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Abstract

Microglial cells are the main reservoir for HIV-1 within the brain and potential exists for negative
immune checkpoint blockade therapies to purge this viral reservoir. Here, we investigated cytolytic
responses of CD8" T lymphocytes against microglia loaded with peptide epitopes. Initially,

flow cytometric analysis demonstrated efficient killing of HIV-1 p24 AI9 or Y19 peptide-loaded
splenocytes in MHC-matched recipients. Cytolytic killing of microglia was first demonstrated
using ovalbumin (OVA) as a model antigen for in vitro cytotoxic T lymphocyte (CTL) assays.
Peptide-loaded primary microglia obtained from programmed death ligand (PD-L) 1 knockout
(KO) animals showed significantly more killing than cells from wild-type (WT) animals when
co-cultured with activated CD8* T-cells isolated from rAd5-OVA primed animals. Moreover,
when peptide loaded-microglial cells from WT animals were treated with neutralizing a-PD-L1
Ab, significantly more killing was observed compared to either untreated or 1gG isotype-treated
cells. Most importantly, significantly increased in vivo killing of HIV-1 p24 Y19 peptide-loaded
microglia from PD-L1 KO animals, as well as Al9 peptide-loaded BALB/c microglial cells
treated with a-PD-L1, was observed within brains of rAd5-p24 primed-CNS boosted C57BL/6
or BALB/c mice, respectively. Finally, ex vivo responses of brain CD8* T-cells in response to
Al9 stimulation showed significantly increased IFN-y and IL-2 production when treated with
a-PD-1 Abs. Greater proliferation of CD8+ T-cells from the brain was also observed following
blockade. Taken together, these studies demonstrate that PD-L1 induction on microglia restrains
CTL responses and indicate that immune checkpoint blockade targeting this pathway may be
beneficial in clearing viral brain reservoirs.
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1| INTRODUCTION

Negative immune checkpoint blockade has revolutionized contemporary treatment for a
variety of cancers with the most widely used and successful therapies targeting the
programmed death (PD)-1: PD-L1 pathway (Kerr & Chisholm, 2019; Rosato et al.,
2019; Wu et al., 2019). However, individual patient responses are unpredictable and the
susceptibility of particular cell types to checkpoint blockade remain highly variable and
difficult to predict (Cortese et al., 2019). Therefore, despite major successes, checkpoint
blockade immunotherapy is ineffective for the majority of patients. We have previously
shown that glial cells govern the activity of brain-infiltrating anti-viral T-cells via
upregulation of PD-L1 expression, likely in an effort to mitigate potentially damaging
encephalitis (Schachtele, Hu, Sheng, Mutnal, & Lokensgard, 2014). Although these
immunosuppressive responses are undeniably beneficial to the host, preventing damage to
this vital organ, establishment of a prolonged anti-inflammatory milieu may also result in
deficiencies in viral clearance from infected brain cells (Chauhan & Lokensgard, 2019).

Microglia are the main targets of HIV-1 infection in the central nervous system (CNS) and
act as a chronic, latent viral reservoir within the brain (Kumar & Herbein, 2014; Wallet
etal., 2019). It is well-established that the human brain is an anatomical sanctuary for
persistent HIV-1 infection during suppressive antiretroviral therapy (ART), despite reduction
of cerebrospinal fluid (CSF) viral loads to undetectable levels. The microglial cell and
perivascular macrophage populations within the CNS have been shown to harbor HIV
DNA (Ko et al., 2019). Notably, in some virally suppressed aviremic cases, viral RNA
can also be detected in the brain indicating spontaneous reactivation or ongoing low-level
viral replication despite suppressive ART. Tso et al. demonstrated colocalization of HIV-1
subtype C viral DNA with macrophages and microglia in the brain of virally suppressed
cases (Tso et al., 2018). Several other reports also demonstrate the presence of HIV DNA
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in the brains of ART-treated subjects (Gelman et al., 2013; Lamers et al., 2016). For these
reasons, microglial cells are the major potential target cell for anti-HIV therapy using
immune checkpoint blockade in attempts to purge the persisting viral reservoir.

Our laboratory has developed an experimental murine model in which the brain becomes
populated with long-lived CD8* T-cells specific for immunodominant HIV-1 Gag epitopes
(Prasad, Hu, Sheng, Chauhan & Lokensgard, 2019). High numbers of activated CD8*
T-cells against HIV antigens in the CSF of acutely infected patients have been reported
(Kessing et al., 2017; Schrier et al., 2015). It is well-established that CD8* T-cells
responding to infection can differentiate into tissue resident-memory T-cells (Trnm), Which
reside permanently in non-lymphoid tissues including brain (bTgry) in disconnect from

the circulation, and provide immunosurveillance for reinfection and reactivation of latently
infected cells (Mockus, Ren, Shwetank, & Lukacher, 2019; Smolders et al., 2018; Szabo,
Miron, & Farber, 2019). In a number of infection models, high PD-1 expression has been
demonstrated to be an inherent property of bTrp (Bhadra, Gigley, & Khan, 2012; Prasad et
al., 2017; Shwetank et al., 2017; Wakim, Woodward-Davis, & Bevan, 2010). In addition to
mice, analyses of human brain autopsy also describe increased PD-1 expression on bTrpm.
Moreover, upregulation of PD-L1 was reported on glial cells in demyelinating MS lesions
as compared to controls (Smolders et al., 2018). Results from these models indicate that the
responses of bTrp May be sensitive to negative checkpoint inhibitors (Prasad, Hu, Sheng,
Chauhan, & Lokensgard, 2018; Shwetank et al., 2019).

