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Abstract

HIV affects 37 million people worldwide, 25-69% of which develop HIV-associated
neurocognitive disorders (HAND) regardless of antiviral treatment. HIV infection of the brain
decreases cognitive function, disrupts/impairs learning and memory, and reduces quality of life for
those affected. HIV-induced neuroinflammation has been associated with viral proteins such as
gp120 and Tat, which remain elevated in the CNS even in patients with low peripheral viremia
counts. In this study, we examined the effects of gp120 on neuroinflammation in immunodeficient
vs. immunocompetent states by examining neuroinflammatory markers in gp120tg mice with or
without systemic immunodeficiency caused by murine retroviral administration (LP-BM5 murine
AIDS). Changes in inflammatory cytokine/chemokine mRNA expression was complex and
dependent upon expression of gp120 protein, immunodeficiency status, brain region
(hippocampus, frontal lobe, or striatum), and age. Gp120 expression reduced hippocampal
synaptophysin expression but did not affect animals’ learning/memory on the spontaneous T-maze
test in our experimental conditions. Our results emphasize the critical role of the
neuroinflammatory micro-environment and the peripheral immune system context in which gp120
acts. Multiple factors, particularly system-level differences in the immune response of different
brain regions, need to be considered when developing treatment for HAND.
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HIV gp120’s action is critically influenced by the neuroinflammatory micro-
environment in which gp120is in. Multiple factors, particularly brain region-
differences need to be considered when developing treatment for HAND.
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1. Introduction:

Nearly 37 million people throughout the globe are infected with human immunodeficiency
virus-1 (HIV-1) (https://www.unaids.org/sites/default/files/media_asset/ AIDS-by-the-
numbers-2016_en.pdf), with 1.1 million of those infected living in the US (Force 2019).
Current major risk factors for contracting HIV in the US include men who have sex with
men (67% of new cases), as well as intravenous drug abuse (4% of new cases in men and
12% of new cases in women) (Force 2019). Modern antiretroviral drug treatment regimens
can significantly reduce viral load. However, access to care, consistency of treatment, and
management of side effects remain insufficient, especially for populations with low
compliance or delayed treatment (Maartens et al. 2014). According to the CDC, within the
US, only 30% of HIV patients have viral loads that are controlled by antiretroviral therapy
(Bradley et al. 2014). Further, when the CSF of patients with suppressed plasma HIV RNA
and adequate CD4 levels was examined, nearly 50% of the participants still had detectable
HIV-infected cells (Spudich et al. 2019). HIV proteins were also detected in spinal fluid
despite low peripheral viremia counts achieved through antiretroviral therapy (Henderson et
al. 2019). Thus peripheral viral suppression does not reflect the CNS viral status.

Chronic complications associated with HIV/AIDS are becoming more prevalent as patients
with HIV continue to live longer (Watkins and Treisman 2015). HIV-associated
neurocognitive disorders (HAND) affect 25-69% of individuals with HIV, with variation in
the presentation and severity of symptoms (Letendre et al. 2009). HIV infection of the brain
decreases cognitive function, affects memory and learning, reduces the ability to carry out
everyday tasks, maintain employment, and negatively impacts the overall quality of life
(Letendre et al. 2009). Clinical manifestations of HAND can be asymptomatic, mild, or
severe HIV-associated dementia (HAD) (Nasi et al. 2017). The symptoms and severity of
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HAND are also dependent on infection progression, antiviral treatment, age, and other
factors such as the use of opioid drugs (prescription or elicit use) (Anthony et al. 2008;
Anthony et al. 2005; Bell 2004; Bell et al. 1998; Hauser and Knapp 2014; Letendre et al.
2009; Weisberg et al. 2015). A 2019 study reported a significant association between the
detection of cell-associated HIVV DNA and poor neurocognitive function (Spudich et al.
2019). Although diagnosis of HAD has decreased in recent years, the prevalence of
asymptomatic and mild forms of HAND has not. As a result, patients are vulnerable to the
development of more severe symptoms as they age (Dickens et al. 2017; Janssen et al. 2015;
Piggott et al. 2020; Saylor et al. 2016). Therefore, it is critical to treat HAND promptly,
while developing new therapies to combat the effects of HAND, as currently there are no
FDA-approved treatments directly targeting HAND (Letendre et al. 2009; McArthur et al.
2010; Nasi et al. 2017).

The development of HAND is believed to be the result of both direct and indirect damage
caused by the virus. Inflammatory HIV proteins (e.g.,HIV-Tat, gp120) released in the brain
could contribute to the damage seen within the striatum, hippocampus, and to some extent
the frontal lobe, regions known to be responsible for executive functions, attention, memory,
and learning (Ellis et al. 2007). HIV-associated CNS pathology involves synaptodendritic
neuronal injury, resulting in abnormal neuronal connectivity and subsequent deficits in
cognitive skills and behavior (Ellis et al. 2007; Masliah et al. 1997; McLaurin et al. 2019;
Moore et al. 2006). The neuronal damage observed in patients with HAND is primarily
associated with persistent inflammation in the CNS (McArthur et al. 2010; Nasi et al. 2017;
Saylor et al. 2016). Several cytokines that contribute to the activation of macrophages,
microglia, and astrocytes as well as help promoting further neuroinflammation are found to
be upregulated or dysregulated in the CNS of patients with HIV/AIDS, including: monocyte
chemoattractant protein-1 (MCP-1, also known as CCL2), regulated upon activation normal
T cell expressed and secreted (RANTES, also known as CCL5), macrophage inflammatory
protein-1 alpha (MIP-1a, also known as CCL3), macrophage inflammatory protein-1 beta
(MIP-IB, also known as CCL4), interferon gamma- induced protein-10 (IP-10/CXCL10),
tumor necrosis factor (TNF-a), interleukin-12 (I1L-12), and interleukin 8 (IL-8), as well as
antiviral interferons (IFNs) interferon alpha (IFNa), interferon beta (IFNB), and interferon
gamma (IFN+y) (Brabers and Nottet 2006; Cary et al. 2013; Deshmane et al. 2009; Gonzalez
et al. 2002; Kelder et al. 1998; Kolb et al. 1999; Sivro et al. 2014; Watanabe et al. 2010).
These observations support the idea that a strong milieu of inflammatory mediators are
constantly released in the CNS of HIV patients and are likely contributing to CNS damage
and the pathophysiology of HAND.

HIV is a distinctly neurotropic and neurovirulent retrovirus that can enter the CNS within
weeks of infection via diapedesis of infected peripheral CD14+CD16+monocytes across the
blood-brain barrier (Williams et al. 2014). Several HIV proteins including gp120 have been
shown to contribute to the neuropathology of HAND. Gp120 has been found to induce
neurotoxicity through damaging neuronal mitochondria in patients infected with HIV
(Avdoshina et al. 2016; Fields et al. 2016), via the p38 MAPK pathway (Zhu et al. 2015) and
by inducing intracellular calcium dysregulation (Haughey and Mattson 2002), all of which
could lead to memory deficits and the pathogenesis of HAND. Gp120-induced neurotoxicity
could be mediated in part by gp120-induced inflammation as gp120 was shown to increase
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TNFa, IL-1B and IL-6 expression in primary brain microglia and astrocytes (Ronaldson and
Bendayan 2006; Yeung et al. 1995). Gp120tg mice were also found to display upregulated
levels of CXCL10 and CCL2 in the CNS (Asensio et al. 2001). In addition, blocking the NF-
kB pathway resulted in reduced pro-inflammatory responses and enhanced neuroprotective
effects of cultured astrocytes treated with gp120, highlighting the role of inflammation in
gp120 induced neuronal damage (Janda et al. 2011). However, our knowledge regarding
gp120’s contribution to HAND pathology via neuroinflammation is still incomplete.

