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Abstract

In the present study, we investigated whether colony-stimulating factor 1 receptor 
(CSF1R) is expressed on brain macrophages and microglia in the human and macaque 
brain and whether it is upregulated and activated after lentivirus infection in vivo 
and contributes to development of encephalitic lesions. We examined, using multi-
label and semi-quantitative immunofluorescence microscopy, the protein expression 
level and cellular localization of CSF1R in brain tissues from uninfected controls 
and SIV-infected adult macaques with or without encephalitis and also from unin-
fected controls, HIV-infected encephalitic subjects and virally suppressed subjects. 
In the normal uninfected brain, CSF1R protein was detected only on microglia and 
brain macrophages but not on neurons, astrocytes or oligodendrocytes. Microglia 
constitutively expressed CSF1R at low levels, and its expression was largely un-
changed in non-encephalitic and encephalitic animals. Brain macrophages, including 
perivascular macrophages (PVMs), expressed higher levels of CSF1R compared to 
microglia. Interestingly, we found significantly increased expression of CSF1R on 
the infected PVMs and lesional macrophages in the brains of encephalitic macaques. 
Moreover, the per cell expression of CSF1R determined by its mean pixel intensity 
(MPI) correlated positively with the MPI of SIV Gag p28 in SIV-infected PVMs. 
Using phosphorylated CSF1R at tyrosine residue 723 and phosphorylated signal 
transducer and activator of transcription 5 at tyrosine reside 694 as markers for 
CSF1R activation, we found selective activation of CSF1R signaling in infected 
brain macrophages in encephalitis. We also found colocalization of CSF1R and its 
ligand CSF1 in PVMs and lesional macrophages in the brains of encephalitic macaques 
and humans. Notably, elevated brain CSF1R expression was found in virally sup-
pressed subjects. These findings point to opportunities for developing a specific 
approach targeting infected brain macrophages, with several brain-penetrant CSF1R 
inhibitors that are available now, in order to eliminate central nervous system mac-
rophage reservoirs, while not affecting resting uninfected microglia and PVMs that 
show no CSF1R activation.

INTRODUCTION
Macrophage reservoirs for HIV within the central nervous 
system (CNS) are thought to contribute to the development 
and progression of neurological complications known col-
lectively as HIV-associated neurocognitive disorder (HAND) 
(4, 43, 46), which is of significant clinical concern due to 
its continued prevalence in virally suppressed individuals 
on antiretroviral therapy (ART) (44). Infected perivascular 
macrophages (PVMs) and microglia mediate HIV neu-
ropathogenesis through the spread of virus and production 
of soluble factors that can lead to impairment of neuronal 

and glial cell function. Due to this, understanding how the 
macrophage viral reservoir is established and maintained is 
essential for designing therapeutic strategies aimed at elimi-
nation of this reservoir and the prevention/treatment of 
HAND.

Through genetic knockout and pharmacological targeting 
in mice, colony-stimulating factor 1 (CSF1)/CSF1 receptor 
(CSF1R) signaling has been shown to be essential for myeloid 
cell survival, proliferation and differentiation (11, 12, 14, 
15, 24, 38, 41, 45). CSF1 [also known as macrophage colony-
stimulating factor (M-CSF)] and interleukin-34 (IL-34) 
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constitute the ligands for CSF1R (37). Although there exist 
differences in receptor affinity, signaling strength and expres-
sion profiles between CSF1 and IL-34 (6), CSF1R ligation 
by either CSF1 or IL-34 leads to phosphorylation of the 
same tyrosine residues of the intracellular domain of the 
receptor, suggesting potential shared functions by the two 
ligands through CSF1R (6, 52). Interestingly, CSF1 signal-
ing has been shown to play important roles in HIV infec-
tion of macrophages and HIV-associated CNS disease (2, 
10, 20, 22, 23, 28, 32, 33, 36, 39, 42, 47). It appears that 
by forming a positive feedback loop with HIV-1, CSF1 
can enhance HIV-1 pathogenesis and progression driven 
by macrophages. A recent study using simian immunode-
ficiency virus (SIV)-infected rhesus macaques showed that 
PVMs and macrophages in encephalitic lesions (the so-called 
lesional macrophages) produce high levels of CSF1 in vivo 
(22, 23). Moreover, levels of CSF1 in the cerebrospinal 
fluid (CSF) were positively correlated with the degree of 
neurocognitive impairment in HIV-infected patients on sup-
pressive ART (36).