Using our heterologous prime-CNS boost approach, mice are first immunized via an
intravenous (1V) injection of rAd5-p24, a recombinant adenovirus vector expressing the
HIV-1 p24 capsid protein. Priming with rAd5-p24 induces a strong peripheral immune
response (Hosseini Rouzbahani et al., 2016). This systemic priming via IV administration

is followed by a CNS-boost consisting of intracerebral injection of Pr55G39/EnV virus-like
particles (HIV-VLPs) into the striatum, which promotes T-cell infiltration into the brain.
This heterologous prime-CNS boost establishes a population of brain-resident CD8" T-cells
which are retained long-term, express residency markers of Tgpm (i.e., CD103, CD69,
CDA49a, CD127), and also express high levels of PD-1 (Prasad, Hu, Sheng, Chauhan, &
Lokensgard, 2019). Interestingly, despite the high level of PD-1 expression, these cells are
not exhausted because they produce high levels of cytokines, granzyme B, and proliferate

in response to cognate antigen (Prasad et al., 2019). In addition, we have previously shown
that both microglial cells and astrocytes upregulate PD-L1 upon activation and this PD-L1
expression negatively regulated cytokine production by activated T-cells (Schachtele et al.,
2014). Furthermore, this negative regulation was partially reversed following a-PD-1 or a-
PD-L1 (but not a-PD-L2) treatment (Chauhan & Lokensgard, 2019; Schachtele et al., 2014).
The current study expands on our previous work by investigating the role of the PD-1:
PD-L1 pathway in restraining cytolytic responses of bTry against HIV-1 peptide-presenting
microglia.
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2| MATERIALS AND METHODS

2.1| Ethical statement

This study was carried out according to guidelines for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved by the

University of Minnesota’s Institutional Animal Care and Use Committee (Protocol Number:
1701-34539A). All animals were routinely cared for in accordance to RAR (Research
Animal Resources) guidelines. All surgery was performed under Ketamine/Xylazine (100
mg/kg/body weight) anesthesia and all efforts were made to ameliorate animal suffering.
Animals were euthanized after isoflurane inhalation, whenever required.

2.2 | Experimental animals

BALB/c and C57BL/6 (6-8 weeks old) mice were primed intravenously with rAd5-p24 (1

x 1010 PFU/mouse). Animals were either used for in vivo cytotoxic T-lymphocyte (CTL)
assays in the spleen or boosted via intracranial injection of 300 fluorescent units (FU) in

no more than 5 pl volume of HIV virus-like particles (HIV-VLPs; 7 days later) to promote
immune cell infiltration and retention within the brain. These animals were then used to
carry out in vivo CTL assays in the brain or ex vivo stimulation assays. We also employed
OT-1 mice for in vitro CTL assays and PD-L1 KO animals for both in vitro and in vivo

CTL assays. PD-L1 KO animals were obtained from Arlene Sharpe (Latchman et al., 2004)
(Boston). Pathogen free OT-1 (JAX stock#003831), BALB/c (JAX stock#000651), C57BL/6
(JAX stock#000664), and EGFP-expressing mice [C57BL/6-Tg (CAG-EGFP) 10sb/j), (JAX
stock#003291)] mice were purchased from The Jackson Laboratory (Bar Harbor, Maine).
Animals were housed in individually ventilated cages and were provided with food and
water ad libitum at RAR, University of Minnesota.

2.3 | Peptides

24| Virus

AMQMLKETI (i.e., Al9; Gag1g97_205) Was purchased from MBL Life Science (Sunnyvale,
CA), while YSPTSILDI (i.e., Y19; Gago77_2g5) and SIINFEKL (i.e., SL8; OVA57_2g4) Were
bought from GenScript (Piscataway, NJ).

Production of adenovirus 5 expressing HIV-1 capsid protein p24 under the control of the
CMV IE promoter (i.e., rAd5-p24) was out-sourced to Cyagen Biosciences (Santa Clara,
CA). This is a second-generation (i.e., AE1 + AE3), replication incompetent adenovirus
vector. Adenovirus vector expressing ovalbumin (rAd5-OVA) was purchased from Abm
(Richmond, BC, Canada). It is also a second-generation vector derived from human
adenovirus type 5.

25| Purification of HIV virus-like particles (HIV-VLPs)

For the production of HIV-VLPs, HEK 293 T-cells were co-transfected with a (a) Gag-
expressing codon-optimized plasmid, pEYFP-N3 HIV-1 which encodes 55 kDa Gag
precursor protein fused to EYFP (enhanced yellow fluorescent protein) under the control
of human CMV IE promoter (obtained from Louis Mansky, University of Minnesota);

Glia. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chauhan et al.

Page 5

(b) p3NL(ADA) env plasmid that encodes a full length R5-tropic envelope protein under
the control of the HIV-1 LTR promoter (procured with permission from Eric Freed, NCI,
Frederick, MD); (c) pCEP4-Tat plasmid. After 72 hr of co-transfection, HIV-VLPs were
harvested from supernatants and clarified at 1,000g for 10 min. Clarified supernatants were
then purified by layering onto 32% sucrose cushion and centrifugation at 100,000g for 2 hr
at 4° using an Optima XPN-100 Ultracentrifuge (Beckman Coulter, Brea, CA). HIV-VLPs
were quantified using a Spectramax M2 Fluorescent reader (485ex 538em 530 cutoff) and
fluorescent units (FU) were used as an indicator of quantity. 300 FU were used for the CNS
boost of the rAd5-p24 primed animals as described previously (Prasad et al., 2019).

2.6 | Intracranial injection of mice

Mice were injected intracranially using a method previously described by Cheeran, Hu,
Sheng, Peterson, & Lokensgard (2003). Briefly, mice were anesthetized using a mixture of
Ketamine (100 mg/kg body weight; Akorn, Inc. Lake Forest, IL) and Xylazine (10 mg/kg
body weight; Bimeda Inc., Le Sueur, MN) and immobilized on a small animal stereotactic
apparatus equipped with a Cunningham mouse adapter (Stoelting Co., Wood Dale, IL).
Skin was sterilized using Betadine solution (Stamford, CT) and subcutaneous injection of
the analgesic bupivacaine (Hospira, Inc. Lake Forest, IL); [1-2 mg/kg (0.4-0.8 ml/kg of a
0.25% solution)] was administered in the head area prior to incision to minimize pain. The
skin and the underlying tissues were exposed to reflect the reference structures (sagittal and
coronal plane) on the skull. The sagittal plane was attuned so that bregma and lambda were
on the same coordinates on the vertical plane. A burr hole was drilled at pre-determined
co-ordinates (AP = 0 mm, ML = 2.0 mm from bregma, and DV = 3.0 from skull surface) to
access the left striatum. Animals were injected with HIV-VLPs into the striatum using a 10
ul Hamilton syringe fitted to a 27 G needle over a period of 5 min. The needle was retracted
slowly with caution and the hole was sealed with sterile bone-wax (Guaynabo, Puerto Rico).
The animal was then removed from the stereotactic instrument and the incision was closed
with FS-2 needle attached to the 4.0 silk sutures (Ethicon, Somerville, NJ).

