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Massive infection of memory CD4 T cells is a hallmark of early simian immunodeficiency virus (SIV) infection, with viral infection
peaking at day 10 postinfection (p.i.), when a majority of memory CD4 T cells in mucosal and peripheral tissues are infected. It is not
clear if mononuclear cells from the monocyte and macrophage lineages are similarly infected during this early phase of explosive HIV
and SIV infections. Here we show that, at day 10 p.i., Lin� HLA-DR� CD11c/123� CD13� CD14� macrophages in the jejunal mucosa
were infected, albeit at lower levels than CD4 memory T cells. Interestingly, Lin� HLA-DR� CD11c/123� CD13� CD14� macrophages
in peripheral blood, like their mucosal counterparts, were preferentially infected compared to Lin� HLA-DR� CD11c/123� CD13�

CD14� monocytes, suggesting that differentiated macrophages were selectively infected by SIV. CD13� CD14� macrophages ex-
pressed low levels of CD4 compared to CD4 T cells but expressed similar levels of CCR5 as lymphocytes. Interestingly, CD13� CD14�

macrophages expressed Apobec3G at lower levels than CD13� CD14� monocytes, suggesting that intracellular restriction may con-
tribute to the differential infection of mononuclear subsets. Taken together, our results suggest that CD13� CD14� macrophages in
mucosal and peripheral tissues are preferentially infected very early during the course of SIV infection.

Mucosal tissues play a central role in human immunodefi-
ciency virus (HIV) and simian immunodeficiency virus

(SIV) pathogenesis (4, 14, 18, 21, 31, 35, 37, 53, 58). Acute infec-
tion is characterized by massive infection of memory CD4 T cells
in the mucosa that peaks as early as day 10 postinfection (p.i.) and
is followed by a nearly total loss of these cells (31, 35). Interest-
ingly, memory CD4 T cells in peripheral tissues are simultane-
ously infected and destroyed at the same rate (35). Though mem-
ory CD4 T cells serve as the primary targets for early viral
infection, a number of other mononuclear cells have been shown
to be potential targets for HIV infection.

Mononuclear cells such as monocytes and macrophages have
been thought to constitute an important and long-lasting viral reser-
voir in the infected host (1, 6, 20, 24, 36, 40, 60). Changes in these cells
have been shown to correlate with disease progression (23, 27, 28, 34,
57). Others have shown that the level of monocyte turnover predicted
disease progression in SIV-infected rhesus macaques (5, 15). Igarashi
et al. (16) showed that macrophages were a principal reservoir in
rhesus macaques after the depletion of CD4 T cells during SHIV in-
fection, whereas macrophage-tropic SHIV-SF162 has been shown to
infect rhesus macaques efficiently (33). On the other hand, massive
covert infection of macrophages by HIV has been shown to occur
during the incubation period of AIDS (12). Macrophages in other
mucosal tissues, such as the vaginal mucosa, have been shown to be
targets for SIV infection (38, 39).

Mucosal macrophages have been shown to be productively in-
fected in vivo and in vitro (46, 54, 55). However, studies have shown
that mucosal macrophages were less permissive to HIV infection than
CD4 T cells, likely due to their terminally differentiated phenotype
(41, 51, 55). Human mucosal tissue macrophages are predominantly
CD13� CD14� CD16� CD64� CD89� CD32�, which is character-
istic of a macrophage-like phenotype, whereas peripheral blood
mononuclear cells (PBMC) of monocytic lineage had a predomi-
nantly CD14� phenotype (55). Clayton et al. (7) demonstrated that
mononuclear macrophages in the rectal mucosa were one of the most

highly infected target cells during HIV infection. Though the role of
mononuclear cells has been extensively studied during HIV and SIV
infections, little is known about the in vivo kinetics of infection in
CD13� CD14� and CD14� mononuclear cells very early during the
course of infection.