Largely due to lack, until recently, of anti-human or 
macaque CSF1R antibodies that are effective on formalin-
fixed paraffin embedded (FFPE) tissues, little has been 
known about its expression in humans or nonhuman pri-
mates. In the current study, using a newly developed CSF1R 
antibody that works for immunohistochemical staining in 
FFPE tissues, we sought to examine its expression in brains 
of SIV-infected macaques and HIV-infected individuals 
compared to uninfected controls, while characterizing the 
phenotype of cells expressing CSF1R in the brain in rela-
tion to virus infection and efficacy of a potential treatment 
for eliminating macrophage reservoirs through CSF1R 
blockade.

MATERIALS AND METHODS

Animals

Ten adult rhesus macaques listed in Table 1 were used 
in this study. The animals were housed at Tulane National 
Primate Research Center (TNPRC), with procedures 
approved by the Tulane University Institutional Animal 
Care and Use Committee in accordance with the National 
Institutes of Health “Guide for the Care and Use of 
Laboratory Animals” and recommendations of the 
Weatherall report, “The use of non-human primates in 
research.” All possible measures were taken to minimize 
discomfort for the animals for routine procedures such 
as physical examination and blood collection, where ani-
mals were fully anesthetized with ketamine HCl under 
the direction of a veterinarian. Animals were humanely 
euthanized at the TNPRC with respect to its endpoint 
policy. The criteria for euthanasia included 15% weight 
loss in 2 weeks, unresponsive opportunistic infection, per-
sistent anorexia, severe intractable diarrhea, progressive 
neurological signs, significant cardiac and/or pulmonary 
signs or any other serious illness. In accordance with 
American Veterinary Medical Association Guidelines, 

euthanasia was conducted by anesthesia with ketamine 
HCl (10  mg/kg) followed by a sodium pentobarbital 
overdose.

Macaque tissue samples

Five-micrometer-thick FFPE tissue sections of the parietal 
cortices of the rhesus macaques listed in Table 1 were 
cut and placed on charged slides for use in immunohis-
tochemistry (IHC) and immunofluorescence (IF) micros-
copy. In total, tissues from ten macaques, three uninfected 
controls and seven macaques intravenously infected with 
SIVmac251 virus (20 ng of SIV p27), were used. Perfusion 
was not performed at necropsy. Evidence of SIVE in 
four of the infected macaques was defined by the pres-
ence of SIV proteins in the brain and the accumulation 
of macrophages and multinucleated giant cells.

Human tissue samples

FFPE tissue sections of basal ganglia were obtained from 
the Manhattan HIV Brain Bank, through the National 
NeuroAIDS Tissue Consortium. A total of four HIVE 
cases, four HIV-1-infected virally suppressed cases and 
four seronegative controls that had been previously 
described elsewhere were examined (Table 2) (30).

Immunohistochemistry

IHC was performed using the antibodies listed in Table 
3, as previously described (17). Deparaffinization and 
rehydration was performed after incubation for 16 h at 
58°C–62°C. Sections were then pretreated for antigen 
retrieval with a citrate or Tris-based Antigen Unmasking 
Solution (Vector Laboratories, Burlingame, CA) in a micro-
wave (1000  W) for 20 minutes. After cooling for 20 min-
utes, sections were washed twice with Tris-buffered saline 
(TBS) containing 0.05% Tween-20 for 5 minutes, followed 
by incubation with a peroxidase blocking solution (Bloxall, 
Vector Laboratories) for 5 minutes. After washing again, 
sections were incubated with either 5% normal horse or 

Table 1. Animals used in the study.

Animal 
necropsy ID

Age (years) at 
euthanasia and sex

Infection 
status

Length of SIV 
infection (weeks)

11A014 4.77M Uninfected n.a.
11A023 4.69M Uninfected n.a
11A314 8.99M Uninfected n.a
11A563 8.19M SIVnoE 10.0
12A136 5.69M SIVnoE 41.6
12A305 7.95M SIVnoE 50.4
10A067 5.70M SIVE 24.0
10A786 12.06M SIVE (mild) 6.7
12A715 5.62M SIVE (severe) 13.0
13A049 20.88F SIVE 9.7