2.7 | Isolation of brain leukocytes

Brain mononuclear cells (BMNCS) were isolated from brain tissue of rAd5-p24 prime-CNS
boost animals using a previously described procedure with minor modifications (Cheeran et
al., 2007; Marten, Stohlman, Zhou, & Bergmann, 2003; Mutnal, Hu, Little, & Lokensgard,
2011). In brief, whole brain was isolated and minced finely using a scalpel in DMEM/
5%FBS and digested in 0.0625% trypsin (in Ca/Mg-free HBSS) at room temperature for 20—
30 min. Cells were then washed in HBSS and re-suspended in 30% Percoll (Sigma-Aldrich,
St. Louis, MO). This was followed by underlaying 70% Percoll and banding the cells by
centrifugation at 900¢ for 30 min at 15°C. Brain leukocytes were carefully collected from
the 30-70% Percoll interface and washed in DMEM/5% FBS.

2.8| Primary murine microglial cell cultures

Murine cerebral cortical cells from 1-day-old mice were dissociated after a 30 min
trypsinization (0.25%) and plated in 75-cm? Falcon culture flasks in DMEM containing
10% FBS, penicillin (100 U/ml), streptomycin (100 ug/ml), gentamicin (50 pg/ml), and
Fungizone® (250 pg/ml). The medium was replenished after 1 and 4 days of plating. On d
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12 of culture, floating microglial cells were harvested and plated onto 6-well tissue culture
plates and incubated at 37°C. Purified microglial cells were stained >95% positively with
Iba-1 Abs and <2% stained positively with Abs specific to glial fibrillary acidic protein
(GFAP) (phenotypic marker of astrocytes).

29| Invivo CTL assays using peptide-pulsed splenocytes

2.10 |

An in vivo CTL assay was performed similarly to previously described studies (Barber,
Wherry, & Ahmed, 2003; Clemente, Dominguez, Vieira, Rodrigues, & Amarante-Mendes,
2013; Fiege, Beura, Burbach, & Shimizu, 2016). Mice (either BALB/c or C57BL/6) were
primed with rAd5-p24 intravenously to generate the effector cell population. After 7 days,
bulk splenocytes were isolated from naive animals and were used as targets. These cells
were labeled with an intravital dye, CFSE (Invitrogen, Carlsbad, CA). Briefly, cells were
suspended in PBS with 5% FBS at 2 x 107 cells/ml. CFSE was diluted in PBS to make 2
concentrations; CFSE-hi (10 pM) and CFSE-lo (1 pM) and then was added to the cells in
1:1 ratio [5 pM (hi) or 0.5 uM (lo) final concentrations]. The cells were incubated at 37°C
for 20 min. This was followed by washing the cells twice with PBS/2% FBS. An aliquot of
CFSE-lo labeled cells was then pulsed with 1 pg/ml of peptide [either A19 (AMQMLKETI)
or Y19 (YSPTSILDI)] for 30 min at 37°C. Cells were washed twice with PBS/2% FBS
before mixing 1:1 with CFSE-hi labeled cells. CFSE mixed populations of peptide-pulsed or
unpulsed cells were injected intravenously into rAD5-p24 primed animals. Splenocytes were
harvested after 16-18 hr and the CFSE-hi/CFSE-lo ratio was determined by flow cytometry.
Cells were acquired on a LSRII H4760 (BD Biosciences, San Jose, CA) and analyzed using
FlowJo software (FlowJo, Ashland, OR). Specific killing was calculated by [1 — (control
group ratio/experimental group ratio)] x 100.

In vitro microglial cell cytotoxicity assays using OT-1 mice

OT-1 mice were primed with rAd5-OVA (1 x 1010 PFU/mouse) intravenously to generate
an immune response against ovalbumin. Seven days later, splenocytes were harvested and
CD8™* T-cells were isolated using the MagCellect Mouse CD8* T-Cell Isolation Kit (R&D
Systems, Minneapolis, MN). Purified CD8* T-cells were treated as effector cells. Microglial
cells from C57BL/6 and PD-L1 KO animals were labeled with CFSE-hi and CFSE-lo
concentrations as described in previous section. The CFSE-lo labeled microglial cells were
either unpulsed or pulsed with 1 ug/ml of SIINFEKL peptide. The cells were washed

and mixed with CFSE-hi labeled cells. CFSE-labeled and peptide pulsed microglial cells
from C57BL/6 animals were also treated with 10 pg/ml and 30 pg/ml of a-PD-L1 (clone
M1H5; eBioscience, San Diego, CA) and rat IgG2a isotype control (eBioscience). This

was followed by co-culture of these labeled microglial cells with CD8* T-cells in different
effector to target ratios (10:1, 3:1, 1:1) for 16-18 hr. Cells were then harvested and the
CFSE-hi/CFSE-lo ratio as well as PD-L1 expression (using anti-PD-L1-PEcy7, eBioscience)
was determined by flow cytometry. Specific killing was calculated as described previously.
The co-culture was also stained using rabbit antibody to Iba-1 (2 pg/ml; Wako Chemicals,
Richmond, VA) and rat anti-mouse CD8 (10 pug/ml; R&D Systems Inc., Minneapolis, MN).
For fluorescent detection, cells were incubated with NL557-conjugated goat anti-rabbit

or NL557-conjugated goat anti-rat Ab (R&D Systems) followed by nuclear labeling with
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Hoechst 33342 (1 ug/ml; Chemicon, Temecula, CA), and viewed under a fluorescent
microscope.

