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Evidence suggesting that HIV pathogenesis differs by sex, a variable known to influence

the extent and breadth of immune responses in health and disease continues to

accumulate. Host factors that promote or inhibit HIV replication may do so in a way

that varies by sex. Prior studies using cultured human macrophages demonstrated that

osteopontin (OPN)/secreted phosphoprotein-1 (SPP1) stimulates HIV replication. To test

whether OPN has the same positive impact on virus replication at the level of tissues, we

used a humanized mice model of low-level chronic HIV infection and in which OPN RNA

and protein expression was inhibited with targeted aptamers. Interestingly, 4 months after

infection when there were no significant differences in HIV viral load in plasma between

groups however in contrast, in the spleen, lung, and liver the tissue burden of HIV RNA,

as well as the proportion of leukocytes in female and male mice differed depending on

whether OPN was expressed or not. The findings collectively demonstrate the potential

for complex interactions between host factors like OPN and sex to influence different

facets of HIV tissue-level pathogenesis.

Keywords: SPP-1, RNAscope, immunophenotyping, sex differences, viral RNA, humanizedmice, HIV viral reservoir

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) infection is managed with antiretroviral (ART)
therapy while research toward a cure continues. HIV-1 disseminates rapidly into tissues forming
sanctuaries and reservoirs which are harder to target (1–3). Replication-competent virus in such
tissue reservoirs in tissues rebound into a full-fledged infection if ART is interrupted (4, 5). One
of the significant challenges in HIV eradication strategies has been the absolute suppression of
replication from tissue reservoirs (1, 4). Therefore, identifying and increasing our understanding of
host cell genes that promote HIV replication in tissues would provide critical new knowledge.

Immune cells’ ability to circulate and surveil tissues is potentially hijacked by HIV-1 to facilitate
the formation of sanctuaries and reservoirs, suggesting a complex interaction between viral and
host factors (6). Different anatomical and physiological properties of tissues also contribute to
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reservoir formation and add another confounding dimension
to eradicating reservoirs (6). HIV-1 infects CD4+ T cells,
monocytes, and tissue-resident macrophages throughout the
body. The molecular mechanisms by which the virus establishes
residency in these cells have pathways in common, while
others are cell-autonomous (7). This reality highlights the
heterogeneity of HIV reservoir formation and the challenge to
eradication efforts.

There are also significant differences in HIV phenotypes and
immune response between males and females, some of which
have been attributed to socioeconomic and biological differences
(8). Females account for almost half the population currently
living with HIV, yet in early studies a consideration of sex
differences in pathogenesis were rarely considered important in
the design of effective treatment strategies (9). Plasma viral loads
in females are lower than males, but females have a higher risk of
acquisition (8, 10). Estradiol negatively impacts HIV replication,
while testosterone has a positive association with plasma viral
loads (11). Despite similar plasma viral loads, the burden of HIV
in female lymph nodes was reported to be higher compared
with similar tissue from males (8). Recent HIV vaccine trials
have shown that females have enhanced interferon-stimulated
gene expression and interferon-α (IFNα) response upon TLR7/9
activation and higher titers of neutralizing antibody than males
suggesting enhanced immune responses (8, 11).

Moreover, these biological sequelae likely exacerbate the
more robust activation of cytotoxic CD8+ and higher CD4+

loss seen in females vs. males (8, 11). Increased immune
activation linked withHIV infection drives co-morbid conditions
such as cardiovascular disease, cancer, and neurocognitive
complications, which are augmented risk factors for females than
males (12–14). Persistent immune activation and inflammation
contribute to the maintenance and enhancement of viral
replication by activating and stimulating the proliferation of
memory CD4+ T cells, which are highly susceptible to further
infection (8, 15).

Osteopontin (OPN) is a multi-functional protein that is
elevated during HIV infection, having both pro-survival as well
as pro-and anti-inflammatory roles (16–18). HIV can use OPN
to enhance replication, as demonstrated in cultured monocyte-
derived macrophages via cell-cell fusion and through NF-κB
signaling, which activates the HIV promoter (19). OPN can also
function as a chemoattractant for monocytes and macrophages
(20–22). Therefore, OPN’s chemotactic, pro-survival, and viral
replication promoting potential suggests that it may contribute
in vivo to HIV pathogenesis and the recruitment and survival of
infected immune cells in tissues.

In this study, we sought to understand whether inhibition of
OPN RNA and protein expression in a humanized mice model
for low-level chronic HIV infection can without antiretrovirals,
reduce HIV reservoirs in the spleen, liver, and lung. The
chimeric mouse model where immunocompromised NOD.Cg-
PrkdcscidIL2rγtm1Wjl/SzJ (NSG) mice engrafted with human
hematopoietic stem cells that develop a human immune system
was used (23). Human T cells, monocytes, and macrophages
were infected after intravenous challenge withHIV-1SF162. Global
inhibition of OPN expression at the RNA and protein level was

achieved with oligonucleotide aptamers that block the interaction
site of OPN with its receptors that, in turn, reduce signaling and
gene expression through feedback suppression (24). At the study
endpoint, viral loads in plasma were undetectable or very low and
in the range of 2-3000 copies/ml.

Interestingly, using in situ hybridization to detect HIV-1 viral
RNA, we found numerous foci of productively infected cells in
the spleen and moderate levels in the lung and liver. Moreover, in
the liver of mice with reduced OPN expression, there were fewer
numbers of infected foci in the tissues of female compared to
male mice. Reduction of OPN expression did not affect CD4:CD8
ratios, an indicator of immune dysfunction, however in all tissues
examined, HIV infection was an additional source of variation
that interacted in the liver with the variable sex (25–28). In the
lungs, CD14+ monocyte counts were significantly influenced by
interactions with OPN and HIV infection. Interestingly, in the
spleen, lung, and liver, there were significant interactions with
HIV infection and CD19+ B-cells counts, with an additional
influence in the liver of male or female sex. Lastly, analyses
of leukocyte proportions in each tissue revealed that OPN
expression significantly influenced their relative levels.

MATERIALS AND METHODS

Humanized Mice Generation
All animal protocols and procedures were reviewed and approved
by Johns Hopkins University Animal Care and Use Committee
and Institutional Review Board (Protocol # MO17M12). The
humanization protocol has been described previously (29),
and the schematic of the study is illustrated in Figure 1A.
NOD.Cg-PrkdcscidIL2rγtm1Wjl/SzJ (NSG) (5–8 weeks old) mice
were purchased from Jackson Laboratory for breeding colonies.
Mice were housed and handled in pathogen-free environments.
Newborn pups (P1–3) from breeders were irradiated at 100
cGy using Gamma Cell-40 Cesium Extractor (Theratronics)
and injected intrahepatically with 1–2 × 105 cells of human
fetal liver-derived CD34+ hematopoietic stem cells while under
2.5% isoflurane anesthesia. In mice, successful engraftment was
identified 8 weeks post-engraftment from their peripheral blood
with flow cytometry by staining and detecting human CD45 cells.

Mouse Groups
The humanized mice were separated and stratified into four
groups of females and males either inhibited for OPN (treated
with inhibitory aptamers that block OPN receptor signaling
decreasing RNA and protein levels) or not (scrambled aptamers)
and injected with HIV or buffer control [Figure 1A, (29)]. Mice
were injected intravenously with HIVSF162 (1× 105 tissue culture
infectious doses/ml).