The primary goal of this study was to determine if CD13�

CD14� and CD14� mononuclear cells were infected at levels sim-
ilar to CD4 T cells at the peak of infection and to examine if the
level of infection in these cells differs from that seen in peripheral
blood mononuclear cells. To address these questions, we evalu-
ated the changes in the proportions of Lin� HLA-DR� CD11c/
123� CD13� CD14� and CD14� mononuclear cells in peripheral
blood and jejunal mucosa and determined the level of SIV infec-
tion in these subsets at day 10 p.i. and in chronic stages of infec-
tion. Additionally, we evaluated the expression of Apobec3G to
determine if intracellular restriction was associated with differen-
tial infection of CD14� and CD14� mononuclear cell subsets.
Our results show CD13� CD14� mononuclear cells in both pe-
ripheral blood and mucosal tissues are preferentially infected very
early during the course of viral infection.

MATERIALS AND METHODS
Animals, infection, and samples. Rhesus macaques (Macaca mulatta) of
Indian origin were used in this study. Animals were housed in accordance
with American Association for Accreditation of Laboratory Animal Care
guidelines and were seronegative for SIV, simian retrovirus, and simian
T-cell leukemia virus type 1. All animal care and procedures were re-
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viewed and approved by the Institutional Animal Care and Use Commit-
tee. Peripheral blood and jejunal mucosa were collected at necropsy from
SIV-infected animals during acute (day 10 postinfection [p.i.]; n � 8) and
chronic (�1 year p.i.; n � 7) stages of infection. Animals were infected
with 1,000 50% tissue culture infective doses (TCID50) of uncloned
pathogenic SIVmac251 intravenously or intrarectally. Additionally, blood
(n � 8) and jejunal (n � 3) samples were obtained from healthy animals
as uninfected controls. PBMC were isolated by density gradient centrifu-
gation and used for subsequent experiments. Jejunal mucosa was pro-
cessed using enzymatic digestion followed by Percoll gradient centrifuga-
tion to enrich for mononuclear cells. We were unable to obtain
cumulative blood counts from all of the animals; hence, we were unable to
determine the absolute numbers of the various subsets.

Antibodies and flow cytometry. All antibodies used in this study,
except for HLA-DR-ECD (Beckman Coulter), CD13-phycoerythrin
(CD13-PE; e-Biosciences, San Diego, CA), and CD4-Pacific blue (CD4-
PB) and CD20-PB (Biolegend, San Diego, CA), were obtained from BD
Biosciences (San Diego, CA) and titrated using rhesus macaque PBMC.
For phenotypic analysis and sorting of mononuclear subsets, isolated cells
were labeled with the following antibodies: anti-CD3/CD8/CD20 –PB;
anti-HLA-DR–ECD; anti-CD11c/CD123–allophycocyanin (anti-CD11c/
CD123–APC); anti-CD16-Cy7–APC, -CD13–PE, -CD64-PE, -CCR5–PE,
or -CD4 –Alexa Fluor 700 and anti-CD14 –fluorescein isothiocyanate
(anti-CD14 –FITC). Additionally, memory CD4 T cells were sorted based
on the expression of CD28 and CD95 using the following combination of
antibodies: anti-CD3-Cy7–APC, anti-CD4 –PB, anti-CD8 –Alexa Fluor
700, anti-CD28-Cy5–PE, and anti-CD95–FITC. Negative controls were
stained with isotype control antibodies.

Labeled cells were fixed in 0.5% paraformaldehyde and analyzed using
a Becton Dickinson (BD) LSR II. Fixed cells were sorted for quantification
of viral DNA using a BD Aria sorter. Live CD4 T cells, total Lin� HLA-
DR� CD11c/123� cells, and Lin� HLA-DR� CD11c/123� CD14� and
CD14� mononuclear cells were sorted and used for evaluating the expres-
sion levels of Apobec3G and CD4 mRNA. Due to the small number of cells
recovered, CD14� and CD14� subsets from four animals were individu-
ally pooled to determine the expression of mRNA.

Viral loads. Plasma viral loads were determined by real-time reverse
transcription-PCR (RT-PCR) assay (32). CD4 T-cell-associated viral
DNA was measured by a quantitative PCR (qPCR) assay for SIV gag using
SIV gag primers and a probe (32, 35). Albumin primers were used simul-
taneously to quantify the number of cells. The assay was calibrated using a
cell line that carried a single copy of proviral SIV DNA as described pre-
viously (35). The SIV gag copy number is reported as number of SIV gag
copies/100,000 cells.

