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Abstract
We used pathogenic and nonpathogenic simian models of SIV infection of Chinese and Indian
rhesus macaque (RMs) and African green monkeys (AGMs), respectively, to investigate the
relationship between polymorphonuclear neutrophil (PMN) death and the extent of viral
replication and disease outcome. In this study, we showed that PMN death increased early during
the acute phase of SIV infection in Chinese RMs and coincided with the peak of viral replication
on day 14. The level of PMN death was significantly more severe in RMs that progressed more
rapidly to AIDS and coincided with neutropenia. Neutropenia was also observed in Indian RMs
and was higher in non-Mamu-A*01 compared with Mamu-A*01 animals. In stark contrast, no
changes in the levels of PMN death were observed in the nonpathogenic model of SIVagm-sab
(sabaeus) infection of AGMs despite similarly high viral replication. PMN death was a Bax and
Bak-independent mitochondrial insult, which is prevented by inhibiting calpain activation but not
caspases. We found that BOB/GPR15, a SIV coreceptor, is expressed on the PMN surface of RMs
at a much higher levels than AGMs and its ligation induced PMN death, suggesting that SIV
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particle binding to the cell surface is sufficient to induce PMN death. Taken together, our results
suggest that species-specific differences in BOB/GPR15 receptor expression on PMN can lead to
increased acute phase PMN death. This may account for the decline in PMN numbers that occurs
during primary SIV infection in pathogenic SIV infection and may have important implications for
subsequent viral replication and disease progression.

The primary acute phase of HIV infection ends in host/virus equilibrium. An increasing
amount of evidence suggests that this acute phase dictates the rate of progression toward
AIDS. In particular, the steady-state plasma viral load that is reached at the end of this
phase, between 2 and 6 mo after infection, is predictive of the time to AIDS onset (1).

Polymorphonuclear neutrophils (PMN)4 are key components of the first line of defense
against bacterial and fungal pathogens (2). They contribute to the early innate response by
rapidly migrating to inflamed tissues, where their activation triggers microbicidal
mechanisms such as the release of proteolytic enzymes and antimicrobial peptides and the
rapid production of reactive oxygen species (ROS). Several lines of evidence also point to
PMN involvement in the pathophysiology of viral infections. Thus, PMN play a key role, at
least through defensin expression, in controlling viruses (3–5). Moreover, human neutrophil
α-defensins 1–4 have been reported to inhibit HIV replication in vitro (6–8), and activated
neutrophils exert cytotoxic activity against HIV-infected cells (9). PMN also attract and
stimulate other immune cells through the release of proinflammatory chemokines and
cytokines (10) and through direct interactions with immune cells such as dendritic cells (11),
implying that PMN have the potential to orchestrate adaptative immune responses. PMN
might thus be key cells in the early events that control HIV/SIV replication.

Apoptosis is an intrinsic cellular process that can be regulated by external factors. In
particular, PMN activation by circulating bacterial products, endogenous cytokines, and
other proinflammatory mediators can affect the rate of PMN apoptosis (12–14).
Inappropriate PMN survival and persistence at sites of inflammation are thought to
contribute to the pathology of chronic inflammatory diseases (15). In contrast, shortened
PMN survival due to apoptosis may contribute to susceptibility to severe and recurrent
infections in some pathological situations (16,17).

PMN apoptosis has rarely been investigated in HIV-infected patients. Increased PMN
apoptosis has been reported, particularly in the later stages of HIV disease (18–20), but the
mechanisms have not been identified. Likewise, PMN apoptosis during the primary acute
phase of viral infection and its potential relationship with the rate of subsequent disease
progression have not been addressed. SIV infection of macaques is currently the
experimental model of choice for studying early events of acquired immunodeficiency virus
infection. Whereas rhesus macaques (RMs) infected with SIV (SIVmac) usually progress to
AIDS in 1–2 years, African nonhuman primates (NHPs) infected with their species-specific
SIV rarely develop disease. Previous studies of natural, nonpathogenic primate models of
SIV infection, such as SIVagm infection of African green monkeys (AGMs), SIVsmm or
SIVmac infection of sooty mangabeys, and SIVmnd-1 and SIVmnd-2 infection of mandrills
have consistently shown that, in these animals, the levels of plasma viral load are similar to
those observed in HIV-infected humans and SIVmac-infected RMs (21–29). However, only
HIV-infections in humans and SIVmac infections in RMs lead to progressive CD4+ T cell
depletion and AIDS. In pathogenic models of HIV and SIV infections, there is a large

4Abbreviations used in this paper: PMN, polymorphonuclear neutrophil; 7-AAD, 7-amino-actinomycin D; AGM, African green
monkey; AID50, 50% animal infectious dose; ALLN, N-acetyl-Leu-Leu-Nle; DiOC6, 3,3′-dihexyloxacarbocyanine iodide; ΔΨm,
mitochondrial transmembrane potential; NHP, nonhuman primate; RM, rhesus macaque; ROS, reactive oxygen species; z-VAD-fmk,
N-benzyloxycarbonyl-Val-Ala-DL-Asp(Ome)-fluoromethylketone.
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number of reports showing increased apoptosis of CD4+ T cells and CD8+ T cells (30–39)
compared with nonpathogenic models. Understanding the basis of pathogenic and
nonpathogenic host-virus relationships is likely to provide important clues regarding AIDS
pathogenesis.