OPN Knockdown by Aptamer Treatments
HPLC purified Opn-R3 PTO (targets Opn) and Scrambled
Opn-R3 aptamers were purchased from IBA Solutions for Life
Sciences. Modifications to block endogenous nucleases were
added to extend the half-life in blood circulation (ref 29).
The sequence for Opn-R3-PTOwas: 5′GGGAGGACGAUGCGG
AUCAGCCAUGUUUACGUCACUCCU-3′ and for scrambled
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FIGURE 1 | Experimental design and correlation of viral loads with engraftment levels. (A) Illustrates the experimental design for the generation of hCD34+ humanized

mice, HIV infection, groups implemented and the tissues harvested for the study. The time point for the tissue harvest reflects chronic infection. Representative flow

cytometric dot plot of mouse blood-stained for human CD45-PerCP and mouse CD45-FITC used to identify successfully engrafted animals. The 2 × 2 design for

female and male mice is indicated. (B) Correlation analyses between measured variables %hCD45+ cells (at time of engraftment) and viral loads (at study endpoint) for

each mouse in the four HIV-infected groups. The Spearman coefficients (rs) indicated, while positive, did not reach significance (P < 0.05) in any of the groups.

F-HIV-Opn+ n = 5, F-HIV-Opn– n = 9, M-HIV-Opn+ n = 8 and M-HIV-Opn– n = 5.

Opn-R3 was 5′-CGGCCACAGAAUGAAUCAUCGAUGUUG
CAUAGUUG-3′. Aptamers were refolded into their tertiary
structure before injection by heating them in folding buffer (1×
PBS and 1mM MgCl2) at 93◦C for 5min. Seventy microliter
of aptamers were intraperitoneally injected every week at a
concentration of 1 mg/kg. Successful knockdown of Opn was
confirmed by RT-PCR and IHC and reported previously (29).

Viral RNA RT-qPCR
Custom Taqman assay to determine HIVSF162 viral RNA
as described previously (29). Briefly, RNA was extracted
with QIAamp Viral RNA mini kit (Qiagen) and was reverse-
transcribed to cDNA.HIVSF162 specific custom-designed primers
forward: 5′CGA-ACC-CAG-ATT-GTAAGA-CT, reverse: 5′A
CA-TGC-TGT-CAT-CAT-TTC-TTC and probe: 5′-FAM/A
G-CAT-TAGG/ZEN/A-CCA-GCA-GCT-ACA-CT/3IABKFQ
(Integrated DNA Technologies) and Taqman Fast Advanced
Mastermix were used for cDNA amplification. Quantification
was performed using a standard curve derived from a 10-fold
dilution of HIVSF162 viral RNA.

Flow Cytometry for ex vivo Analysis of
Peripheral Blood and Tissues
Peripheral blood (∼50 µl) taken by submandibular bleed was
sampled at regular intervals. Tissues were evaluated at the

study endpoint to validate and quantify human leukocytes
by seven-color flow cytometry with a cocktail containing the
following antibodies: human pan-CD45-Viogreen or PerCP
(Miltenyi Biotec), 130-110-638, ThermoFisher (MHCD4531),
CD3-PE (ThermoFisher, MHCD0304), CD4-Vioblue (Miltenyi
Biotec, 130-113-219), CD8-APC-Vio770 (Miltenyi Biotec, 130-
113-155), CD14-APC (BioLegend, 301808), CD19-FITC or
PerCP (eBiosciences, 11-0199-42; BioLegend, 302228) and
mouse CD45-FITC (eBiosciences, 11-0451-82). Peripheral blood
was treated with ACK lysis buffer (ThermoFisher, A1049201)
for red blood cell lysis, washed with HBSS (with cations, Gibco,
14025092) stained with the antibody cocktail. Cells were fixed
with 1% Paraformaldehyde before flow cytometric acquisition.
PBS perfused tissues were incubated in digestion media at 37◦C
for 45min. They were then manually homogenized in FACS
buffer (2% FBS, 1× PBS, and 0.5mM EDTA) and strained
through a 100µM filter to obtain single-cell suspensions. The
suspensions were subsequently centrifuged at 1,800 RPM, and
the pellet was exposed to ACK lysis buffer for red blood cell
lysis. The cells were then washed with HBSS (with cations)
and split into two. One preparation was stained with an
antibody cocktail, and the other was used as an unstained
control. The cells were then fixed in 1% paraformaldehyde and
introduced to MACsquant Analyzer 10 (Miltenyi Biotec) for flow
cytometric acquisition.
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RNA in situ Hybridization (RNAscope)
Chromogenic RNA in situ hybridization on HIVSF162 infected
animals have been described previously (29). RNAscope kits
and protocol were purchased from ACD Biosciences. HIVSF162

target probes were custom-designed to target Env-Nef sequences
obtained from the accession number M65024.1 (2621–3701).
Slides containing 10µM sections of spleens, livers, and lungs
were pretreated to retrieve their antigens according to the
manufacturer’s instructions. Custom probes were hybridized
for 2 h in the HybEZ oven at 40◦C. Amplification of target
probe signal was performed the following day according to
RNAscope 2.5 HD detection protocol. The fast red reagent
was applied following amplification and developed for 10min
at room temperature. The nuclear stain was achieved with
30% Gill’s Hematoxylin I (MilliporeSigma GHS132). Slides were
mounted with Cytoseal 60 (#8310-4 Richard-Allan Scientific,
ThermoFisher) and imaged on an ECHO Revolve microscope at
40×magnification.

Data Analysis and Statistics
RNAscope Images
Area covering the red staining (which depicts viral RNA) from
the chromogenic images were quantified per image with FiJi
Image J (NIH). The average area of a single RNA was quantified,
and the total area per image was divided by this number to
determine the number of viral RNA foci. The group means
and standard deviations were combined using the average and
square root of the variance approach. Particle analyses were
performed with ordinary one-way ANOVAwith Tukey’s post-hoc
test for multiple comparisons was performed to determine any
differences between groups. Correlation analysis was performed
to determine the relationship between independently measured
values with reporting of the Spearman coefficient for non-
parametric data and P-value <0.05 considered as significant
(Graphpad Prism v8).

Flow Cytometry
FCS files from flow cytometry acquisition were analyzed with
Flowjo v10. The data scanned for any anomalies using the
flowAI plugin (30). Singlets were selected, followed by gating
of cells from side-scatter vs. forward scatter. Human-specific
leukocytes were selected by gating on hCD45 cells. Total T cells
from cohort 2–4 were determined by gating on hCD3, and this
was further used to characterize CD4 and CD8 populations.
Monocytes and macrophages were evaluated using the CD14
marker, and absolute B cells were depicted using the CD19
marker. Dot plots were used when cells were abundant (T
cells and B cells), and density plots were used to identify cell
populations when their counts were lower (monocytes and
macrophages). Three-way ANOVA analyses with a post-hoc test
for normally distributed data by Tukey’s and Kruskal-Wallis for
non-parametric continuous data were employed to determine the
variation in the immune cells due to Opn status, sex differences,
and infection (Graphpad Prism v8). The mean and standard
deviation (SD) is reported on all the figures with ∗P < 0.05, ∗∗P
< 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001.