Relative qPCR for Apobec3G and CD4. RNA was isolated from puri-
fied populations of CD4 T cells and mononuclear cells using the RNeasy
kit (Qiagen Sciences, Gaithersburg, MD). Isolated RNA was treated with
Ambion Turbo DNase (Applied Biosystems, Austin, TX) to remove con-
taminating DNA. Purified RNA was reverse transcribed with Superscript
III first strand synthesis kit (Invitrogen, Carlsbad, CA) to make cDNA that
was used to determine the expression of Apobec3G and CD4 using the
ABI 7500 instrument (Applied Biosystems). TaqMan qPCR was per-
formed using high-fidelity Platinum Taq polymerase (Invitrogen) with
Macaca mulatta macaque-specific Apobec3G (GenBank accession num-
ber AY331716) primers Apobec3G-F (CTGTGCTTCCTGGACCTGAT)
and Apobec3G-R (CCAGGAGGTGAAGCAGGTAA) and probe
Apobec3G-P (6-carboxyfluorescein [FAM]-TGGAAGCTGGATGGCCA
GCA-black hole quencher 1 [BHQ1]) and CD4 (GenBank accession
number NM_001042662) primers CD4-F (TATGCTGGCTCTGGAAA
CCT) and CD4-R (TCCTGGAACTGAGTGGCTCT) and probe CD4-P
(ACGCTGGCCCTTGAAGCGAA); qPCR was normalized to the Macaca
mulatta �2-M (GenBank accession number AY349163) housekeeping
gene using the following �2-M-specific primers and probes: �2-M-F (G
CTGGCGCTACTCTCTCTTTCT), �2-M-R (GGATGGCGTGAGTAAA
CCTGAA), and �2-M-P (FAM-CCTGGAGGCTATCCAGCGTACTCC

AAAG-BHQ1). Collected data were analyzed using the 2���CT (ddCT)
method with ABI 7500 software, and fold differences were calculated as
described previously (49).

Data analysis. Flow cytometric data were analyzed using FlowJo ver-
sion 8.6 (Tree Star, Inc., Ashland, OR). Statistical analysis was performed
using the Mann-Whitney U test with GraphPad Prism version 4.0 soft-
ware (GraphPad Prism Software, Inc., San Diego, CA). A P value of �0.05
was considered significant.

RESULTS
Chronic infection is associated with loss of peripheral and mu-
cosal CD4 T cells. We first evaluated the plasma viral loads and
proportions of CD4 T cells in peripheral blood and jejunal mucosa
of SIV-infected animals and compared them to controls. Plasma
viral loads were �8 logs/ml of plasma at day 10 p.i., whereas there
were �6 logs/ml of plasma in chronically infected animals (Fig.
1a). There was a significant decrease in the proportion of total
CD4 T cells in peripheral blood during chronic infection com-
pared to those for uninfected and acutely infected animals (Fig.
1b). Likewise, as previously reported (4, 14, 18, 21, 31, 35, 37, 53,
58), chronic SIV infection was associated with a nearly total loss of
CD4 T cells in the mucosa.

Few Lin� HLA-DR� CD11c/123� mononuclear cells are in-
fected at day 10 p.i. compared to memory CD4 T cells. Next we
evaluated the effects of acute and chronic SIV infection on the
dynamics of Lin� HLA-DR� CD11c/123� mononuclear popula-
tions and infection in these cells from peripheral blood and com-
pared them to those in the jejunal mucosa.

In line with previously published reports (15), the overall
proportions of total Lin� HLA-DR� CD11c/123� mononu-
clear cells identified based on the gating strategy (Fig. 1c and d)
did not significantly change during acute and chronic infection
compared to those for uninfected animals. As CD11c/CD123
are predominantly expressed on dendritic cells, we excluded all
of the cells that expressed CD11c/123 on their surfaces to better
delineate the effect of infection on mononuclear phagocyte
populations.

