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Abstract
Loss of circulating CD123+ plasmacytoid dendritic cells (pDCs) during HIV infection is well

established. However, changes of myeloid DCs (mDCs) are ambiguous since they are stud-

ied as a homogeneous CD11c+ population despite phenotypic and functional heterogeneity.

Heterogeneity of CD11c+mDCs in primates is poorly described in HIV and SIV infection.

Using multiparametric flow cytometry, wemonitored longitudinally cell number and cell-asso-

ciated virus of CD123+ pDCs and non-overlapping subsets of CD1c+ and CD16+mDCs in

SIV-infected CD8-depleted rhesus macaques. The numbers of all three DC subsets were sig-

nificantly decreased by 8 days post-infection. Whereas CD123+ pDCs were persistently de-

pleted, numbers of CD1c+ and CD16+mDCs rebounded. Numbers of CD1c+ mDCs

significantly increased by 3 weeks post-infection while numbers of CD16+mDCs remained

closer to pre-infection levels. We found similar changes in the numbers of all three DC sub-

sets in CD8 depleted animals as we found in animals that were SIV infected animals that

were not CD8 lymphocyte depleted. CD16+ mDCs and CD123+ pDCs but not CD1c+ mDCs

were significantly decreased terminally with AIDS. All DC subsets harbored SIV RNA as early

as 8 days and then throughout infection. However, SIV DNA was only detected in CD123+

pDCs and only at 40 days post-infection consistent with SIV RNA, at least in mDCs, being

surface-bound. Altogether our data demonstrate that SIV infection differently affects CD1c+

and CD16+mDCswhere CD16+ but not CD1c+mDCs are depleted andmight be differential-

ly regulated in terminal AIDS. Finally, our data underline the importance of studying CD1c+

and CD16+mDCs as discrete populations, and not as total CD11c+mDCs.
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Introduction
Dendritic cells (DCs) are professional antigen presenting cells with the unique ability to present
antigens to naïve T cells, inducing adaptive immune responses and controlling tolerance and
immune activation [1]. Thus it is likely that DCs play a role in the control of human immuno-
deficiency virus (HIV) infection and development of acquired immune deficiency syndrome
(AIDS). Peripheral blood DCs in humans and monkeys are usually defined, using 4–5 color
flow cytometry, as two major populations: lineage (Lin)- HLA-DR+ CD11c+ CD123- myeloid
DCs (mDCs) and Lin- HLA-DR+ CD11c- CD123+ plasmacytoid DCs (pDCs). It is well estab-
lished that absolute numbers of blood CD123+ pDCs decrease during HIV and SIV infection
[2–4] but the effects of HIV/SIV infection on mDC numbers are less well defined. Some reports
show decreased numbers of mDCs during chronic HIV and SIV infection [4–8] while others
have demonstrated increased numbers of mDCs in SIV-infected rhesus macaques [9]. The cor-
relation between absolute numbers of DCs and plasma virus or CD4+ T lymphocyte counts
has been studied but the results are inconsistent [10–12]. Whether circulating or resident tissue
DCs are actively HIV and SIV infected is also a matter of debate [13–16].

Monitoring DC numbers and infection is challenging due to cell heterogeneity, low cell
numbers, and technical differences in immune phenotype and detection. In addition, conflict-
ing data on modulation of DC numbers in AIDS exist due to discrepancies in the specimens
studied (acute vs. asymptomatic vs. chonic stages of HIV infection, and whether or not patients
are on ART). For these reasons, non-human primate models of AIDS represent a more com-
prehensive way to study kinetics of DC subsets and viral infection.

Non-overlapping subsets of mDCs that are CD1c+ mDCs and CD16+ mDCs have been
identified in non-infected humans and rhesus macaques. These subsets are distinguished phe-
notypically and functionally [17–20]. CD1c+ mDCs that secrete high levels of IL-8 might be in-
volved in monocyte chemotaxis, while CD16+ mDCs secreting high levels of TNF-alpha might
be stronger pro-inflammatory cells [20].

Because these mDC subsets may have different immune roles in infection and they have not
been studied as discrete populations in AIDS, we studied them throughout infection in SIV-in-
fected CD8+ lymphocyte depleted rhesus macaques as this model allows a significant and
rapid increases of viremia, rapid progression to AIDS and reduced survival of over 95% of SIV-
infected CD8 depleted animals in a short time period (3–4 months pi) [21]. Using this model,
we have published immunologic findings including evelvated sCD163 in plasma, expanssion of
CD14+CD16+ monocytes in blood, accumulation of CD163+ macrophages in cardiac and
CNS tissues, that have subsequenstly been demonstrated in chronically HIV infected individu-
als on durable combination anti-retroviral therapy (cART) [22–25]. Using a single 11-color
flow cytometry panel, we studied changes in CD1c+ mDCs, CD16+ mDCs, and CD123+ pDCs
in primary infection and until the development of AIDS. In addition, we analyzed FACS-puri-
fied subsets for SIV-RNA and-DNA at early and late time points. We found a decrease in all
three subsets in the first week of infection, and CD123+ pDCs remained depleted while the
CD1c and CD16+ mDC numbers returned to normal levels within three weeks. With develop-
ment of AIDS, numbers of CD123+ pDCs and CD16+ mDCs were significantly lower than
their pre-infection levels, which was in contrast to the CD1c+ mDCs. These data suggest a dif-
ferential modulation of CD1c+ mDCs versus CD16+ mDCs with disease. We detected genomic
SIV gag-RNA in all populations as early as 8 dpi, but SIV gag-DNA was only detected in
CD123+ pDCs at 40 dpi, suggesting that mDCs harbor SIV-RNA on the surface or in endocytic
compartments while pDCs are potentially productive viral reservoirs.
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Results

Blood CD123+ plasmacytoid DCs, and CD1c+ and CD16+ myeloid DCs
in rhesus macaques
Based on defined subsets of human blood DCs [17,18], we developed a single multicolor-flow cy-
tometry panel that identifies three non overlapping circulating DC subsets in rhesus macaques
[19]. DCs were first selected using forward and side scatter properties as cells between lymphocytes
and monocytes (Fig 1A; gate R1). Lineage negative (Lin-) cells were selected by excluding CD3+ T
lymphocytes and CD14+ monocytes (Fig 1B; gate R2), and CD20+ B lymphocytes (Fig 1B; gate
R3). CD16+ NK cells were excluded by gating on CD8- cells (Fig 1B; gate R3) and HLA-DR+ cells
(Fig 1C; gate R4) as previously described [19]. From the Lin- HLA-DR+ cells, three non-overlap-
ping DC subsets were identified: Lin- HLA-DR+CD1c-CD16-CD123+ (CD123+) pDCs and two
mDC subsets: Lin- HLA-DR+CD1c+CD16-CD123- (CD1c+) and Lin- HLA-DR+CD1c-CD16
+CD123- (CD16+) mDCs (Fig 1D). Similar to humans, rhesus macaque CD123+ pDCs were
CD11c-, and the CD16+ mDCs were all CD11c+. However, CD1c+ mDCs from rhesus macaques
expressed low-to-undetectable CD11c (Fig 1E) as we have previously reported [19]. Absolute
numbers of DC subsets in uninfected rhesus macaques were 10±6 CD1c+ mDCs/μL blood (mean
±SD, n = 21), 61±54 CD16+ mDCs/μL blood and 3±2 CD123+ pDCs/μL blood (Fig 1F). The
CD16+ mDCs comprised the majority of mDCs while CD1c+ mDCs were a minor subset.