Due to the fact that HIV establishes itself within the CNS early in infection, and not all HIV-
infected individuals have controlled peripheral viral loads and CD4 counts (in fact only 30%
of HIV-infected individuals do (Bradley et al. 2014)), understanding the effects of
neurotoxic HIV proteins such as gp120 on neuroinflammation in immunodeficient (with
potential active viral replication) vs. immunocompetent states is critical and will allow us to
further delineate the role of HIV proteins in HAND. The current study used HIV gp120tg
mice, which constitutively express gp120 under a glial fibrillary acidic protein (GFAP)
promoter, and share many distinctive changes found in the CNS of patients with HAND
(Krucker et al. 1998; Thaney et al. 2017; Thaney et al. 2018; Toggas et al. 1994), to examine
the effects of gp120 on: 1) the expression of various neuroinflammation-related factors in
hippocampus, striatum, and frontal lobe quantified via gRT-PCR, 2) hippocampal
synaptophysin and microtubule-associated protein 2 (MAP2) expression measured by
ELISA, and 3) learning/memory function assessed through the spontaneous T-maze. To
induce an immunodeficient state, gp120tg mice were infected with LP-BM5, a murine
retroviral mixture known to cause immunodeficiency (referred to as murine AIDS or
MAIDS in previous studies) (Green et al. 2013; Li and Green 2006; Mutnal et al. 2013).

2. Material and Method:
2.1. Mice

All mice were housed at the University of New England (UNE) animal facility and were
provided food and water ad /ibitum and kept on a 12-hr light/dark cycle. B6.SJL gp120tg
mice (referred to as gp120tg mice in the text) were a gift from Dr. Marcus Kaul, Sanford
Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA. Gp120tg breeding was
established within the UNE animal facility. HAND like pathology significantly increases
with age in gp120tg+ mice: physiological and morphological changes were detected at 3-5
months of age, while behavioral changes were detected around 7-9 months of age (D’Hooge
et al. 1999; Maung et al. 2014; Toggas et al. 1994). As the effects of immunodeficiency in
this model were unknown, both young (8-10 weeks old) and old (~5 months old) gp120tg
mice were included in the study. Gp120tg mice were maintained through heterozygous
breeding. Littermate gp120tg— were used as controls to examine the effects of gp120
expression. Both male and female mice were used in each group. At twelve weeks post-
infection mice were sacrificed via CO, inhalation following T-maze assay (See section 2.7),
i.e. mice were about 4-5 months and 7-8 months old respectively at sample collection. Blood
was collected via cardiac puncture and tissues were then harvested, snap frozen on dry ice,
and stored at —80°C until further analysis. Twelve weeks of infection was chosen based on
our previous studies with the susceptible C57BL/6 mice (Cao et al. 2012), in which viral
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loads in the peripheral tissues started to plateau between 2-6 weeks post-infection depending
on the tissues examined. Serum Ig levels started to plateau around 8 weeks post-infection.
Spleen weight continued to increase up to 12 weeks post-infection (when the experiment
was terminated). Animals followed up to 12 weeks post-infection did not show obvious
sickness behaviors except that their body weight was slightly greater than that of non-
infected mice due to enlarged lymphoid tissues overtime. Thus, at 12 weeks post infection,
immunodeficiency has fully developed without fatal outcomes being detected, therefore a
12-week time point was chosen in our current study. All experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) at the UNE (Biddeford, ME) and
were in compliance with the Animal Welfare Act and NIH Guide for the Care and Use of
Laboratory Animals (https://www.ncbi.nIm.nih.gov/books/NBK54050/pdf/

Bookshelf NBK54050.pdf).

2.2 LP-BM5 virus stock

LP-BMS5 viral stock was derived from a complete LP-BMS5 isolate stock provided by Dr.
William Green (Dartmouth College Geisel School of Medicine, Hanover, NH). The stock
was maintained in our laboratory and viral load was titered by plaque assay as described
previously (Cao et al. 2012). On day 0, mice were given 5x10* plaque-forming units (pfu) of
the LP-BMS5 retroviral mixture via intraperitoneal (i.p) injection. This viral dose was
previously found to induce immunodeficiency, peripheral neuropathy, and CNS infection in
C57BL/6 mice (Cao et al. 2012; Li and Green 2006; McLane et al. 2014; McLane et al.
2018). Non-infected mice did not receive an injection.

2.3 Evaluation of the development of systemic immunodeficiency

Splenomegaly and hypergammaglobulinemia were used as measures of systemic
immunodeficiency development (Li and Green 2006). Upon sacrifice of animals, spleens
were collected, weighed, and frozen at —80°C before RNA isolation. Serum was collected
from the whole blood after clotting, and stored at —20°C until further analysis. Spleen
weight/body weight ratio was used to measure the development of splenomegaly to control
for variation in individual mouse body weight. Serum immunoglobulin levels of IgG2a and
IgM were assessed through enzyme-linked immunosorbent assays (ELISAS) (Cao et al.
2012; Li and Green 2006).

2.4 RNA isolation and gquantitative real time polymerase chain reaction (QRT-PCR)

RNA was isolated from the different brain regions (left side) and the spleen using RNeasy
Lipid Tissue Kit (Qiagen, Waltham, MA) following the manufacturer’s instructions. RNA
(1ug) was reverse-transcribed to 20 ul complimentary DNA (cDNA) using Quanta gScript
Supermix (Quanta Bio, Beverly, MA). For qRT-PCR, 0.5u1 of cDNA was amplified with
appropriate primer sets and Quanta PerfeCTa™ SYBR Green FastMix ROX (Quanta Bio,
Beverly, MA) using an Applied Biosystems StepOnePlus Real-Time PCR thermocycler
(Applied Biosystems, Forest City, CA). Viral RNA gene expression was measured using
primers for BM5eco and BM5def gag genes and normalized to p-actin. Gp120 expression
was measured using primers provided by Kaul lab and was normalized to GAPDH
(University of California Riverside; personal communication). Cytokine/chemokine, CD11b,
GFAP, synaptophysin, and MAP-2 RNA expression was measured using primers
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summarized in Table 1 and were normalized to GAPDH (Cao et al. 2012; Cook et al. 2003)
(Integrated DNA Technologies, Inc, IDT, Coralville, IA). All primer sequences and gRT-
PCR run methods are shown in Table 1. Expression for all markers was analyzed using the
AACt method. All primers were synthesized by IDT. While PCR was run for both BM5def
and BM5eco RNA in all tissues collected, expression levels were altered in similar ways by
treatment. Only the pathological component of the LP-BMS5 virus, BM5def, is used to
represent the viral load in tissues presented here.

2.5 Synaptophysin and MAP-2 ELISA assay

To determine levels of synaptophysin and MAP-2 in the hippocampus, the hippocampus
from the right side of the brain of each mouse were harvested and homogenized using tissue
lysis buffer (100 1 per hippocampus) as previously described (Cao et al. 2009). Mouse
hippocampal levels of synaptophysin and MAP-2 was measured via AVIVA systems biology
ELISA kit (San Diego, CA; synaptophysin: catalog number OKCD02915 and MAP-2:
catalog number OKCDO02711) according to manufacturer’s instructions. The sensitivity of
the assay was 0.276 ng/ml and 0.055 ng/mL respectively. Data are presented as ng of
synaptophysin or MAP-2 per hippocampus.