In vivo CTL assays in brain using peptide-pulsed microglial cells

C57BL/6 and BALB/c mice were primed with rAd5-p24 and CNS-boosted with HIV-VLPs.
After 30 days, C57BL/6 animals were injected intracranially with microglia from C57BL/6
and PD-L1 KO animals-labeled with CFSE and pulsed with Y19 peptide (1 ug/ml), while the
BALB/c animals were injected with microglial cells from BALB/c mice labeled with CFSE
and pulsed with AI9 (1 pg/ml) = a-PD-L1 (10 pg/ml; M1H5 clone; eBioscience). The CFSE
labeling and peptide pulse was carried out as described in the previous section. BMNCs
were isolated after 72 hr and the CFSE-hi/CFSE-lo ratio was determined by flow cytometry.
Percent CTL activity was calculated using the same formula as described before.

Immunohistochemistry

Brains were harvested from rAd5-p24 prime-CNS boost C57BL/6 mice injected with
microglial cells from EGFP-expressing mice loaded with Y19 peptide. Animals were
perfused with 2% sodium nitrate and phosphate-buffered saline (PBS) and prefixed with
4% paraformaldehyde. Brains were then submerged in 4% paraformaldehyde for 24 hr and
transferred to 25% sucrose solution for 2 days prior to sectioning. After blocking (PBS with
10% normal goat serum and 0.3% Triton X-100) for 1 hr at RT, brain sections (30 um) were
incubated overnight at 4°C with rat anti-mouse CD8 antibody (10 pg/ml; R&D Systems
Inc., Minneapolis, MN). Brain sections were washed four times with PBS. After washing,
secondary antibody (Cy3-conjugated donkey anti-goat or donkey anti-rabbit Ab (Jackson
Immunoresearch Labs), Alexa Fluor 488 conjugated donkey anti-mouse and/or Alexa Flour
546 conjugated donkey anti-rat antibodies (Molecular Probes) was added for 1 hr at RT
followed by nuclear labeling with Hoechst 33342 (1 pg/ml; Chemicon, Temecula, CA) and
viewed under a fluorescent microscope.

ELISA

BMNCs were isolated from BALB/c mice primed with rAd5-p24 and CNS-boosted

with HIV-VLPs for 30 days. Cells were either left untreated or treated with a-PD-L1
neutralizing Ab (10 ug/ml; M1H5 clone; eBioscience) or rat 1gG2a isotype control (10
pg/ml; eBioscience) for 1 hr. This was followed by addition of 100 uM Al9 in all the groups
for 1-2 hr prior to the addition of microglial cells. Supernatants were collected after 72
hrand IFN-y and IL-2 concentrations were measured by employing mouse IFN-y or IL-2
ELISA kits according to the manufactures instructions (eBioscience).

Ex-vivo antigen stimulation and intracellular staining

BMNCs were isolated from rAd5-p24 prime-CNS boost BALB/c animals as described
previously. Cells were stimulated with 100 pM of Al9 and treated with or without a-PD-1
(10 pg/ml; RMP1-14 clone; eBioscience) Ab for 4—6 hr at 37°C in DMEM supplemented
with 10% FBS and Brefeldin A (1 pl/ml; eBioscience). Cells were then collected and surface
stained for CD8-BV510 (Biolegend, San Diego, CA) and CD103-FITC (eBioscience) prior
to permeabilization and fixation using Cytofix/cytoperm kit (eBioscience). Cells were then
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stained for Ki67-PE and IFN-y-eFluor450 (eBioscience), according to the manufacturer’s
protocol.

2.15| Statistical analyses

GraphPad Prism software was used to determine statistical significance (version 5.03;
Graphpad Software, La Jolla, CA). For comparing groups, a Student two-tailed unpaired
T-test was employed. A pvalue <.05 was considered significant.

3| RESULTS
3.1] Invivo CTL-mediated killing of Al9 and Y19 peptide-loaded target cells

To investigate CTL responses generated in rAd5-p24-primed animals, we first tested killing
efficacy using Al9 and Y19 peptide-pulsed splenocytes by in vivo CTL as described by
Clemente et al. (2013) (Figure 1a). These assays use flow cytometry to measure the

amount of CFSE dye that is retained in target cells, which are not killed as shown

in Figure S1. Splenocytes obtained from naive animals were loaded with either Al9
(AMQMLKET]I; Gagig7-205) or Y19 (YSPTSILDI; Gagy77-2g5) peptides (corresponding to
previously identified H-2K% or H-2DP MHC class I-restricted immunodominant HIV Gag
epitopes, respectively), (Chowell et al., 2015; H. X. Tan et al., 2016). In these studies, MHC-
matched splenocytes loaded with the Al9 peptide were found to be efficiently killed when
injected into rAd5-p24 primed BALB/c (H-2K9) mice (60.5 + 6.2% CTL activity). However,
as expected, when BALB /c splenocytes were pulsed with the Y19 peptide epitope, no killing
of these targets was observed (Figure 1b,c). In contrast, when splenocytes from C57BL/6
(H-2DP) mice were pulsed with Al9, and injected into the tail vein of MHC-matched
recipients, no CTL activity was observed. However, when these same cells were loaded with
the Y19 peptide, very efficient killing was detected (89.7 + 1.0% CTL activity), (Figure
1b,c).