In this article we report a comparative study of the initial interactions between SIV and
PMN in two different species of NHPs that exhibit a divergent outcome of the infection, i.e.,
non-natural RM hosts in which the infection leads to CD4+ T cell depletion and AIDS, and
natural AGMs hosts where the infection is typically nonpathogenic. We performed a
longitudinal study of experimentally SIV-infected NHPs (Chinese RMs infected with
SIVmac251 and a nef-deleted SIVmac251, Indian RMs infected with SIVmac251, and
AGMs infected with SIVagm-sab, where sab is sabaeus). We analyzed, during primary SIV
infection, PMN kinetics and apoptosis with respect to subsequent disease progression. We
also examined the molecular mechanisms underlying PMN death in this setting and the
effect of blocking protease activation. Major indices of PMN functional activity (surface
CD11b expression, migration, and the respiratory burst) were also measured at baseline and
after ex vivo stimulation. Our data demonstrate that the early level of apoptosis of PMN is
associated with progression to AIDS.

Materials and Methods
Animals and virus infection

RMs (Macaca mulatta) of Chinese origin were inoculated i.v. with either the pathogenic
SIVmac251 strain (ten 50% animal infectious doses (AID50)) or the live attenuated
SIVmac251Δnef strain. All of the animals were challenged with the same batch of virus,
titrated in vivo in rhesus macaques, and stored in liquid nitrogen. AGMs of sabaeus species
were experimentally infected with three hundred 50% tissue culture infective doses of
SIVagm.sab92018 strain. As previously described (23), this virus derives from a naturally
infected AGM and has never been cultured in vitro. Animals were demonstrated as being
seronegative for STLV-1 (simian T leukemia virus type-1), SRV-1 (type D retrovirus),
herpes B viruses, and SIVmac. Animals were housed and cared for in compliance with
existing French regulations. Blood samples were immediately cooled to 4°C to avoid PMN
activation, and the same technical procedures were used for each experiment.

The Indian rhesus macaques (M. mulatta) were housed at the Bioqual animal facility
according to standards and guidelines as set forth in Animal Welfare Act and “The Guide for
the Care and Use of Laboratory Animals” (40) and according to animal care standards
deemed acceptable by the Association for the Assessment and Accreditation of Laboratory
Animal Care-International (AAALAC). All experiments were performed following
institutional animal care and use committee (IACUC) approval. The study included 32
animals that were infected i.v. with 100 AID50 SIVmac251.

Reagents
The reagents and sources were as follows: allophycocyanin-conjugated annexin V, 7-amino-
actinomycin D (7-AAD), FITC-anti-CD14 mAb, PE-anti-CD11b mAb, PE-anti-CXCR4
mAb (clone 12G5), purified anti-BOB/GPR15 mAb (GPR15), and purified anti-CCR5 mAb
(clone 3A9) (all from BD Pharmingen); purified anti-Bax mAb (N-20) (Santa Cruz
Biotechnology); purified anti-Bak mAb (aa 2–14) (Calbiochem); FITC-conjugated F(ab′)2
goat anti-mouse IgG (DakoCytomation); Alexa Fluor 488-conjugated goat anti-rabbit IgG
(H+L) (Molecular Probes, Interchim); FITC-anti-gp120 (SIVmac251) Ab (Microbix
Biosystems); fMLP (Sigma-Aldrich); N-benzyloxycarbonyl-Val-Ala-DL-Asp(Ome)-
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fluoromethylketone (z-VAD-fmk) and N-acetyl-Leu-Leu-Nle (ALLN) (Calbiochem); and
3,3′-dihexyloxacarbocyanine iodide (DiOC6) (Molecular Probes).

Determination of viral load
RNA was extracted from plasma of SIV-infected monkeys using the TRI Reagent BD kit
(Molecular Research Center). Real-time quantitative RT-PCR was used to determine viral
loads as previously described (41).

Measurement of PMN apoptosis
PMN apoptosis was measured immediately after sampling and after 4 h of incubation in 24-
well tissue cultures plates at 37°C with 5% CO2. Apoptosis of whole blood PMN was
quantified by annexin V and 7-AAD staining as previously described (15). Whole blood
samples (100 μl) were washed twice in PBS, incubated with FITC-anti-CD14 and PE-anti-
CD11b Abs for 15 min, and then incubated with allophycocyanin-annexin V for 15 min.
After dilution in PBS (500 μl), the samples were incubated with 7-AAD at room temperature
for 15 min and analyzed immediately by flow cytometry.

Loss of mitochondrial transmembrane potential (Δψm) was assessed with the DiOC6
reagent. Samples were loaded with DiOC6 (40 nM) for 15 min at 37°C then stained with PE
anti-CD11b and PerCP-Cy5-5 anti-HLA-DR Abs for 30 min at 4°C.

Study of CD11b and chemokine receptor expression at the PMN surface
To study CD11b expression, whole blood samples from each RM were either kept on ice or
incubated with fMLP (10−6 M) or PBS at 37°C for 5 min, and then 100 μl of the suspension
was incubated at 4°C for 30 min with PE-anti-CD11b Ab. To study chemokine receptor
expression, samples (50 μl) were incubated at 4°C for 1 h with PE-anti-CXCR4, purified
anti-BOB/GPR15, or purified anti-CCR5 Abs (10 μg/ml) or isotype controls. To measure
BOB/GPR15 or CCR5 expression, samples were washed with PBS then incubated at 4°C for
45 min with Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) or FITC-conjugated
F(ab′)2 goat anti-mouse IgG.