2.6 Spontaneous alternative T-maze behavioral assay

To evaluate neurocognitive damage as a result of the LP-BMS5 infection and gp120tg
expression, the spontaneous alternation T-maze behavioral assay (T-maze assay) was used as
adapted by Deacon and Rawlins (Deacon and Rawlins 2006). The T-maze assay is a
behavioral test used to measure working memory in rodents, in particular looking at
hippocampal function, and is based on the assumption that mice like to explore new
environments (Deacon and Rawlins 2006; Lalonde 2002). The T-maze assay was conducted
during the 121" week after LP-BMS5 infection as described previously (McLane et al. 2018).
Two retention times were used, 0 minute and 2 minutes between trials, with the 2 minutes
interval increasing the burden on the hippocampus (Deacon and Rawlins 2006; Lee and
Kesner 2003). Briefly, a wooden apparatus in the shape of a T was made and sealed with
black paint. Two trials were included in each test. In the first trial, the mouse was placed at
the base of the maze (the bottom of the “T”) facing forward, with a central partition
separating the sides of the T from each other and allowed to choose an arm. Following 30
seconds of containment in the arm chosen by the mouse, the mouse was placed back into the
beginning of the maze for the 0 minute trial interval, or in a separate holding cage (not the
home cage) for the 2-minute trial interval, and the central partition was removed. For the
second trial, the mouse was placed at the base of the maze and allowed to choose a side
again. A “correct” response was recorded when the mouse chose the opposite arm in trial 2
compared to the one chosen in trial 1. An “incorrect” response occurred when the mouse
chose the same arm in both trials. All animal testing was performed during the light period
of the light-dark cycle. Mice were tested in two-three sessions (separated by 3-4 hours) per
day for 3-4 consecutive days. Within each session, each mouse was tested once for each
retention interval, with at least 30 minutes in between the two tests. Each mouse received a
total of 8-9 tests with each retention interval. The percentage of correct responses was
calculated for each mouse and each retention time to represent each mouse’s working
memory. During trial 1 of each test, ‘time to choice” was also recorded to determine whether
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there was motivational or motor function related delay that affected animals’ ability to
choose an arm.

2.7 Statistical analysis

Data were analyzed and graphed using SigmaPlot/SigmaStat 10 software (Systat Software
Inc., San Jose, CA). Sex differences were not detected in our initial analysis of all data
collected, thus data obtained from males and females were combined in final data analysis.
Outlier analysis was performed using the Grubbs Test through the GraphPad online
resources, QuickCalcs (https://www.graphpad.com/quickcalcs/Grubbsl.cfm) (GraphPad
Software Inc., La Jolla, CA). Data (except Figures 2, 9 and 10) were graphed in the format
of interaction plots and analyzed using two-way analysis of equal variance (ANOVA) using
LP-BMS5 treatment (2 levels) and group (4 levels; classified based on animals’ age and
genotype) as between subject factors followed by the Tukey post hoc test. When a main
effect from at least one factor was found but an interaction was not detected, simple effects
analyses (i.e., analysis of the differences in the mean treatment responses for one factor was
conducted separately for each level of the other factor) were examined as necessary to
decipher individual treatment group differences as described previously (Wei et al. 2012). In
some instances, data were log-transformed in order to obtain data sets with normal
distribution before ANOVA analysis. Figure legends are annotated where applicable. For T
maze data (Figure 10), Wilcoxon Signed Rank Test was used to determine the overall
differences between 0 vs. 2 min intervals first, then within each interval, data were graphed
and analyzed via two-way ANOVA followed by Tukey post-hoc test as described above. For
viral load data (Figure 2), BM5def was not detectable in group that was not treated with LP-
BMS5 and data sets did not have normal distribution. Therefore, these data sets were analyzed
using Kruskal-Wallis One-way ANOVA on Ranks followed by the Dunn’s post-hoc test was
performed with log-transformed values. For the ELISA on synaptophysin (Figure 9), three-
way ANOVA with gp120, age and LP-BMb5 as factors was performed followed by the Tukey
post hoc test. All data are presented as mean + SEM, with p< 0.05 considered to be
statistically significant.

3. Results:

3.1 Development of Immunodeficiency in gp120tg mice treated with LP-BM5

C57BL/6 mice are the susceptible mouse strain for LP-BM5 (Hartley et al. 1989; Huang et
al. 1992). Because gp120tg mice have C57BL/6 and SJL mixed background, first we tested
whether immunodeficiency can be established in gp120tg mice. Typically, LP-BM5-induced
immunodeficiency is indicated by splenomegaly (Figure 1A), and
hyperimmunoglobulinemia (Figures 1B and 1C), along with the detection of viral gag RNA
in the spleen (BM5Def, Figure 2A) (Li and Green 2006). For spleen/body weight ratio,
serum IgM and 1gG2a, a significant main effect of LP-BM5 treatment was detected
regardless of gp120 expression or age of the animals (Two-way ANOVA (log-transformed
data for all): Figure 1A, spleen/body weight ratio, 7, p.g15<0.001, pgroyp =0.542,
PLP-BM5ng0Up =0.510; Figure 1B, serum |gM, PLP-BM5<O'0011 ,Ugmup =0.047, PLP-BM5ng0Up
=0.124; and Figure 1C, serum 19G2a, p; p.g15<0.001, pyroyp =0.010, Py p-BA15xgroyp =0.708).
For serum 1gG2a. post-hoc analysis identified significant group differences between old
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gp120tg+ vs. both of the young gp120tg groups (Tukey test: p<0.05 for both). For serum
IgM, post-hoc analysis identified significant group differences between old gp120tg- vs. all
other groups within LP-BMS5 treatment (Tukey test: p<0.05 for all). For splenic viral load,
all LP-BMD5 treated groups had detectable BM5Def expression while BM5Def was non-
detectable in non-LP-BMb5 treated groups (One-way ANOVA: Figure 2A, spleen BM5Def,
Pgroup =0.006). Old gp120tg— group had lower splenic viral load than both the young
gp120tg groups (Dunn’s test: p<0.05 for both). All together, we were confident that
immunodeficiency could be established in both gp120tg+ and gp120tg— mice following LP-
BMb5 treatment.

3.2 BMb5def and gp120 expression in the CNS of gp120tg mice

HIV enters the CNS within 2 weeks of infection in patients and can often be detected despite
suppressed serum viral load under antiviral treatment (Spudich et al. 2019; Williams et al.
2014), therefore it is critical to exam whether LP-BM5 entered the CNS of gp120tg mice in
addition to causing systemic immunodeficiency. While without LP-BM5 treatment, BM5Def
was not detectable, BM5Def RNA expression was detected in all three brain regions
examined (hippocampus, frontal lobe and striatum) following LP-BM5 treatment regardless
of gp120 expression or age (One-way on rank (log transformed data for all): Figure 2B,
hippocampus BM5Def, py0,,~0.249; Figure 2C, frontal lobe BM5Def, py/0,,~0.046; Figure
2D, striatum BM5Def, pgro,=0.796), This indicates that LP-BM5 was able to penetrate the
CNS of gp120tg mice while causing systemic immunodeficiency. Thus, we were able to
examine gp120-induced neuroimmune responses under systemic immunodeficient
conditions in the presence of a murine retrovirus in the CNS.

Expression of gp120 was also evaluated to detect any potential modifications by LP-BM5
treatment. Overall, the level of gp120 RNA matched the group identity (gp120tg+ vs.
gp120tg-) and older mice showed higher levels of gp120 RNA than that of young mice,
particularly in hippocampus and striatum (Two-way ANOVA: Figure 3A, hippocampus
9p120, pr p-spms=0.477, Pgroyp<0.001, P p-Br15xgroy=0-250; Figure 3B, frontal lobe gp120,
PrLp-Bm5=0.241 Pgroyy<0.001, oy p-gMsxgroys=0.616; Figure 3C, striatum gp120,
PrLp-BM50.829, Pgroyp<0.001, p; p.arM5xgroy~0.786. For all three brain regions Tukey test:
p<0.05 between either of the young or old gp120tg+ groups vs. both gp120tg— mice).