3.2 | Invitro microglial cell cytotoxicity assays

To investigate killing using primary microglial cells as targets, we first employed in vitro
CTL assays using a model antigen, ovalbumin (OVA). In these studies, primary murine
microglial cells obtained from either WT or PD-L1 KO mice were first CFSE-labeled

and then pulsed with the SIINFEKL (OVA,57_264) peptide. CD8* T-cells were obtained
from OT-1 T-cell receptor transgenic mice which had been primed 7 days previously

with a recombinant adenovirus vector expressing ovalbumin (rAd5-OVA), (Hogquist et al.,
1994). These ovalbumin-specific CD8* T-cells were then mixed with the SIINFEKL-pulsed
primary microglia at 1:1, 3:1, and 10:1 effector: target ratios. The co-cultures were incubated
for 18 hr and CTL activity was assessed using flow cytometry. When microglial cells from
WT animals were used in these assays, the CD8* T-cells were found to kill these peptide-
loaded brain cells (Figure 2a). We also visually demonstrated aggregation of CD8* T- cells
from OT-1 T-cell receptor transgenic mice with primary microglial cells in the presence of
SL8 peptide (Figure S2a). The level of CTL activity observed was associated with induction
of PD-L1 (26.3 £+ 7.8%) on the microglia following 18 hr of being co-cultured in the
presence of activated CD8* T-cells, which was not seen on PD-L1 KO microglia with or
without CD8* T-cell co-culture (Figure 2b and Figure S3). Interestingly, when microglia
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from PD-L1 KO animals were used in these assays, significantly more microglial cell killing
(34.9 £ 0.7%) than WT cells (25.6 £+ 1.8%) was observed after 18 hr at the 10:1 effector:
target ratio (Figure 2a,c). CTL-mediated killing of microglial cells either from WT or PD-L1
KO animals was also found to be dependent on the effector to target ratio (Figure 2c).

CFSE-labeled, peptide-loaded microglial cells from WT mice were also treated with
neutralizing a-PD-L1 Ab prior to co-culture with CD8* T-cells for 18 hr. In the untreated
and IgG-treated control group, 27.4 + 1.4% and 26.7 + 1.4% killing of microglial cells was
observed, respectively (Figure 3a). This Killing was significantly increased when the PD1:
PD-L1 pathway was blocked using 10 pg/ml (33.1 + 0.8%), or 30 ug/ml (42.7 + 1.0%), of
a-PD-L1 Ab (Figure 3b).

3.3 | Invivo CTL-mediated killing of HIV-1 YI9 peptide-loaded C57BL/6 and PD-L1 KO
microglial cells within the brain

We went on to investigate CTL killing within the unique microenvironment of the brain

by combining the in vivo assay presented in Figure 1 with the in vitro assay using

microglia presented in Figure 2. For these experiments, primary microglial cells from WT
C57BL/6 and PD-L1 KO animals were labeled with CFSE, loaded with the Y19 peptide, and
transferred into the brains of MHC-matched animals which had received rAd5-p24 priming
along with HIV-VLP CNS-boost 30 days prior to stereotactic injection (Figure 4a). Using
this approach, minimal peptide-specific CTL killing of microglial cells was detected within
the brains of bTrp-populated, WT C57BL/6 animals after 72 hr (3.2 £ 1.8% vs. 5.1 £ 1.6%
without peptide), (Figure 4b). In contrast, CTL killing of microglia increased to 29.6 + 4.9%
when Y19-loaded microglial cells from PD-L1 KO animals were used as targets (Figure 4c).

3.4 | Effect of a-PD-L1 treatment on in vivo CTL-mediated killing of HIV-1 AI9 peptide-
loaded BALB/c microglial cells within the brain

Al9-loaded BALB/c microglia were treated with a-PD-L1 Abs prior to being injected into
the brains of bTrp-populated, MHC-matched recipients (Figure 5a). No CTL-mediated
killing of microglial cells was observed within the brain when non-Ab-treated target cells or
cells treated with isotype control Abs were used (Figure 5b). However, when peptide-loaded
microglial cells were treated with a-PD-L1 Abs prior to injection into the brain, CTL
activity increased to 17 + 4.7% (Figure 5c¢).

3.5| Blocking the PD-1: PD-L1 Pathway enhances non-cytolytic responses of bTry to
re-stimulation in microglial cell co-cultures

Finally, using BMNCs from rAd5-p24 primed-CNS boost mice, we investigated the effects
of blocking the PD-1: PD-L1 pathway on the non-cytolytic responses of bTrp, themselves.
Brain cells were activated by 100 uM of CD8-specific HI\V-p24 Al9 peptide. Prior to the
addition of peptide, the cultures were treated with a-PD-L1 neutralizing Ab, control rat

IgG isotype, or left untreated. Supernatants were collected after 72 hr and analyzed for
IFN-y and IL-2 levels using ELISA. As expected, a-PD-L1-treated brain cells displayed a
significant increase in IFN-y (p<.01) (Figure 6a) and IL-2 (p < .01) production (Figure 6b).
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3.6 | Enhanced ex vivo bTry recall responses following a-PD-1 treatment

To investigate the effect of blocking PD-1 on the response of bTrp to restimulation with
Al9 peptide, we evaluated IFN-y as well as Ki67 (a proliferation marker) production.
Analysis was carried out using intracellular staining and flow cytometry following ex-vivo
treatment with a-PD1 and stimulation with AlI9 peptide. bTrp phenotyped as CD8*CD103*
T-cells were found to produce IFN-y following Al9 stimulation (21.6 + 1.0%). However,
significantly higher cell frequencies of bTrp produced it following a-PD-1 treatment (32.3
+ 1.5%), when compared with untreated control (Figure 7a). Similarly, Ki67-expressing
bTrnm cells were also detected in a significantly larger proportion in the a-PD-1-treated
group (35.7 + 3.0%) when compared with untreated group (21.5 + 0.7%) following AI9
restimulation (Figure 7b).

4| DISCUSSION

A primary goal of contemporary HIV-1 research is to identify approaches to effect a
functional cure, where viral load is completely suppressed for extended periods in the
absence of antiretroviral therapy (Henderson, Reoma, Kovacs, & Nath, 2020). HIV-specific
CD8™" T-cell responses are vital in suppressing acute viral infection within the brain, but
eventually fail in their ability to completely eradicate the virus from infected microglia.
Ongoing viral transcription, protein production, and replication despite virologic suppression
in the CSF likely contribute to the development of HAND (Saylor, 2018). Although patients
on successful combination antiretroviral therapy (CART) are viremically suppressed both in
CSF and plasma, there exists a persistent HIV-1 reservoir within the CNS, that is believed to
contribute to the inability to completely cure the viral infection (Chen, Gill, & Kolson, 2014;
Dahl et al., 2014; Stam, Nijhuis, van den Bergh, & Wensing, 2013). Immunotherapeutic
approaches using negative checkpoint inhibitors have shown substantial improvements in
the treatment of various cancers, but their efficacy against HIV brain infection remains to

be determined. It is currently not known whether HIV-infected microglia are viable cellular
targets for immune checkpoint blockade. Studies show that targeting the PD-1 pathway in
HIV infection has potential to aid in clearance of persisting virus (Henderson et al., 2020;
Schwartz et al., 2017; Velu, Shetty, Larsson, & Shankar, 2015). For these reasons, there is
great interest in immunotherapeutic approaches to target the CNS reservoir of HIV infection
and a phase 1 clinical trial is currently underway to determine whether pembrolizumab is
safe and tolerable in this patient population (Nath (17-N-0145), n.d.).