Intracellular Bax and Bak assay
Cells were fixed and permeabilized (Perm & Fix; BD Pharmingen) before adding Abs
recognizing the active form of Bax and Bak proteins (conformational NH2-terminal
epitope). These Abs have been previously reported to cross-react with macaques cells
(42,43). After washing, a FITC-labeled goat anti-rabbit IgG Ab was added for 30 min at
4°C.

SIV binding to PMN
PMN were pretreated with isotype controls, anti-CCR5, or anti-BOB/GPR15 Abs for 30 min
and then incubated in the presence of 400 AID50 of the pathogenic SIVmac251 strain for 30
min. After washing, a FITC-anti-gp120 (SIVmac251) Ab was added for 30 min and
fluorescence intensity was assessed by flow cytometry.

Flow cytometry
We used a BD FACScalibur (BD Immunocytometry Systems). PMN functions were
analyzed using CellQuest software. To measure apoptosis in whole blood, PMN were
identified as CD11bhighCD14low cells and 2 × 105 events were counted per sample. In other
experiments, forward and side scatter were used to identify the PMN population and to gate
out other cells and debris; 10,000 events were counted per sample.
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Measurement of neutrophil chemotactic activity
Chemotaxis was measured in Transwell plates (Corning Costar) containing 3-μm pore-size
polyvinylpyrrolidone-free polycarbonate filters (44). The lower well of each chamber
received 600 μl of chemoattractant solution (IL-8 at 25 ng/ml; fMLP at 10−7 M) diluted in
PBS plus 1% human serum albumin. Spontaneous migration was measured with PBS plus
1% human serum albumin instead of chemoattractant solution. The upper well received 100
μl of whole blood diluted 1/10 in PBS. The chambers were incubated for 4 h at 37°C. After
incubation, 50 μl was removed from the lower well and erythrocytes were lysed. The total
number of PMN added to the upper well and the number of PMN that migrated into the
lower well were counted by flow cytometry using TruCount tubes.

Proviral DNA analysis
Whole blood collected on EDTA was stained with FITC-anti-CD11b and PercP-PeCy5-anti-
HLA-DR Abs for 30 min at 4°C. Erythrocytes were lysed and the cells were then washed
twice and fixed with 1% paraformaldehyde. PMN were highly purified by cell sorting
(FACsVantage; BD Biosciences) on the basis of their size, granularity, and phenotype
(CD11bhighHLA-DRlow); purity exceeded 98%. DNA was quantified by real-time
quantitative PCR as previously described (41,45).

Statistical analysis
Data are reported as means ± SEM. Comparisons were based on ANOVA and Tukey’s
posthoc test using Prism 3.0 software. Correlations were identified by means of the
Spearman rank correlation coefficient (ρ).

Results
Increased PMN apoptosis during primary SIV infection in RMs

Because apoptosis is considered to be a major regulatory mechanism of PMN turnover (46),
we examined Chinese RMs infected with either the pathogenic SIVmac251 strain (SIV+

group; n = 6) or the attenuated Δnef isolate (SIVΔnef; n = 4) and AGMs infected with
SIVagm-sab (n = 5) to determine whether different patterns of disease progression were
associated with distinct rates of PMN apoptosis.

We first assessed the dynamics of viral load in these different groups of SIV-infected NHPs
(Fig. 1). In Chinese RMs, viremia peaked between days 11 and 14 with values ranging
between 7.0 × 105 and 3.2 × 107 RNA copies/ml in Chinese RMs infected with SIVmac251
and between 4.8 × 104 and 1.3 × 105 RNA copies/ml SIVΔnef. In AGMs, viremia peaked
between days 8 and 14 and the values ranged between 7.9 × 106 and 1.2 × 108 RNA copies/
ml. The set point levels (4 mo) in AGMs ranged between 1.8 × 103 and 5.3 × 105 RNA
copies/ml whereas in Chinese RMs infected with SIVmac251 it ranged between 1.4 × 103

and 5.7 × 105 RNA copies/ml, while the viral load was extremely low in SIVΔnef. We
retrospectively classified RMs as slow and moderate progressors based on viral load at 4 mo
(<104 RNA copies/ml and 104–105 RNA copies/ml, respectively) as previously described
(45). Thus, these data are consistent with numerous previous observations (24,26,27,47–50)
indicating that both peak and set point viremia are similar in pathogenic and nonpathogenic
primate models.

One particularity of this study is that we analyzed PMN apoptosis by flow cytometry in
whole blood Chinese RMs and AGMs (Fig. 2). As shown in Fig. 3A, a peak of spontaneous
apoptosis (time 0 h) was observed in the SIV+ infected Chinese RMs group on day 14 (range
3–17%). PMN apoptosis on day 14 was significantly higher in future moderate progressors
than in slow progressors. Thereafter, the percentage of apoptotic cells declined. After 4 h of
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incubation at 37°C, a similar but more marked pattern was observed in SIV+ infected RMs
(Fig. 3B). In contrast, no significant change was observed in the SIVΔnef group. This latter
result is in keeping with previous reports that the apathogenic strain is associated with
milder immune dysfunction and with a lower plasma viral load (45). In SIVagm-infected
AGMs the level of PMN apoptosis was not significantly different as compared with baseline
throughout the acute phase of infection despite levels of viral replication that are similar to
those observed in SIVmac251-infected Chinese RMs.