Previous studies (35) have shown that the majority of mem-
ory CD4 T cells are infected and carry viral DNA at day 10 p.i.
However, little is known about the level of infection in Lin�

HLA-DR� CD11c/123� mononuclear cells during the acute
stages of infection. To determine the extent of SIV infection in
these cells, we evaluated the levels of SIV gag DNA in total Lin�

HLA-DR� CD11c/123� mononuclear cells from peripheral
blood and jejunal mucosa during acute and chronic infection
and compared them to levels in CD4 memory T cells (Fig. 2).

In line with previous reports (35), at day 10 p.i., memory CD4 T
cells in both peripheral blood and jejunal mucosa harbored �2 � 105

to 3 � 105 copies of SIV gag/105 cells, which significantly decreased to
�2 � 104 copies of SIV gag/105 cells in peripheral blood memory
CD4 T cells during chronic stages of disease (Fig. 2a). Due to the
nearly total loss of CD4 T cells, few CD4 T cells could be recovered
from jejunal mucosa of chronically infected animals for quantifica-
tion of infection.

In contrast to memory CD4 T cells, few Lin� HLA-DR�

CD11c/123� mononuclear cells in peripheral blood carried viral
DNA; at day 10 p.i., Lin� HLA-DR� CD11c/123� mononuclear
cells contained �2 � 103 to 5 � 103 copies of SIV gag/105 cells.
The level of infection significantly increased to �1 � 104 to 2 �
104 SIV gag copies/105 cells during chronic infection. Interest-
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ingly, this level of infection did not significantly differ from that
seen in memory CD4 T cells (Fig. 2a and b).

Compared to peripheral blood Lin� HLA-DR� CD11c/123�

mononuclear cells, jejunal Lin� HLA-DR� CD11c/123� mono-
nuclear cells were found to contain significantly higher levels of
infection; at day 10 p.i., jejunal Lin� HLA-DR� CD11c/123�

mononuclear cells harbored �5 to 10 times more SIV gag DNA
than peripheral blood. The level of infection in jejunal Lin� HLA-
DR� CD11c/123� mononuclear cells remained high during
chronic infection and was significantly higher than that found in
peripheral blood Lin� HLA-DR� CD11c/123� mononuclear cells
of chronically infected animals (Fig. 2a and b).

Mucosal and peripheral blood Lin� HLA-DR� CD11c/123�

mononuclear cells are CD13� but differentially express CD14.
Next we sought to determine if Lin� HLA-DR� CD11c/123�

mononuclear cells found in peripheral blood were phenotypically
different from those found in the jejunal mucosa. To address this
question, we evaluated the expression of CD14, CD16, and CD64
on peripheral blood Lin� HLA-DR� CD11c/123� mononuclear
cells and compared it to that on jejunal Lin� HLA-DR� CD11c/
123� mononuclear cells (Fig. 3a and b).

Our results showed that �75% of peripheral blood Lin� HLA-
DR� CD11c/123� mononuclear cells were CD14�, with the rest
of them being CD14�. In contrast to peripheral blood, �95% of

FIG 1 Plasma viral loads and Lin� HLA-DR� CD11c/123� mononuclear cell dynamics. (a) Plasma viral loads during acute SIV and chronic infection. Limit of
detection is 30 copies/ml of plasma. (b) Percentage of CD4 T cells in peripheral blood mononuclear cells (PBMC) and jejunal mucosa in uninfected and acute and
chronically SIV-infected animals. (c) Gating strategy used to identify Lin� HLA-DR� CD11c/123� mononuclear cells in PBMC and jejunal mucosa. (d)
Dynamics of Lin� HLA-DR� CD11c/123� mononuclear cells in PBMC and jejunal mucosal of uninfected and acute and chronically SIV-infected animals.

Monocytes and Macrophages in SIV Infection

January 2012 Volume 86 Number 2 jvi.asm.org 1071

http://jvi.asm.org


jejunal Lin� HLA-DR� CD11c/123� mononuclear cells ex-
pressed a CD14� phenotype.