3.3 RNA expression of pro-inflammatory mediators in the CNS of gp120tg mice in
immunodeficient vs. immunocompetent states

Several pro-inflammatory mediators such as CCL2, CCL3, CCL4, CCL5, CXCL10, iNOS,
IL-1B, IL-6, TNFa, and IL-12 have been reported to contribute to the development of
HAND in humans, as well as in many animal models for HAND (Asensio et al. 2001;
Brabers and Nottet 2006; Cary et al. 2013; Kolb et al. 1999; Sivro et al. 2014; Watanabe et
al. 2010). Therefore, we assessed the RNA levels of many of these factors in our
experimental system using gRT-PCR.

Among the B chemokines, CCL3, CCL4, and CCLS5 are ligands to the CCR5 receptor (host
cell HIV-1 co-receptor) and are described together. Within the hippocampus, main effects of
infection and group were detected for CCL5 (Two-way ANOVA: Figure 4A, hippocampus
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CCL5, p; p.am5=0.015, pgrgup':().004, pLP-BM5XgrUUp:O-171)- CCL5 expression was
significantly induced with LP-BMS5 treatment. Group differences were observed between
young gp120tg+ vs. both old gp120tg groups (Tukey test: p<0.05 for both) with the highest
levels of CCL5 expression found in LP-BM5-treated, young gp120tg+ mice (Tukey test:
under LP-BMS5 treated condition, p<0.05 between young gp120tg+ vs. both old gp120tg
groups). In the striatum, the main inductive effect was observed with LP-BM5 treatment
without any group differences (Two-way ANOVA: Figure 4C, striatum CCLS5,
PrLp-Bm5=0.008, Pgroy=0.241, Py p-Brmsxgroup =0.-771). In the frontal lobe, only significant
group differences (no LP-BM5 main effect) between young gp120tg+ and old gp120tg-
mice were detected (Two-way ANOVA: Figure 4B, frontal lobe CCL5, p; p.gys5=0.246,
Pgrour=0-011, P p-Br15xgrouy=0-2401, and Tukey test: p<0.05), with CCL5 expression higher
in young gp120tg+ mice prior to LP-BMD5 treatment (Tukey test: without LP-BM5
treatment, p<0.05 between young gp120tg+ vs. both young and old gp120tg— groups).

With regards to CCL4, although significant main inductive effects from LP-BM5 were
detected in the hippocampus and striatum (striatum had higher levels of CCL4 than the other
two brain regions), no significant group main effect was identified (Two-way ANOVA:
Figure 4D, hippocampus CCL4, p; p.Br5=0.005, ,ngupzo.lOl, pLP—BM5XgI’UUp:O-832;
Figure 4F, striatum CCL4, p; p.gp15=0.050, Pgroyp=0.597, Prp.-smsxgroys=0-555). In the
frontal lobe, only a significant group difference (no LP-BM5 main effect) between old
gpl120tg+ and young gp120tg— mice was detected (Two-way ANOVA: Figure 4E, frontal
lobe CCL4, p; p.pm5=0.938, Pgroyp=0.002, pr p-BMmsxgrous=0-079, followed by Tukey test:
p<0.05). Similar to CCLS5, there appeared to be a trend towards a gp120-associated increase
of frontal lobe CCL4 in young mice (Tukey test: without LP-BMS5 treatment, p<0.05
between young gp120tg+ vs. both young and old gp120tg— groups), which was reduced
following LP-BM5 treatment. No significant main effect from LP-BM5 was observed with
CCL3 expression in any of the three brain regions examined (Two-way ANOVA: Figure 4G,
hippocampus CCL3, p; p.gp15=0.361, Pgroys= 0.123, prp-BMsxgroup =0-200; Figure 41,
striatum CCL4, p; p.gpr5=0.300, Pgroy=0.453, 1 p-BM5xgrouy=0-553; Figure 4H, frontal
lobe CCL3, p1p-Mm5=0.592, Pyroy= 0.025, P p-Br15xgrouy=0-911). The significant group
main effect in the frontal lobe was seen between the young gp120tg+ and old gp120tg— mice
where young gp120tg+ mice appeared to have the highest levels of CCL3 expression among
all groups regardless of LP-BM5 treatment (Tukey test: p<0.05).

For both CCL2 and CXCL10, we observed significant gp120-related increases in all three
brain regions which were not significantly affected by LP-BM5-induced systemic
immunodeficiency or the presence of LP-BM5 within the CNS. Specifically, old gp120tg+
mice had higher levels of CCL2 expression in the striatum and higher levels of CXCL10
expression in all three brain regions compared to all other groups with a decreasing trend
following LP-BM5 treatment (Two-way ANOVA: Figure 5C, striatum CCL2,
PLp-BMm5=0.T12, Pgroyp<0.001, oy p.ppr15xgroy=0-639; Figure 5D, hippocampus CXCL10,
PLp-8m5=0.912, Pgroy=0.002, Py ppsxgroy=0-951; Figure S5E, frontal lobe CXCL10,
PrLp-BM570.362, Pgroyp<0.001, Py p-gr15xgroy~0-836; Figure 5F, striatum CXCL10,
PrLp-8m5=0.614, Pgroy=0.003, oy p-pr5xgroy=0-455; for Figures 5C, E and F, Tukey test:
p<0.05 between old gp120tg+ mice and all other groups; for Figure 5D, Tukey test: p<0.05
between old gp120tg+ mice and both of the gp120tg— groups). Hippocampal CCL2
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expression levels were also elevated in the old gp120tg+ group compared to all other groups
(also with a decreasing trend with LP-BM5 treatment), however with weaker statistical
results in post-hoc analysis (Two-way ANOVA: Figure 5A, hippocampus CCL2,
PrLp-BM5=0.264, Pgroy=0.026, Py pprisxgroy=0-244, and Tukey test: p values ranged
between 0.05 to 0.01 when the old gp120tg+ group was compared to all other groups, yet,
under non-LP-BMS5 treated condition, p<0.05 between old gp120tg+ mice and all other
groups). In the frontal lobe, the young gp120tg+ mice had significantly elevated CCL2
expression levels compared to all other groups (Two-way ANOVA: Figure 5B, frontal lobe
CCL2, p1p-Bm5=0.175 Pgroy=0.004, Py p-grsxgroy~0-059, and Tukey test: p<0.05 between
young gp120tg+ mice and all other groups), which also showed a decreasing trend with LP-
BMS5 treatment.