Immunohistochemistry
Serial adjacent formalin-fixed paraffin-embedded tissue sections
were treated and stained for with rabbit polyclonal antisera
against human CD45 (HPA000440, SigmaAtlas) with 10mM
sodium citrate, 0.05% Tween-20, pH 6.0 antigen retrieval buffer,
or human CD68 (bs-1432R, Bioss) with antigen retrieval buffer
10mM Tris, 1mM EDTA, 0.05% Tween-20 buffer, pH 9 as
previously described (29).

RESULTS

In vivo Mouse Modeling of Low-Level
Chronic HIV-1 Infection
Having identified OPN as an HIV-induced host cell protein
that stimulates NF-κb mediated transcriptional activation, we
utilized a model of low-level chronic HIV infection to assess
OPN’s role in vivo on HIV replication in plasma, spleen, lung,
and liver of male and female NSG-hCD34+ humanized mice
(Figure 1A). This model reflects many, but not all, aspects of viral
pathogenesis and immunologic dysfunction observed in HIV
infection (23, 31). The animals were stratified into four groups
with varying degrees of human CD45 engraftment (Table 1).
Successful inhibition of OPN was confirmed by RT-PCR and
IHC and reported previously (29). For female HIV-infected
mice irrespective of OPN levels, while a positive trend in the
relationship between the percentage of hCD45+ cells at initial
infection and viral load at the study endpoint was observed
[Figure 1B, Spearman coefficients (rs)], the correlations were not
significant (Figure 1B, NS). These results suggest that the overall
number of hCD45+ cells at the time of engraftment did not drive
plasma HIV copy number at the study endpoint. It is important
here to highlight that the relationship between hCD45+ cells and
viral copy number is also expected to be influenced by the genetic
background and susceptibility of the three human donors used
for humanization (32, 33).

Variation in Levels of HIV RNA in the
Spleen and Lungs in a Manner Dependent
on Sex and OPN
More than 4 months after HIV infection, plasma viral load
reached levels below 1,000 copies/ml in 25 out of 28 mice
(Table 1). Tissues were harvested at a time point after HIV
infection that represented 48–55 human years of chronic
infection. This provided an opportunity to determine whether
the spleen, a secondary lymphoid tissue, and the lung harbored
productively infected cells and whether the formation of such
sanctuaries differed in animals with reduced levels of OPN.
Recent studies using models of humanized mice similar to that
described herein have studied the establishment and kinetics of
HIV sanctuaries, examining alterations in immune cell subsets,
activation markers, and viral nucleic acids, but did not quantify
vRNA at the single-cell level in tissues (31, 34, 35). RNA in
situ hybridization was used to detect and enumerate HIV-1 load
in the spleen, lung, and liver. Viral RNA was detected in the
spleens of all the groups as strong and defined fast-red staining
showing clusters of RNA coalesced together (Figures 2A,B,
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TABLE 1 | Animal cohort information with details of treatment, sex, human CD45

cell engraftment levels at the time of infection and viral load at the study endpoint.

Cohort# Animal ID Treatment Sex %hCD45 Viral Load (copies/ml)

2 50 HIV-Opn+ F 2.65 130.37

2 51 HIV-Opn+ F 6.14 Undetectable

2 33 HIV-Opn+ F 24.74 446.28

2 34 HIV-Opn+ F 17.99 5.48

3 4 HIV-Opn+ F 25.37 784.78

3 5 HIV-Opn+ F 33.70 1059.43

2 18 HIV-Opn– F 51.52 13.34

2 19 HIV-Opn– F 72.34 12.63

2 20 HIV-Opn– F 68.67 205.87

2 56 HIV-Opn– F 6.18 Undetectable

2 57 HIV-Opn– F 3.83 Undetectable

2 59 HIV-Opn– F 1.82 2.97

2 60 HIV-Opn– F 4.89 2.19

3 9 HIV-Opn– F 4.97 9.16

3 11 HIV-Opn– F 6.5 11.65

4 42 HIV-Opn– F 56.20 1654.63

4 86 HIV-Opn– F 7.6 24.30

2 7 HIV-Opn+ M 1.15 Undetectable

2 8 HIV-Opn+ M 2.3 2.43

2 23 HIV-Opn+ M 39.25 25.14

2 24 HIV-Opn+ M 71.67 83.48

2 26 HIV-Opn+ M 57.14 2.22

4 20 HIV-Opn+ M 43.31 499.56

4 30 HIV-Opn+ M 4.95 59.83

4 103 HIV-Opn+ M 10.6 303.82

2 35 HIV-Opn– M 17.86 167.27

2 36 HIV-Opn– M 8.45 131.41

2 37 HIV-Opn– M 47.42 63.24

2 38 HIV-Opn– M 27.05 89.82

3 1 HIV-Opn– M 63.68 3232.07

2 42 Buffer-Opn+ F 10.2

2 43 Buffer-Opn+ F 5.98

2 44 Buffer-Opn+ F 10.0

2 4 Buffer-Opn+ F 0.73

2 84 Buffer-Opn+ F 0.5

2 68 Buffer-Opn+ F 10.3

2 39 Buffer-Opn– F 8.52

2 40 Buffer-Opn– F 13.5

2 41 Buffer-Opn– F 5.93

2 29 Buffer-Opn– F 7.57

2 30 Buffer-Opn– F 34.7

2 14 Buffer-Opn+ M 4.85

2 16 Buffer-Opn+ M 4.04

2 64 Buffer-Opn+ M 1.93

2 65 Buffer-Opn+ M 2.49

2 15 Buffer-Opn+ M 16.7

2 52 Buffer-Opn– M 2.63

2 53 Buffer-Opn– M 6.21

2 55 Buffer-Opn– M 2.08

2 31 Buffer-Opn– M 31.8

3 2 Buffer-Opn– M 32.4

The table shows the cohort numbers, animal ID, group name, sex, engraftment levels

(%hCD45), and viral loads in copies/mL from the study endpoint.

arrowheads, 40× magnification). Dense staining was detected in
the white pulp, while sparse puncta were also observed in the red
pulp, confirming the presence of HIV-infected lymphocytes and
macrophages (Figure 2A, black and red arrowheads). Positive
immunoreactivity with antisera against hCD45 to detect human
leukocytes (black arrowheads) and hCD68 (red arrowheads,
a marker for resident macrophages) further confirmed the
presence of a subset of infected immune cells in these regions
(Figure 2A). T-lymphocyte subsets were identified in the spleen
by flow cytometry, suggesting the high likelihood that these cells
harbor themajority of HIV RNA (Figures 5D,E). SomeM-Opn+
spleens displayed viral RNA with a bursting pattern denoting
possible cell lysis and spread (Figure 2B, third panel, arrows).
The area covered by the fast red stain was measured and divided
by the area of a single, representing one viral particle to determine
the approximate total number of HIV viral particles per image
(Figure 2C). Analyses of viral particlemeans and variationwithin
groups followed by ordinary one-way ANOVA showed that the
reduction of OPN expression significantly decreased HIV RNA
burdens in the spleen, but only in female mice (Figure 2D,
P < 0.0001). Significantly more HIV RNA was seen in the
spleen of females expressing OPN compared to either male
group (Figure 2D, P < 0.0001). A perfect positive correlation
between plasma and tissue HIV RNA was found although it did
not reach statistical significance (Figure 2D, Table rs = 1.0, P
= 0.0833). At the study endpoint in mice with plasma loads
below the limit of detection (Table 1), viral RNA puncta in
tissues were found (Figure 2C, arrows). These findings suggest
in the spleen a discordance between plasma viral load and the
burden of splenic lymphocytes and macrophages persistently
replicating HIV.