To confirm if CD14� mononuclear cells represent myeloid
cells, we evaluated the expression of CD13 on CD14� mononu-
clear cells and compared it to expression on CD14� cells (Fig. 3a
and b). Nearly all of the CD14� and CD14� mononuclear cells in
peripheral blood and jejunum expressed CD13, suggesting that
CD13� CD14� mononuclear cells likely represent differentiated
macrophages as previous studies in humans have shown (55).

Next we evaluated levels of expression of CD64 on Lin� HLA-
DR� CD11c/123� CD14� and CD14� mononuclear cells in pe-
ripheral blood and compared them to the level in the jejunum
from SIV-negative animals. Our results showed that Lin� HLA-
DR� CD11c/123� CD14� mononuclear cells in both peripheral
blood and jejunal mucosa were predominantly CD64� whereas
most of the Lin� HLA-DR� CD11c/123� CD14� mononuclear
cells expressed CD64. Previous studies (55) have shown that hu-
man small intestinal macrophages were predominantly CD64�.

Earlier studies (55) have shown that CD14� and CD14�

mononuclear cells harbor a heterogeneous mix of subsets that can
be discriminated based on the expression of CD16. A majority of
the Lin� HLA-DR� CD11c/123� CD14� and CD14� subsets in
both peripheral blood and jejunum were CD16�.

Lin� HLA-DR� CD11c/123� CD14� CD16� mononuclear
cells are significantly decreased in peripheral blood during
chronic infection. Next we sought to determine if SIV infection
was accompanied by alterations in the proportions of Lin� HLA-
DR� CD11c/123� mononuclear cells in peripheral blood and je-

junal mucosa. To address this question, we first evaluated the pro-
portions of CD14� and CD14� mononuclear cells in peripheral
blood and jejunal mucosa of SIV-negative animals and compared
them to those for SIV-infected animals (Fig. 4a).

Chronic SIV infection was associated with a significant in-
crease in the proportion of CD14� mononuclear cells in periph-
eral blood and a coincident decrease in the proportion of CD14�

mononuclear cells. No major changes were observed during acute
infection.

To determine if the specific subsets of CD14� and CD14�

mononuclear cells in peripheral blood were altered during
chronic infection, we evaluated the dynamics of CD16 expression
on CD14� and CD14� Lin� HLA-DR� CD11c/123� mononu-
clear cells during chronic infection and compared them to those
for uninfected animals (Fig. 4b).

No major changes in the proportions of CD14� CD16� and
CD14� CD16� subsets were observed during chronic infection
compared to those for uninfected animals. However, chronic SIV
infection was associated with a significant increase in the propor-
tions of CD14� CD16� mononuclear cells, whereas the propor-
tions of CD14� CD16� mononuclear cells significantly declined
compared to those for uninfected animals.

Lin� HLA-DR� CD11c/123� CD14� mononuclear cells har-
bor higher levels of infection than CD14� mononuclear cells.
The predominance of Lin� HLA-DR� CD11c/123� CD14�

mononuclear cells in the jejunal mucosa accompanied by higher
levels of infection in these subsets raised the possibility that
CD14� subsets in peripheral blood may be preferentially infected

FIG 2 Kinetics of cell-associated viral loads during SIV infection. (a) Level of SIV infection in memory CD4 T cells (CD95� CD28� and CD95� 28�) and total
Lin� HLA-DR� CD11c/123� mononuclear cells in PBMC and jejunal mucosa during acute and chronic SIV infection. (b) Comparison of SIV infection of Lin�

HLA-DR� CD11c/123� mononuclear cells between PBMC and jejunal mucosa during acute and chronic infection.
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FIG 3 Lin� HLA-DR� CD11c/123� CD14� subsets express a predominantly CD13� CD16� CD64� phenotype. (a) Representative dot plots showing the
expression of CD13, CD64, and CD16 on Lin� HLA-DR� CD11c/123� CD14� and CD14� subsets in PBMC and jejunal mucosa of SIV-negative animals.
(b) Proportions of Lin� HLA-DR� CD11c/123� CD14� and CD14� subsets in PBMC and jeunual mucosa expressing CD13, CD64, and CD16 in
SIV-negative animals.
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compared to CD14� subsets. To address this possibility, we sorted
Lin� HLA-DR� CD11c/123� CD14� and CD14� subsets from
peripheral blood (Fig. 5a) and quantified the level of infection
(Fig. 5b) in these subsets. Since a majority of the jejunal mononu-
clear cells were Lin� HLA-DR� CD11c/123� CD14� and few
CD14� cells could be recovered from the jejunal mucosa, we re-
stricted our analysis to peripheral blood. Our results showed
CD14� subsets in peripheral blood, like their mucosal counter-
parts, harbored significantly higher levels of SIV gag DNA than the
CD14� subsets. The level of infection in CD14� subsets did not
significantly change during chronic infection compared to acute
infection.