Abbreviation: n.a. = not applicable.
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goat serum in TBS for 30 minutes, and then incubated 
with primary antibodies for 1 h at room temperature or 
overnight at 4°C. After washing, sections were incubated 
with a biotinylated or horseradish peroxidase micropoly-
mer-conjugated secondary antibody (Vector Laboratories) 
for 30 minutes. Dako Antibody Diluent (Dako, Carpinteria, 
CA) was used for both primary and secondary antibody 
dilutions. Following another wash, the sections incubated 
with biotinylated secondary antibody were incubated for 
30 minutes with an avidin–biotin peroxidase complex 
(Vectastain ABC Elite kit, Vector Laboratories). Sections 
were then developed with diaminobenzidine (DAB; Dako) 
with Mayer’s Hematoxlyin (Dako) used as a nuclear coun-
terstain. Sections were dehydrated and mounted using 
VectaMount (Vector Laboratories). Sections were visualized 
using a Nikon Coolscope digital microscope.

Immunofluorescence microscopy

To determine the phenotype of CSF1R expressing cells within 
the brain, double- or triple-label immunofluorescence using 
cell type-specific markers with markers for proliferation and 
SIV infection was performed. As described above, the sec-
tions were deparaffinized and rehydrated followed by  
antigen retrieval. This and all subsequent steps were 

followed by two 5-minute phosphate buffer saline (PBS) 
washes containing 0.2% fish skin gelatin (FSG; Sigma Aldrich) 
unless otherwise stated. Sections were permeabilized using 
PBS/FSG solution containing 0.1% Triton X-100 for 1  h. 
Sections were then incubated with either 5% normal goat 
or horse serum in PBS for 30 minutes, and were immedi-
ately followed by primary antibody diluted in PBS/FSG 
either for 1  h at room temperature or overnight at 4°C. 
After primary antibody incubation, the sections were incu-
bated with Alexa Fluor 350-, 488- or 594-conjugated sec-
ondary antibodies (Molecular Probes; diluted at 1:500 or 
1:1000 in PBS/FSG) at room temperature for 1 h. Subsequent 
primary antibody incubations for double- or triple-label 
immunofluorescence followed the same procedure above. 
After immunofluorescence staining was complete, the sec-
tions were then treated with 10  mM CuSO4 solution in 
50mM ammonium acetate buffer for 45 minutes to quench 
autofluorescence. The sections were immediately rinsed with 
distilled water and then mounted with Aqua-Mount aqueous 
mounting medium (Thermo Scientific, Waltham, MA).

Immunohistochemistry image analysis and data 
collection

A Nikon Coolscope digital microscope was used to image 
immunohistochemically stained slides. Ten white matter 
(WM) and 10 gray matter (GM) images were captured at 
20× using the same settings for all macaque and human 
tissues examined. The images were then processed in ImageJ/
FIJI. The images were converted to grayscale before using 
thresholding to exclude background. The %area of the posi-
tive staining was then obtained using the “Measure” function. 
Values were transferred to Microsoft Excel and GraphPad 
Prism 7.2 where mean %area was calculated, graphically 
represented and statistical analysis was performed.

Immunofluorescence image analysis and data 
collection

A Zeiss Axio Observer.Z1 fluorescence microscope was 
used to analyze and image the fluorescently labeled sec-
tions. The images were captured and merged by Zeiss 
AxioVision Release 4.8.2. Exposure times were adjusted 
to reduce background on all values and kept constant on 

Table 2. Subjects involved in the study.

Project 
ID

Age (years) at 
death and 
sex

Infection 
status at 
death

Length of time on 
suppressive ART (years)

01640 63M Uninfected n.a.
01819 65M Uninfected n.a.
01821 26F Uninfected n.a.
01923 61M Uninfected n.a.
01555 47M HIVE n.a.
01580 50M HIVE n.a.
01598 45F HIVE n.a.
02390 57F HIVE n.a.
00658 52M ART >7
00719 44M ART ~2
01878 63M ART >7
02087 51M ART >24

Abbreviation: n.a. = not applicable.

Table 3. Antibodies used in the study.

Antigen Clone Isotype Manufacturer IHC Conc. IF Conc.