Other pro-inflammatory factors examined include iNOS, TNFa, and 1L-12p40. Although no
significant changes in iNOS was detected in the hippocampus (Two-way ANOVA: Figure
6A, hippocampus iNOS, p; p.gr15=0.634, Pgroy=0.282, pr p-msxgrous~0-805), LP-BMS had
significant inductive main effects in TNF-a and 1L-12p40 expression (Two-way ANOVA:
Figure 6D, hippocampus TNFa, p; p.g115=0.019, pgroy=0.074, p1 p-BM5xgroy=0.113; Figure
6G, hippocampus IL-12p40, p; p.gr15=0.002, pgrey~0.060, pLP_BMSXgmup:O.OSS), with old
gp120tg+ mice showing the greatest increase following LP-BMS5 treatment (Tukey test: for
TNFa, under LP-BM5 treatment, p<0.05 between old gp120tg+ vs. both young gp120tg
groups; for 1L-12p40, under LP-BMS5 treatment. p<0.05 between old gp120tg+ vs. both old
and young gp120tg- groups). Age-dependent changes induced by LP-BM5 were also
observed in the striatum, where a significant interaction between LP-BM5 and group was
observed. Striatal INOS expression in old gp120tg+ mice was significantly elevated
following LP-BM5 treatment compared to expression levels in both of the young gp120tg
groups (Two-way ANOVA: Figure 6C, striatum iNOS, P, p.g15=0.366, 0gr0,~0.022,
PrLP-BM5xgroup=0-049, and Tukey test: under LP-BMS5 treatment. p<0.05 between old
gp120tg+ LP-BMS5 vs. both young gp120tg LP-BM5 groups). It should be noted that iNOS
expression levels were much higher in striatum than that in the hippocampus and frontal
lobe. While no inductive effects of LP-BM5 were statistically significant in striatal TNFa
expression (Two-way ANOVA: Figure 6F, striatum TNFa, p; p.gp15=0.630, Pgroyp=0.214,
PLP-BM5xgroup=0.130), amain effect of LP-BM5 was detected in IL-12p40 expression in
the striatum (Two-way ANOVA: Figure 61, striatum 1L-12p40, p; p.gp5=0.026,
Pgrour=0-073, Prp-BMSExgroyy=0-109) and young gp120tg+ mice appeared to have the greatest
increase in IL-12p40 following LP-BMS5 treatment (Tukey test; under LP-BMD5 treatment.
p<0.05 between young gp120tg+ mice vs. both of the old gp120tg groups). For the frontal
lobe, group differences were more notable than the effects from LP-BM5. Old gp120tg+
mice had higher expression levels of iNOS (Two-way ANOVA: Figure 6B, frontal lobe
INOS, prp-am5=0.312, Pgroyp<0.001, oy p-prsxgroy~0-355, and Tukey test: p<0.05 between
the old gp120tg+ mice and both of the young gp120tg groups) while young gp120tg+ mice
had higher expression levels in both TNFa and IL-12p40 (Two-way ANOVA: Figure 6E,
frontal lobe TNFa, py p.gp15=0.268, Pgroyp=0.028, p1p-Br5xgroyy=0.643, and Tukey test:
p<0.05 between young gp120tg+ and old gp120tg— group; Figure 6H, frontal lobe IL-12p40,
Prp-Brm5=0.046, Pgroy~0.005, Py p.sMsxgroy=0-151, and Tukey test: p<0.05 between young
gp120tg+ and both old gp120tg groups). Further, the significant main effect from LP-BM5
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indicated a decrease in 1L-12p40 expression in the frontal lobe following LP-BM5
treatment, particularly for the young gp120tg+ group (Figure 6H, Tukey test: without LP-
BMS5 treatment, p<0.05 between young gp120tg+ mice vs. both of the old gp120tg groups).

3.4 RNA expression of type | and type Il IFNs in the CNS of gp120tg mice in
immunodeficiency vs. immunocompetent states

IFNa and IFNB are major mediators of the type | IFN response, an antiviral response within
innate immunity. IFNa and IFNP revealed similar expression patterns in our model system.
Young gp120tg— mice had the highest expression levels of type | IFN, which generally
decreased with gp120 expression, age, and/or LP-BMS5 treatment, however this decrease was
dependent upon the specific type | IFN and brain region examined (Two-way ANOVA:
Figure 7A, hippocampus IFNa, o, p.pp15=0.272, Pgroyp=0.001, py p-gar5xgroys~0-157, and
Tukey test: p<0.05 between young gp120tg— mice vs. all other groups; Figure 7B, frontal
lobe IFNa, p; p.gr15=0.384, Pgroy=0.006, P p-BM5xgroy=0.-940, and Tukey test: p<0.05
between young gp120tg— mice vs. both old gp120tg groups; Figure 7C, striatum IFNa.
PrLp-BMm5=0.386, Pgroy=0.865, Py p-Brsxgrouy~0-063; Figure 7D, hippocampus IFN,
PrLp-BM50.723, Pgroys=0.002, Py p-sMsxgroy=0-342, and Tukey test: p<0.05 between young
gp120tg— mice vs. all other groups; Figure 7E, frontal lobe IFNB, p; p.g115=0.213,
Pgrour=0-074, P1 p-BMSExgroyy=0-775; Figure 7F, striatum IFNB, p; p.gp15=0.030, Pgroy=
0.294, p; p-BM5xgroupr=0.-083, and Tukey test: within non-LP-BMS5 treated groups, p<0.05
between young gp120tg— mice vs. both old gp120tg groups). With regards to IFN+y. group
main effects were detected in the hippocampus and frontal lobe. In the hippocampus,
significant differences were detected between the old gp120tg+ vs. the old gp120tg— and the
young gp120tg+ group, with the old gp120tg+ group showing increased IFN+y expression
following LP-BM5 treatment compared to the other groups (Two-way ANOVA: Figure 7G,
hippocampus IFNy, p; p.gp15=0.270, Pgroys=0.004, Py p-grsxgroy=0-507, and Tukey test:
p<0.05 between the old gp120tg+ vs. the old gp120tg— and the young gp120tg+ groups,
while under LP-BM5 treatment only, p<0.05 between old gp120tg+ mice vs. all other
groups). In the frontal lobe, LP-BM5 induced IFNy expression regardless of genotype and
age (Two-way ANOVA: Figure 7H, frontal lobe IFNy, p; p.g115=0.005, pgre~0.862,
PLP-BM5xgroup=0-904). Although a statistically significant interaction between LP-BM5 and
group was found in IFNy expression within the striatum, no significant group differences
were detected in the post-hoc analyses (Two-way ANOVA: Figure 71, striatum IFN-y,

PrP-BM5=0.309, Pgroys=0.346, Py p-sr5xgrous~0-031).

3.5 RNA expression of CD11b and GFAP in the CNS of gp120tg mice in
immunodeficiency vs. immunocompetent states

To further delineate the brain region-specific responses in inflammatory cytokines/
chemokines observed above, we examined the expression of CD11b (representing microglia)
and GFAP (representing astrocytes) (Figure 8). Although no meaningful changes were
identified in CD11b RNA expression in any of the brain regions examined (Two-way
ANOVA: Figure 8A, hippocampus CD11b, p; p.gp5=0.217, Pgr,=0.650,
PLP-BM5xgroup=0-555; Figure 8B, frontal lobe CD11b, p; p.g15=0.656, pyroy=0.315,
PrLP-BM5xgroup=0-715, Figure 8C, striatum CD11b, p; p.gr15=0.713, Pgroy~0.033,
PrLP-BM5xgroup=0-951, and Tukey test: p<0.05 between young gp120tg- vs. old gp120tg-
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mice), RNA expression of GFAP was much higher in the gp120tg+ mice in hippocampus
compared to the other two brain regions or groups, which may suggest greater astrocytic
activation in hippocampus (Two way ANOVA: Figure 8D, hippocampus GFAP,
PLp-8m5=0.790, Pgroy=0.001, oy p.pr15xgroy=0-675, and Tukey test:p<0.05 between old
gp120tg- vs. both young and old gp120tg+ groups; Figure 8E, frontal lobe GFAP,
PrLp-BM50.475 Pgroyp<0.001 p; p_sp5xgroy=0.248, and Tukey test: p<0.05 between each of
the young or old gp120tg+ groups vs. each of the old and young gp120tg— mice, same group
differences were also seen in LP-BMD5 treated mice; Figure 8F, striatum GFAP,
PrLp-BM50.327, Pgroys=0-022, Py p-Brmsxgrouys=0-704, and Tukey test: p< 0.05 between young
gp120tg- vs. old gp120tg+ mice).

