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Abstract

Monocytes and macrophages play a prominent role in the establishment of HIV-1 infection, virus
dissemination and development of viral reservoirs. Like T cells, macrophages display immune
polarization that can promote or impair adaptive immunity. We hypothesize that dysregulation of
monocyte/macrophage activation and differentiation may promote immune dysfunction and
contribute to AIDS pathogenesis. Using flow cytometry, we analyzed the frequency of monocyte
subsets in human immunodeficiency virus type 1 (HIV-1) infection relative to seronegative
controls, focusing on the CD163*/CD16* monocyte as a likely precursor of the “alternatively-
activated” macrophage. Individuals with detectable HIV-1 infection showed an increase in the
frequency of CD163*/CD16* monocytes (CD14") when compared to seronegative or HIV-1
infected persons with undetectable viral loads. A positive correlation between increased CD163*/
CD16™ monocyte frequency and viral load was revealed that was not seen between viral load and
the number of CD4" T cells or frequency of CD16* monocytes (without CD163 sub-typing). We
also found strong inverse correlations between CD16" monocytes (r=-0.71, r2=0.5041, p=0.0097)
or CD163*/CD16* monocytes (r=-0.86, r2=0.7396, p=0.0003) and number of CD4* T cells below
450 cells/pl. An inverse relationship between CD163*/CD16* and CD163*/CD16~ monocytes
suggests the expanded CD163*/CD16* population is derived exclusively from within the
“alternatively activated” (M®-2) subset. These data suggest a potential role for CD163*/CD16*
monocytes in virus production and disease progression. CD163*/CD16* monocytes may be a
useful biomarker for HIV-1 infection and AIDS progression and a possible target for therapeutic
intervention.

Macrophages can exhibit immune polarization analogous to the Tyl versus T2 cytokine
profiles expressed by T cells (for review, see Mantovani, 2005) 1. While the pro-

inflammatory, interleukin (IL)-12 producing M®-1 are involved in antigen presentation and
memory T cell activation, IL-10 producing, alternatively activated macrophages, M®-2, are
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primarily involved in housekeeping functions, i.e. phagocytosis, tissue remodeling and
immune suppression. Both populations have their appropriate functions; however
polarization to an M®-2 phenotype could have important immune consequences in the
setting of HIV-1 infection by adversely affecting the ability of the host immune system to
adequately respond to HIV-1 infection as well as other opportunistic pathogens.

Expression of CD163, a scavenger receptor for hemoglobin-haptoglobin (hg-hp) complex 2,
is reportedly exclusive to a subset of monocytes and specific tissue macrophages in humans
and has been used to phenotypically identify M®-2 3-5. In rhesus macaques infected with
SIV, a recent study identified increased numbers of CD163* macrophages in the heart,
correlating positively with SIV infected cells and negatively with inflammatory

infiltration 7. These results suggest an immunosuppressive effect of CD163* macrophages
and a potential imbalance in classical versus non-classical macrophage activation. CD163*
macrophages have also been shown to accumulate in CNS tissue in HIV-1 and SIV
encephalopathy & 9. These findings, together with the observed accumulation in the heart in
SIV infected animals might suggest a systemic abnormality in monocyte/macrophage
differentiation in HIV-1 infection, possibly contributing to immune suppression and
increased virus dissemination.

While virtually all monocytes express CD14, a lipopolysaccharide (LPS) receptor 10, the
less frequent CD16™ monocyte subset is considered more mature, with characteristics
similar to mature macrophages 1. We, therefore, sought to determine if there was an
alteration in the frequency of CD163*/CD16™ monocytes in HIV-1 infection as an indication
of altered differentiation toward the alternatively activated M®-2 subset. Such alterations
would suggest the importance of macrophage polarization in the pathogenesis of HIV-1
infection. In the studies presented here, we performed flow cytometric analysis on peripheral
blood mononuclear cells (PBMC) from seronegative and HIV-1 seropositive volunteers,
some on antiretroviral therapy, where viral load and CD4 counts were available from
clinical records (Table 1).

Flow cytometric analysis was performed on PBMC isolated by Ficoll separation from
heparinized whole blood specimens from 25 volunteers (6 HIV-1- and 19 HIV-1+) using
fluorescent tagged monoclonal antibodies against CD14-PerCP-Cy5.5 (clone M5E2, BD),
CD16-Pacific Blue (clone 3G8, BD), and CD163-FITC (clone Mac2-158, Trillium
Diagnostics). PBMC were isolated from whole blood within four hours of collection.
Isotype controls and fluorescence minus one (FMO) tests were performed for antibody
specificity and accuracy of gating, respectively.