CD68 KP1 Mouse IgG1 Thermo Scientific 1:200 1:40
CD163 EDHu-1 Mouse IgG1 BioRad 1:250 1:50
CSF1 2D10 Mouse IgG1 Millipore 1:1000 1:200
CSF1R SP211 Rabbit IgG Spring Bioscience 1:150 1:50
Glut1 SPM498 Mouse IgG2a Invitrogen 1:2000 1:200
PCNA PC10 Mouse IgG2a Santa Cruz 1:1000 1:200
p-CSF1R Rabbit IgG LSBio 1:50
p-CSF1R F.540.2 Rabbit IgG Invitrogen 1:300
p-Stat5 E208 Rabbit Mono Abcam 1:8000 1:1000
p-Stat5a/b AX1 Mouse IgG2b Advantex Bio 1:500 1:100
SIVp28 3F7 Mouse IgG1 Fitzgerald 1:1000 1:200
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the color channel or channels being quantified across all 
the photos included in each data set. The images were 
then converted to JPEG files and processed in ImageJ/
FIJI. First, the images were color balanced to constant 
values across the images used for quantification. Then, 
the data analysis differed depending on the size of the 
data set. In smaller data sets (<100 cells), each cell was 
chosen by visual morphology and outlined carefully in 
order to exclude external pixels and to prevent the exclu-
sion of real cellular pixels. Parameters such as area and 
mean pixel value (in relation to the cell) (0–255, where 0 
is no fluorescence and 255 is full fluorescent capacity) 
were measured and the data were transferred to Microsoft 
Excel. For much larger data sets (>100 cells) with high 
variation in background, cells were selected and analyzed 
via variable thresholding where a minimum pixel value 
was set as the threshold of where real staining can be 
distinguished from background staining and autofluores-
cence. This difference can be seen by a sharp increase in 
pixel values from surrounding pixels. Cells then had their 
boundaries determined automatically via the conversion 
to a binary image and using the “Analyze Particles” func-
tion. Size and circularity ranges of the particles were 
determined based on the cell targets. After all of the 
particles were gathered, they were examined for the appro-
priate properties of the target cell to identify and remove 
artifacts and other cells from the data collection. Values 
were transferred to Excel and GraphPad Prism 7.2 and 
then had corrections done on the values image by image 
depending on the threshold and subtracting that value 
out since the minimum value at that point is the threshold 
value.

Statistical analysis

GraphPad Prism 7.2 was used for the graphing and analysis 
of data for significance. Newman–Keuls test in conjunc-
tion with two-way or one-way ANOVA or two-tailed, 
unpaired t-test with Welch’s correction were used to deter-
mine the significance of CSF1R %area and CSF1R mean 
pixel intensity (MPI) of PVMs, microglia and uninfected 
vs. infected cells. The Spearman’s correlation coefficient 
was calculated to determine the relationship between CSF1R 
MPI and SIVp28 MPI of infected cells. A two-tailed p-value 
was calculated.

RESULTS

Expression of CSF1R in normal brain

Little is known about CSF1R protein expression and func-
tion in human and macaque brain. This has been due to 
the paucity, until recently, of antibodies against human 
CSF1R that work for staining of FFPE tissues. We recently 
identified a new rabbit anti-human CSF1R monoclonal 
antibody that is effective in FFPE tissues and cross-reacts 
with rhesus macaque CSF1R, so we examined CSF1R 
protein expression by IHC in normal human and macaque 

brain tissues (Figure 1). Little staining was observed within 
the white matter (WM) of both human and macaque brain 
tissue (Figure 1B and E) except around vessels (Figure 
1C and F). Gray matter (GM) showed higher expression 
than white matter (Figure 1A and D), although not sig-
nificant (Supplementary Figure S1). Some weak staining 
was observed on what morphologically appeared to be 
microglia in the GM, which may account for the higher 
CSF1R expression levels in GM. Using multi-label immu-
nofluorescent staining on human and rhesus macaque brain 
tissues, we found that these CSF1R+ cells are Iba1+ micro-
glia (Figure 1H and K) and PVMs (Figure 1G and J), 
with microglia appearing to express lower levels of CSF1R 
than PVMs (Figure 1I and L). These observations suggest 
that humans and rhesus macaques show similar CSF1R 
expression in normal brain, and that cells expressing CSF1R 
in the brain are only PVMs and microglia. We found no 
CSF1R expression on other cells within the brain.