A significant transient decrease in the PMN count was also observed during primary
infection of RMs with the pathogenic SIV-mac251 strain. The fall was maximal on day 14,
when it was significantly larger in moderate progressors (n = 8) than in slow progressors (n
= 7) (p < 0.05) (Fig. 4A). The degree of PMN loss correlated with the viral load plateau
value on day 120 (ρ = 0.8; p = 0.0009) (Fig. 4B), which is predictive of clinical outcome (1).
In contrast, PMN counts were not significantly changed in SIVΔnef-infected macaques as
well as in SIVagm-infected AGMs (Fig. 4A). Apoptosis values in individual SIV+ RMs on
day 14 correlated negatively with the corresponding PMN counts (ρ = −0.9; p = 0.01).

Because we and others have shown that RMs of Indian origin are more susceptible and
progress more rapidly toward AIDS (29,51), we determined whether neutropenia occurs
during primary SIV infection in Indian monkeys. The plasma viral loads in Indian RMs at
viral set point (day 120) were 9.7 ± 5.7 × 105 RNA copies/ml (4.68 ± 0.21 log) (200–1.7 ×
107), and this was significantly higher than Chinese RMs. As expected, on day 120 plasma
viral loads were higher in non-Mamu-A*01 Indian RMs compared with the Mamu-A*01+

animals (5.3 ± 0.25 log RNA copies/ml vs 4.0 ± 0.2 log RNA copies/ml for non-Mamu-
A*01 and Mamu-A*01+, respectively, p < 0.003). Indian RMs also showed a significant
decrease in blood PMN numbers following infection (Fig. 4C). The PMN numbers
decreased between day 0 and 14 × 1724 ± 303 cells/μl (n = 32; p < 0.001). This decrease
was also found when animals were separated into Mamu-A*01 positive (1220 ± 210 cells/μl;
n = 18; p < 0.001), which generally show better viral control (52,53), and non-Mamu-A*01
animals (2372 ± 608 cells/μl, p < 0.001, n = 14). The decrease was significantly higher in
non-Mamu-A*01 animals compared with the Mamu-A*01 (p < 0.03).

However, in contrast to Chinese RMs, in Indian RMs the decrease in PMN was not transient
but sustained and never returned to normal (Fig. 4C). On day 91 postinfection both Mamu-
A*01+ and non-Mamu-A*01 animals continued to have reduced blood PMN numbers. On
day 91, Mamu-A*01+ animals had a decrease of 1280 ± 385 cell/μl from day 0, whereas in
non-Mamu-A*01 animals this decrease was 2222 ± 549 cells/μl. Thus, Indian RMs show a
sustained drop in PMN numbers, and this again correlates with the increased pathogenicity
of SIV infection in Indian RMs compared with Chinese RMs (29,51).

PMN dysfunction during primary SIV infection in RMs
PMN exhibit a variety of functional defects during the asymptomatic phases of HIV
infection (54) and feline immunodeficiency virus infection (55). We thus examined whether
the increase in PMN apoptosis observed early after SIV infection was associated with
impaired CD11b expression, PMN migration, or ROS production, which are crucial for
PMN functional activities.

During the acute phase, basal CD11b expression and ROS production were similar to the
values observed before infection (data not shown), showing that PMN are not activated
during primary SIV infection. Following fMLP stimulation we observed a transient decrease
between days 14 and 45 in CD11b expression in SIV+ infected RMs, whereas no significant
change in maximal CD11b expression was observed in the SIVΔnef group (Fig. 5A). In
SIVagm-infected AGMs the level of PMN values remained similar to baseline throughout
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the acute phase of infection. In parallel, PMN migration toward fMLP and IL-8 was
impaired in RMs compared with SIVΔnef animals or with AGMs (Fig. 5, B and C). The
decrease in PMN responses in RMs was significantly larger in moderate progressors than in
slow progressors (p < 0.05) (Fig. 5). In addition, in RMs the decrease in stimulated PMN
responses on day 14 (CD11b expression and migration) was associated with the level of
PMN apoptosis (ρ = 0.82 and p = 0.02, ρ =0.95 and p = 0.01, and ρ = 0.91 and p = 0.02,
respectively, for CD11b expression, migration toward fMLP, and migration toward IL-8).
Thus, the decreased PMN responses to fMLP and IL-8 in RMs in terms of CD11b
expression and migration are associated with abnormal PMN sensitivity to cell death.
However, we found that PMN dysfunction persisted on day 45, when the level of apoptosis
had fallen.

PMN death during primary SIV infection is associated with mitochondrial damage and is
calpain-dependent

Apoptosis involves a cascade of signaling events in which the mitochondrion is a key sensor
and caspases are the cell death effectors (56). To determine the possible role of mitochondria
in PMN apoptosis in this setting, we measured Δψm with DiOC6. We found that PMN
collected from SIV+ RMs on day 14 displayed a loss of Δψm as compared with PMN from
healthy controls and fSIVΔnef-infected macaques and that the percentage of PMN
displaying Δψm was more marked in future moderate progressors (32.3 ± 5.1) than in slow
progressors (13.8 ± 3.5) (Fig. 6A). PMN from healthy controls and SIVΔnef-infected
macaques showed no difference in Δψm loss. Because Bax and Bak, proapoptotic members
of the Bcl-2 family, relocate and induce Δψm loss (56), we examined whether these proteins
were activated in PMN from SIV+ macaques using Abs known to cross-react with macaques
cells (42,43). Our results indicated that Δψm loss is not associated with changes in the NH2-
terminal epitope availability of Bax or Bak expression (the active forms of Bax and Bak,
which are associated with cell death), demonstrating that mitochondrial changes in PMN in
this setting are Bax -and Bak-independent (Fig. 6B). In contrast, active Bax was increased in
CD8+ T cells from SIV-infected RM while Bak was not affected in these cells (Fig. 6B).