3.6 Expression of synaptophysin and MAP-2 in the CNS of gp120tg mice in
immunodeficiency vs. immunocompetent states

It has been shown that hippocampal levels of synaptophysin and MAP-2 are significantly
lower in gp120tg+ compared to gp120tg— mice (Thaney et al. 2017). We examined the
protein levels of synaptophysin and MAP-2 in the hippocampus via ELISA (Figure 9). For
synaptophysin, although no significant effects from LP-BM5 treatment was observed, we
did observe a significant overall reduction induced with the presence of gp120 and an age-
related increase of synaptophysin, where a greater level of synaptophysin was detected in
older mice (Three-way ANOVA: Figure 9A, hippocampus synaptophysin, g p-gms=0.629,
Pgp120=0.010, p53e<0.001; Tukey test: p<0.05 between gp120tg+ vs. gp120tg— mice within
both young and old mice, and p<0.05 between young vs. old within gp120tg— mice). For
MAP2, we also detected a significant age-related effect, with decreased MAP2 expression in
older mice (Three-way ANOVA: Figure 9B, pgp725=0.901, p;0¢<0.001, and p; p.pps5=0.191).
Similar age-related changes in hippocampal synaptophysin and MAP2 expression have been
reported previously (Benice et al. 2006; Chauhan and Siegel 1997; Di Stefano et al 2001,
Eastwood et al. 2006; Yu et al. 2011). In addition, we measured the expression of
synaptophysin and MAP-2 at the RNA level. No significant group differences were detected
(data not shown).

3.7 Assessment of cognitive function using the spontaneous alternation T-maze
behavioral assay

The spontaneous alternation T-maze assay was used (during the 12" week post-LP-BM5) to
assess potential learning/memory deficits, specifically related to hippocampal function
(Deacon and Rawlins 2006) in gp120tg mice with or without LP-BM5. For each mouse, we
measured both percent correct (for assessing learning/memory function) and the time to
choice (for exclusion of potential motor function deficits or lack of motivation) for both 0-
and 2-minute retention times (increased retention time provides increased learning/memory
burden) (Deacon and Rawlins 2006; Lee and Kesner 2003). First, when outcome measures
were compared based on the time intervals, 2-minutue interval significantly decreased the
percent correct (Wilcoxon Signed Rank Test: Figures 10A and B, percent correct, p=0.005)
but did not affect the time to choice (Wilcoxon Signed Rank Test: Figures 10C and D, time
to choice, p=0.5). Regarding the performance, a main effect of LP-BM5 treatment was
detected, i.e. LP-BM5 decreased the percent of correct choices made following a 0 minute
retention interval (Two-way-ANOVA: Figure 10A, 0 minute percent correct, p; p.gp5=0.008,
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Pgrour=0-432, Prp-BMSExgroy=0-088). When the 2 minutes interval was used, no LP-BM5
effect was observed, while group differences between young gp120tg+ mice vs. both of the
old gp120tg groups were detected indicating potential age-related impairment (Two-way
ANOVA: Figure 10B, 2 minute percent correct, p; p.gp5=0.236, Pgroyp<0.001,
PrLP-BM5xgrour=0-674, and Tukey test: p<0.05 between young gp120tg+ mice vs. both of the
old gp120tg groups). When the time to choice was analyzed, group main effects were
detected in both 0- and 2- mintute retention times. However the post-hoc test only identified
a difference between the young gp120tg— and the old gp120tg+ mice following a 0-minute
retention time (Two-way ANOVA: Figure 10C, 0 minute time to choice, p; p.gps5=0.315,
Pgroyr= 0-009, o1 p-BM5xgroys=0-302, and Tukey test: p<0.05 between young gp120tg- vs.
old gp120tg+ mice; Figure 10D, 2 minute time to choice, p; p.g115=0.946, Pgroy= 0.023,
PLP-BM5xgroup=0-574, and Tukey test: £>0.05 for all).

Discussion:

In this study we explored gp120-induced neuroinflammation in a state of immunodeficiency
induced by a murine retrovirus (LP-BM5). Our goal was to better understand
neuroinflammation of different brain regions, and how systemic immunodeficiency with
CNS viral presence affects the behavior of the gp120 viral protein in the CNS. According to
the CDC, only 30% of HIV patients in the US have viral loads that are controlled by
antiretroviral therapy (Bradley et al. 2014), suggesting the relevance of studying viral
responses under immunodeficient conditions. Thus, the presence of gp120 in the CNS of
LP-BM5-treated mice could be used to understand gp120-induced responses in HIV-infected
individuals with uncontrolled viral loads. Further, despite the wide use of antiviral treatment,
the prevalence of HAND remains high. HIV can persist in the brain even with satisfactory
control of the viral load in the periphery (McArthur et al. 2010; Saylor et al. 2016). A recent
study showed that nearly 50% of HIV-infected individuals who have suppressed plasma HIV
RNA and adequate CD4 levels still have detectable HIV infected cells in their CSF (Spudich
et al. 2019). The co-existence of gp120 and LP-BM5 viral RNA in the CNS could be helpful
in revealing gp120-induced responses that are unique to the presence of retrovirus.

In the present study, gp120 neuroinflammation showed strong regional specificity. These
differences were first observed when comparing the basal levels (without LP-BM5
treatment) of mMRNA expression for each factor, which were often affected by age and
gp120tg expression differently depending on the brain region studied — e.g., CCL4 and
iNOS were significantly higher in the striatum than in other brain regions. LP-BM5
treatment-induced expression patterns of many pro-inflammatory factors varied significantly
between regions. In the hippocampus, under LP-BMS5 treatment, gp120 appeared to induce
the expression of many pro-inflammatory factors including, CCL5 (in young mice), TNFa.,
IL-12p40 and IFNy (mostly in old mice) with a reduction in CCL2 (in old mice). On the
contrary, in the frontal lobe of gp120tg+ mice, LP-BM5 treatment appeared to be associated
with reduced expression of many pro-inflammatory factors - particularly 1L-12p40, and to
some extent CCL5 and CCL2 - in young mice. Within the striatum, LP-BM5 in combination
with gp120 further increased the expression of iNOS in old mice and I1L-12p40 in young
mice without substantially changing many other pro-inflammatory factors. Due to the
limited amount of tissue available from each brain region of individual mice, we could not
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measure the changes of these cytokines/chemokines at the protein level. We realized that
pattern of expression at the protein levels vs. RNA levels could be different (McLane et al.
2018). Nevertheless, our results suggest that under the condition of both retrovirus-induced
systemic immunodeficiency and the presence of a retrovirus within the CNS, gp120 is more
likely to mount a pro-inflammatory response in the hippocampus than in the striatum or
frontal lobe, with the frontal lobe being the least likely region to display profound
inflammatory changes. Therefore, one may predict that inflammation-related tissue damage
is more likely to occur in the hippocampus under these conditions (which may occur more
frequent than expected during the cART era (Bradley et al. 2014; Spudich et al. 2019)). This
does not appear to be due to differential expression levels of gp120 in these brain regions
(Figure 3). However, differential glial responses, particularly the significantly higher
hippocampal GFAP expression levels, indicate a greater level of hippocampal astrocytic
activation which may contribute to the profound inflammatory responses within the
hippocampus. Future studies could help delineate the cellular source of detected
hippocampal pro-inflammatory cytokines/chemokines.