In this study, we used our heterologous prime-CNS boost model in which adaptive CD8* T-
cell-mediated immune responses to HIV-1 p24 protein, including immunodominant peptide
epitopes, are generated within murine brains. Mice are first primed with an adenovirus
vector expressing the capsid protein followed by a CNS boost using HIV-VLPs, carrying
M-tropic CCR5-utilizing Env protein. Recombinant adenovirus type 5 (rAd5) vaccines have
long been a vector of choice for generating cellular, as well as humoral immunity (Hosseini
Rouzbahani et al., 2016). The systemic immunity generated via adenovirus priming is
further augmented by heterologous boosting of these animals by injection of HIV-VLPs
into the brain. HIV-VLPs present viral antigens in an authentic configuration and induce
strong innate immune responses (Glimcher, Townsend, Sullivan, & Lord, 2004; Russell &
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Ley, 2002). Following their intracranial injection, there is a production of cytokines and
chemokines; which eventually drive peripheral immune cell infiltration into the brain. Using
this heterologous prime-boost model, we have previously demonstrated that the murine
brain becomes populated by both short-lived effector (SLEC) and memory precursor effector
(MPEC) cells; with a population of bTrp persisting long-term within the brain (Prasad et
al., 2019).

To investigate CTL responses in our rAd5-p24 primed animal model (both BALB/c and
C57BL/6), we first tested Killing efficacy using in vivo CTL assays against p24 peptide-
loaded splenocytes. Anti-HIV CD8* T-cells in the primed animals must distinguish peptide-
specific from peptide non-specific to respond effectively against Ag. Hence, we determined
the CTL efficacy generated in H-2K9 and H-2DP restricted mice against their corresponding
immunodominant MHC class-I restricted epitope. AMQMLKETI (i.e., Al9; Gagig7-205) has
previously been identified as an H-2K-restricted peptide (H. X. Tan et al., 2016; H. X.

Tan et al., 2018) and YSPTSILDI (i.e., Y19; Gagy77_gs) as an H-2DP-restricted epitope
(Chowell et al., 2015) for the p24 capsid protein. Our results demonstrated efficient killing
of Al9-loaded splenocytes in BALB/c (H-2KY) mice, but not in C57BL/6 (H-2DP) animals.
Correspondingly, Y19-loaded splenocytes were very efficiently killed in C57BL/6 mice, but
not in BALB/c animals (Figure 1).

Splenocytes were found to be efficiently killed using our in vivo assays, but primary
microglia are intrinsically more resistant to CTL-mediated killing. Twenty years ago,
Bergmann et al. demonstrated that the relative insensitivity of these cells to CTL lysis
results in viral CNS persistence (Bergmann, Yao, & Stohlman, 1999). Although very

little work has been done investigating direct CTL activity against microglia, there have
been a number of studies which demonstrate that HIV-infected macrophages are inherently
resistant to CD8™ T cell-mediated killing, resulting in inefficient viral suppression (Clayton
et al., 2018; Kelleher & Xu, 2018; Kumar & Herbein, 2014). Impaired killing of infected
macrophages has been associated with their dependence on caspase-3, granzyme B activity,
and their prolonged formation of synapses with the CTLs (Clayton et al., 2018). Moreover,
infectious viral particles can assemble in the “virus containing compartment” within the
macrophages where they are resistant to degradation by lysosome-associated reactive
oxygen species and proteases (J. Tan & Sattentau, 2013). Further, in vivo HIV infection and
the persistence of infected macrophages during cART suggest that macrophages contribute
to viral pathogenesis (Honeycutt et al., 2017). Infected macrophages have been observed

in the lungs, gut, lymph tissues of HIV-infected patients as well as in the brain, and

the inefficient killing of these infected macrophages likely contributes to development of
chronic inflammation associated with HAND and dementia (DiNapoli, Hirsch, & Brenchley,
2016). Similar observations have been made when macrophages present other viral antigens
(e.g., cytomegalovirus, Epstein—Barr virus, and influenza virus) suggesting that they are less
susceptible to CTL-mediated killing, even independent of HIV infection (Clayton et al.,
2018).

To investigate immune-mediated killing of primary microglial target cells, we first employed
in vitro CTL assays using a model antigen, ovalbumin, along with OT-1 mice. The
transgenic T-cell receptor in these mice is designed to recognize an immunodominant
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ovalbumin peptide of residues 257—264 (SIINFEKL) in the context of H2KP (Hogquist et
al., 1994). In these experiments, we loaded SIINFEKL peptide onto CFSE-labeled primary
microglial cells obtained from either C57BL/6 mice or PD-L1 KO animals, and co-cultured
them along with CD8" T-cells obtained from rAd5-OVA primed animals. It was evident
from these studies that microglia from WT animals were somewhat resistant to killing,
which was associated with induced PD-L1 expression following 18 hr in co-culture with
T-cells (Figure 2). We have previously shown by gRT-PCR and flow cytometry that upon
stimulation with IFN-vy, there is a significantly increased PD-L1 expression (Schachtele et
al., 2014). However, this partial resistance to CTL killing was ablated if we used microglial
cells from PD-L1 KO animals, in which co-culture did not induce PD-L1 (Figure 2).

A similar observation was made when we used neutralizing Ab against PD-L1 to treat
microglial cells from WT animals (Figure 3). Hence, these studies demonstrated that KO of
PD-L1 or treatment with a-PD-L1 Abs increased CTL activity against microglia, indicating
that these cells may be viable targets for negative checkpoint blockade therapy.