To determine the possible involvement of caspases in this PMN apoptosis, we used the
broad spectrum caspase inhibitor z-VAD-fmk. This inhibitor has been previously reported to
inhibit caspases in nonhuman primates (37,42). In agreement with previous reports (37,42),
z-VAD-fmk inhibited Fas-mediated apoptosis of CD8+ T cells from SIV-infected RMs (Fig.
6D). z-VAD-fmk (10 μM), however, failed to have any effect on PMN apoptosis (Fig. 6C).
In contrast, ALLN (50 μM), a highly specific calpain inhibitor, significantly reduced PMN
apoptosis (Fig. 6C). Thus this PMN apoptosis was calpain dependent and caspase
independent.

SIV induces PMN death in the absence of productive viral replication
Accelerated PMN death during primary SIV infection may be related either to PMN
infection or to external apoptogenic factors. We used flow cytometry to sort highly purified
PMN (CD11bhighHLA-DRlow) and CD4+ T cells (>98 and 99% pure, respectively) at the
peak of the acute phase (day 14). Approximately 0.1–1% of CD4+ T cells were infected as
previously reported (41,45), whereas we detected no SIV DNA in up to 1 million PMN.
Moreover, no TNF-α or IL-8 (proapoptotic and anti-apoptotic cytokines, respectively)
(57,58) was detected in the plasma of either SIV+ or SIVΔnef macaques (data not shown)
during the acute phase. As our data implied that PMN death is caspase independent in this
setting, we did not seek a role of death ligands such as FasL and Trail, which are also
capable of killing PMN via caspase activation (59,60).
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We and others have shown that simple binding and/or penetration of HIV (without
integration) can prime death (61–66), implying that collateral cell damage induced by
interaction of the viral envelope glycoprotein (gp120) with molecules expressed by PMN,
and particularly chemokine receptors, may account for the observed increase in PMN death.
We therefore incubated whole blood samples from healthy macaques with either
SIVmac251 or mock as control. We found that SIVmac251 strain (400 AID50) significantly
increased apoptosis of PMN derived from RMs (Fig. 7A); however, a 10-fold lower dose of
SIVmac251 strain was unable to prime PMN for death (data not shown). This apoptosis-
inducing effect of SIVmac251 on PMN is unlikely due to viral infection and replication, as
the short incubation time (4 h) of these experiments is incompatible with viral replication in
nondividing cells (64,65). This was further supported by the finding that treatment of whole
blood samples with didanosine (1 μM), a reverse transcriptase inhibitor, also did not prevent
SIV-induced PMN death. Finally, aldrithiol-2-inactivated SIVmac251 could also prime
PMN for apoptosis (Fig. 7A). Thus, viral infection and replication is not required for this
PMN apoptosis, and this suggests a possible receptor-mediated effect. SIV binds to distinct
chemokine receptors such as BOB/GPR15 and CCR5 (67–69). Flow cytometric analysis of
chemokine receptors (CXCR4, CCR5, and BOB/GPR15) revealed that PMN from healthy
RMs expressed BOB/GPR15 at higher levels than healthy AGMs (Fig. 7, B and C). In a SIV
surface binding assay we demonstrated that SIV was surface bound to PMN and that this
binding was BOB/GPR15 mediated, as Abs directed to BOB/GPR15 reduce SIV binding on
PMN (Fig. 7D). To directly demonstrate that BOB/GPR15 binding by SIV was mediating
this PMN apoptosis, we tested whether cross-linking BOB/GPR15 could induce PMN
apoptosis. Indeed, we found that incubation with a BOB/GPR15-specific Ab induced PMN
death (Fig. 7A), while CCR5-specific Ab were less potent in inducing death. Preincubation
with z-VAD-fmk did not prevent cell death (data not shown). Taken together, the above
findings support the idea that SIV particle binding to the chemokine receptor BOB/GPR15
on the PMN surface, rather than productive viral replication, drives PMN death.
Furthermore, differences in the expression level of coreceptors such as BOB/GPR15
between different nonhuman primates might be responsible for greater PMN death in RMs
compared with AGMs.

Discussion
Our results show an increased PMN death during the acute phase of SIV infection in
Chinese RMs that coincided with a decline in PMN number. The level of PMN death was
significantly more severe in Chinese RMs that progressed more rapidly to AIDS. Indian
RMs had higher and more sustained neutropenia compared with Chinese RMs, and this is in
agreement with the overall higher pathogenicity of SIV infection in Indian compared with
Chinese RMs. Pathogenic and nonpathogenic models of HIV and SIV infections have been
shown to differ in the magnitude of CD4+ T cells and CD8+ T cell apoptosis, with
pathogenic models exhibiting higher levels of such apoptosis (30–39). In this study we also
show that neutrophils are more susceptible to death in pathogenic compared with
nonpathogenic SIV infection. This apoptosis is associated with increased neutropenia in the
pathogenic models. Neutropenia was absent, however, from the SIVagm-infected AGMs.
Thus, the magnitude and the duration of neutropenia are associated with pathogenicity in
these SIV models.