Interestingly, we also observed a significant gp120-associated reduction of hippocampal
synaptophysin at the protein level. Synaptophysin has been used in previous studies as a
marker for neuronal synaptic connections, with reduced levels seen in HIV-infected patients
(Cantres-Rosario et al. 2019; Guha et al. 2018). Together, our results support the idea that
the hippocampus is particularly susceptible to HIV, especially HIV gp120-induced
neuroinflammation under the systemic immunodeficiency condition with the presence of a
retrovirus in the CNS. This would in part explain the observed decline in executive function
and learning and memory ability in patients with HAND (McArthur et al. 2010; Saylor et al.
2016). Increased inflammation in the hippocampus is consistent with other findings of
ongoing inflammation that occurs in the hippocampus of patients treated with CART
(Anthony et al. 2005). Other previous studies have also shown that peripheral blood
mononuclear cells that entered the hippocampus of chronically infected HIV patients were
more susceptible to mitochondrial oxidative damage and reduced hippocampal volume
(Kallianpur et al. 2016). Unlike synaptophysin, we did not observe a gp120-dependent
change in MAP2 at protein level, regardless of LP-BM5 treatment. Our results also showed
that RNA expression of synaptophysin and MAP2 did not necessarily represent their
expression at protein levels. MAP2 has high (>220KD) vs. low (~70KD) molecular isoforms
due to alternative splicing (Dehmelt and Halpain 2005; Kalcheva et al. 1995). IIMAP2
remained insoluble within the lysis buffer (that did not contain sodium dodecyl sulfate) used,
they would not be detected via ELISA. It’s possible that gp120 or LP-BMS5 effects were
constrained to the insoluble MAP2 fraction. More detailed analysis of MAP2 using
alternative methods would be beneficial in the future. Interestingly, LP-BM5 did not change
protein levels of synaptophysin or MAP2, suggesting that the expressions of synaptophysin
and MAP?2 are not likely affected by the peripheral immune competency of the host.

Interestingly, gp120 alone did not cause a significant reduction in T maze performance and
LP-BMS5 treatment only led to impairment in T maze performance with 0 minute retention
regardless of gp120 expression. A broader spectrum of behavioral tests is warranted in order
to reveal the behavioral consequences of the observed, seemingly more profound
inflammatory responses in the hippocampus, as well as to identify changes in performance
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driven by other brain regions. Further, previous reports showed that gp120tg+ mice
displayed memory/leaming deficits between 9-12 months old (D’Hoogeetal. 1999; Maung et
al. 2014; Thaney et al. 2018). The mice in our study may be too young (at ~5 vs. 7-8 months
old at the time of sample collection) to show any leaming/memory deficits. In future studies,
it would be interesting to examine mice that at 6-8 months old at the time of LP-BM5
treatment (i.e. sample collection at 9-11 months old) to determine whether gp120 would
induce more significant leaming/memory deficit under the immunodeficient conditions.

We also examined type 1 IFNs, which play a critical role in the antiviral response to HIV
(Sivro et al. 2014). Consistent with a previous report that gp120tg+ mice lose type | IFN
expression with age - with 1.5 months of age being the peak time for detection of IFNB
(Thaney et al. 2017) - we found that young non-infected gp120tg— mice had the highest
mMRNA expression of IFNa, and IFNP across all three brain regions. This expression
appeared to decrease with gp120 expression, age, and/or LP-BMS5 infection depending on
the brain regions. This supports the notion that HIV gp120, presence of virus in the CNS,
and aging all could lead to the reduction of innate immunity against HIV infection (Acchioni
et al. 2015), allowing the virus to multiply and cause further tissue damage.

It has been reported that the protective effects of IFNB in gp120tg+ mice are in part
mediated by the induction of CCL4 (Thaney et al. 2017). However, in our study, the levels of
IFNP showed little correlation with CCL4 in any of the brain regions we examined. It is
important to note that, in the previous study, cytokine levels were measured in the entire
brain hemisphere rather than specific brain regions. Thus, other downstream IFNpB-
stimulated gene products may be critical in specific brain regions to carry out type | IFN-
induced protections.

Our results with CCL2 and CXCL10 revealed that the expression of these two chemokines
are mostly gp 120-dependent. Particularly for CXCL10, gp120-induced expression of
CXCL10 was increased with age and not significantly affected by LP-BM5 treatment
(although CXCL10 expression showed a slight decreasing trend with LP-BMS5 treatment).
This is consistent with a previous study that indicated gp120 could stimulate CXCL10
expression by astrocytes through an IFNy/STATI independent pathway (Asensio et al. 2001).
Therefore, CXCL10 could serve as a biomarker to monitor the presence of HIV gp120 viral
protein in the CNS and the subsequent development of HAND regardless of systemic
immunodeficiency. Supporting this notion, it has been reported that blood levels of CXCL10
could be used to estimate viral loads during early HIV infection (Lee et al. 2015) and as an
indication of a more rapid onset of infection (Ploquin et al. 2016). Further, another recent
study identified plasma CXCL10 as a biomarker for neurocognitive impairment in women
(Burlacu et al. 2019).

In summary, our study was the first step towards examining gp120-induced brain regional
difference under immunocompetent vs. immunodeficient conditions. Here, we reported
significant brain region-dependent inflammatory responses induced by gp120, which is
differentially affected by immune status and the presence of retrovirus in the CNS. Further
detailed examination of eachHAND-related brain region in conjunction with the systemic
immune status is necessary for developing novel targeted treatment for HAND. In addition,
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further studies should be conducted to explore a broader usage of CXCL10 as a biomarker
for HAND.
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Figure 1. Development of immunodeficiency in gp120tg mice treated with LP-BM5.
Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were

Page 21

euthanized at 12 weeks post-LP-BM5 treatment (5x10% pfu, i.p.). Spleen weight/body weight
ratio (A), serum IgM (B), and serum 1gG2a (C) are shown in interaction plots. Data are
presented as mean £ SEM; n=7-16/group. Two-way ANOVA followed by Tukey post hoc
test were performed. * indicates the main effect of LP-BM5 (p<0.05). # p<0.05 between the
indicated groups regardless of LP-BM5 treatment. % p<0.05 between the indicated group
and all other groups under LP-BM5 treatment condition only.
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Figure 2. BM5Defexpression in the spleen and CNS of gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10% pfu, i.p.). BM5 Def viral loads for
spleen (A),hippocampus (B), frontal lobe (C), and striatum (D) are shown here. Data are
presented as mean £ SEM; n=7-16/group. One-way ANOVA on rank followed by Dunn’s
post hoc test were performed with groups that were treated with LP-BM5. $ p<0.05 between

the indicated groups. ND = not detectable.
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Figure 3. RNA expression of gp120 in the CNS of immunocompetent vs. immunocompromised
gpl20tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ andgp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x104 pfu, ip.). RNA expression of gp120
in the hippocampus (A), frontal lobe (B), and striatum (C) are shown in interaction plots.
Data are presented as mean £ SEM; n=7-16/group. Two-way ANOVA followed by Tukey
post hoc test were performed. # p<0.05 between the indicated groups regardless of LP-BM5
treatment.
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Figure 4. RNA expression of CCL5, CCL4, and CCL3 in the CNS of immunocompetent vs.

immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x104 pfu, i.p.). RNA expression of CCL5
(A-C), CCL4 (D-F), and CCL3 (G-I) in the hippocampus (A, D and G), frontal lobe (B, E
and H) and striatum (C, F, and I) are shown in interaction plots. Data are presented as mean
+ SEM; n=7-16/group. Two-way ANOVA followed by Tukey post hoc test were performed.
* indicates the main effect of LP-BM5 (p<0.05). # £<0.05 between the indicated groups

regardless of LP-BMS5 treatment.

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Arabatzis et al.