In addition to the microglial cells themselves, the unique microenvironment of the brain
dictates the efficacy of CTL activity. Hence, we adapted the in vivo CTL assay to the

brain using our prime-CNS boost model (in both BALB/c and C57BL/6 animals). As
expected, when HIV-1 peptide (Y19) loaded microglial cells from C57BL/6 animals were
injected into the prime-CNS boost animals, negligible killing by CTLs was detected

(Figure 4). This resistance to killing can be attributed to PD-L1 expression as we have
previously shown that upon in vivo Al9 stimulation of prime-CNS boost animals, PD-L1

is induced on approximately 75% of microglial cells (Prasad et al., 2019). Furthermore,
when microglia from PD-L1 KO animals were loaded with HIV-1 peptide, we observed
significantly increased Killing (Figure 4). These data indicate that induced PD-L1 expression
on microglial cells restrains their killing by CTLs. The same observation was confirmed

in BALB/c animals, where microglial cells loaded with Al9 peptide were treated with
neutralizing a-PD-L1 Ab; these cells exhibited significantly more killing compared to the
control group (Figure 5). The increased CTL activity against microglia following blockade
of the PD-1: PD-L1 pathway indicates that this approach may be effective in clearance of
viral brain reservoirs. Further experiments demonstrated the presence of CD8* T-cells within
brain sections of rAd5-p24 prime-CNS boost C57BL/6 animals by immunohistochemistry
(Figure S2b). When these animals were injected with microglial cells from EGFP-expressing
mice (loaded with Y19 peptide), we observed CD8" T-cells along with the green microglia
(Figure S2b). It is possible that the target microglia, which have been cultured in vitro,

may be somewhat different than infected endogenous microglia in terms of their MHC

class I expression. We have previously reported that microglial cells in culture express
constitutive MHC class | (44.1%), (Schachtele et al., 2014, GLIA). In this study, we carried
out experiments to assess the expression levels of MHC | on microglia within the brains

of rAd5-p24 primed-HIV-VLP boosted mice, and observed similar expression levels in
rAd5-p24 primed-CNS boosted animals (42.23 + 1.92% vs. 10.6 + 0.60% in naive BALB/c),
(Figure S4).

Finally, we investigated whether blocking the PD-1: PD-L1 pathway can enhance non-
cytolytic responses of bTrpy to re-stimulation using microglial cell: BMNC co-cultures. Our
previous studies have demonstrated an immunoregulatory role for microglia in both in vivo
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and in vitro murine models (Chauhan, Hu, Sheng, Prasad, & Lokensgard, 2017; Schachtele
etal., 2014). Expression of PD-L1 on glial cells is regulated by CD8* T-cell activation.
Blockade of PD-L1 on microglia or PD-1 on CD8+ T-cells using a-PD-L1 or a-PD-1
neutralizing Abs, respectively enhanced T-cell IFN-y and IL-2 production (Schachtele et al.,
2014). Similarly, in this study, we have demonstrated increased IFN-y and IL-2 production
following blockade of PD-L1 in peptide-stimulated microglia: BMNC co-cultures, as
compared to 1gG-treated or unstimulated cells (Figure 6). In addition, treatment of bTrp
obtained from prime-CNS boost mice with a-PD-1 Abs enhanced their proliferation (47%)
and IFN-y production (40%) during ex vivo recall responses (Figure 7).

Data presented here demonstrate how the immunosuppressive, neuroprotective brain
microenvironment intervenes with complete clearance of virus from microglial cell
reservoirs. Correspondingly, we found that negative immune checkpoint blockade stimulates
CTL activity against peptide-presenting microglia. Results from this study support the
approach of using immune checkpoint inhibitors, along with other anti-retroviral therapies,
to advance towards the functional cure of HIV infection. Besides HIV-1, microglial cells are
also the primary target population for Zika virus infection, as demonstrated using fetal brain
cells (Lum et al., 2017). So, it seems likely that negative checkpoint inhibition may also be
relevant to clear Zika virus from brain reservoirs and impede virus-mediated pathogenesis.

However, the applicability of this approach within the CNS still remains questionable as

the brain cannot endure prolonged neuroinflammation without bystander damage resulting
in permanent neuronal injury. Off-target CNS effects such as recall responses, reactive
gliosis, tissue-wide innate responses, and cumulative neurotoxicity may limit its use and will
certainly need to be managed.
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FIGURE 1.
In vivo HIV-specific CTL-mediated killing of peptide-loaded splenocytes. (2) BALB/c

and C57BL/6 mice were primed with rAd5-p24. Seven days later, in vivo cytotoxicity

was determined 18 hr following intravenous injection of each mouse with syngeneic
CFSE-labeled splenocytes pulsed with 1 pg/ml of the HIV-specific Al9 or Y19 peptide.

(b) Representative histograms showing CFSE-labeled cells recovered from spleens of rAd5-
p24 immunized hosts. Insets are the representative no peptide controls. (c) Graphical
representation of % CTL activity [1 — (control group hi/lo ratio: experimental group hi/lo
ratio)] x 100. Data shown are representative of three independent experiments
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FIGURE 2.
In vitro microglial cell cytotoxicity assays. CD8" T-cells were isolated from the spleens

of rAd5-OVA-primed OT-1 mice using a negative selection kit. CD8* T-cells were then
transferred to microglial cell cultures (10:1, 3:1, and 1:1 effector: target ratios) from

WT C57BL/6 (B6-M) or PD-L1 KO (KO-M) loaded with ovalbumin-specific SIINFEKL
peptide (SL8) and labeled with CFSE. in vitro cytotoxicity was determined after 18 hr.