In the lungs, sparse HIV RNA puncta were detected in all
infected groups (Figure 3B). H&E stains showed an influx of
hCD45+ cells from blood vessels into the lung parenchyma
(Figure 3A, black arrows). Viral RNA was present in these
recent migrating cells (Figure 3A, black arrowheads) and cells
near (interstitial macrophages) or lining lung alveoli (alveolar
macrophages) (Figure 3B, black arrowheads). A small number
of cells were also found to be hCD68 positive and HIV-infected
(Figure 3A, red arrowheads).

Overall, HIV RNA levels were 10-fold lower in the lung than
in the spleen (Figure 2D vs. Figure 3D). In the lung, HIV RNA
levels were 2-fold higher in females with reduced OPN than
those with regular OPN expression (Figure 3D, P < 0.0001). The
reverse relationship was seen in male lungs, where the number
of HIV RNA particles was significantly higher with OPN normal
expression (Figure 3D, P < 0.002). We also noted viral RNA
puncta in the lungs of mice with undetectable viral RNA in their
plasma at the study endpoint (Table 1, Figure 3C, arrows).

Higher Levels of HIV RNA Were Detected in
the Liver of Male Mice Expressing OPN
A large influx of hCD45+ cells into the tissue parenchyma was
observed in the liver (Figure 4A, arrows). Viral RNA was present
in a subset of these cells (Figures 4A,B, black arrowheads).
Human CD68+ macrophages were found within and adjacent
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FIGURE 2 | Spleen viral load and correlation with plasma burden. (A) Shows representative images infected spleens with viral RNA concentrated in the white pulp

positive for hCD45 (black arrowheads) and red pulp in cells positive for hCD68 (red arrowheads). (B) Shows 40× images of spleens stained for their viral RNA (black

arrowheads). Bursting pattern of viral dissemination observed in the males (black arrows). (C) Quantification of the viral RNA from the spleen is shown. Individual

points and mean ± SD are displayed. Arrows show animals with undetectable plasma viral loads but had low levels of viral RNA present in their spleen. (D) Group

means, variance and SD, and Spearman correlation coefficient with significance P < 0.05 are given in the Table.

to blood vessels with a subset showing positivity for viral RNA
(Figure 4A, red arrowheads). Three males exhibiting very high
plasma loads had giant clusters of viral RNA surrounded by
many hematoxylin positive nuclei, a pattern not observed in any
female group (Figure 4B, arrows). While no differences in HIV
RNA burden in the two female mice groups were seen, males
expressing normal levels of OPN had the highest levels of viral
RNA particles (Figure 4D, P < 0.0001). Moreover, there was
a significant positive correlation between the plasma and liver
viral loads in infected males expressing OPN (Figure 4D, Table,
rs= 0.893, P = 0.0417).

Variation in CD4+ Cell Levels and CD4:CD8
Ratios Are Not Modulated by OPN
Expression
In addition to lowering viral loads, ART normalizes CD4:CD8
ratios and reverses some of the HIV-induced T cell dysfunction
when administered during the acute phase of infection (36–
38). OPN through a NF-κB signaling pathway enhances HIV
replication in HIV target cells (19, 39). ART was not used in
this study, but rather we tested the hypothesis that inhibiting
OPN expression would serve to decrease HIV replication and
thereby spare CD4+ T-cell depletion. Human CD4 and CD8T

cell (hCD4, hCD8) population levels found in the spleen, lung
and liver where quantified by flow cytometric analyses on freshly
prepared single-cell suspensions generated from PBS-perfused
tissues. A gating strategy based on human CD45 (hCD45)
lymphocytes was used to analyze human specific leukocytes
in the spleen (Supplementary Figure 1). For all tissues there
were no significant between group differences (Figures 5–7A–C,
NS). However, three-way ANOVA analyses with post-test for
normally distributed data by Tukey’s and Kruskal-Wallis for non-
parametric continuous data were used to enumerate potential
variation and interaction between sex, OPN status and HIV
infection. In the spleen, a decrease in total T cells (hCD3+) in
both female infected groups was observed (Figure 5D, F vs. M×

HIV vs. Buffer P = 0.0384; 9.5% of the total variance); hCD3+

mean (SD): F-Opn+, n = 7, 28.78 (16.13); F-Opn–, n = 7, 38.23
(12.34); HIV-F-Opn+, n = 5, 11.19 (6.922); HIV-F-Opn–, n =

6, 27.83 (13.8); M-Opn+, n = 5, 33.48 (29.36); M-Opn–, n = 5,
29.6 (29.05); HIV-M-Opn+, n= 7, 42.14 (34.82); HIV-M-Opn–,
n = 5, 47.54 (4.233). A highly significant interaction with HIV
and the number of hCD4+ cells was seen in all HIV-infected
groups compared to uninfected mice, although the decrease in
female infectedmice wasmore intense [Figure 5E, HIV vs. Buffer
P = 0.0020; 19.7% of the total variance; hCD4+ mean (SD):
F-Opn+, n = 7, 56.54 (15.76); F-Opn–, n = 7, 55.78 (12.17);
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FIGURE 3 | Lung viral load and correlation with plasma burden. (A) Shows representative images of infected lungs with a large infiltrate of cells positive for hCD45

(black arrows) and containing viral RNA (black arrowheads). Some cells adjacent to the blood vessels were positive for hCD68 and infected (red arrowheads). (B) 40×

images of lungs stained for HIV viral RNA (red). (C) Quantification of the viral RNA from the lung is shown. Individual points and mean ± SD are displayed. Arrows

show animals with undetectable plasma viral loads but had low levels of viral RNA present in their lung. (D) Group means, variance and SD, and Spearman correlation

coefficient with significance P < 0.05 are given in the Table.

HIV-F-Opn+ (n = 5, 19.93 (7.274); HIV-F-Opn–, n = 5, 27.19
(16.85); M-Opn+, n = 5, 33.70 (24.39); M-Opn–, n = 5, 51.7
(33.85); HIV-M-Opn+, n = 7, 32.96 (17.78); HIV-M-Opn–, n
= 5, 40.84 (11.02)]. Indeed, this difference in hCD4+ cells was
also driven by sex (Figure 5B, F vs. M × HIV vs. Buffer P =

0.0256; 9.59% of the total variance). An increase in cytotoxic
hCD8+ T cells, which led to a corresponding decrease in the
hCD4:hCD8 was seen in all HIV-infected groups irrespective of
OPN expression (Figure 5C, HIV vs. Buffer P = 0.0030, 18.6%
of the total variance in hCD8+; Figure 5E, P = 0.0171, HIV,
12.88% of the total variance in hCD4:hCD8 ratio; CD8+ mean
(SD): F-Opn+ (n = 7, 56.54 (15.76); F-Opn–, n = 7, 55.78
(12.17); HIV-F-Opn+ (n = 5, 19.93 (7.274); HIV-F-Opn–, n =

6, 27.19 (16.85); M-Opn+, n = 5, 33.70 (24.39); M-Opn–, n
= 5, 51.7 (33.85); HIV-M-Opn+, n = 7, 32.96 (17.78); HIV-
M-Opn–, n = 5, 40.84 (11.02); CD4:CD8 ratio mean (SD): F-
Opn+ (n = 7, 0.3091 (0.3248); F-Opn–, n = 7, 0.1634 (0.4033);
HIV-F-Opn+ (n = 5, −0.0418 (0.5053); HIV-F-Opn–, n =

6, 0.1373 (0.6597); M-Opn+, n = 5, 0.1917 (0.213); M-Opn–
, n = 5, 0.5995 (0.3399); HIV-M-Opn+, n = 6, −0.02613
(0.3338); HIV-M-Opn–, n = 5, −0.00183 (0.1959). These results
suggest that in the spleen, disruption of OPN expression had

no significant additive effect on HIV-induced dysregulation of
hCD4+ and hCD8+ T cell numbers. Interestingly, female, as
compared to male mice, tended to suffer hCD4+ loss to a
greater extent.