For each sample, 20,000 events were collected on a FACSAria (BD Biosciences) within a
broad monocyte gate, defined by forward and side scatter properties, and analyze using
FlowJo version 7.1.3 software, (TreeStar). The broad monocyte gate was refined by plotting
side scatter against CD14, an LPS receptor expressed by the majority of monocytes. CD16
and CD163 expression were analyzed on the total CD14* monocyte population. Gates were
set using FMO controls with less than 0.3% background present in all positive gates.
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The HIV-1+ volunteers were divided into two groups: 9 volunteers successfully treated with
anti-retroviral therapy (ARV) with an undetectable viral load and 10 with detectable plasma
viremia. All subjects without detectable plasma viremia were on ARV, while only a single
donor with detectable virus was on ARV (Table 1). One-way analysis of variance (ANOVA)
revealed that HIV-1 infected donors with detectable plasma viral loads have a significant
increase in the frequency of CD163*/CD16* monocytes compared to seronegative donors
(p<0.01; Figure 1). Interestingly, individuals with an undetectable viral load show a small
decrease in the frequency of CD163*/CD16* monocytes from that observed in seronegative
donors, however, this difference is not significant. Among all HIV-1 infected individuals,
the percent frequency of CD163*/CD16* monocytes was significantly higher in volunteers
with, versus those without, detectable viral loads (p<0.001; Figure 1). This observation is
consistent with earlier reports demonstrating reduced frequency of CD16* monocytes
among HIV-1 infected individuals undergoing successful pharmacologic intervention 12 13,

Pearson correlation statistics were carried out on flow data obtained from HIV-1 infected
individuals to determine the relationship between absolute number of CD4* T cells, plasma
viremia and percent frequency of CD16* and CD163*/CD16* monocytes. A reduction in
CD4* T cells with increased viral load was observed, however, this correlation did not reach
significance (Figure 2, Panel C). Conversely, the percent frequency of CD16* monocytes
appears to increase with increased viral burden, however, like CD4™ T cells, this relationship
did not reach statistical significance (Figure 2, Panel C). Sub-fractionating the analysis of
total monocytes for CD163 expression in addition to CD16 expression demonstrated a
correlation between the frequency of CD163*/CD16™ monocytes and plasma viremia
(r=0.54, p=0.018; Figure 2, Panels A and C), suggesting a relationship between virus
production and the expansion of this monocyte subset.

Correlation statistics were also performed to determine the relationship between absolute
number of CD4™ T cells and percent frequency of CD16* and CD163*/CD16* monocytes. A
trend toward a decrease in the absolute number of CD4" T cells with increased CD16* and
CD163*/CD16™* monocyte frequencies was observed in all HIV-1 infected individuals,
however this was not significant for either monocyte subset (data not shown). Interestingly,
patients with CD4™ T cell counts below 450 cells/ul show a significant inverse correlation
between CD4™" T cells and CD163*/CD16* (r=-0.86, p=0.0003) or CD16" (r=-0.71,
p=0.0097) monocytes (Figure 2, Panels B and C). CD16* and CD163*/CD16* monocyte
subset expansion correlate with CD4* T cell loss in HIV-1 infected persons with counts less
than 450 cells/pl. The r2 values, however, demonstrate that a greater number of subjects fall
within the correlation between CD163*/CD16™ monocyte subset expansion and CD4* T cell
loss (r2=0.7396) (Figure 2, Panels A and C) than the correlation between CD16" monocyte
subset expansion and CD4* T cell loss (r?=0.5041) (Figure 2, Panel C). The percent
frequency of CD163*/CD16" monocytes also correlates inversely with the number of CD4*
T cells at the clinically relevant value of 350 cells/pl and below (r=-0.92, r2=0.8464,
p=0.0033). Our observation that expansion of the CD163*/CD16™ monocyte subset
correlates inversely with CD4* T cell count in patients with less than 450 CD4* T cells/pl,
however, may provide an earlier indicator of AIDS development/progression and a potential
opportunity for therapeutic intervention.
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To begin to understand the observed expansion of the CD163*/CD16* monocyte subset in
HIV-1 infection, we investigated differences in all four CD163*/CD16* monocyte
populations for divergences in the frequencies of any of these populations among the
seronegative and HIV-1 infected (with or without virus detection) groups. CD1637/CD16*
and CD1637/CD16~ populations were not significantly altered in any of the groups
examined (data not shown). In contrast, the frequency of CD163*/CD16~ monocytes is
greater in seronegative individuals and those with virus suppression than HIV-1 infected
donors with detectable plasma viremia (p<0.05). Additionally, the frequency of CD163*/
CD16™ monocytes shows a strong inverse correlation with the frequency of CD163*/CD16*
monocytes (r=-0.9195, r?=0.8455, p<0.0001) suggesting that these two subsets are inversely
associated; the CD163*/CD16* monocyte subset may be derived from CD163*/CD16~
monocytes. A strong trend toward a decrease of the CD163*/CD16~ monocyte subset with
increased viral load (p=0.07) was observed among all HIV-1 infected individuals enrolled in
this study. The absence of a significant relationship appears to be due to the presence of a
single outlier, where the removal of this outlier reveals a highly significant inverse
correlation, with r=-0.66 and p=0.003. We also observe a positive trend toward a greater
number of CD4" T cells with increased CD163*/CD16~ monocyte frequency that is not
statistically significant until CD4* T cells drop below 450 cells/ul (r=0.65, r2=0.4225,
p=0.022).