Lin� HLA-DR� CD11c/123� CD14� mononuclear cells ex-
press low levels of CD4. Next we sought to determine if the pref-
erential infection of CD14� subsets was associated with differ-
ences in the expression of CD4 and CCR5, the primary receptor
and coreceptors for SIVmac251, on these subsets. To address this
question, we evaluated the expression of CD4 on CD14� and
CD14� subsets in peripheral blood by flow cytometry and com-
pared them to CD4 expression on Lin� (CD3� CD20� CD8�)
CD4� T cells (Fig. 5c).

Neither the CD14� nor the CD14� subsets expressed detect-
able CD4 on their surfaces compared to CD4 T cells. The expres-
sion of CD4 on CD14� and CD14� subsets did not change follow-
ing SIV infection. Given the CD4-tropic nature of SIVmac251, we
hypothesized that CD14� subsets likely express sufficient CD4 for
SIV to infect these cells but at levels that were not easily detectable
by flow cytometric analysis. To address this question, we evaluated
the level of CD4 mRNA in CD14� subsets of healthy animals and
compared it to levels in CD14� subsets and CD4� T cells (Fig. 5d).

Our results showed that CD14� subsets express twice the level of
CD4 mRNA as CD14� subsets but at levels that were 6-fold less
than those expressed by CD4� T cells.

Next we assessed if the differential infection was associated
with differences in the expression of CCR5 on CD14� and CD14�

subsets in healthy animals using flow cytometry and compared the
expression levels to levels in lymphocytes (Fig. 5e). No CCR5 was
detectable on CD14� subsets, whereas CD14� subsets were found
to express CCR5 at levels similar to that of Lin� lymphocytes. The
gates were set based on the expression of CCR5 on Lin� lympho-
cytes, and mean fluorescence intensity (MFI) values were deter-
mined based on isotype controls.

Lin� HLA-DR� CD11c/123� mononuclear cells express high
levels of Apobec3G compared to CD4 T cells. Previous studies
(11, 54, 55) have suggested that the difference in infection between
CD4 T cells and mononuclear phagocytes was likely due to the low
permissiveness of these cells to infection. We hypothesized that
this low permissiveness may be due to higher levels of intracellular
restriction factors such as Apobec3G.

To determine if Apobec3G levels play a role in the differential
infection of Lin� HLA-DR� CD11c/123� mononuclear cells, we
first evaluated the expression of Apobec3G in total Lin� HLA-
DR� CD11c/123� mononuclear cells from peripheral blood and
compared it to expression in CD4 T cells (Fig. 6a). Due to the lack
of sufficient mucosal samples, we restricted our analysis to periph-
eral blood.

At day 10 p.i., total Lin� HLA-DR� CD11c/123� mononuclear
cells were found to have �30 times more Apobec3G mRNA than
memory CD4 T cells; Apobec3G levels declined significantly in
chronically infected animals. This suggests that Apobec3G levels

FIG 4 Dynamics of CD14� and CD14� subsets in PBMC and jejunal mucosa. (a) Proportions of Lin� HLA-DR� CD11c/123� CD14� and CD14� subsets of
mononuclear cells in PBMC and jejunal mucosa of SIV-negative and acute and chronically infected animals. (b) Expression of CD16 on CD14� and CD14�

subsets in uninfected and chronically infected animals.
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likely contribute to the differential permissiveness of Lin� HLA-
DR� CD11c/123� mononuclear cells to SIV infection.