Analyses of the lungs revealed a decrease in total hCD3+

cells that was associated with HIV infection [Figure 6A, HIV
vs. Buffer P = 0.0110; 12.66% of the total variance; hCD3 mean
(SD): F-Opn+, n = 5, 22.3 (6.531); F-Opn–, n = 10, 37.63
(22.18); HIV-F-Opn+, n = 7, 55.57 (17.95); HIV-F-Opn–, n =

6, 66.23 (10.05); M-Opn+, n = 3, 56 (39.32); M-Opn–, n =

4, 56.6 (35.49); HIV-M-Opn+, n = 8, 39.84 (24.64); HIV-M-
Opn–, n = 5, 59.5 (26.36)]. As expected, viral infection was also
associated with the reduction in hCD4 cells in all the infected
compared to uninfected groups accounting for 17.86% of the
total variance [Figures 6B,C,E, HIV vs. Buffer P = 0.0074; hCD4
mean (SD): F-Opn+, n = 4, 60.95 (15.3); F-Opn–, n = 4, 77.1
(11.48); HIV-F-Opn+, n = 6, 65.03 (15.45); HIV-F-Opn–, n =

7, 44.2 (22.28); M-Opn+, n = 3, 75.6 (26.75); M-Opn–, n = 4,
78.37 (8.33); HIV-M-Opn+, n = 5, 60.26 (19.95); HIV-M-Opn–
, n = 5, 54.08 (15.69)]. A highly significant interaction between
hCD8+ levels with HIV infection found [Figure 6C, HIV vs.
Buffer P = 0.0009; 18.4% of the total variance; hCD8 mean (SD):
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FIGURE 4 | Liver viral load and correlation with plasma burden. (A) Shows representative images of infected liver with a large infiltrate of cells positive for hCD45

(black arrows) and containing viral RNA (black arrowheads). Some cells adjacent to the blood vessels were positive for hCD68 and infected (red arrowheads). (B) 40×

images of liver stained for HIV viral RNA (red). Giant clusters of viral RNA surrounded by many hematoxylin positive nuclei in male mice’s liver. (C) Quantification of the

viral RNA from the liver is shown. Individual points and mean±SD are displayed. Arrows show animals with undetectable plasma viral loads but had low viral RNA

levels present in their liver. (D) Group means, variance and SD, and Spearman correlation coefficient with significance P < 0.05 are given in the Table.

F-Opn+, n = 7, 22.15 (11.44); F-Opn–, n = 6, 15.97 (9.576);
HIV-F-Opn+, n = 6, 18.92 (16.37); HIV-F-Opn–, n = 10, 41.35
(18.24); M-Opn+, n = 3, 10.48 (12.63); M-Opn–, n = 4, 5.878
(5.467); HIV-M-Opn+, n = 8, 30.47 (17.95); HIV-M-Opn–, n
= 5, 26.14 (7.667)]. There were no significant between group
differences in hCD4:hCD8 ratios however, HIV infection and
sex contributed individually and in combination to the variation
[Figure 6E, HIV, P = 0.0069, Sex, P = 0.0146, HIV × Sex, P
= 0.017; hCD4:hCD8 ratio mean (SD): F-Opn+ (n = 7, 0.1306
(0.6409); F-Opn–, n = 6, 0.4438 (0.8502); HIV-F-Opn+ (n = 5,
−0.5591 (0.5421); HIV-F-Opn–, n = 10, −0.1261 (0.5553); M-
Opn+, n = 3, 1.115 (0.8598); M-Opn–, n = 3, 1.438 (0.4254);
HIV-M-Opn+, n = 8, 0.1380 (0.6345); HIV-M-Opn–, n = 5,
0.3201 (0.2594)].

In the liver, there were no significant between- or intra-group
differences in hCD3 and hCD8 cell numbers [Figures 7A–C, ns;
CD3 mean (SD): F-Opn+ (n = 7, 59.36 (20.72); F-Opn–, n =

7, 66.44 (16.05); HIV-F-Opn+ (n = 6, 58.73 (31.18); HIV-F-
Opn–, n =9, 54.04 (27.98); M-Opn+, n =3, 68.1 (37.85); M-
Opn–, n = 5, 62.86 (36.96); HIV-M-Opn+, n = 8, 66.02 (32.42);

HIV-M-Opn–, n= 5, 81.46 (24.75); CD8 mean (SD): F-Opn+ (n
= 7, 16.21 (9.457); F-Opn–, n= 7, 25.13 (10.44); HIV-F-Opn+ (n
= 6, 18 (14.64); HIV-F-Opn–, n= 9, 31.38 (9.106); M-Opn+, n=
3, 18.87 (22.59); M-Opn–, n = 5, 12.83 (16); HIV-M-Opn+, n =

7, 18.66 (12.52); HIV-M-Opn–, n = 5, 25.8 (10.69)]. In contrast,
intra-group decreases in hCD4 cells that was associated with HIV
infection was detected [Figure 7D, HIV vs. Buffer P = 0.0043;
CD4 mean (SD): F-Opn+ (n = 4, 46.82 (16.42); F-Opn–, n =5,
43.24 (13.8); HIV-F-Opn+ (n = 6, 31.67 (13.2); HIV-F-Opn–, n
= 9, 21.52 (10.98); M-Opn+, n =3, 54.7 (13.34); M-Opn–, n =

5, 43.86 (18.96); HIV-M-Opn+, n = 8, 42.77 (21.36); HIV-M-
Opn–, n = 5, 33.7 (9.30)]. There was a modest trend of higher
CD4:CD8 particularly in an interaction with viral infection in
male mice [Figure 7E, sex as a source of variation, 11.63%, P
= 0.0201; CD4:CD8 ratio mean (SD): F-Opn+ (n = 6, −0.1122
(0.4398); F-Opn–, n = 7, −0.005514 (0.4228); HIV-F-Opn+ (n
= 4, 0.2653 (0.2759); HIV-F-Opn–, n = 9, −0.2249 (0.3541); M-
Opn+, n = 2, 0.2992 (0.3606); M-Opn–, n = 4, 0.5720 (0.6067);
HIV-M-Opn+, n = 5, 0.1770 (0.5841); HIV-M-Opn–, n = 6,
0.4294 (0.7491)]. Collectively, these results suggest moderate to
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FIGURE 5 | Flow cytometric analyses of T cell subsets in the spleen. (A) Shows the percentage of CD3+, (B) percentage of CD4+ and (C), percentage of CD8+ in

the spleen. Individual points and mean±SD are displayed. Three-way ANOVA, with Tukey’s post-hoc for normally distributed data to determine the variation in the

immune cells due to Opn status, sex differences, and infection; results are displayed below the bar charts with significant results highlighted. (D,E) CD4:CD8 ratio

analyses were performed with three-way ANOVA for non-parametric continuous data and post-hoc test by Kruskal-Wallis to determine the variation in the immune

cells due to Opn status, sex differences, and infection. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Infected: F-HIV-Opn+ n = 5, F-HIV-Opn–n = 6,