In addition, we found that BOB/GPR15, a SIV coreceptor, was strongly expressed on the
PMN surface of Chinese RMs, and its ligation induced PMN death. BOB/GPR15 expression
was strongly lower on the PMN surface from AGMs, and no changes in the levels of PMN
death were observed during primary infection in a nonpathogenic SIV model. Taken
together, these results suggest that PMN death during the acute phase may be related, at least
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in part, to species-specific host factors and may play an important role in disease
progression.

Increased PMN apoptosis has been reported in chronically HIV-infected patients (19–21),
and this phenomenon might account for the tendency of neutropenia to occur late in SIV
infection (our unpublished data) and human HIV infection (70,71). In this study we
demonstrate, for the first time, that spontaneous PMN apoptosis is augmented during
primary SIV infection of RMs and that this increase coincides with neutropenia. Moreover,
the extent of PMN apoptosis and neutropenia is associated with the rate of subsequent
pathogenicity and progression to AIDS. Given the role of defensins in the control of viral
replication (3–8) and the fact that PMN are a major source of α-defensins 1–4 (2), such
PMN defects may play a key role in early viral replication and dissemination within the host
and might therefore be a key determinant of disease outcome. The fact that SIVagm-infected
AGMs do not display any major increase in PMN apoptosis in the context of significant
levels of viral replication suggests that the direct effects of SIV replication alone are
unlikely to account for the high levels of PMN apoptosis observed in Chinese RMs at the
time of peak viremia. Moreover, no SIV DNA was detected in sorted PMN from SIV-
infected Chinese RMs. Similarly, an increased lymphocyte susceptibility to apoptosis
independent of infection (“bystander effect”) has been proposed as one of the main
mechanisms responsible for the CD4+ T cell depletion in vivo during pathogenic HIV and
SIV infections (39).

Indian RMs had higher and more sustained neutropenia compared with Chinese RMs, which
is consistent with the overall higher pathogenicity of SIV infection in Indian compared with
Chinese RMs. In contrast to Chinese RMs, a day 14 decrease in PMN in Indian RMs did not
correlate with viral loads or CD4 counts. It is unclear why this correlation is not present in
the Indian RMs, but the finding that the sustained decrease in PMN in these animals may
suggest that the factors that contribute to the higher viral loads in these animals retain the
PMN decrease. Although both Mamu-A*01+ and non-Mamu-A*01 Indian RM showed
sustained neutropenia, Mamu-A*01+ animals had significantly lower decrease in PMN from
baseline, and this again is in agreement with the better viral control that these animals have
compared with non-Mamu-A*01 Indian RMs (52,53). Indeed, in our study non-Mamu-A*01
Indian RMs had significantly higher viral loads compared with the Mamu-A*01+ Indian
RMs. It should be noted that although the presence of alleles such as Mamu-A*01 overall
provides better control, this is not in itself predictive of viral control (72,73). Another
possible explanation for the difference between Indian and Chinese RM neutropenia, with
the former exhibiting sustained neutropenia, is that Indian RMs were challenged with a
higher dose of SIVmac251 compared with the Chinese RMs. It will be of interest in the
future to determine whether high dose viral challenge determines whether sustained
neutropenia is also established in Chinese RMs. Overall, our studies suggest that the degree
of pathogenicity of SIV infection in a particular host correlates with the magnitude and
duration of neutropenia in nonhuman primates.

There are two main pathways of apoptosis. The extrinsic pathway is initiated upon the
binding of so-called “death receptors” (belonging to the TNF receptor family) to their
ligands, whereas the intrinsic pathway is death receptor independent. These pathways
converge at a central sensor, the mitochondrion, that releases apoptogenic factors into the
cytosol leading to the activation of effector caspases. Growing evidence implicates caspase-
independent mechanisms of cell death in most cell types, including PMN (74–77). Indeed,
we found that PMN death in SIV-infected macaques was not prevented by a broad-spectrum
caspase inhibitor, z-VAD-fmk. Our data demonstrate that PMN death in this setting involves
a calpain-dependent pathway that has also been reported to play a key role in the
spontaneous PMN death of healthy donors (77,78). Interestingly, a calpain-dependent
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pathway was recently reported to be involved in the death of PMN from chronically HIV-
infected patients (79). We also found that PMN from SIV-infected Chinese RMs displayed
mitochondrial injury, reflected by a loss of Δψm. However, mitochondrial membrane
permeabilization occurs independently of a change in the conformation of Bax and Bak,
which is considered to be a major event in the fall of Δψm. Therefore, it remains to
determined by which mechanisms the mitochondrial outer membrane is permeabilized.