In view of the positive correlation with viral load and negative correlation with CD4* T cell
decline below 450 cells/ul, it is tempting to speculate that T cell loss and/or macrophage
infection may contribute to the expansion of the CD163*/CD16* subset during the course of
HIV-1 infection. In fact, CD16* monocytes may be an important reservoir of HIV-1
infection. A recent report shows CD16™ monocytes express higher levels of CCR5, are
preferentially HIV-1 infected relative to CD16~ monocytes, and harbor HIV-1 infection in
vivo 14, Furthermore, CD16™ monocytes produce high levels of virus upon differentiation
into macrophages and T cell interaction 1°. CD16* monocytes may also play an important
role in AIDS pathogeneses. In earlier work, we demonstrate that CD16* monocytes/
macrophages accumulate in the CNS in HIVE, many of which harbor productive HIV-1
infection 16. Interestingly, we have recently observed that the CD163* cells reported by
others to accumulate in the CNS in HIVE 8 are largely CD16™ (unpublished observations).

It is unclear how CD163*/CD16™ monocytes are expanded in HIV-1 infection. Macrophage
colony stimulating factor (M-CSF) production is up-regulated in HIV-1 infected monocyte-
derived macrophages (MDM) 17 and enhances the susceptibility of macrophages to HIV-1
infection 18, Further, this increased susceptibility is suggested to occur through alterations in
monocyte differentiation/activation by M-CSF rather than any effect M-CSF might have on
the virus, itself 17-1°. Interestingly, in vitro treatment of primary monocytes promotes
differentiation to CD163* macrophages 20 and has also been shown to up-regulate CD16
expression 21 22 Additionally, macrophages stimulated with M-CSF produce high levels of
IL-10 but do not produce 1L-12 23 suggesting a role for M-CSF in reducing inflammation
and potentially promoting a M®-2 phenotype 24. It is worth noting that M-CSF levels in
plasma and cerebral spinal fluid (CSF) have been correlated with shortened time to death in
a cohort of patients with advanced HIV-1 infection 25,
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Longitudinal studies evaluating alterations of CD163*/CD16* monocyte frequency with
plasma viremia and CD4" T cell decline will be required to determine if expansion of this
monocyte subset is predictive of disease progression. Additional studies will also be

ne
de
to

cessary to further characterize the cytokine polarization of this monocyte/M® subset, and
termine its role in HIV-1 pathogenesis. The CD163*/CD16™ monocyte subset may prove
be a predictive as well as associative, biomarker and may possibly serve as an effective

target for HIV-1 therapeutics.
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Figure 1. The frequency of CD1637/CD16™ monocytes is greater in patients with detectable viral
loads

The frequency of CD163*/CD16* monocytes (CD14%) is significantly increased in HIV-1
infected individuals with detectable plasma viremia when compared to seronegative donors
or patients with HIV-1 infection who are successfully controlling virus with pharmaceutical
intervention. A slight reduction in the number of CD163*/CD16™ monocytes is seen with
virus suppression as compared to seronegative individuals, however this is not statistically
significant. All “undetectable” HIV-1 infected subjects were on ARV. Only a single donor
within the “detectable” group was on ARV.
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Figure 2. CD163*/CD16™ monocyte expansion correlates positively with viral load and inversely
with CD4* T cell number in HIV-1 infected individuals

Pearson correlation statistics demonstrate a significant correlation between expansion of the
CD163*/CD16™ monocyte subset with increasing viral burden (Panel A). Further, in HIV-1
infected individuals with CD4* T cell counts below 450 cells/ul (12 of 19 subjects), an
inverse correlation was seen between absolute number of CD4* T cells and CD16" or
CD163*/CD16™* monocyte frequency, with greater significance seen with CD163*/CD16*
monocyte (r2 = 74%) (Panels B and C) than CD16* monocyte frequency (r2 = 50%) (Panel
C). Data analyses were performed using the original viral load values. Viral loads were log
transformed after analyses for data presentation.
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