an SIV challenge by a T-cell-based vaccine in
rhesus monkeys. Nature. 457:87-91.

Mahalanabis, M., P. Jayaraman, T. Miura, F. Pereyra, E.M. Chester, B.
Richardson, B. Walker, and N.L. Haigwood. 2009. Continuous viral
escape and selection by autologous neutralizing antibodies in drug-naive
human immunodeficiency virus controllers. J. Virol. 83:662-672.

Matano, T., R. Shibata, C. Siemon, M. Connors, H.C. Lane, and M.A.
Martin. 1998. Administration of an anti-CD8 monoclonal antibody in-
terferes with the clearance of chimeric simian/human immunodeficiency
virus during primary infections of rhesus macaques. J. Virol. 72:164-169.

1587



JEM

Mattapallil, J.J., D.C. Douek, B. Hill, Y. Nishimura, M. Martin, and M.
Roederer. 2005. Massive infection and loss of memory CD4+ T cells in
multiple tissues during acute SIV infection. Nature. 434:1093-1097.

McClure, H.M., D.C. Anderson, P.N. Fultz, A.A. Ansari, E. Lockwood,
and A. Brodie. 1989. Spectrum of disease in macaque monkeys chroni-
cally infected with SIV/SMM. Vet. Immunol. Immunopathol. 21:13-24.

Mehandru, S., M.A. Poles, K. Tenner-Racz, A. Horowitz, A. Hurley, C.
Hogan, D. Boden, P. Racz, and M. Markowitz. 2004. Primary HIV-1
infection is associated with preferential depletion of CD4* T lym-
phocytes from effector sites in the gastrointestinal tract. J. Exp. Med.
200:761-770.

Mellors, J.W., C.R. Rinaldo Jr., P. Gupta, R.M. White, J.A. Todd, and
L.A. Kingsley. 1996. Prognosis in HIV-1 infection predicted by the
quantity of virus in plasma. Science. 272:1167-1170.

Moniuszko, M., T. Fry, W.P. Tsai, M. Morre, B. Assouline, P. Cortez, M.G.
Lewis, S. Cairns, C. Mackall, and G. Franchini. 2004. Recombinant in-
terleukin-7 induces proliferation of naive macaque CD4+ and CD8+
T cells in vivo. J. Virol. 78:9740-9749.

Mueller, Y.M., D.H. Do, S.R. Altork, C.M. Artlett, E.J. Gracely, C.D.
Katsetos, A. Legido, F. Villinger, J.D. Altman, C.R. Brown, et al. 2008.
IL-15 treatment during acute simian immunodeficiency virus (SIV) in-
fection increases viral set point and accelerates disease progression de-
spite the induction of stronger SIV-specific CD8+ T cell responses.
J. Immunol. 180:350-360.

Munoz, A., M.C. Wang, S. Bass, .M. Taylor, L.A. Kingsley, J.S. Chmiel,
and B.F. Polk. 1989. Acquired immunodeficiency syndrome (AIDS)-
free time after human immunodeficiency virus type 1 (HIV-1) serocon-
version in homosexual men. Multicenter AIDS Cohort Study Group.
Am. J. Epidemiol. 130:530-539.

Okoye, A., M. Meier-Schellersheim, J.M. Brenchley, S.I. Hagen, ]J.M.
Walker, M. Rohankhedkar, R. Lum, J.B. Edgar, S.L. Planer, A. Legasse,
et al. 2007. Progressive CD4* central memory T cell decline results in
CD#4" effector memory insufficiency and overt disease in chronic SIV
infection. J. Exp. Med. 204:2171-2185.

AVMA Panel on Euthanasia, American Veterinary Medical Association.
2001. 2000 Report of the AVMA Panel on Euthanasia. J. Am. Vet.
Med. Assoc. 218:669—-696.

Picker, L.J. 2006. Immunopathogenesis of acute AIDS virus infection. Curr.
Opin. Immunol. 18:399—405.

Picker, L.J., S.I. Hagen, R. Lum, E.F. Reed-Inderbitzin, L.M. Daly, A.W.
Sylwester, J.M. Walker, D.C. Siess, M. Piatak Jr., C. Wang, et al. 2004.
Insufficient production and tissue delivery of CD4* memory T cells in
rapidly progressive simian immunodeficiency virus infection. J. Exp.
Med. 200:1299-1314.

Picker, LJ., E.F. Reed-Inderbitzin, S.I. Hagen, J.B. Edgar, S.G. Hansen, A.
Legasse, S. Planer, M. Piatak Jr., J.D. Lifson, V.C. Maino, et al. 2006.
IL-15 induces CD4 effector memory T cell production and tissue emi-
gration in nonhuman primates. J. Clin. Invest. 116:1514—1524.