Next we evaluated if the significantly higher levels of infection
in peripheral blood Lin� HLA-DR� CD11c/123� CD14� macro-
phages than in CD14� monocytes were associated with differen-

tial expression of Apobec3G. Lin� HLA-DR� CD11c/123�

CD14� macrophages and CD14� monocytes from four animals
were sorted and used for analysis. Since the number of cells recov-
ered from the Lin� HLA-DR� CD11c/123� CD14� mononuclear
subsets was low, approximately similar numbers of cells from each

FIG 5 Lin� HLA-DR� CD11c/123� CD14� mononuclear cells are preferentially infected compared to CD14� subsets. (a) Sort purity of Lin� HLA-DR�

CD11c/123� CD14� and CD14� subsets. (b) Level of SIV infection in CD14� and CD14� subsets of Lin� HLA-DR� CD11c/123� mononuclear cells in PBMC
of acute and chronically infected animals. (c) Representative dot plot showing CD4 expression on Lin� cells and representative histograms showing the
expression of CD4 on CD14� and CD14� subsets of Lin� HLA-DR� CD11c/123� mononuclear cells and Lin� CD4� T cells in PBMC from uninfected animals.
(d) Expression of CD4 mRNA in CD14� subsets and CD4� T cells relative to CD14� subsets from PBMC of uninfected animals. The line represents baseline. (e)
Representative dot plot showing CCR5 expression on Lin� cells and representative histograms showing the expression of CCR5 on CD14� and CD14� subsets
of Lin� HLA-DR� CD11c/123� mononuclear cells and Lin� cells in PBMC from uninfected animals. The MFIs of CCR5 expression on CD14� and CD14�

subsets and Lin� cells are shown.
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subset from the 4 animals were pooled prior to RNA isolation and
pooled RNA was used for subsequent qPCR analysis. As shown in
Fig. 6b, both during acute and chronic infections, Lin� HLA-DR�

CD11c/123� CD14� mononuclear cells had lower levels of
Apobec3G than CD14� mononuclear cells.

DISCUSSION

Mucosal tissues are extensively involved in HIV pathogenesis and
constitute a major site for latent infection. Most of the primary
target cells in the mucosa, namely, the CD4 T cells, are depleted
within weeks after infection. Our data show that, like the CD4 T
cells, Lin� HLA-DR� CD11c/123� CD14� macrophages in the
mucosa are infected very early during the course of infection, al-
beit at a level lower than memory CD4 T cells. Interestingly, like
their mucosal counterparts, Lin� HLA-DR� CD11c/123� CD14�

macrophages in peripheral blood were found to be preferentially
infected, suggesting that CD14� mononuclear cells serve as early
targets for SIV infection. Our results support previous reports
showing that the CD14� CD16� subset of monocytes was the
major infected population in peripheral blood during HIV and
SIV infections (11, 13, 17, 19, 29, 42, 46, 62).

Interestingly, chronic infection was associated with a signifi-
cant mobilization of CD14� mononuclear cells in peripheral
blood. CD14� mononuclear cells develop in the bone marrow and
migrate into peripheral blood, with recent migrants expressing a
predominantly CD14� CD16� phenotype. The significant in-
crease in the proportions of CD14� CD16� mononuclear cells
during chronic infection may be due to the high level of turnover
during chronic infection as previous studies have reported (15).
Kim et al. (22) demonstrated that CD14hi subsets of mononuclear

cells were significantly elevated during acute and chronic SIV in-
fection.