CD1c+ and CD16+ mDC numbers are differently modulated with SIV
infection, whereas CD123+ pDC numbers persistently decline
The absolute numbers of CD1c+ and CD16+ mDCs, and CD123+ pDCs were longitudinally
analyzed in SIV-infected CD8+ T cell depleted rhesus macaques throughout infection (Fig 2).
Absolute numbers of all three subsets of DCs decreased after the first week of infection result-
ing in a significant loss of CD1c+ mDCs, CD16+ mDCs and CD123+ pDCs (Fig 2A and 2B).
However, while CD123+ pDC numbers remained low throughout infection, the numbers of
CD1c+ and CD16+ mDCs increased after 3 weeks of infection, with a significant higher in-
crease in numbers of CD1c+ mDCs compared to CD16+ mDCs. A more detailed examination
of the first weeks of infection (up to 26 dpi) revealed differential dynamics of absolute numbers
of mDCs and pDCs (Fig 2C). Absolute numbers of CD1c+ mDCs significantly decreased by 8
dpi (median: 4 cells/μL [range: 0.6–10.8]; P<0.01) and 12 dpi (median: 3.4 cells/μL [range: 1.2–
6.4]; P<0.01) compared to pre-infection (median: 15.2 cells/μL [range: 11–30.6]). Significant
increased absolute numbers of CD1c+ mDCs were detected at 19 dpi (median: 13.8 cells/μL
[range: 5–23.2]; P<0.05 compared to 8 dpi) and at 26 dpi (median: 29.3 cells/μL[range: 1.2–
6.4]; P<0.001 compared to days 8 and 12 p.i.) (Fig 2C). Similar to CD1c+ mDCs, absolute
numbers of CD16+ mDCs significantly decreased at 8 dpi (median: 5.7 cells/μL [range: 0.3–
24.7]; P<0.01) and 12 dpi (median = 6.1 cells/μL [range: 2.7–18.8]; P<0.05) compared to pre-
infection (median: 34.6 cells/μL [range: 7.2–117.4]). Absolute numbers of CD16+ mDCs slight-
ly increased at 26 dpi, one week after CD1c+ mDCs (median: 18.5 cells/μL [range: 7–129];
P<0.05 compared to 8 dpi) but to lower magnitude than CD1c+ mDCs (Fig 2C). This suggests
that the replenishment of CD1c+ mDCs occurred at a 2-fold higher rate (within 11 days) than
CD16+ mDCs (within 21 days) potentially reflecting a different turnover rate. Absolute num-
bers of CD123+ pDCs significantly decreased by 8 dpi (median: 0.71 cells/μL [range: 0.3–1.9];
P<0.001) and 12 dpi (median: 0.32 cells/μL [range: 0.2–1.4; P<0.001) compared to pre-infec-
tion (median: 3.4 cells/μL [range: 0.8–5.5]) and 5 dpi (median: 3.3 cells/μL [range: 0.7–4.8])
(Fig 2C). In contrast to mDCs, CD123+ pDC numbers remained low at 19 dpi (median:
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Fig 1. CD1c+ and CD16+mDCs, and CD123+ pDCs in whole blood from rhesusmacaques. Upper row: DCs are initially identified based on forward and
side scatter (FSC and SSC) profiles of whole blood (A; R1 gate). CD3+ T lymphocytes and CD14+ monocytes are excluded (B; R2 gate) as well as CD20+ B
lymphocytes and CD8+ NK cells (B; R3 gate) resulting in the selection of a Lin- population. From this, HLA-DR+ cells are selected (C; R4 gate). D. Within Lin-
HLA-DR+ cells, non-overlapping CD1c+ and CD16+ mDCs and CD123+ pDCs are identified. Percentages of positive cells from Lin- HLA-DR+ cells are
indicated. E. CD11c is expressed on CD16+ mDCs and at lower levels on CD1c+ mDCs. CD123+ pDCs were negative for CD11c. Grey histograms
represent a negative control as CD11c expression by CD3+ T lymphocytes; black histograms show CD11c expression on CD1c+, CD16+ and CD123+ DC.
Data are from animal 244–96 analyzed before infection representative of 21 normal rhesus macaques. F. Absolute numbers of DCs per microliter of whole
blood determined in normal rhesus macaques. CD16+ mDCs represents the major population of DCs in whole blood of healthy rhesus macaques (left graph
and left y-axis). CD1c+ mDCs and CD123+ pDCs are present in lower proportions (right graphs and right y-axis). Data are mean±SD from 21
uninfected animals.

doi:10.1371/journal.pone.0119764.g001
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1.6 cells/μL [range: 0.2–2.6]) and 26 dpi (median: 1.5 cells/μL [range: 0–4.8]). Similar differen-
tial dynamics were observed when looking at total percentages of DC subsets (not shown).

To better evaluate differences in numbers of circulating CD1c+, CD16+mDCs and
CD123+pDCs compared to pre-infection, we examined the percent change in absolute
numbers over time (Fig 3). Decreased numbers of CD1c+ and CD16+ mDCs occured early
at 5 (median: -10.5% and -48% respectively) and 8 dpi (medians: -73.5% and -87.5%

Fig 2. Longitudinal assessment of myeloid and plasmacytoid DCs in whole blood of SIV-infected CD8-lymphocyte depleted rhesusmacaques. The
absolute cell counts of CD1c+ mDCs (upper row panels), CD16+ mDCs (middle row panels) and CD123+ pDCs (lower row panels) determined over the
course of infection are shown. Three independent studies are shown: study I (black symbols and lines; n = 5), study II (grey symbols and lines; n = 4) and
study III (black symbols and dotted lines; n = 3). Black arrowheads indicate time of administration of anti-CD8 depleting antibody. A. Absolute DC numbers
from individual animals throughout infection. B. Averages of absolute DC numbers throughout infection.C. Individual absolute DC numbers measured in
early disease i.e. from pre-infection to 26 dpi including acute (8 dpi) and post-acute phases are shown to emphasize differences between changes in CD1c
+ and CD16+ mDC counts. The Kruskal-Wallis test followed by Dunn’s post test was used to determine the significance (asterisks) of differences in absolute
numbers during early SIV infection. * P<0.05, ** P<0.01, *** P<0.001. Box shows symbols for individuals animals.

doi:10.1371/journal.pone.0119764.g002
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Fig 3. Longitudinal analyssis of the percentage change in absolute numbers of DCs in SIV infected
CD8-lymphocyte depleted rhesusmacaques. Percent changes in absolute numbers of CD1c+ mDCs (A),
CD16+mDCs (B) and CD123+ pDCs (C) were calculated at different time points post-infection by
comparison to pre-infection (baseline: horizontal dashed line “0”). Negative percentages indicate cell loss
while positive percentages represent a gain in circulating DCs. Percent changes measured at necropsy time
(†) are shown as black symbols. Symbols represent individual animals and horizontal bars represent

SIV Differently Affects CD1c and CD16mDC In Vivo

PLOSONE | DOI:10.1371/journal.pone.0119764 April 27, 2015 6 / 19



respectively) a trend that was reversed by a significant expansion by 26 dpi, especially the
CD1c+ mDC population (median: +37.5%; P<0.001 compared to 8 dpi) (Fig 3A and 3B).
At this time point, the gain in CD1c+ mDCs was significantly high compared to CD16+
mDCs (P = 0.009, Wilcoxon paired test). These data show that both mDC subsets were re-
populated in blood by 3 weeks post-infection. Numbers of CD1c+ mDCs were amplified
(median percent changes above 0) while numbers of CD16+ mDCs stayed close to pre-in-
fection counts (median percent changes close to or below 0) suggesting different modula-
tion of these mDC subsets. These differences between the percent changes in CD16+ mDCs
and CD1c+ mDCs were significant at 5 dpi (P<0.02) and 26 dpi (P = 0.009) (Wilcoxon
paired test). We did not find any differences in percent changes of pDCs over time by 5 dpi.
We did not observe any significant rebound of CD123+ pDCs during SIV infection con-
firming their persistent depletion (Fig 3C).