M-HIV-Opn+ n = 7 and M-HIV-Opn– n = 5. Uninfected: F-Opn+ n = 7, F-Opn– n = 7, M-Opn+ n = 5 and M-Opn– n = 5.

strong influences of HIV infection and/or sex in the tissue levels
of T-lymphocytes in the spleen, lung and liver in a model of
low-level chronic infection of NSG-hCD34 humanized mice.

Both HIV Infection and OPN Expression
Influence the Number of CD14+ Monocytes
in the Lungs, but Not in the Spleen or Liver
Monocyte trafficking into tissues is increased in HIV-infected
individuals and plays a role in promoting inflammatory
sequelae and enhancing the HIV reservoir (40). Monocyte
numbers in the spleen, lung, and liver were assessed by FACS
using antisera against hCD14, a marker for the lipoprotein
receptor (LPS) responsible in concert with toll-like receptor
signaling, for potentiating inflammatory responses (40, 41).
The gating strategy for spleen, lung and liver is shown in
Supplementary Figure 4. Three-way ANOVA (non-parametric,
spleen and lung; parametric, liver) of single-cell suspensions
of the spleen demonstrated that there were no differences in
the hCD14+ levels in the spleen between groups, but most of
the females from every group had very low counts compared
to males [Figures 8A–C; CD14 mean (SD): F-Opn+ (n = 5,
357.2 (194.7); F-Opn–, n = 5, 812.6 (1,168); HIV-F-Opn+

(n =4, 223.7 (170.1); HIV-F-Opn–, n = 5, 181.2 (73.5); M-
Opn+, n = 4, 702.2 (1,055); M-Opn–, n = 5, 1142.6 (1859.12);
HIV-M-Opn+, n = 5, 702.2 (1,055); HIV-M-Opn–, n = 4,
886.5 (795.8)]

In contrast, in the lung for both female and male mice,
interactions between HIV infection and OPN expression
impacted the variation in CD14 counts. Higher numbers of
hCD14+ cells were seen in both infected and uninfected groups
when compared to animals expressing OPN [Figures 8A–C, HIV
infection, 14.17% of the total variation, P = 0.0304; OPN status
12.96% of the variation, P = 0.0377; hCD14 mean (SD): F-
Opn+, n = 4, 296.5 (171.8); F-Opn–, n = 4, 520.2 (574.7);
HIV-F-Opn+, n = 4, 75.25 (76.53); HIV-F-Opn–, n = 5, 214.8
(215.1); M-Opn+, n = 3, 211.7 (174.8); M-Opn–, n = 4, 687.5
(507.5); HIV-M-Opn+, n = 5, 152.6 (121.3); HIV-M-Opn–, n
= 4, 271.5 (275.4)]. Similar analyses of cells in the liver did
not reveal any differences due to infection, sex or OPN status
(Figure 8C).

These results indicate that irrespective of virus replication,
OPN expression can impact monocyte numbers in the lungs.
Chronic HIV infection independently reduces the number
of monocytes in the lungs, while reducing OPN increases
monocyte trafficking to this tissue in a manner independent of
HIV infection.
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FIGURE 6 | Flow cytometric analyses of T cell subsets in the lung. (A) Shows the percentage of CD3+ (B) percentage of CD4+ and (C), percentage of CD8+.

Individual points and mean ± SD are displayed. Three-way ANOVA, with Tukey’s post-hoc for normally distributed data to determine the variation in the immune cells

due to Opn status, sex differences, and infection; results are displayed below the bar charts with significant results highlighted. (D,E) CD4:CD8 ratio analyses were

performed with three-way ANOVA for non-parametric continuous data and post-hoc test by Kruskal-Wallis to determine the variation in the immune cells due to Opn

status, sex differences, and infection. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Infected: F-HIV-Opn+ n = 6, F-HIV-Opn– n = 10, M-HIV-Opn+ n =

8 and M-HIV-Opn– n = 5. Uninfected: F-Opn+ n = 7, F-Opn– n = 6, M-Opn+ n = 3 and M-Opn– n = 4.

CD19+ B Cell Loss Observed in Spleen,
Lungs, and Liver of Infected Animals Is
Driven by HIV-1 Infection
The absolute number of B cells in plasma usually declines in
response to acute or chronic HIV replication (25, 42). Therefore,
we evaluated whether human B cell numbers in spleen, lung and
liver followed a similar pattern in our HIV-infected humanized
mice and whether OPN expression had any impact on this
response. The FACS gating strategy for spleen, lung and liver
is provided in Supplementary Figure 5. Analysis of the spleen,
lung and liver revealed significant intra-group decreases in
CD19+ cells in HIV-infected mice irrespective of OPN status
[Figures 9A–C; spleen: HIV 12.72% of the total variance, P =

0.0362; lung: HIV 21.92% of the total variance P = 0.0068; liver:
HIV 15.69% of the total variance P = 0.0056; spleen CD19 mean
(SD): F-Opn+, n= 5, 6664 (6,642); F-Opn–, n= 5, 3927 (4,153);
HIV-F-Opn+, n = 4, 2455 (4,484); HIV-F-Opn–, n = 5, 771
(697.3); M-Opn+, n = 4, 2256 (2,185); M-Opn–, n = 5, 4739
(5,648); HIV-M-Opn+, n = 5, 991.2 (1,201); HIV-M-Opn–, n =

4, 1,845 (526.2); lung CD19 mean (SD): F-Opn+, n = 4, 319.5
(290.6); F-Opn–, n = 4, 526.5 (352.9); HIV-F-Opn+ (n = 4,
100.5 (128.4); HIV-F-Opn–, n= 5, 73.6 (66.57); M-Opn+, n= 3,

126.7 (97.52); M-Opn–, n = 4, 512.2 (605); HIV-M-Opn+, n =

5, 107.4 (108.7); HIV-M-Opn–, n = 4, 71.25 (51.34); liver CD19
mean (SD): F-Opn+, n = 3, 73.33 (83.72); F-Opn–, n = 5, 234.8
(144.4); HIV-F-Opn+, n = 4, 30 (27.31); HIV-F-Opn–, n = 5,
29.25 (32.23); M-Opn+, n = 3, 30.67 (25.54); M-Opn–, n = 4,
68.5 (69.66); HIV-M-Opn+, n = 5, 21.8 (19.9); HIV-M-Opn–, n
= 4, 15.5 (15.97)]. Additionally, in the liver uninfected females
had higher levels of B cells than males particularly between the
groups in which OPN expression was inhibited (Figure 9M, sex
8.662% of the total variance, P = 0.033).