Finally, we found that SIV particles prime PMN for death in vitro. However, PMN do not
need to be productively infected to undergo death. These results for PMN death are
consistent with other reports indicating that HIV/SIV sensitize CD4+ T cells to undergo
apoptosis in the absence of viral replication and immune activation (62,64,65). Similarly, it
has been shown that exposure to the HIV envelope protein results in apoptosis of NK cells
(66). We observed no increase in PMN death and no neutropenia in Chinese RMs infected
with the attenuated strain SIVΔnef. This might be related to slower acute phase SIVΔnef
replication relative to the pathogenic strain (45). Indeed, we found that in vitro a 10-fold
lower dose of SIVmac251 strain did not prime PMN death. Thus, although we cannot
exclude the possibility that nef-deleted SIV may also induce cell death in vitro, the threshold
reached in vivo is probably too low to prime PMN for death. Together, our data suggest that
SIV virions themselves are at least partly responsible for priming PMN death. CD4 is not
expressed on PMN (data not shown), and HIV/SIV bind to PMN via other membrane
receptors (80,81). We observed increased BOB/GPR15 expression at the surface of PMN
from healthy Chinese RMs, whereas it was lower expressed on the surface of PMN from
AGMs; the other coreceptors, CCR5 and CXCR4, were not different. Moreover, using
specific Abs (because the natural ligand is unknown), we found that BOB/GPR15
engagement primed PMN from Chinese RMs for death in a manner similar to that of the
virus itself. These results showing that this constitutive receptor may induce a cell death
signal suggests a distinct cell signaling pathway following coreceptor ligation by SIV vs that
involved in the physiological response to the unknown BOB/GPR15 ligand. This would be
consistent with what has previously been shown for CCR5 and CXCR4. Whereas the natural
ligands such as RANTES and SDF1 are unable to induce and prime for cell death, cross-
linking of coreceptors mediates cell death (64). Thus, SIV binding to the BOB/GPR15
coreceptor can prime PMN to apoptosis, and the extent of interaction between the SIV
envelope protein and the coreceptors expressed could be the main process leading to
abnormal priming for death of PMN.

The increased PMN susceptibility to apoptosis coincided with the onset of neutropenia in
SIV-infected Chinese RMs. PMN redistribution from peripheral blood to sites of
inflammation cannot be ruled out, but it is noteworthy that PMN isolated from SIV-infected
Chinese RMs at the peak of viral replication displayed defective chemotaxis and were not
activated, as reflected by basal normal CD11b expression and basal normal ROS production.
This indicates that PMN remain in a resting state during acute SIV infection, in keeping with
the undetectable levels of proinflammatory cytokines such as TNF-α. This differs from the
chronic asymptomatic phase of HIV infection (18,19) and of SIV infection in RMs (personal
data), where PMN counts are normal despite a greater susceptibility to die by apoptosis
(although less than during the acute phase; data not shown). Consistent with the idea that
granulopoiesis may compensate PMN losses through apoptosis during the chronic phase, it
has been shown that PMN in the bone marrow of chronically SIV-infected macaques are
activated (38). Thus, our data showing neutropenia concomitant with higher levels of
apoptosis may indicate that granulopoiesis did not compensate for PMN losses. Thus,
whether granulopoiesis is defective during the acute phase is, to date, unknown and merits
further exploration.
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In conclusion, the current set of data demonstrate for the first time increased PMN death
early after infection in pathogenic SIV-infected NHP models of AIDS. This accelerated
PMN death may contribute to the neutropenia and may play a key role during primary SIV
infection. This PMN apoptosis is induced by SIV envelope binding to the BOB/GPR15
chemokine receptor, and the divergent levels of this receptor may be responsible for the
differences in PMN apoptosis between pathogenic and nonpathogenic SIV infection models.
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FIGURE 1.
Viral dynamics during primary SIV infection. A, Kinetic analysis of viremia in SIV-infected
RMs with the SIVmac251 strain (RM SIVmac251). Three were slow (○) and three were
moderate progressors (●). B, Kinetic analysis of viremia in SIV-infected RMs (n = 4) with
the SIVmac251Δnef strain (RM Δnef). C, Kinetic analysis of viremia in SIV-infected AGMs
(n = 5) with the SIVagm-sab (AGM SIVagm strain).
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FIGURE 2.
Flow cytometric analysis of whole blood PMN apoptosis. A, Dot plot showing PE-anti-
CD11b staining against the side-scatter parameter. A first gate (R1) was drawn around
CD11b+ cells. B, Dot plot showing PE-anti-CD11b against FITC-anti-CD14 staining gated
on R1. A second gate (R2) was drawn on CD14low cells to eliminate monocytes (CD14high