(a) Representative histograms show CFSE labeled microglia harvested from the plate

after 18 hr of co-culture with OT-1 CD8* T-cells (10:1 effector: target ratio). Control-1

is the CFSE staining control representative of either B6-M or KO-M. Control-2 is the
representative histogram of either B6-M or KO-M without peptide. (b) Histogram overlay
showing expression of PD-L1 on microglia from PD-L1 KO (KO-M), C57BL/6 (B6-M),
and C57BL/6 animals after co-culture with CD8* T-cells (B6-M + CD8™"). The experiment
was performed twice in triplicate wells and data are expressed as mean + SE on the
representative histogram. (c) Graphical representation of % CTL activity [1 — (control group
hi/lo ratio: experimental group hi/lo ratio)] x 100. p < .01 compared to B6-M + SL8 at 10:1
effector: target ratio. * “p<.01and ° * “ p<.001 compared to B6-M — SL8. **p< .01 and
***p < .01 compared to KO-M-SL8. Data shown are representative of three experiments
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In vitro microglial cell cytotoxicity assays using neutralizing Ab against PD-L1. CD8* T-
cells were isolated from spleens of rAd5-OVA-primed OT-1 mice using a negative selection
kit. CD8* T-cells were then transferred to microglial cells (10:1 effector: target ratio) from
C57BL/6 mice loaded with ovalbumin-specific peptide, labeled with CFSE, and either left
untreated or treated with 1gG control (30 pug/ml) or a-PD-L1 neutralizing Ab (10 pg/ml and
30 pg/ml). in vitro cytotoxicity was determined after 18 hr. (a) Representative histograms
show CFSE-labeled microglia harvested from the plate after 18 hr of co-culture with CD8*
T-cells. (b) Graphical representation of % CTL activity [1 — (control group hi/lo ratio:
experimental group hi/lo ratio)] x 100. **p < .01; ***p < .001 compared to 1gG control.
Data shown are representative of three independent experiments
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FIGURE 4.

In vivo CTL killing of Y19 peptide-loaded C57BL/6 and PD-L1 KO microglial cells within
the brain. (a) C57BL/6 mice were primed via tail-vein injection with rAd5-p24 and boosted
in the CNS with HIV-VLPs for 30 days. in vivo brain cytotoxicity was determined 72

hr after intracranial (i.c.) injection of syngenic CFSE-labeled primary microglial cells (0.5
x 108 cells) from either C57BL/6 (B6-M) or PD-L1 KO (KO-M) animals pulsed with

or without 1 pg/ml of Gag-specific Y19 peptide. (b) Representative histograms showing
CFSE-labeled microglia recovered from the brains of rAd5-p24 primed-CNS boosted hosts.
Control-1 is the CFSE staining control representative of either B6-M or KO-M. Control-2
is the representative histogram of either B6-M or KO-M without Y19. (c) Graphical
representation of percent specific Killing [1 — (control group hi/lo ratio: experimental group
hi/lo ratio)] x 100. **p < .01 compared to B6-M as well as the control (B6-M without Y19).
Data shown are representative of three experiments using 7= 3 animals/group
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FIGURE 5.

Effect of a-PD-L1 Ab treatment on in vivo CTL Killing of AI9 peptide-loaded BALB/c
microglia within the brain. (a) BALB/c mice were primed with rAd5-p24 and boosted in
the CNS with HIV-VLPs for 30 days. in vivo cytotoxicity was determined after 72 hr of
injecting (i.c.) each mouse with syngenic CFSE-labeled primary microglial cells (0.5 x 108
cells) pulsed with or without 1 pg/ml of Gag-specific Al9 peptide and left untreated or
treated with either 1gG or neutralizing a-PD-L1 Ab. (b) Representative histograms showing
CFSE-labeled microglial cells recovered from the brains of rAd5-p24 primed-CNS boosted
hosts. (c) Graphical representation of percent specific killing [1 — (control group hi/lo ratio:
experimental group hi/lo ratio)] x 100. *p < .05 compared to 1gG or untreated control. Data
shown are representative of three experiments (n7= 3 animals/group)
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Blocking the PD-1: PD-L1 pathway enhances non-cytolytic responses of bTrp to re-
stimulation in microglial cell co-cultures. BMNCs were isolated from the brains of rAd5-
p24 primed-CNS boost mice at 30 days post prime-boost and cultured (1.3 x 10° cells/well)
in the presence of 100 uM CD8™" T-cells-specific HIV Al9 peptide. Prior to the addition

of peptide, the cultures were treated with PD-L1 neutralizing Ab (a-PD-L1), control rat
IgG2a isotype (1gG) or left untreated. Supernatants were collected after 72 hr in culture with
microglial cells and analyzed for IFN-y (a) and IL-2 (b) levels using ELISA (pg/ml). Data
are representative of two experiments (7= 5 animals/experiment). **p < .01

Glia. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chauhan et al. Page 24

Al9 Al9 + a-PD-1
%)
T w785 21.5% & 64.9 35.1%
E '.‘:.‘ g E - . -|.M 40 *k
& 109 109 g » I
= 304
S ; o3
> o'y 10” & (iJ
™M > 504
=5 Z 5
(D) o 4 0 T 8
[rem 10
o
1034 RURE °\° 0
[] ' I|03 ‘ Im" ‘ Im5 ' ‘"ul ! I ImJ I Im" I Imﬁ Al9 Al9 + a-PD-1
IFN-y
oo 77.2 22.8% w4 56.9 43.1% c
3 3 s :‘ﬂ 501 *%
10" 10* 4 1°— [72]
o = 401
]
10° o 10° 9 A 304
~ -
O +
=0 ., |
o 4 0 ¥ Qa2
e
o © 10
o
10°4 1034 =5
04

0 I ' 10? ' 10° ' ' ' 0 ' I 1w0? T Al9 Al9 + a-PD-1

FIGURE 7.
Enhanced ex vivo bTrp recall responses following a-PD-1 Ab treatment. BMNCs were

obtained from BALB/c animals at 30 days post prime-CNS boost and were stimulated ex
vivo with Al9 peptide. The cells were then left untreated or treated with a-PD-1 for 4-6 hr
prior to intracellular staining. (a) Representative contour plots present expression of IFN-y
and Ki67 by CD103*CD8* T-cells. (b,c) Bar graphs of pooled data show frequencies of
IFN-vy expression, as well as Ki67 production, by CD103*CD8* T-cells. Data shown are
representative of three experiments (7= 3 animals/group). **p < .01
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