Proportional Differences of CD3+ T Cells,
CD19+ B Cells, and CD14+ Monocytes in
Mice With Low Levels of OPN Expression
OPN can function as a chemoattractant facilitating the
recruitment of leukocytes into tissues and promoting cell survival
(17, 18, 20). In this scenario, knockdown of chemotactic and
pro-survival signaling through OPN expression interference
would be expected to reduce any increased immune cell influx
stimulated by HIV infection. Therefore, we hypothesized that the
percent frequency of each subpopulation of leukocytes might be
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FIGURE 7 | Flow cytometric analyses of T cell subsets in the liver. (A) Shows the percentage of CD3+, (B) percentage of CD4+, and (C) percentage of CD8+.

Individual points and mean ± SD are displayed. Three-way ANOVA, with Tukey’s post-hoc for normally distributed data to determine the variation in the immune cells

due to Opn status, sex differences, and infection; results are displayed below the bar charts with significant results highlighted. (D,E) CD4:CD8 ratio analyses were

performed with three-way ANOVA for non-parametric continuous data and post-hoc test by Kruskal-Wallis to determine the immune cells’ variation due to Opn status,

sex differences, and infection. Three-way ANOVA for non-parametric continuous data and post-hoc test by Kruskal-Wallis to determine the variation in CD14 count

due to Opn status, sex differences, and infection. Mean, and IQR are displayed in the graph. Infected: F-HIV-Opn+ n = 6, F-HIV-Opn– n = 9, M-HIV-Opn+ n = 8

and M-HIV-Opn– n = 5. Uninfected: F-Opn+ n = 7, F-Opn– n = 7, M-Opn+ n = 3 and M-Opn– n = 5.

differentially reduced in the absence of OPN expression. Two-
way ANOVA between cell types (T cell, B cell, and monocytes)
and OPN status revealed highly significant differences in the
percent of leukocytes in tissues where OPN expression was
unaffected or knockdown with aptamers (Figures 10A,B, Opn
status, P < 0.0001). Surprisingly, comparing the two HIV-
infected female groups in the spleen (Figure 10A, F-Opn+ 11.2
± 6.9, F-Opn– 27.8 ± 13.8) and lung (Figure 10A, F-Opn+ 22.3
± 6.5, F-Opn– 37.6 ± 22.2), with inhibition of OPN expression,
there was an increase in percent frequency of T cells. This was also
observed in lung (Figure 10A, M-Opn+ 39.84± 24.64, M-Opn–
59.5 ± 26.36) and liver (Figure 10A, M-Opn+ 66.02 ± 32.42,
M-Opn– 81.46 ± 24.76) of infected males with reduced levels
of OPN. Therefore, T cell infiltration was increased in infected
mice with reduced OPN expression and likely contributed to
the HIV-1 vRNA detected in these tissues (Figures 3B, 4B).
There was a decrease in the percent frequency of splenic B cells
(Figure 10A, F-Opn+ 42.17 ± 32.73, F-Opn– 19.71 ± 19.25)
and lungs (Figure 10A, F-Opn+ 20.78 ± 15.68, F-Opn– 7.26 ±

4.79) of HIV infected females with reduced OPN and the lung
(Figure 10A, M-Opn+ 12.62 ± 5.441, M-Opn– 6.938 ± 3.25)
and liver (Figure 10A, M-Opn+ 20.77 ± 10.34, M-Opn– 9.048
± 10.33) of infected males with low OPN expression. Therefore,

decreased OPN expression limited the recruitment of B cells
into these tissues. An additional significant interaction between
different immune cell types and OPN status was detected in the
spleen (Figure 10B, P = 0.0137). These results collectively shed
light on how the percent frequency of one cell type in a tissue
and OPN expression might influence that of other leukocytes in
a secondary lymphoid organ.

DISCUSSION

Replication-competent HIV-1 can persist within immune cells
contained in secondary lymphoid tissues and other organs
(43). Most recent estimates suggest that more than 70 years
of uninterrupted ART is required to eliminate such reservoirs
(4). Many factors affect the pharmacodynamics/kinetics of
ART therapeutic efficacy (44–47). Therefore, understanding
and identifying host proteins and associated cellular pathways
that support viral persistence in tissues can inform therapeutic
development aimed at halting HIV-1 spread and associated
disease sequelae. This study shows evidence of osteopontin’s
(OPN) potential to affect the formation of HIV-infected tissue
sanctuaries in female humanized mice. OPN expression is
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FIGURE 8 | Flow cytometric analyses of monocyte in the spleen (A), lung (B), and liver (C). Three-way ANOVA for non-parametric continuous data and post-hoc test

by Kruskal-Wallis to determine the variation in CD14 count in the spleen due to Opn status, sex differences, and infection. For spleen and lung the mean, and IQR are

displayed in the graphs. For liver individual points and mean ± SD are displayed. Three-way ANOVA results to determine the variation in CD14 count in the liver due to

Opn status, sex differences, and infection are displayed below the bar charts with significant results highlighted. SPLEEN_Infected: F-HIV-Opn+ n = 4, F-HIV-Opn– n

= 5, M-HIV-Opn+ n = 5 and M-HIV-Opn– n = 4. Uninfected: F-Opn+ n = 5, F-Opn– n = 5, M-Opn+ n = 4 and M-Opn– n = 4. LUNG_Infected: F-HIV-Opn+ n = 4,

F-HIV-Opn– n = 5, M-HIV-Opn+ n = 5 and M-HIV-Opn– n = 4. Uninfected: F-Opn+ n = 4, F-Opn– n = 4, M-Opn+ n = 3 and M-Opn– n = 4. *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001. LIVER_Infected: F-HIV-Opn+ n = 4, F-HIV-Opn– n = 3, M-HIV-Opn+ n = 5 and M-HIV-Opn– n = 4. Uninfected: F-Opn+ n = 4,

F-Opn– n = 5, M-Opn+ n = 3 and M-Opn– n = 4.

FIGURE 9 | Flow cytometric analyses of B cells in the spleen, lung, and liver. (A) Shows the cell counts of CD19 in the spleen, (B) lung and (C) liver. For Spleen

individual points and mean±SD are displayed. Three-way ANOVA results to determine the variation in CD19 count in the spleen due to Opn status, sex differences,

and infection are displayed below the bar charts with significant results highlighted. SPLEEN_Infected: F-HIV-Opn+ n = 4, F-HIV-Opn– n = 5, M-HIV-Opn+ n = 5

and M-HIV-Opn– n = 4. Uninfected: F-HIV-Opn+ n = 5, F-HIV-Opn– n = 5, M-HIV-Opn+ n = 5 and M-HIV-Opn– n = 5. For lung and liver, three-way ANOVA for

non-parametric continuous data and post-hoc test by Kruskal-Wallis was used to determine the variation in CD19 count due to Opn status, sex differences, and

infection. Mean and IQR are displayed in the graphs. LUNG_Infected: F-HIV-Opn+ n = 4, F-HIV-Opn– n = 5, M-HIV-Opn+ n = 5 and M-HIV-Opn– n = 4. Uninfected:

F-HIV-Opn+ n = 4, F-HIV-Opn– n = 4, M-HIV-Opn+ n = 3 and M-HIV-Opn– n = 4. LIVER_Infected: F-HIV-Opn+ n = 4, F-HIV-Opn– n = 4, M-HIV-Opn+ n = 5 and