Upregulation of CSF1R expression in HIV/
SIV-infected brain

Since CSF1R protein was expressed exclusively on brain 
myeloid cells that are targets of virus and sources of virus 
persistence in the brain with HIV/SIV infection, next we 
investigated by IHC if the expression of this receptor 
changed with infection (Figure 2). Expression of CSF1R 
was highly upregulated in the brains of SIV-infected 
macaques compared to uninfected macaques. CSF1R 
expression in GM was comparable between encephalitic 
and non-encephalitic animals (Supplementary Figure S1). 
In addition, encephalitic animals showed significantly higher 
expression in WM compared to non-encephalitic macaques. 
This upregulation was due mainly to the presence of SIVE 
lesions that are characterized by accumulation of CSF1R+ 
macrophages (Figure 2C and F). There were no observable 
differences between non-encephalitic and encephalitic 
macaque brain tissues when lesions were excluded. The 
GM of infected humans with encephalitis and macaques 
with or without encephalitis showed more CSF1R+ cells 
than that of normal human and macaque brains (Figure 
2A and D, Supplementary Figure S1). CSF1R expression 
was also increased in the WM of infected humans and 
macaques when compared to the normal uninfected WM 
(Figure 2B and E, Supplementary Figure S1). To examine 
whether the expression of this receptor was upregulated 
on a per cell basis during HIV/SIV infection, we performed 
quantitative immunofluorescence microscopy on macaque 
brain tissue. Measuring the mean intensity per pixel of 
each cell expressing CSF1R as a measure of cellular protein 
expression, we found no significant differences in expres-
sion of CSF1R on PVMs (Figure 2G) or microglia (Figure 
2H) among three macaque groups, namely uninfected, 
SIV-infected, non-encephalitic (SIVnoE) and SIV-infected, 
encephalitic (SIVE). When PVM MPI data from all three 
groups was compared to microglia MPI data from all 
three groups, a statistically significant difference was 
observed between these two cell types (Figure 2I), with 
CSF1R expression being significantly higher on PVMs than 
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microglia. When comparing activated vs. ramified microglia 
in the SIVnoE and SIVE groups using morphology to 
distinguish between the two, a statistically significant 
increase in CSF1R expression was found on the activated 
microglia compared to ramified microglia (Figure 2J), sug-
gesting that activation of microglia during infection leads 
to an increase in CSF1R expression.

Although there was no significant increase in CSF1R 
expression on cells within the brain with SIV infection, an 

upward trend in CSF1R expression was observed as the 
degree of infection increased (Figure 2G and H). We, there-
fore, hypothesized that this may be due to a selective 
upregulation of CSF1R on SIV-infected macrophages, and 
that the expression levels between groups not being signifi-
cantly different was due to the majority of CSF1R+ mac-
rophages/microglia included in the previous analysis not 
being infected by SIV. After separating CSF1R+ cells based 
on expression of SIV p28, SIVp28+ cells showed a 

Figure 1. Expression of CSF1R in uninfected human and macaque 
brain. Single-label immunohistochemistry for CSF1R counterstained 
with hematoxylin showed expression in human and macaque GM (A 
and D), WM (B and E) and around vessels (C and F), respectively. Triple-
label immunofluorescence for CSF1R (green), Iba1 (red) and Glut1 (blue) 

showed CSF1R expression in humans and macaques on PVMs around 
vessels (G and J), microglia in the parenchyma (H and K) and that PVMs 
appeared to express higher levels of CSF1R than microglia based on 
observations of CSF1R immunofluorescent intensity (I and L). 
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significantly higher level of expression of CSF1R compared 
to SIVp28– cells in SIVE brain (Figure 2K). To evaluate 
the correlation between expression levels of CSF1R and 
SIV p28, the MPIs of CSF1R and SIV p28 that were simul-
taneously obtained from the same cells were plotted. 

Interestingly, there was a weak but significant positive cor-
relation between CSF1R and SIV p28 MPIs (Figure 2L). 
This confirms that SIV infection of PVMs and microglia 
within the brain leads to an increase in their expression 
of CSF1R.

Figure 2. Expression of CSF1R in HIV/SIV infected human and macaque 
brain with expression depending on cell type and infection. Single-label 
immunohistochemistry for CSF1R counterstained with hematoxylin 
showed expression of CSF1R with HIV/SIV infection within human and 
macaque GM (A and D), WM (B and E) and within lesions (C and F), 
respectively. The column scatter plots show PVM (G) and microglial 
expression (H) between the uninfected, SIVnoE and SIVE groups, with 
no significance seen. PVMs expressed significantly higher levels of 
CSF1R than microglia (I) when the values of all groups were used for 

comparison (P  =  0.0005; unpaired two-tailed t-test; n  =  9 per group). 
There was also a significant increase in expression of CSF1R on activated 
microglia vs. ramified microglia (P = 0.0188; unpaired two-tailed t-test; 
n = 6 per group) (J). SIV-infected cells showed a significant increase in 
CSF1R expression compared to uninfected cells (P < 0.0001; unpaired 
two-tailed t-test; n = 50 per group) (K). Quantification of infected cells 
showed a weak but significant positive correlation between CSF1R 
expression and SIVp28 expression (r = 0.3332, P = 0.0181) (L). For A–J, 
three SIVE cases, for K and L, four SIVE cases were used.
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CSF1R activation in SIVE/HIVE brain