Significant decreases of CD1c+ and CD16+ mDCs and CD123+ pDCs within the first week
after infection in the SIV-infected CD8-depleted animals described above correlated with de-
creases of CD8+ T cells (S1 Fig [26]). In order to exclude the possibility that CD8 depletion
alone might be responsible for the changes in DC subsets, we analyzed absolute numbers and
percent changes in CD1c+ and CD16+ mDCs and CD123+ pDCs in five rhesus macaques in-
fected with SIV but not CD8+ cell depleted (Fig 4). We observed similar trends in the absolute
numbers and percent changes of DC subsets in both models. The absolute number of all three
DC subsets were decreased in SIV-infected non CD8 depleted animals within the first week of
SIV infection (Fig 4A compared with Fig 2C). Similar to CD8+ T cell depleted animals, the per-
cent change in CD1c+ mDCs in SIV infected animals without CD8 depletion increased at 2
weeks post-infection (median at 14 dpi: +9%) and remained constant (median at 56dpi: +11%).
We observed an early loss of CD16+ mDCs (median at 2 dpi: -53%) and CD123+ pDCs at 8 dpi
(median: -86%) with both remaining below baseline throughout infection (Fig 4B compared
with Fig 3). This suggests that changes in absolute numbers of DC subsets we observed are relat-
ed to SIV infection rather than compensation for depletion of CD8+ T cells. These data are sup-
ported by unpublished observations showing that CD8 depletion alone does not significantly
affect the total percentages or absolute numbers of DC subsets over time in uninfected animals
(not shown).

CD16+ mDCs and CD123+ pDCs but not CD1c+ mDCs are significantly
decreased with AIDS
We compared absolute numbers of DCs measured in SIV-infected CD8- lymphocytedepleted
animals before infection and at necropsy with AIDS. We did not find any significant differ-
ences in the absolute numbers of CD1c+ mDCs with AIDS compared to pre-infection (Fig 5A)
probably due to 3 animals out of 10 showing strong increased CD1c+ absolute numbers with
terminal AIDS. In contrast, absolute numbers of CD16+ mDCs and CD123+ pDCs were signif-
icantly lower with AIDS compared to pre-infection (P = 0.004 and P = 0.01 respectively, Fig 5B
and 5C). The same depletion was observed with total percentages of DC subsets (not shown).

medians. The Kruskal-Wallis test followed by Dunn’s post test was used to determine the significance
(asterisks) of differences in percent change absolute numbers during SIV infection. * P<0.05, ** P<0.01, ***
P<0.001.

doi:10.1371/journal.pone.0119764.g003
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Fig 4. Modulation of absolute counts and percent changes of DCs in SIV-infected rhesusmacaques with no CD8 depletion. A. Absolute numbers of
CD1c+ mDCs CD16+mDCs and CD123+ pDCs were measured before infection (Pre) and after SIV infection of rhesus macaques without depletion of CD8+
cells. Each symbol represents an individual animal. B. Percent changes in absolute numbers of CD1c+ mDCs, CD16+ mDCs and CD123+ pDCs were
calculated at different time points post-infection by comparison to pre-infection (baseline: horizontal dashed line “0”). Negative percentages indicate cell loss
while positive percentages represent a gain in circulating DCs. Symbols represent individual animals and horizontal bars represent medians. The Friedman
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Differential infection of CD1c+, CD16+ and CD123+ DCs in vivo
In order to evaluate whether or not blood DCs were associated with SIV (SIV RNA) or active
viral replication in vivo (SIV DNA), we obtained highly purified CD1c+ mDCs, CD16+ mDCs,
and CD123+ pDCs pre-infection and days 8 (acute), 21 (post-acute) and 40 (late stage) after in-
fection. Cells were isolated by FACS using Lin- HLA-DR+ phenotype and non-overlapping ex-
pression of CD1c, CD16 or CD123 (S1 Fig). In addition, we isolated CD4+ T lymphocytes as
positive controls for cell-associated SIV-RNA and DNA. All sorted samples had cell purity
>99%.We detected SIV-RNA in all three DC subsets as early as 8 dpi with variability in RNA
levels depending on the DC subset, the stage of disease and the animal studied (Fig 6A).
SIV-RNA was detected in CD1c+ mDCs at 8 dpi in 3 samples out of 6 and 21 dpi in 5 samples
out of 8 and in all CD1c+ samples analyzed at 40 dpi. SIV RNA was detected in CD16+ mDCs at
8 dpi in only 1 sample out of 6, at 21 dpi in 7 samples out of 8 and at 40 dpi in 5 samples out of
6. SIV-RNA was detected in CD123+ pDCs at 8 dpi in 4 samples out of 5, at 21 dpi in 4 samples
out of 5, and at 40 dpi in 3 samples out of 5. CD1c+ and CD16+ mDCs had similar levels of
SIV-RNA at 21 dpi and at 40dpi. In contrast, levels of SIV-RNA in CD123+ pDC were signifi-
cantly higher than in CD1c+ mDCs at 21 dpi (P = 0.02) and in CD16+ mDCs at 21 dpi
(P = 0.006) and 40 dpi (P = 0.04). Compared to purified CD4+ T lymphocytes, the CD1c+ and
CD16+ mDCs had significantly lower levels of SIV-RNA at 21 dpi (P = 0.04 and P = 0.02 respec-
tively). By contrast, CD123+ pDCs had equivalent SIV-RNA levels compared to CD4+ T lym-
phocytes (P = 0.4 at 21 dpi). Interestingly proviral DNA was only detected in CD123+ pDCs,
late and in only a few samples (1 sample out of 5 at 21 dpi and 3 samples out of 5 at 40 dpi) (Fig
6B). In contrast, SIV-DNA was detected in all CD4+ T lymphocytes (Fig 6B). Levels of SIV-DNA
detected in CD123+ pDCs and CD4+ T lymphocytes were similar (Fig 6B). These results suggest
that SIV-RNA can be detected in all three subsets of DCs in vivo at different levels. mDCs had
lower viral loads compared to CD4+ T lymphocytes in contrast with CD123+ pDCs. Only
CD123+ pDCs showed SIV-DNA suggesting different susceptibility with SIV infection.

Discussion
In this study, using SIV infection and CD8-lymphocyte depletion, we examined longitudinal
changes in peripheral blood pDCs and mDCs using an original flow cytometry-based approach
that allows for the simultaneous detection of non-overlapping CD1c+ and CD16+ mDCs in
rhesus macaques. Reports on changes in mDCs during HIV and SIV infection are often contra-
dictory and focused on a unique population of mDCs characterized by CD11c expression, in
contrast to the CD11c- CD123+ pDCs [5,10,11]. In addition, the flow cytometry strategies
used to identify CD11c+ mDCs are highly variable due to the composition of the antibody line-
age cocktail used, gating strategy, limited number of parameters per antibody panel, and use of
PBMC vs. whole blood. It is likely that these variations lead to non-DC contaminants and/or
overestimation of DC numbers in different studies thus contributing in part to the generation
of conflicting data. In addition, there are specific differences within DC subsets. Human
CD11c+ mDCs are heterogeneous and include non-overlapping subsets of CD1c+ (BDCA-1),
CD16+ and CD141+ (BDCA-3) mDCs [17]. To date, these cells have not been studied as dis-
tinct mDC subsets in AIDS with HIV and SIV infection. Moreover, in some studies, CD16 is
used as an exclusion marker, which results in the omission of CD16+ mDCs from the analysis.
Using a multicolor flow cytometry panel similar to one that we developed for human DC subsets,

test followed by Dunn’s multiple comparison post test was used to determine significant differences in absolute number and percent change during SIV
infection. * P<0.05, ** P<0.01, *** P<0.001.