cells) from the analysis. C, The combination of allophycocyanin (APC)-annexin V and 7-
AAD staining distinguished early apoptotic cells (annexin V+/7-AAD−) and late apoptotic
cells (annexin V+/7-AAD+) in an SIV− RM at time (T) 0 h and in an SIV+ RM (day 14) at T
0 h and T 4 h, as well as in an SIV− AGM at T 0 h and in an SIV+ AGM (day 14) at T 0 h
and T 4 h.
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FIGURE 3.
Comparative analysis of PMN apoptosis during primary infection of rhesus macaques with
the pathogenic SIVmac251 strain or the attenuated SIVΔnef strain, and AGMs. Monkeys
were infected i.v. with 10 AID50 of the pathogenic SIVmac251 strain (RM, n = 6), the
attenuated SIVΔnef strain (SIVΔnef, n = 4), or 300 TCID50 of SIVagm strain (AGM, n = 5).
Viral load measured 4 mo after infection retrospectively classified the RM monkeys as slow
progressors (RM SP, n = 3) or moderate progressors (RM MP, n = 3). PMN apoptosis was
studied immediately after sampling (time (T) 0 h) (A) and after incubating whole blood in
24-well tissue cultures plates at 37°C with 5% CO2 for 4 h (T 4 h) (B). Results are expressed
as the percentage of annexin V+/7AAD− cells (early apoptotic cells).*, p < 0.05,
significantly different from SIVΔnef macaques; †, p < 0.05, significantly different from RM
SP.
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FIGURE 4.
Comparative analysis of PMN counts in peripheral blood of RMs during primary infection
with the pathogenic SIVmac251 strain or the attenuated SIVΔnef strain and AGMs. A, PMN
count kinetics in Chinese RMs. During the first 2 mo, variations in PMN counts were
monitored in peripheral blood from SIVΔnef (n = 4), SIV+ RMs (n = 15) (slow progressors,
RM SP, and moderate progressors, RM MP), and AGMs (n = 5).*, p < 0.05, Significantly
different from SIVΔnef at the same time; †, p < 0.05, significantly different from RM SP at
the same time. B, Regression analysis comparing the loss of PMN (day 0 value minus day
14 value) and viremia on day 120 in Chinese rhesus macaques (ρ = 0.83; p = 0.0009). C,
PMN count kinetics in Mamu-A*01+ and non-Mamu-A*01 Indian RM.
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FIGURE 5.
Comparative analysis of CD11b expression and PMN migration during primary infection of
RMs with the pathogenic SIVmac251 strain (n = 6), or the attenuated SIVΔnef strain (n = 4)
and AGMs (n = 5). A, Whole blood samples from SIVΔnef, SIV+ RMs (slow progressors,
RM SP, and moderate progressors, RM MP) and AGMs were incubated with PBS or fMLP
(10−6M) at 37°C for 5 min and then stained with PE-anti-CD11b Ab at 4°C for 30 min. The
results are expressed as a stimulation index (mean fluorescence intensity of the sample
incubated with fMLP/MFI of the sample incubated with PBS). B and C, PMN migration
toward fMLP (10−7 M) (B) or IL-8 (25 ng/ml) (C) was measured in Trans-well plates as
described in Materials and Methods. The results are expressed as the migration rate:
(number of PMN in the lower well after migration/number of PMN applied to the upper well
before migration) × 100. *, p < 0.05, Significantly different from SIVΔnef macaques; †, p <
0.05, significantly different from RM slow progressors.
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FIGURE 6.
PMN from SIV+ rhesus macaques display mitochondrial insult. A, Whole blood samples
from healthy controls (SIV−), SIVΔnef and SIV+ RMs (slow progressors, RM SP, and
moderate progressors, RM MP) on day 14 postinfection were incubated at 37°C for 4 h.
Δψm loss was measured by flow cytometry using DiOC6 and expressed as the percentage of
DiOC6low cells. One experiment representative of three. B, Bax and Bak staining of PMN
and CD8+ T cells from healthy control (SIV−), SIVΔnef macaque, and RM moderate
progressor (RM MP). One experiment representative of three is shown. C, Whole blood
samples from SIV+ rhesus macaques on day 14 postinfection were incubated at 37°C for 4 h
with PBS, z-VAD-fmk (a broad caspase inhibitor) (10 μM), or ALLN (a calpain inhibitor)
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(50 μM). Apoptosis was studied as described in the legend of Fig. 1. Values are means ±
SEM (n = 6). D, Efficacy of z-VAD-fmk on apoptosis of macaques cells. CD8+ T cells from
SIV+ RMs on day 14 postinfection were pretreated with PBS or z-VAD-fmk (10 μM) and
then incubated in the presence of rhCD95L (200 ng/ml). T cell apoptosis was analyzed using
annexin V+ staining. Values are means ± SEM (n = 3).*, p < 0.05, Significantly different
from samples incubated with PBS.
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FIGURE 7.
SIV primes PMN for death. A, Whole blood samples from healthy controls (SIV−) were
incubated for 4 h at 37°C in the absence (mock) or presence of 400 AID50 of the pathogenic
SIVmac251 strain that has been either untreated (−) or treated with aldrithiol-2 (AT-2).
Cells were also incubated with anti-BOB/GPR15 or anti-CCR5 Abs. Values are means ±
SEM (n = 3). Purified sera were used as controls for chemokine receptors Abs; no difference
in the percentage of dying cells was observed relative to the mock control (data not
shown).*, p < 0.05, Significantly different from mock-incubated samples. B, Representative
CXCR4, CCR5 and BOB/GPR15 expression on PMN from a healthy macaque and a healthy
AGM, measured by flow cytometry. Dotted line histograms show isotype control stains.
Filled histograms show specific Ab staining. C, Quantitative expression of CXCR4, CCR5,
and BOB/GPR15 expression on PMN from healthy RMs (n = 4) and healthy AGMs (n = 4).
Values are means ± SEM.*, p < 0.05, Significantly different from AGM. D, PMN from
healthy controls (SIV−) were pretreated with purified serum, anti-CCR5 Ab, or anti-BOB/
GPR15 Ab and then incubated in the presence of 400 AID50 of the pathogenic SIVmac251
strain. Binding at the cell surface was revealed by FITC-anti-gp120 (SIVmac251) Ab.*, p <
0.05, Significantly different from serum-incubated samples. MFI, Mean fluorescence
intensity.
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