HIV infection has been shown to induce production of CSF1 
by macrophages and elicit resistance to apoptosis through 
activation/phosphorylation of CSF1R on infected mac-
rophages (10, 47). Previous research shows upregulation of 
CSF1 in the brains of SIV-infected macaques (23), but the 
activation of the CSF1R tyrosine kinase or its downstream 
effectors likely by CSF1 binding has not been shown in vivo. 
We, therefore, sought to examine at the cellular level the 
activation of macrophage/microglial CSF1R in the brain 
either with SIV infection or by local high levels of CSF1. 
CSF1R+ macrophages in SIVE and HIVE lesions (Figure 
3C and K) coexpressed a phosphorylated (activated) form 
of CSF1R (Figure 3D and L). Little CSF1 expression was 
seen in uninfected brain (Figure 3A and I), but in macaques 
with SIVE and humans with HIVE, CSF1 was observed at 
high levels within lesions and was colocalized with CSF1R+ 
cells (Figure 3B and J), strongly suggesting a positive feed-
back loop between viral infection and CSF1/CSF1R signaling 
in macrophages. Signal transducer and activator of transcrip-
tion 5 (Stat5) is a known downstream effector of the CSF1R 
pathway (1, 6). STAT5a and STAT5b are highly phosphoryl-
ated in the CSF1Rhigh population compared to the CSF1Rlow 
population. With a recently developed antibody against 
phospho-STAT5a/b (pSTAT5a/b) that cross-reacts with rhesus 
macaque, little-to-no pStat5a/b was observed in the brains 
of uninfected macaques and humans (Figure 3E and M), 
while increased expression was observed in SIVE and HIVE 
lesions (Figure 3F and N). pSTAT5a/b was observed most 
frequently in SIVp28 and CSF1R double-positive cells, sug-
gesting that SIV infection can cause stronger activation of 
the CSF1R pathway in macrophages, while CSF1 induces a 
widespread activation of CSF1R in SIVE brain (Figure 3D).

We recently demonstrated that proliferating (PCNA+/
Ki-67+) macrophages become more prevalent in SIVE and 
correlate with severity of SIVE lesions (17). Since mac-
rophage proliferation can be induced by activation of 
CSF1R by CSF1, we examined PCNA expression in rela-
tion to CSF1R. Uninfected macaques showed little to no 
PCNA expression within the brain (Figure 3G), while SIVE 
macaques showed higher PCNA expression in CSF1Rhigh 
brain macrophages, especially within lesions (Figure 3H). 
This suggests that SIV-induced CSF1 production and/or 
activation of CSF1R and its pathways promote prolifera-
tion of CSF1R+ brain macrophages.

Elevated expression of CSF1R in virally 
suppressed patients

Previously, Lentz et al. demonstrated that levels of CSF1 in 
the CSF of HIV patients receiving combination ART correlate 
with the degree of cognitive impairment (36). With the per-
sistence of HAND despite suppressive ART, it stands to reason 
that the expression and activation of CSF1R are altered in 
the brain during chronic infection and long-term suppressive 
ART. We, therefore, sought to determine if this was the case 
in the brains of HIV-1-infected aviremic individuals after sup-
pressive ART (“virally suppressed” patients) (Table 2 and 

Figure 4). By IHC, we found heightened levels of expression 
of CSF1R in the brains of virally suppressed patients (Figure 
4A–C), compared to uninfected individuals (Figure 1A–C, 
Supplementary Figure S1). Of note, CSF1R expression appeared 
the most elevated in the GM of the virally suppressed patients 
(Figure 4A, Supplementary Figure S1). This appears to be 
due to the increased numbers of CSF1R+ microglia in par-
ticular within the GM. Collectively, these data present in vivo 
evidence that HIV/SIV infection promotes the upregulation 
and activation of CSF1R in macrophages/microglia by induc-
ing CSF1 production by infected cells in the brain.