Ramsborg, C.G., and E.T. Papoutsakis. 2007. Global transcriptional analysis
delineates the differential inflammatory response interleukin-15 elicits
from cultured human T cells. Exp. Hematol. 35:454—464.

Reynolds, M.R., E. Rakasz, P.J. Skinner, C. White, K. Abel, Z.M. Ma,
L. Compton, G. Napoe, N. Wilson, C.J. Miller, et al. 2005. CD8+
T-lymphocyte response to major immunodominant epitopes after vaginal
exposure to simian immunodeficiency virus: too late and too little.
J. Virol. 79:9228-9235.

1588

Schmitz, J.E., MJ. Kuroda, S. Santra, V.G. Sasseville, M.A. Simon, M.A.
Lifton, P. Racz, K. Tenner-Racz, M. Dalesandro, B.J. Scallon, et al.
1999. Control of viremia in simian immunodeficiency virus infection
by CD8+ lymphocytes. Science. 283:857—-860.

Seman, A.L., W.F. Pewen, L.F. Fresh, L.N. Martin, and M. Murphey-
Corb. 2000. The replicative capacity of rhesus macaque peripheral
blood mononuclear cells for simian immunodeficiency virus in vitro
is predictive of the rate of progression to AIDS in vivo. J. Gen. Virol.
81:2441-2449.

Sequar, G., WJ. Britt, F.D. Lakeman, K.M. Lockridge, R.P. Tarara, D.R.
Canfield, S.S. Zhou, M.B. Gardner, and P.A. Barry. 2002. Experimental
coinfection of rhesus macaques with rhesus cytomegalovirus and simian
immunodeficiency virus: pathogenesis. J. Virol. 76:7661-7671.

Staprans, S.I., PJ. Dailey, A. Rosenthal, C. Horton, R.M. Grant, N.
Lerche, and M.B. Feinberg. 1999. Simian immunodeficiency virus dis-
ease course is predicted by the extent of virus replication during primary
infection. J. Virol. 73:4829—4839.

Staprans, S.I., A.P. Barry, G. Silvestri, J.T. Safrit, N. Kozyr, B. Sumpter, H.
Nguyen, H. McClure, D. Montefiori, J.I. Cohen, and M.B. Feinberg.
2004. Enhanced SIV replication and accelerated progression to AIDS in
macaques primed to mount a CD4 T cell response to the SIV envelope
protein. Proc. Natl. Acad. Sci. USA. 101:13026-13031.

Veazey, R.S., P.M. Acierno, K.J. McEvers, S.H. Baumeister, G.J. Foster,
M.D. Rett, M.H. Newberg, M.J. Kuroda, K. Williams, E.Y. Kim, et al.
2008. Increased loss of CCR5+ CD45RA— CD4+ T cells in CD8+
lymphocyte-depleted Simian immunodeficiency virus-infected rhesus
monkeys. J. Virol. 82:5618-5630.

Villinger, F., R. Miller, K. Mori, A.E. Mayne, P. Bostik, J.B. Sundstrom,
C. Sugimoto, and A.A. Ansari. 2004. IL-15 is superior to IL-2 in the
generation of long-lived antigen specific memory CD4 and CD8 T cells
in rhesus macaques. Vaccine. 22:3510-3521.

Walker, ].M., H.T. Maecker, V.C. Maino, and L.J. Picker. 2004. Multicolor
flow cytometric analysis in SIV-infected rhesus macaque. Methods Cell
Biol. 75:535-557.

Wilson, N.A., J. Reed, G.S. Napoe, S. Piaskowski, A. Szymanski, J. Furlott,
E.J. Gonzalez, LJ. Yant, N.J. Maness, G.E. May, et al. 2006. Vaccine-
induced cellular immune responses reduce plasma viral concentrations
after repeated low-dose challenge with pathogenic simian immunodefi-
ciency virus SIVmac239. J. Virol. 80:5875-5885.

Zhang, Z.Q., S.W. Wietgrefe, Q. Li, M.D. Shore, L. Duan, C. Reilly, ]J.D.
Lifson, and A.T. Haase. 2004. Roles of substrate availability and infec-
tion of resting and activated CD4+ T cells in transmission and acute
simian immunodeficiency virus infection. Proc. Natl. Acad. Sci. USA.
101:5640-5645.

Zhou, D., Y. Shen, L. Chalifoux, D. Lee-Parritz, M. Simon, P.K. Sehgal, L.
Zheng, M. Halloran, and Z.W. Chen. 1999. Mycobacterium bovis bacille
Calmette-Guerin enhances pathogenicity of simian immunodeficiency
virus infection and accelerates progression to AIDS in macaques: a
role of persistent T cell activation in AIDS pathogenesis. J. Immunol.
162:2204-2216.

CD8 DEPLETION INDUCES SIV TARGET CELL PROLIFERATION | Okoye et al.