doi:10.1371/journal.pone.0119764.g004
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Fig 5. Unlike CD16+mDCs and CD123+ pDCs, numbers of CD1c+mDCs with AIDS are not
significantly decreased compared to pre-infection. Absolute numbers of CD1c+ mDCs (A), CD16+ mDCs
(B) and CD123+ pDCs (C) were measured before infection (Pre, white symbols) and at necropsy (†, black
symbols) with AIDS are shown. TheWilcoxon rank sum test was used to perform pair-wise analysis for the
absolute numbers of DC before infection and at necropsy with AIDS. P values and asterisks indicative of
significant differences are shown; n.s., not significant.

doi:10.1371/journal.pone.0119764.g005
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we detected the following DC subsets in SIV-infected rhesus macaques: CD11c- CD123+ pDCs,
and two non-overlapping subsets of mDCs expressing CD1c or CD16 [18,19]. This multicolor
analysis strategy gives a more precise phenotypic characterization of mDCs and pDCs by exclud-
ing potential contaminants and discriminating CD1c+ vs. CD16+ DCs within the major mDC
population. Altogether, we report here that absolute numbers of all three subsets of DCs studied
decreased after the first week of infection resulting in a significant loss of CD1c+ mDCs, CD16+
mDCs and CD123+ pDCs. However, while CD123+ pDC numbers remained low in blood

Fig 6. SIV RNA and DNA analysis of FACS-sorted myeloid and plasmacytoid DC subsets from SIV-infected, CD8-lymphocyte depleted rhesus
macaques. CD1c+ mDCs, CD16+mDCs and CD123+ pDCs from were sorted by flow cytometry before infection (Pre) and at days 8, 21 and 40 post-
infection (see S2 Fig for gating strategy and post-sort purity analysis). CD4+ T lymphocytes (CD4+ T Ly) from 3 animals were sorted as positive controls for
SIV infection. Symbols represent individual animals. Sorted cells were analyzed by PCR for SIV gag. Symbols indicate RNA (A) or DNA (B) copy numbers in
samples of sorted DC populations and CD4+ T lymphocytes. Samples that gave negative PCR reaction (limit of the PCR assay: 30 total copies per cell
sample) are represented as symbols located below threshold detection. All values have been normalized per 105 diploid genome cell equivalents.

doi:10.1371/journal.pone.0119764.g006
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throughout infection, the numbers of CD1c+ and CD16+ mDCs increased after 3 weeks of infec-
tion, with a significant higher increase in numbers of CD1c+ mDCs compared to CD16+ mDCs.
Thus it seems that CD1c+ mDCs and CD16+ mDCs tend to expand in blood three weeks post-
infection with a higher mobilization of CD1c+ compared to CD16+ mDCs. In addition, we
showed that in contrast to CD1c+ mDCs, CD16+ mDCs are CD11c+ cells. Interestingly, consis-
tently decreasing numbers of CD11c+ mDCs have been reported in SIV-infected animals pro-
gressing to AIDS while numbers of CD11c+ mDC remained increasing in stable animals that
controlled SIV infection [27]. The CD8 lymphocyte depletion used in this model might have po-
tential effects on numbers of other blood cells including DCs. However, in this study we find
similar modulation of the absolute counts of mDCs and pDCs in non CD8 depleted SIV-infected
animals suggesting that the CD8 lymphocyte depletion alone is unlikely directly responsible for
the changes in DC numbers reported in this study. Transcriptional profiling has shown that
CD16+ mDCs are distinct from CD1c+ mDCs even though both cluster with mDCs, in contrast
to the CD123+ pDCs, suggesting that CD16+ and CD1c+ mDCs have specialized functions re-
lated to their distinct lineage [28]. Accordingly, others reported that CD1c+ and CD16+ mDCs
were characterized by different allostimulatory functions and unique responses to Toll-like re-
ceptor ligands suggesting that they may potentially have different responses to bacteria or viral
infection [17,20]. In humans, CD16+ mDCs have strong proinflammatory activity and produce
higher amounts of TNF-alpha whereas CD1c+ mDCs appeared to be mainly inducers of che-
motaxis with a strong production of IL-8, a monocyte chemoattractant [20]. Thus, increased
numbers of CD16+ mDCs and CD1c+ mDCs observed 3 weeks post-SIV infection might be as-
sociated with higher pro-inflammatory and monocyte chemoattractant activities of these
mDCs respectively. Increased numbers of both mDCs could then contribute to the expansion
and recruitment of circulating monocytes, especially the CD16+ monocytes known to be expand-
ed during HIV and SIV infection [26,29–31]. The changes that we observed in CD16+ mDCs
after infection with SIV were similar to those observed by others studying CD11c+ mDCs as a
whole population [6]. This can be explained by the fact that CD16+ mDCs represent the main
subset within CD11c+ mDCs in rhesus macaques. However, since CD1c+ mDCs in rhesus ma-
caques show low-to-no expression of CD11c in contrast with humans, it is likely that studies re-
porting changes in CD11c mDCs with SIV infection are excluding the CD1c+ mDC subset from
analysis. We also found that absolute counts of CD16+ mDCs were significantly decreased with
AIDS compared to pre-infection numbers. Although CD1c+ mDC numbers tend to be lower
with AIDS compared to pre-infection, the difference was not statistically significant. Our data
might explain in part the conflicting results on changes in mDCs with AIDS since all studies re-
port changes in total CD11c+ mDCs in humans and rhesus macaques without distinguishing be-
tween CD1c+ and CD16+ mDCs. The significant decrease of CD16+ mDCs with AIDS is in
agreement with reports showing decreases in CD11c+ mDCs [6,11]. Moreover, when we ana-
lyzed the absolute numbers of mDCs from the animals in the present study, as a unique popula-
tion of CD11c+ cells as done in the litterature, we observed a significant decrease with terminal
AIDS compared to pre-infection that is almost identical to the one observed with CD16+ mDCs
(not shown). Studies reporting no changes or increases in CD11c+ mDC numbers might be bi-
ased by the presence of CD1c+ mDCs included in the mDC gate [10,12]. Our results underscore
the necessity of distinguishing both subsets within mDC in AIDS studies in humans, and more
especially monkeys where CD11c is not a good marker for mDCs, as CD1c+ mDCs in monkeys
express low-to-no CD11c [19,32]. The irreversible loss of CD123+ pDCs that we observed early
after infection is in agreement with previous reports in humans and monkeys [4,6,10,11,33]. Oth-
ers reported that this decrease in blood pDCs was probably due to a rapid migration to lymphoid
organs [2,4,34].
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In this study, we have reported the detection of SIV RNA in CD1c+ mDCs, CD16+ mDCs
and CD123+ pDCs as early as day 8 post-infection. Only the CD123+ pDCs had detectable SIV
DNA. We found this only during late infection and we only found it in a few samples. Whether
blood DCs are productively infected by HIV remains a matter of debate. The paucity of blood
DCs and the difficulties to identify/isolate pure populations without contamination by mono-
cytes or T lymphocytes has led to discrepancies about their infectability in vivo. Some suggested
that blood DCs are not productively infected by HIV-1 [13,14], while others were able to detect
HIV-infected mDCs and pDCs, but no integrated virus in pDCs [15,16]. HIV-1 provirus was
detected in purified DCs in ART-naive patients but RNA in this study was not analyzed
[35,36]. Recent reports suggest that Siglec-1 could be a receptor responsible for HIV capture
and storage by DCs and could also play a role in trans-infection of T cells especially after DC
maturation [37].