DISCUSSION
The present study demonstrates that CSF1R is upregu-
lated and activated in PVMs and lesional macrophages 
and contributes to development of lentiviral encephalitis 
possibly by promoting macrophage proliferation and sur-
vival in the perivascular space and within encephalitic 
lesions. We show that CSF1, pSTAT5a/b and PCNA are 
coexpressed with CSF1R in infected PVMs and lesional 
macrophages in the brains of encephalitic animals, further 
suggesting that autocrine CSF1/CSF1R signaling is opera-
tive. We also found that CSF1R was persistently expressed 
at high levels on microglia and PVMs in the brains of 
HIV-1-infected aviremic individuals on suppressive ART.

While we were preparing our manuscript, Knight et 
al. (2018) reported for the first time that CSF1 and CSF1R 
were upregulated in the brains of SIV-infected pigtailed 
macaques (29). Moreover, the authors were able to show 
that CSF1R is persistently expressed in the brains of virally 
suppressed macaques after ART, consistent with our find-
ings in virally suppressed patients. Elevated expression 
of CSF1R in the brain of virally suppressed subjects may 
be maintained by the continuous presence of its ligand 
CSF1. This suggests that CSF1-mediated inflammation 
persists in the brain without active viral replication.

In fact, there is ample evidence that CSF1 may play a 
critical role in HIV infection of macrophages (2, 10, 22, 
23, 28, 32, 33, 39, 42, 47). It appears that by forming a 
positive feedback loop with HIV-1, CSF1 can enhance 
HIV-1 pathogenesis and progression driven by macrophages. 
CSF1 treatment in vitro makes monocyte-derived mac-
rophages susceptible to HIV infection, possibly by upregu-
lating surface expression of known viral receptors (2, 28). 
It is a direct effect of CSF1 since anti-CSF1 antibody 
prevents the infection (32). It has also been shown that 
HIV infection of macrophages promotes CSF1 secretion, 
which can then, in an autocrine manner, activate CSF1R 
signaling (20, 25, 33, 47). The dependence of brain-resident 
macrophages on CSF1 for survival further underscores 
the relevance of this cytokine to HIV-1-associated CNS 
disease, as long-lived brain macrophages represent a sig-
nificant HIV reservoir in the brain. Interestingly, levels 
of CSF1 in the CSF were positively correlated with the 
degree of neurocognitive impairment in HIV-infected 
patients on suppressive ART (36). A recent study using 
SIV-infected rhesus macaques showed that PVMs and 
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lesional macrophages produce high levels of CSF1 in vivo 
(23). Our current study indicates that PVMs express much 
higher levels of CSF1R than resting ramified microglia, 
and provides the first in vivo evidence that HIV/SIV infec-
tion of the CNS induces further upregulation and 

activation (measured by phosphorylation of CSF1R and 
STAT5) of CSF1R in PVM and activated microglia but 
not in resting microglia. Previously, we found increased 
proliferation of brain macrophages in HIV and SIV encepha-
litis, in line with these new findings regarding CSF1R 

Figure 3. CSF1R and downstream pathway activation within the brain 
due to SIV and HIV infection. Triple-label immunofluorescence for 
CSF1R (red), CSF1 (green) and DAPI (blue) in macaques and humans 
showed that little to no CSF1 expression was observed in uninfected 
brains (A and I), while encephalitic lesions of SIV-infected macaques and 
HIV-infected humans showed high levels of CSF1 present (B and J). 
Single label IHC for CSF1R (C and K) and phosphorylated CSF1R (D and 
L) counterstained with hematoxylin showed that activated/
phosphorylated CSF1R was present in CSF1R+ lesions on serial 

sections of macaque and human brains. Triple-label immunofluorescence 
for CSF1R (green), phosphorylated Stat5a/b (red) and DAPI (blue) (E, M, 
and N) or SIVp28 (blue) (F) shows high levels of p-Stat5a/b present in 
macaque and human lesions (F and N) with rare and very low expression 
of p-Stat5a/b being found in uninfected macaque and human brains (E 
and M). Triple-label immunofluorescence for CSF1R (green), PCNA (red) 
and DAPI (blue) found rare occurrences of PCNA in uninfected macaque 
brain (G) typically only in PVMs with high levels and upregulation being 
present in SIV lesions (H).
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signaling in the brain, correlating with the severity of SIV 
encephalitis (17).