Relative Expression

Relative Expression

Relative Expression

Hippocampus CCL2

0.30 -

0.25 -

0.20 -

0.15

0.10 1

0.05 -

0.00 - & __-.E;,

0.30 1 Frontal lobe CCL2

0.25 -

0.20 -

0.15 -

0.10 -

0.00 - ° R

0.30 1 Striatum CCL2

0.25 -

0204 " Voung apizotge

--0-- Old gp120tg-

015 1 —e— Old gp120tg+

0.10 -

0.05 - @

0.00 - p—
NoLP-BM5  Yes LP-BM5

Relative Expression Relative Expression

Relative Expression

Page 25

0.16 1
0.14 1
0.12 1
0.10 A
0.08 -
0.06 -
0.04 -1
0.02 -1
0.00 -1

d

Hippocampus CXCL10

#

9_ ——====zzz==z===® |(compared to both
gp120tg- groups)

0.16 1
0.14 4
0.12 4
0.10
0.08 4
0.06 4
0.04 4
0.02 4
0.00 +

e

Frontal lobe CXCL10

® ™

03

0.16 1
0.14 1
0.12 1
0.10 A1
0.08 -1
0.06 -
0.04 1
0.02 1

0.00 -

f

Striatum CXCL10

No LP-BM5 Yes LP-BM5

Figure 5. RNA expression of CCL2 and CXCL10 in the CNS of immunocompetent vs.

immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10# pfu, i.p.). RNA expression of CCL2
(A-C) and CXCL10 (D-F) in the hippocampus (A and D), frontal lobe (B and E), and
striatum (C and F) are shown in interaction plots. Data are presented as mean + SEM;
n=7-16/group. Two-way ANOVA followed by Tukey post hoc test were performed. # p<0.05
between the indicated groups regardless of LP-BM5 treatment. @ p<0.05 between the
indicated group and all other groups regardless of LP-BM5 treatment.
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Figure 6. RNA expression of iINOS, TNFa, and 1L-12p40 in the CNS of immunocompetent vs.
immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10 pfu, ip.). RNA expression of iNOS
(A-C), TNFa (D-F), and IL-12p40 (G-1) in the hippocampus (A, D and G), frontal lobe (B,
E, and H), and striatum (C, F, and I) are shown in interactive plots. Data are presented as
meanz SEM; n=7-16/group. Two-way ANOVA followed by Tukey post hoc test were
performed. * indicates the main effect of LP-BM5 (p<0.05). # p<0.05 between the indicated
groups regardless of LP-BMS5 treatment. $ p<0.05 between indicated groups under LP-BM5
treatment condition only. & p<0.05 between LP-BMS5 treated vs. non treated mice of the

indicated group.
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Figure 7. RNA expression of IFNa, IFNB, and IFN<y in the CNS of immunocompetent vs.

immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10# pfu, i.p.). RNA expression of IFNa
(A-C), IFNB (D-F), and IFNy (G-I) in the hippocampus (A, D and G), frontal lobe (B, E,
and H), and striatum (C, F, and 1) are shown in interaction plots. Data are presented as mean
+ SEM; n=7-16/group. Two-way ANOVA followed by Tukey post hoc test were performed.
* indicates the main effect of LP-BM5 (p<0.05). # p< 0.05 between the indicated groups
regardless of LP-BMS5 treatment. @ p<0.05 between the indicated group and all other
groups regardless of LP-BM5 treatment.
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Figure 8. RNA expression of CD11b and GFAP in the CNS of immunocompetent vs.

immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10% pfu, i.p.). RNA expression of CD11b
(A-C) and GFAP (D-F) in the hippocampus (A and D), frontal lobe (B and E), and striatum
(C and F) are shown in interaction plots. Data are presented as mean + SEM; n=7-16/group.
Two-way ANOVA followed by Tukey post hoc test were performed. # p<0.05 between the
indicated groups regardless of LP-BM5 treatment. $p<0.05 between indicated groups under

LP-BMS5 treatment condition only.
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Figure 9. Synaptophysin and MAP-2 expression in the hippocampus of immunocompetent vs.

immunocompromised gp120tg mice.

Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were
euthanized at 12 weeks post-LP-BM5 treatment (5x10* pfu, i.p.). Hippocampal expression
of synaptophysin (A) and MAP-2 (B)at protein levels are shown here. Data are presented as
mean + SEM; n=6-10/group. Results of three-way ANOVA are shown within the graph.
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Figure 10. Performance in the spontaneous alternative T-maze behavioral assay.
Young (8-10 week old) and old (4-5 months old) gp120tg+ and gp120tg— mice were treated

with LP-BMS5 (5x10% pfu, i.p.) for 12 weeks. T-maze assay was performed during the 12t
week of infection. Average percent correct choices made by each group during T-maze tests
with 0 minute (A) or 2 minutes (B) retention interval, as well as corresponding time to
choice for 0 minute (C) and 2 minutes (D) are shown in interaction plots. Data are presented
as mean + SEM; n=8-20/group. Two-way ANOVA followed by Tukey post hoc test were
performed. * indicates the main effect of LP-BMS5 (p<0.05). # p<0.05 between the indicated
groups regardless of LP-BMS5 treatment.
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Primerand Run methods for gqRT-PCR

Table 1:

Page 31

g%';?:t Forward Primer (5°-3’) Reverse Primer (5’-3) Run Method

BMb5eco 95°C for 8 min, followed by 80

gagt CCAATGTGTCCATGTCATTT CTTTCTCTCTCTGCTCATCGC cycles of 94°C for 15 sec, 63°C for
45 sec, and 72°C for 15 sec.

BMSdef® CCTTTTCCTTTATCGACACT ACCAGGGGGGGAATACCTCG

B-actin® AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

IFN-a ATGGCTAGGCTCTGTGCTTTTCCTC AGGGCTCTCCAGACTTCTGCTCTG 95°C for 3 min, followed by 40
cycles of 95°C for 30 sec, 65°C for

IFN-B¢ TTGCCATCCAAGAGATGCTCCAGA TCAGAAACACTGTCTGCTGGTGGA 30 sec, and 72°C for 30 sec.
95 °C for 10’, followed by 40
cycles of 95 °C for 30 sec, 59 °C

wqn120f TGA GCC AAT TCC CAT ACATTA CCTGTTCCATTGAACGTCTTA for 1 min, and 72 °C for Imin, and

gp TTG TTATTAC then followed by a denaturation
step: 95 °C for 1 min, 59 °C for 30
sec, 95 °C for 30 sec.

iNOsY TGGTGGTGACAAGCACATTTG CATTGGAAGTGAAGCGTTTCG 95°C for 15 sec, followed by 40
cycles of 95°C for 15 sec and 60°C

fﬂ%'flld GTATGTCTGGACCCATTCCTTC GCTGTAGTTTTTGTCACCAAGC for 1 min.

CCL3/

MIP-10¢ CAGCCAGGTGTCATTTTCCT AGGCATTCAGTTCCAGGTCA

CCL5/

RANTES AGCTGCCCTCACCATCATC CTCTGGGTTGGCACACACTT

11-12 p4od CCATTGAACTGGCGTTGGAAG CGGGTCTGGTTTGATGATGTCC

TNF- a? TGAACTTCGGGGTGA TCGGTC AGC CTTGTC CCTTGAAG AGAAC

IFN-"d GCCATCAGCAACAAC ATAAGC CAGCAGCGACTCCTTTT CC

CcXcCL109 TTTCTGCCTCATCCTGCTG CTCATCATTCTTTTTCATCGTG

GAPDH¢ ACCACCATGGAGAAG GC GGCATGGACTGTGGTCA TGA

CCL4® GTCTCATAGTAATCCA TCACAAAGC CTCTCTCTCCTCTTGCTC GT 95°C for 30 sec then 40 cycles of
95°C for 3 sec and 60°C for 30

CD11b® TGTCCAGATTGAAGC CATGA CCACAGTTCACACTTCT TTCAG sec, with fast ramp speed

GFAP® AACCGCATCACCATT CCTG GCATCTCCACAGTCTTT ACCA

Synapto-

physin® CAGACAGGAAACACA TGCAAG TCTCCTTGAACACGAAC CATAG

MAP-2¢ AACAGCTAATCTGCCACCTTC GTGACTTTATCCTTCGCCTGT

GAPDH® GTGGAGTCATACTGGAACATGTAG AATGGTGAAGGTCGCTGTG

[Citation: a=(Cook et al. 2003), b=(Giese et al. 1994), c=(Kundu et al. 2013), d=(Chrismiddlehi et al. 2009), e=PrimeTime® Primers from IDT

(Coralville, 1A, CA), f=(Kaul lab, personal communication)].
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