Purified CD123+ pDCs displayed higher levels of SIV RNA than mDCs. It is unlikely that
these viral RNA were due to contaminating cells. First, no more than 1% of contaminated cells
remained in the sorted samples. Second, we detected CD4+ T lymphocyte-associated SIV RNA
ranging 105 to 3.5x106 copies per 105 cells. The levels of SIV RNA detected in CD1c+ and
CD16+ mDCs were much lower than those detected in CD4+ T lymphocytes, thus excluding
that SIV RNA detected in mDCs are due to lymphocyte contamination. Publications suggest-
ing that circulating DCs are not infected by HIV in vivo were focused on determining produc-
tive infection. The majority of these studies analyzed proviral DNA as a sign of integration of
the virus but omitted viral RNA analysis. SIV RNA detection in mDCs is not unreasonable es-
pecially if one considers unspliced genomic RNA. In this case, virions can remain on mem-
brane surface or in non-lysosomal compartment. DCs have the ability to retain virions within
surface accessible compartments [38]. The PCR analysis that we used in this study allowed the
detection of genomic RNA. Therefore, we report the presence of cell-associated viral RNA on
blood DCs without suggesting that these cells are productively infected. Whether SIV RNA is
bound to the surface or internalized in vesicles needs to be determined. Finally, we detected
SIV DNA only in CD123+ pDCs and in 3 animals out of 7 and late during infection. Levels of
SIV DNA detected in CD123+ pDCs were similar to those detected in CD4+ T cells. A recent
report showing that pDC in lymph node harbor SIV DNA at a frequency higher than CD4+ T
lymphocytes, while SIV DNA in mDCs is undetectable supports, is in a greement with our ob-
servations [2]. However, due to the paucity of blood CD123+ pDC especially after 8 dpi, the de-
tection of SIV-DNA in samples of sorted CD123+ pDCs might need further confirmation.

In conclusion, our data demonstrate that CD1c+ and CD16+ mDCs are differently modu-
lated during SIV infection and might play different roles in SIV-associated immunodeficiency.
We also show that blood DCs harbor virus in vivo but that they seemed not productively in-
fected as suggested by the detection of SIV-RNA only that is probably surface-bound or re-
tained in endosomal compartements, at least on CD1c+ and CD16+ mDCs. Lastly, we would
like to underline the importance of considering CD1c+ and CD16+ mDCs as two discrete pop-
ulations in future studies as they might represent two distinct controllers of the immune re-
sponse to HIV/SIV infection.

Material and Methods

Ethical treatment of animals
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the U.S. Public Health Services/National Institutes of
Health, as well as according to the recommendations in the Weatherall report on “The Use of
Non-human Primates in Research”. The protocol was approved by the Institutional Animal
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Care and Use Committee of Harvard University (IACUC ID: 04420; Animal Welfare Assur-
ance Number A3431-01). The rhesus macaques were housed at the New England Primate Re-
search Center (NEPRC, Harvard Medical School, Southborough, MA) in BL2 facilities that are
fully accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care International. Uninfected animals were socially housed. After infection with SIV, animals
were individually housed since animals with more advanced disease may not be able to com-
pete for food. It is also more difficult to evaluate and monitor the health status of the animals
in social housing. Compensatory enrichment was provided to animals that were not socially
housed. Enrichment was provided through manipulatable devices, foraging opportunities, food
items, structural and environmental enhancements and positive human interaction. Enrich-
ment devices were rotated on a weekly basis and include toys, mirors, radios, TV/VCRs, forag-
ing boards, and a variety of complex foraging devices. Cages were positioned so that animals
had visual contact with other animals. Animals were observed daily by animal care staff for
signs of illness related to SIV infection including inactivity, anorexia, diarrhea, and dyspnea.
Veterinary staff were immediately notified if abnormalities were observed. Euthanasia were
performed based on the following criteria: weight loss>15% in 2 weeks or 30% body weight in
2 months or 25% overall, documented opportunistic infection, persistent anorexia> 3–5 days
without explicable cause, severe intractable diarrhea that is nonresponsive to standard treat-
ment and results in dehydration and debilitation of the animal, progressive neurologic signs—
i.e. instability on the perch bar, depression, head tilt, nystagmus, ataxia, stupor, or depression,
significant cardiac and/or pulmonary signs—i.e. dyspnea, open-mouthed breathing, severe,
previously unrecognized, cardiac murmur especially if resulting in pulmonary edema, progres-
sive or persistent anemia, or body condition score<1.5/5 with weight loss. All animal proce-
dures were performed under ketamine or telazol anesthesia to minimize discomfort and stress.

Animals and experimental protocol
Three independent studies were conducted with 12 adult rhesus macaques (Macaca mulatta):
study I (n = 5), study II (n = 4) and study III (n = 3). Animals were infected intravenously with
SIVmac251 on day 0. CD8+ lymphocytes were depleted by subcutaneous administration of an
anti-CD8 monoclonal antibody (cM-T807; provided by Dr K. Reimann) on day 6 post-infec-
tion (p.i.) followed by two intravenous infusions on days 8 and 12 p.i. CD8+ T lymphocyte de-
pletion results in accelerated development of AIDS within 3 months post-infection [21,39].
Following depletion in CD8+ lymphocytes, plasma virus peaked from 107 to 108 copies per ml
by 14 days p.i. and remained at or near those levels throughout the course of study in all 12 ani-
mals by 7–14 days p.i. (S1A Fig) and remained constant throughout the infection as previously
decsribed [21,26]. All but two animals (3308 and 186–05) were persistently CD8+ lymphocyte-
depleted (>28 dpi) (S1B Fig). AIDS rapidly developed in the 10 out of 12 animals with persis-
tent depletion within 3 months post-infection (median = 76 days [42 to 131 days]; n = 12). The
diagnosis of AIDS was determined by the presence of AIDS defining lesions: Pneumocystis
pneumonia, Mycobacterium avium infection (most commonly small intestine, liver and
mesenteric lymph node), and intestinal adenovirus infection (most common in small intes-
tine). Other, less common lesions include SIV giant cell disease in the lung, gut, and lymph
nodes and SIV associated arteriopathy. Whole blood was collected in ethylenediaminetetraace-
tic acid (EDTA) before SIV infection (pre) and at different time points after SIV infection until
necropsy. Using Wilk’s lambda multivariate analysis of variance (MANOVA), we determined
no significant differences between absolute cell counts and percent changes of CD1c+, CD16+
and CD123+ DC subsets in studies I, II and III (P>0.05). For these reasons, data from these
three studies were pooled. In addition, five rhesus macaques that were infected with
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SIVmac251 but not CD8 depleted were used to control possible effects of CD8 depletion on ab-
solute numbers of mDCs and pDCs.

Flow cytometry: phenotype analysis and cell sorting for detection of SIV
RNA and DNA

Antibodies. A cocktail composed of the following monoclonal antibodies was used: anti-
CD16-FITC (clone 3G8), anti-CD141-PE (clone 1A4), anti-CD123-PerCP-Cy5.5 (clone 7G3),
anti-CD3-PE-Cy7 (clone SP34-2), anti-CD14-Pacific Blue (clone M5E2), CD20-APC-Cy7
(clone L27) all from BD Pharmingen (San Jose, CA), anti-CD1c-APC (clone AD5-8E7, Milte-
nyi Biotec, Auburn, CA), anti-HLA-DR-PE-Texas Red (clone Immu-357, Beckman Coulter,
Miami, FL), anti-CD11c-Alexa700 (clone 3.9, eBiosciences, San Diego, CA), anti-CD8-Qdot
655 (clone 3B5, Invitrogen, Carlsbad, CA) and anti-CD4-Qdot 605 (clone S3.5, provided by Dr
K. Reimann).

Eleven-color flow cytometry. Erythrocytes in 100μL of whole blood were lysed using
Immunoprep reagent on a T-Q prep machine (Beckman-Coulter, Fullerton, CA). We routinely
use two 100μl samples of whole blood in separate tubes to ensure obtain optimal numbers of
DC. After lysis, leukocytes from two tubes were pooled, washed with phosphate buffered saline
(PBS) containing 2% fetal bovine serum (FBS) and incubated with a pre-mixed antibody cock-
tail described above for 15 minutes at room temperature in the dark. Stained cells were washed
with PBS-2% FBS, and resuspended with freshly prepared 1% paraformaldehyde (PFA) and an-
alyzed on a BD FACS Ariaflow cytometer (BD Biosciences) as previously described [18]. One
million total events were collected for analysis. Absolute cell numbers of each subset in blood
were calculated by multiplying the total percentage of cells by the number of white blood cells
per microliter of blood as determined by complete blood cell counts. Data were analyzed using
FlowJo software (version 7; Treestar, Ashland, OR).