Recent studies in mice have revealed that CSF1/CSF1R 
signaling directly controls the maintenance (survival and 
proliferation) of adult microglia and regulates microglia-
mediated neuroinflammation in several mouse models of 
neurodegenerative diseases including AD (6, 37, 52). Using 
newly developed brain-penetrant inhibitors of CSF1R kinase 
(many of which are currently in clinical trials for the 
treatment of cancers including glioblastoma), these studies 
demonstrate that brain macrophages, including microglia, 
are dependent on CSF1R signaling for survival in adult, 
normally aged and AD brains, and that activated micro-
glia/macrophages in the brain are the main contributors 
that are directly responsible for persistent neuroinflamma-
tion seen in these models. Levels of CSF1 in the cerebro-
spinal fluid and serum are elevated in patients with 
Alzheimer’s disease (13, 26, 31, 35, 40). Very recently, a 
new RNA-seq study of human aged and AD brain tissues 
have demonstrated upregulation of CSF1 and CSF1R 
mRNA in the AD brain (51). Interestingly, it was shown 
that CSF1 augments Aβ42-induced microglial production 
of proinflammatory cytokines and that Aβ42 enhances 
microglial proliferation in response to CSF1 (50). Taken 
together, these findings suggest that M-CSF is a player 
in chronic neuroinflammation.

Since women have an increased risk of developing AD 
compared to men (16), it would be interesting and important 
to examine brain and CSF levels of CSF1 in age-matched 
adult male and female macaques. Unfortunately, we only 
have brain tissue from one female macaque, which makes 
it impossible to address sex-specific differences in CSF1 levels 
and lesion susceptibility.

While combination ART has dramatically improved the 
longevity and quality of life for HIV-infected individuals, 
it is not a cure. Long-lived cells such as resting memory 
CD4+ T cells and tissue-resident macrophages can be latently 
infected and serve as reservoirs for the virus due to their 
resistance to viral cytopathic effects (7–9, 18, 21, 27, 34). 
Within the CNS, PVMs and to a lesser extent microglia 

are the cells found to harbor latent and productive HIV/
SIV, with PVMs being the primary reservoir (3, 19, 49, 
53). Even in the absence of virus production in the brain 
or CNS disease, HIV DNA is consistently found in PVMs 
(48). With the brain being implicated as a site for viral 
persistence in both human and macaque models, and HAND 
continuing to become a more severe problem within the 
HIV population regardless of current viral suppressive treat-
ments, finding a way to eliminate this reservoir or prevent 
the development of HAND remain top priorities.

With current cancer research finding the targeting of the 
CSF1R pathway as a possible cure or treatment for cancer 
through the elimination of the tumor-promoting mac-
rophages/microglia by CSF1R inhibition (5), such a strategy 
may prove useful for eradicating or drastically reducing the 
viral reservoir within the brains of HIV-infected individuals 
by targeting infected cells for elimination. Our findings sug-
gest that this strategy may truly be an effective way of 
targeting infected persistent macrophages within the brain 
while limiting the death of the brain’s uninfected PVM and 
microglia populations. While further research and experi-
ments will be needed to look into this and other possible 
strategies before any real conclusions can be made, our 
data provide important insights into the workings and char-
acterization of HIV/SIV within the brain that will assist in 
the global effort to cure or truly control HIV.
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Figure S1. CSF1R expression in macaque and human brain. 
Single-label immunohistochemistry for CSF1R showed dif-
fering levels of expression in macaque (A) and human brain 
(B) depending on brain area (GM or WM) and infection sta-
tus. (n = 3 per group for macaque groups, n = 4 per group 
for human groups) (UI GM vs SIVnoE GM, p  =  0.0146; 
UI WM vs SIVE WM, p < 0.0001; SIVnoE GM vs SIVnoE 
WM, p = 0.0018; SIVnoE WM vs SIVE WM, p = 0.0002) (A) 
(UI GM vs HIVE GM, p  <  0.0001; UI GM vs ART GM, 
p = 0.0022; UI WM vs HIVE WM, p = 0.0001; UI WM vs 
ART WM, p = 0.0247; HIVE GM vs HIVE WM, p = 0.0336; 
HIVE GM vs ART GM, p = 0.0005; HIVE WM vs ART WM, 
p < 0.0001) (B) *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, 
p < 0.0001.