The significantly lower level of infection in Lin� HLA-DR�

CD11c/123� CD14� macrophages than in memory CD4 T cells
suggests that there are likely inherent differences in permissive-
ness between these two cellular compartments to SIV infection. In
fact, CD14� mononuclear cells, compared to CD4 T cells, ex-
pressed much lower levels of CD4 on their surfaces whereas the
levels of expression of CCR5 were similar between the two com-
partments. The highly CD4- and CCR5-tropic nature of SIV in-
fection (3, 9) suggests that CD4 expression likely plays a key role in
limiting infection in CD14� mononuclear cells compared to CD4
T cells. Numerous studies have shown that CD4 expression plays a
critical role in HIV and SIV infection of macrophages (30, 44, 45).
Kozak et al. (26) showed that HIV binds weakly to cells expressing
low levels of CD4, whereas low levels of CD4 expression on mac-
rophages played a role in restricting the entry of T-tropic SIV
strains such as SIVmac239 (2), which could not be overcome by
the overexpression of CCR5. Likewise Kozak et al. (25) found that
CD4 rather than CCR5 or CXCR4 expression determines the ki-
netics and pathways for gp120 binding, endocytosis, and proteol-
ysis on cells that contain sufficient coreceptors for efficient infec-
tion. On the other hand, Platt et al. (45) showed that cells with
high expression of CD4 and low levels of CCR5 were sufficient for
maximum susceptibility to HIV-1 strains, whereas Pesenti et al.
(44) demonstrated that susceptibility of macrophages to HIV-1
was highly increased when they expressed higher levels of CD4
than macrophages that expressed low levels of CD4, with no sig-
nificant difference in susceptibility based on CCR5 expression.
Recent studies (52) have shown that low levels of CD4/CCR5

FIG 6 Lin� HLA-DR� CD11c/123� CD14� mononuclear cells express lower levels of Apobec3G than CD14� subsets. Shown is expression of Apobec3G mRNA
in total Lin� HLA-DR� CD11c/123� mononuclear cells relative to CD4 T cells of acute and chronically infected animals (a) and in Lin� HLA-DR� CD11c/123�

CD14� subsets relative to CD14� subsets of acute and chronically infected animals (b). Data from three repeat experiments are shown. The lines represent
baseline.
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likely contribute to the low permissiveness of intestinal macro-
phages to HIV infection. Human small intestinal macrophages
have been shown to express low levels of CD4 (54, 55), and min-
imal levels of CCR5 were sufficient for efficient infection of mono-
cytes and macrophages (44, 45) and T cells (10, 18, 35). Though
CD4 and CCR5 expression may explain the differential expression
in macrophage and monocyte subsets, our data do not rule out
other mechanisms that SIV may use to infect these cells.

The low permissiveness of Lin� HLA-DR� CD11c/123�

CD14� mononuclear cells to SIV infection compared to that of
memory CD4 T cells may also be due to differences in intracellular
restriction factors such as Apobec3G. Numerous studies (8, 50, 59,
61) have shown that Apobec3G could restrict SIV infection,
whereas Sui et al. (56) demonstrated that plasma viral loads in-
versely correlated with Apobec3G levels. Saez-Cirion et al. (48)
showed that intracellular restriction contributes to the intrinsic
cell resistance of monocytes to HIV-1 infection, whereas Peng et
al. (43) showed that monocytes contain higher levels of Apobec3G
than macrophages. In line with this argument, we found low levels
of Apobec3G in CD4 T cells compared to those in Lin� HLA-DR�

CD11c/123� mononuclear cells. Likewise, CD14� macrophages
expressed lower levels of Apobec3G than CD14� monocytes.
Though the relative differences in Apobec3G mRNA are not di-
rectly indicative of protein level differences, our data seem to sug-
gest that lower levels of Apobec3G may contribute to the lower
level of infection in CD14� subsets. Additional studies are, how-
ever, needed to address this question in more detail.

A number of other mechanisms have also been shown to limit
infection in macrophages during SIV infections. Sacha et al. (47)
showed that SIV gag and nef-specific CD4 T cells displayed direct
a effector function in eliminating macrophages. Though we did
not address this specific question in our study, the results reported
here suggest that multiple mechanisms likely play a role in limiting
the extent of infection in macrophages.

Taken together, our data provide new insights into effect of SIV
infection on the dynamics of infection in Lin� HLA-DR� CD11c/
123� CD14� macrophages in peripheral blood and mucosal tis-
sues and demonstrate that a significant fraction of differentiated
CD14� macrophages are infected very early during the course of
infection. The low level of CD4 expression along with differential
intracellular restriction likely plays a role in limiting infection in
CD14� mononuclear subsets compared to CD4 T cells. The rela-
tive abundance of differentiated CD14� mononuclear subsets in
the mucosa, however, suggests that these cells likely play a major
role disease pathogenesis and progression.
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