Cell sorting. CD1c+, CD16+ and CD123+ DC subsets were sorted from peripheral blood
mononuclear cells (PBMCs) by flow cytometry. Briefly, PMBCs were obtained by density gra-
dient centrifugation (Ficoll-Paque PREMIUM; GE Healthcare Biosciences, Piscataway, NJ)
and were incubated with a mix of the following antibodies: anti-CD11c-PE, anti-HLA-DR-PE--
TexasRed, anti-CD123-PerCP-Cy5.5, anti-CD16-PE-Cy7, anti-CD1c-APC, anti-
CD3-APC-Cy7, anti-CD20-APC-Cy7, anti-CD14-APC-Cy7 and anti-CD8-Qdot655. DC sort-
ing was performed on a FACSAria equiped with 3 lasers (Becton Dickinson) modified as previ-
ously reported [19]. We sorted between 190–70,000 CD1c+ mDCs (median 3,200 cells), 3,300–
110,000 CD16+ mDCs (median 19,000 cells), and 160–4,700 CD123+ pDCs (median 1,900
cells) at the following time points: 1) before infection, 2) day 8 (acute), 3) day 21 (post-acute)
and 4) day 40 (late stage) p.i.. Because the number of cells, especially the CD123+ pDCs sorted
from the infected animals was too low for a post-sort analysis, we performed in parallel the
same sort on an uninfected age-matched animal using the same cell sorting parameters to as-
sess the purity of sorted populations. Sorted cell populations from the uninfected animals were
analyzed after sorting and the purity of all sorted populations was>99% with less than 0.1% of
CD4+ T cell contamination.

Viral loads
Plasma and cell-associated viral loads were determined as previously described [40,41] by
quantitative PCR methods targeting a conserved sequence in gag. The threshold detection limit
for 0.5 mL of plasma typically processed is 30 copy equivalents per mL. The threshold detection
limits for cell associated DNA and RNA viral loads are 30 total copies per sample, respectively,
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and are reported per 105 diploid genome cell equivalents by normalization to a co-determined
single haploid gene sequence of CCR5.

Statistical analysis
Kruskal-Wallis non-parametric test followed by Dunn’s post-test was used for multiple com-
parisons of percent changes between time points. Non-parametric Wilcoxon matched pair
test was used for comparisons of absolute cell numbers between pre-infection and necropsy
times. Differences in cell counts were considered statistically significant with P values<0.05.
Correlations were determined using Spearman non-parametric test, where two-tailed p values
<0.0001 were considered significant at an alpha level of 0.05. Statistical analyses were comput-
ed with Prism software (version 5.02; GraphPad Software, La Jolla, CA). Multivariate analysis
of variance (MANOVA) and general linear model of regression were computed with SAS/
STAT software (SAS Institute Inc., Cary, NC).

Supporting Information
S1 Fig. Long-term depletion of CD8+ lymphocytes in SIV-infected rhesus macaques in-
duces persistent increased plasma virus. (A) Virus (SIV-RNA gag) was quantified in plasma
samples by RT-PCR at different time points. Each line indicates an individual animal. Three in-
dependent studies are shown: study I (black symbols and lines; n = 5), study II (grey symbols
and lines; n = 4) and study III (black symbols and dotted lines; n = 3). (B) Longitudinal analysis
of absolute numbers of CD3+CD8+ lymphocytes from SIV-infected CD8+ lymphocyte-deplet-
ed rhesus macaques from pre-infection (day 0) to necropsy time. Two animals (186–05 and
3308) were transiently CD8+ lymphocyte depleted (<28 days) and 10 animals were persistently
CD8+ lymphocyte depleted (>28 days). Box shows symbols for individuals animals.
(TIF)

S2 Fig. Gating strategy for DC sorting and purity analysis. (A) Gating strategy. DCs were se-
lected according to FSC/SSC properties. Lin- cells such as CD14+, CD20+ and CD3+ cells were
excluded and HLA-DR+ were selected. From this Lin- HLA-DR+ population, CD1c+ mDCs,
CD16+ mDCs and CD123+ pDCs were sorted. From the CD3+CD14-CD20- cell population,
CD4+ T lymphocytes were sorted as positive control cells for cell-associated SIV. (B) Post-sort
analysis of the purity of sorted cells.
(TIF)

Acknowledgments
We are grateful to Dr Elkan F. Halpern for all of the advices and the assistance in the statistical
analysis. This work was supported by NIH grants R01NS40237, R01NS37654, U19MH081835,
and R01NS06897 to K.C.W. Nonhuman Primate Reagent Resource (RR016001, AI040101)
provided the in vivo CD8 T lymphocyte depletion antibodies used in these studies. This project
has been funded in part with Federal funds from the National Cancer Institute, National Insti-
tutes of Health, under Contract No. HHSN261200800001E. The content of this publication
does not necessarily reflect the views or policies of the Department of Health and Human Ser-
vices, nor does mention of trade names, commercial products, or organizations imply endorse-
ment by the U.S. Government. The funders had no role in the study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

SIV Differently Affects CD1c and CD16mDC In Vivo

PLOSONE | DOI:10.1371/journal.pone.0119764 April 27, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119764.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119764.s002


Author Contributions
Conceived and designed the experiments: CS KCW. Performed the experiments: CS PJA MP
JDL. Analyzed the data: CS. Wrote the paper: CS KCW THB.

References
1. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al. Immunobiology of dendritic

cells. Annu Rev Immunol. 2000; 18:767–811. PMID: 10837075.

2. Brown KN, Wijewardana V, Liu X, Barratt-Boyes SM. Rapid influx and death of plasmacytoid dendritic
cells in lymph nodes mediate depletion in acute simian immunodeficiency virus infection. PLoS patho-
gens. 2009; 5(5):e1000413. PMID: 19424421. doi: 10.1371/journal.ppat.1000413

3. Fitzgerald-Bocarsly P, Jacobs ES. Plasmacytoid dendritic cells in HIV infection: striking a delicate bal-
ance. Journal of leukocyte biology. 2010; 87(4):609–20. PMID: 20145197. doi: 10.1189/jlb.0909635

4. Malleret B, Maneglier B, Karlsson I, Lebon P, Nascimbeni M, Perie L, et al. Primary infection with simian
immunodeficiency virus: plasmacytoid dendritic cell homing to lymph nodes, type I interferon, and im-
mune suppression. Blood. 2008; 112(12):4598–608. PMID: 18787223. doi: 10.1182/blood-2008-06-
162651

5. Macatonia SE, Lau R, Patterson S, Pinching AJ, Knight SC. Dendritic cell infection, depletion and dys-
function in HIV-infected individuals. Immunology. 1990; 71(1):38–45. PMID: 2145214.

6. Brown KN, Trichel A, Barratt-Boyes SM. Parallel loss of myeloid and plasmacytoid dendritic cells from
blood and lymphoid tissue in simian AIDS. Journal of immunology. 2007; 178(11):6958–67. PMID:
17513745.

7. Wijewardana V, Bouwer AL, Brown KN, Liu X, Barratt-Boyes SM. Accumulation of functionally imma-
ture myeloid dendritic cells in lymph nodes of rhesus macaques with acute pathogenic simian immuno-
deficiency virus infection. Immunology. 2014; 143(2):146–54. doi: 10.1111/imm.12295 PMID:
24684292; PubMed Central PMCID: PMC4172131.