M-HIV-Opn– n = 4. Uninfected: F-HIV-Opn+ n = 3, F-HIV-Opn– n = 5, M-HIV-Opn+ n = 3 and M-HIV-Opn– n = 4. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <

0.0001.

increased in the plasma and cerebrospinal fluid (CSF) in HIV-
1 infection. Previous studies have implicated OPN in enhancing
HIV-1 infection and acting as a chemoattractant to monocytes
PMNs (16, 19, 20). Therefore, the decline in tissue persistence
seen in this study could be related to reducing HIV replication,

decreased trafficking of infected cells into the tissues, or a
combination of the two. An essential consideration of the NSG-
hCD34 model is to understand that the phenotypes observed are
also likely in direct relationship to the genetic background of the
donor cells used for engraftment and could explain some of the
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FIGURE 10 | The proportion of T cells, B cells, and monocytes in the infected spleen, lung, and liver. (A) Shows stacked bar charts depicting the proportion of hCD3,

hCD19, and hCD14 as a percentage of hCD45 in the different tissues assessed. Proportional differences were computed by two-way ANOVA, and the results are

displayed in (B) with significant results highlighted. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

variation observed in this study (33). Nevertheless, through 3-
way ANOVA to further investigate the sources of variation and
interaction, we found significant impacts of HIV, sex, and OPN.

Infected female mice in which OPN expression was blocked,
had lower viral persistence in the spleen as evident by the
significantly fewer number of viral RNA foci detected. The spleen,
a secondary lymphoid organ, is a major HIV sanctuary with HIV
infected T cells found in the white pulp and macrophages in the
red pulp. In this study, most of the vRNA foci in the spleen were
localized to the white pulp. In a humanized mouse model with
ART beginning 4 weeks post-infection and continuing for a total
time of 22 weeks, HIV viral DNA decreased 2-logs and remained
stable highlighting the limitations of ART to hasten the turnover
of infected cells in the spleen (48). Splenic T cell dysfunction
has been previously associated with a decrease CD4T cells and
concomitant increase in CD8 cytotoxic lymphocytes (49). Our
results indicated a similar trend of low CD4 and increased
CD8, which was not recovered by inhibiting OPN expression.
There were no significant differences in CD4 or CD8 levels
with OPN expression, suggesting that OPN does not modulate
these cells’ recruitment into the spleen. Rather, reduced OPN
expression results in a decline in HIV replication and lower
vRNA persistence in tissues. Therefore, while infected T cells
can extravasate into the spleen in animals with reduced OPN,
HIV replication in these cells is limited. Female infected mice
suffered a more significant loss in splenic CD4 than males. This
likely reflects reported sex differences in HIV pathogenesis with

infected females showing a faster rate of CD4 cell loss than
males (11).

B-cell follicles found in lymph nodes and gut-associated
lymphoid tissue are sites of dynamic interaction between specific
T-cell subsets and NK cells involved in immunity against HIV
(50, 51). We also evaluated whether HIV-mediated B cell loss
can be recovered by lowering viral persistence in the spleen.
We found, however, that B cells declined in all infected animals
irrespective of OPN levels. Interestingly, a role for OPN in B-
cell differentiation in immune-mediated inflammatory disorders,
including multiple sclerosis, alcoholic and non-alcoholic liver
diseases, and others, has been reported (52, 53). This could
potentially explain why CD19 numbers did not increase in the
HIV-infected groups with reduced OPN expression.

In HIV infection, monocyte recruitment is increased
contributing to tissue macrophage viral reservoirs (49, 54).
However, in this low-level chronic infection model, we did not
observe an increase in monocyte recruitment into the spleen.
Rather in HIV-infected animals with or without OPN, CD14
cells were decreased. Further characterization of monocytic
subsets with CD16, chemokine profiling, and sampling at an
earlier time point would shed further light on their movement
from blood to tissues.

Analysis of lungs also revealed a decrease in viral persistence
in infected females with reduced OPN levels. Like the spleen,
we did not observe CD4 or B cell recovery or CD8 decrease
in the lungs despite the lower levels of HIV vRNA seen in
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this tissue. The prevalence of lung complications is increased
with HIV infection and include respiratory infections like
Mycobacterium tuberculosis and non-infectious dysfunctions
such as emphysema and chronic obstructive pulmonary disease
(55). These complications have been attributed to increased CD8
infiltrates in lung mucosa (55). Therefore, although reducing
OPN expression lowered virus replication levels in the lungs,
immune dysfunction was not reversed. With HIV infection
monocyte levels were decreased in the lungs but interestingly,
mice with reduced OPN expression showed a trend of an
increased number of monocytes compared to animals with
normal levels of OPN, however the sample sizes were small.

Sex differences in HIV persistence were observed in the liver.
Males with and without OPN exhibited higher levels of viral RNA
than females, and three out of seven males had giant hCD45+

clusters of cells that produced viral RNA. This pattern was not
observed in females, even those with higher levels of virus in
plasma. Reduction of OPN in females resulted in lower viral
RNA in the liver but not in male mice, and T cell dysfunction
and B cell decline again were not recovered in this context.
Overall, in all tissues assessed, inhibition of OPN expression
resulted in greater recruitment of CD3+ T cells and a lower influx
of B cells.

Collectively, our findings demonstrate the potential for host
factors to influence in a sex-dependent or -independent manner
immune cell-HIV replication dynamics in tissues and warrant
further investigation of the mechanisms involved.
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Supplementary Figure 1 | Gating strategy for spleen tissue. (A) Shows

identification of single cells, forward (FSC) vs. side-scatter (SSC), and gating for

human CD45, CD3 and CD8 cells. (B) Representative dot plots and histograms of

hCD4 vs hCD8 on female and male tissue experimental groups.

Supplementary Figure 2 | Gating strategy for lung tissue. (A) Shows

identification of single cells, forward (FSC) vs. side-scatter (SSC), and gating for

human CD45, CD3 and CD8 cells. (B) Representative dot plots and histograms of

hCD4 vs. hCD8 on female and male tissue experimental groups.

Supplementary Figure 3 | Gating strategy for liver tissue. (A) Shows

identification of single cells, forward (FSC) vs. side-scatter (SSC), and gating for

human CD45, CD3 and CD8 cells. (B) Representative dot plots and histograms of

hCD4 vs. hCD8 on female and male tissue experimental groups.

Supplementary Figure 4 | Gating strategy for monocytes from spleen, lung and

liver tissue. (A,D,G) Shows identification of single cells, forward vs. side-scatter,

and gating for human CD45 and CD14. (B,C), (E,F), and (H,I) Representative

contour plots hCD14 vs side scatter (SSC) on female and male tissue

experimental groups.

Supplementary Figure 5 | Gating strategy for B-cells from spleen and lung

tissue. (A) Shows identification of single cells, forward vs. side-scatter, and gating

for human CD45 and CD19. (B) Representative contour plots hCD19 vs. side

scatter (SSC) on female and male tissue experimental groups.

Supplementary Figure 6 | Gating strategy for B-cells from liver tissue. (A) Shows

identification of single cells, forward vs. side-scatter, and gating for human CD45

and CD19. (B) Representative contour plots hCD19 vs side scatter (SSC) on

female and male tissue experimental groups.
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