8. Wonderlich ER, Wijewardana V, Liu X, Barratt-Boyes SM. Virus-encoded TLR ligands reveal divergent
functional responses of mononuclear phagocytes in pathogenic simian immunodeficiency virus infec-
tion. Journal of immunology. 2013; 190(5):2188–98. doi: 10.4049/jimmunol.1201645 PMID: 23338235;
PubMed Central PMCID: PMC3577972.

9. Koopman G, Niphuis H, Haaksma AG, Farese AM, Casey DB, Kahn LE, et al. Increase in plasmacytoid
and myeloid dendritic cells by progenipoietin-1, a chimeric Flt-3 and G-CSF receptor agonist, in SIV-In-
fected rhesus macaques. Hum Immunol. 2004; 65(4):303–16. PMID: 15120185.

10. Schmidt B, Fujimura SH, Martin JN, Levy JA. Variations in plasmacytoid dendritic cell (PDC) and mye-
loid dendritic cell (MDC) levels in HIV-infected subjects on and off antiretroviral therapy. J Clin Immunol.
2006; 26(1):55–64. PMID: 16418803.

11. Donaghy H, Pozniak A, Gazzard B, Qazi N, Gilmour J, Gotch F, et al. Loss of blood CD11c(+) myeloid
and CD11c(-) plasmacytoid dendritic cells in patients with HIV-1 infection correlates with HIV-1 RNA
virus load. Blood. 2001; 98(8):2574–6. PMID: 11588058.

12. Jones GJ, Watera C, Patterson S, Rutebemberwa A, Kaleebu P, Whitworth JA, et al. Comparative loss
and maturation of peripheral blood dendritic cell subpopulations in African and non-African HIV-1-in-
fected patients. Aids. 2001; 15(13):1657–63. PMID: 11546940.

13. Cameron PU, Forsum U, Teppler H, Granelli-Piperno A, Steinman RM. During HIV-1 infection most
blood dendritic cells are not productively infected and can induce allogeneic CD4+ T cells clonal expan-
sion. Clin Exp Immunol. 1992; 88(2):226–36. PMID: 1349271.

14. Otero M, Nunnari G, Leto D, Sullivan J, Wang FX, Frank I, et al. Peripheral blood Dendritic cells are not
a major reservoir for HIV type 1 in infected individuals on virally suppressive HAART. AIDS research
and human retroviruses. 2003; 19(12):1097–103. PMID: 14709246.

15. Weissman D, Li Y, Ananworanich J, Zhou LJ, Adelsberger J, Tedder TF, et al. Three populations of
cells with dendritic morphology exist in peripheral blood, only one of which is infectable with human
immunodeficiency virus type 1. Proc Natl Acad Sci U S A. 1995; 92(3):826–30. PMID: 7846060.

16. Donaghy H, Gazzard B, Gotch F, Patterson S. Dysfunction and infection of freshly isolated blood mye-
loid and plasmacytoid dendritic cells in patients infected with HIV-1. Blood. 2003; 101(11):4505–11.
PMID: 12576311.

17. MacDonald KP, Munster DJ, Clark GJ, Dzionek A, Schmitz J, Hart DN. Characterization of human
blood dendritic cell subsets. Blood. 2002; 100(13):4512–20. PMID: 12393628.

18. Autissier P, Soulas C, Burdo TH, Williams KC. Evaluation of a 12-color flow cytometry panel to study
lymphocyte, monocyte, and dendritic cell subsets in humans. Cytometry A. 2010. PMID: 20099249.

SIV Differently Affects CD1c and CD16mDC In Vivo

PLOSONE | DOI:10.1371/journal.pone.0119764 April 27, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10837075
http://www.ncbi.nlm.nih.gov/pubmed/19424421
http://dx.doi.org/10.1371/journal.ppat.1000413
http://www.ncbi.nlm.nih.gov/pubmed/20145197
http://dx.doi.org/10.1189/jlb.0909635
http://www.ncbi.nlm.nih.gov/pubmed/18787223
http://dx.doi.org/10.1182/blood-2008-06-162651
http://dx.doi.org/10.1182/blood-2008-06-162651
http://www.ncbi.nlm.nih.gov/pubmed/2145214
http://www.ncbi.nlm.nih.gov/pubmed/17513745
http://dx.doi.org/10.1111/imm.12295
http://www.ncbi.nlm.nih.gov/pubmed/24684292
http://dx.doi.org/10.4049/jimmunol.1201645
http://www.ncbi.nlm.nih.gov/pubmed/23338235
http://www.ncbi.nlm.nih.gov/pubmed/15120185
http://www.ncbi.nlm.nih.gov/pubmed/16418803
http://www.ncbi.nlm.nih.gov/pubmed/11588058
http://www.ncbi.nlm.nih.gov/pubmed/11546940
http://www.ncbi.nlm.nih.gov/pubmed/1349271
http://www.ncbi.nlm.nih.gov/pubmed/14709246
http://www.ncbi.nlm.nih.gov/pubmed/7846060
http://www.ncbi.nlm.nih.gov/pubmed/12576311
http://www.ncbi.nlm.nih.gov/pubmed/12393628
http://www.ncbi.nlm.nih.gov/pubmed/20099249


19. Autissier P, Soulas C, Burdo TH, Williams KC. Immunophenotyping of lymphocyte, monocyte and den-
dritic cell subsets in normal rhesus macaques by 12-color flow cytometry: clarification on DC heteroge-
neity. Journal of immunological methods. 2010; 360(1–2):119–28. PMID: 20600075. doi: 10.1016/j.jim.
2010.07.001

20. Piccioli D, Tavarini S, Borgogni E, Steri V, Nuti S, Sammicheli C, et al. Functional specialization of
human circulating CD16 and CD1c myeloid dendritic-cell subsets. Blood. 2007; 109(12):5371–9.
PMID: 17332250.

21. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, Lifton MA, et al. Control of viremia in simi-
an immunodeficiency virus infection by CD8+ lymphocytes. Science. 1999; 283(5403):857–60. PMID:
9933172.

22. Burdo TH, Lentz MR, Autissier P, Krishnan A, Halpern E, Letendre S, et al. Soluble CD163 Made by
Monocyte/Macrophages Is a Novel Marker of HIV Activity in Early and Chronic Infection Prior to and
After Anti-retroviral Therapy. The Journal of infectious diseases. 2011; 204(1):154–63. PMID:
21628670. doi: 10.1093/infdis/jir214

23. Burdo TH, Weiffenbach A, Woods SP, Letendre S, Ellis RJ, Williams KC. Elevated sCD163 in plasma
but not cerebrospinal fluid is a marker of neurocognitive impairment in HIV infection. Aids. 2013; 27
(9):1387–95. doi: 10.1097/QAD.0b013e32836010bd PMID: 23435298; PubMed Central PMCID:
PMC3844286.

24. Pereyra F, Lo J, Triant VA, Wei J, Buzon MJ, Fitch KV, et al. Increased coronary atherosclerosis and
immune activation in HIV-1 elite controllers. Aids. 2012; 26(18):2409–12. doi: 10.1097/QAD.
0b013e32835a9950 PMID: 23032411; PubMed Central PMCID: PMC3660105.

25. Subramanian S, Tawakol A, Burdo TH, Abbara S, Wei J, Vijayakumar J, et al. Arterial inflammation in
patients with HIV. Jama. 2012; 308(4):379–86. doi: 10.1001/jama.2012.6698 PMID: 22820791;
PubMed Central PMCID: PMC3724172.

26. Williams K, Westmoreland S, Greco J, Ratai E, Lentz M, KimWK, et al. Magnetic resonance spectros-
copy reveals that activated monocytes contribute to neuronal injury in SIV neuroAIDS. J Clin Invest.
2005; 115(9):2534–45. PMID: 16110325.

27. Wijewardana V, Soloff AC, Liu X, Brown KN, Barratt-Boyes SM. Early Myeloid Dendritic Cell Dysregula-
tion is Predictive of Disease Progression in Simian Immunodeficiency Virus Infection. PLoS pathogens.
2010; 6(12):e1001235. PMID: 21203477. doi: 10.1371/journal.ppat.1001235

28. Lindstedt M, Lundberg K, Borrebaeck CA. Gene family clustering identifies functionally associated sub-
sets of human in vivo blood and tonsillar dendritic cells. Journal of immunology. 2005; 175(8):4839–46.
PMID: 16210585.

29. Jaworowski A, Kamwendo DD, Ellery P, Sonza S, Mwapasa V, Tadesse E, et al. CD16+monocyte sub-
set preferentially harbors HIV-1 and is expanded in pregnant Malawian women with Plasmodium falcip-
arummalaria and HIV-1 infection. The Journal of infectious diseases. 2007; 196(1):38–42. PMID:
17538881.

30. Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, Solomon A, et al. The CD16+ monocyte sub-
set is more permissive to infection and preferentially harbors HIV-1 in vivo. Journal of immunology.
2007; 178(10):6581–9. PMID: 17475889.

31. Thieblemont N, Weiss L, Sadeghi HM, Estcourt C, Haeffner-Cavaillon N. CD14lowCD16high: a cyto-
kine-producing monocyte subset which expands during human immunodeficiency virus infection. Eur J
Immunol. 1995; 25(12):3418–24. PMID: 8566032.

32. Pichyangkul S, Saengkrai P, Yongvanitchit K, Limsomwong C, Gettayacamin M, Walsh DS, et al. Isola-
tion and characterization of rhesus blood dendritic cells using flow cytometry. Journal of immunological
methods. 2001; 252(1–2):15–23. PMID: 11334961.

33. Barratt-Boyes SM, Wijewardana V, Brown KN. In acute pathogenic SIV infection plasmacytoid dendritic
cells are depleted from blood and lymph nodes despite mobilization. Journal of medical primatology.
2010; 39(4):235–42. PMID: 20618589. doi: 10.1111/j.1600-0684.2010.00428.x

34. Nascimbeni M, Perie L, Chorro L, Diocou S, Kreitmann L, Louis S, et al. Plasmacytoid dendritic cells ac-
cumulate in spleens from chronically HIV-infected patients but barely participate in interferon-alpha ex-
pression. Blood. 2009; 113(24):6112–9. PMID: 19366987. doi: 10.1182/blood-2008-07-170803

35. Patterson S, English NR, Longhurst H, Balfe P, Helbert M, Pinching AJ, et al. Analysis of human immu-
nodeficiency virus type 1 (HIV-1) variants and levels of infection in dendritic and T cells from symptom-
atic HIV-1-infected patients. The Journal of general virology. 1998; 79 (Pt 2):247–57. PMID: 9472609.

36. Centlivre M, Legrand N, Steingrover R, van der Sluis R, Grijsen ML, Bakker M, et al. Altered dynamics
and differential infection profiles of lymphoid and myeloid cell subsets during acute and chronic HIV-1
infection. Journal of leukocyte biology. 2011; 89(5):785–95. PMID: 21310820. doi: 10.1189/jlb.0410231

37. Izquierdo-Useros N, Lorizate M, McLaren PJ, Telenti A, Krausslich HG, Martinez-Picado J. HIV-1 cap-
ture and transmission by dendritic cells: the role of viral glycolipids and the cellular receptor Siglec-1.

SIV Differently Affects CD1c and CD16mDC In Vivo

PLOSONE | DOI:10.1371/journal.pone.0119764 April 27, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/20600075
http://dx.doi.org/10.1016/j.jim.2010.07.001
http://dx.doi.org/10.1016/j.jim.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17332250
http://www.ncbi.nlm.nih.gov/pubmed/9933172
http://www.ncbi.nlm.nih.gov/pubmed/21628670
http://dx.doi.org/10.1093/infdis/jir214
http://dx.doi.org/10.1097/QAD.0b013e32836010bd
http://www.ncbi.nlm.nih.gov/pubmed/23435298
http://dx.doi.org/10.1097/QAD.0b013e32835a9950
http://dx.doi.org/10.1097/QAD.0b013e32835a9950
http://www.ncbi.nlm.nih.gov/pubmed/23032411
http://dx.doi.org/10.1001/jama.2012.6698
http://www.ncbi.nlm.nih.gov/pubmed/22820791
http://www.ncbi.nlm.nih.gov/pubmed/16110325
http://www.ncbi.nlm.nih.gov/pubmed/21203477
http://dx.doi.org/10.1371/journal.ppat.1001235
http://www.ncbi.nlm.nih.gov/pubmed/16210585
http://www.ncbi.nlm.nih.gov/pubmed/17538881
http://www.ncbi.nlm.nih.gov/pubmed/17475889
http://www.ncbi.nlm.nih.gov/pubmed/8566032
http://www.ncbi.nlm.nih.gov/pubmed/11334961
http://www.ncbi.nlm.nih.gov/pubmed/20618589
http://dx.doi.org/10.1111/j.1600-0684.2010.00428.x
http://www.ncbi.nlm.nih.gov/pubmed/19366987
http://dx.doi.org/10.1182/blood-2008-07-170803
http://www.ncbi.nlm.nih.gov/pubmed/9472609
http://www.ncbi.nlm.nih.gov/pubmed/21310820
http://dx.doi.org/10.1189/jlb.0410231


PLoS pathogens. 2014; 10(7):e1004146. doi: 10.1371/journal.ppat.1004146 PMID: 25033082;
PubMed Central PMCID: PMC4102576.

38. Felts RL, Narayan K, Estes JD, Shi D, Trubey CM, Fu J, et al. 3D visualization of HIV transfer at the viro-
logical synapse between dendritic cells and T cells. Proc Natl Acad Sci U S A. 2010; 107(30):13336–
41. PMID: 20624966. doi: 10.1073/pnas.1003040107

39. Schmitz JE, Simon MA, Kuroda MJ, Lifton MA, Ollert MW, Vogel CW, et al. A nonhuman primate model
for the selective elimination of CD8+ lymphocytes using a mouse-human chimeric monoclonal anti-
body. The American journal of pathology. 1999; 154(6):1923–32. PMID: 10362819.

40. Cline AN, Bess JW, Piatak M Jr., Lifson JD. Highly sensitive SIV plasma viral load assay: practical con-
siderations, realistic performance expectations, and application to reverse engineering of vaccines for
AIDS. J Med Primatol. 2005; 34(5–6):303–12. PMID: 16128925.

41. Venneti S, Bonneh-Barkay D, Lopresti BJ, Bissel SJ, Wang G, Mathis CA, et al. Longitudinal in vivo
positron emission tomography imaging of infected and activated brain macrophages in a macaque
model of human immunodeficiency virus encephalitis correlates with central and peripheral markers of
encephalitis and areas of synaptic degeneration. Am J Pathol. 2008; 172(6):1603–16. PMID:
18467697. doi: 10.2353/ajpath.2008.070967

SIV Differently Affects CD1c and CD16mDC In Vivo

PLOSONE | DOI:10.1371/journal.pone.0119764 April 27, 2015 19 / 19

http://dx.doi.org/10.1371/journal.ppat.1004146
http://www.ncbi.nlm.nih.gov/pubmed/25033082
http://www.ncbi.nlm.nih.gov/pubmed/20624966
http://dx.doi.org/10.1073/pnas.1003040107
http://www.ncbi.nlm.nih.gov/pubmed/10362819
http://www.ncbi.nlm.nih.gov/pubmed/16128925
http://www.ncbi.nlm.nih.gov/pubmed/18467697
http://dx.doi.org/10.2353/ajpath.2008.070967


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


