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SUMMARY

HIV-associated neurocognitive disorders (HAND) persist even during effective combination antiretro-

viral therapy (cART). Although the cause of HAND is unknown, studies link chronic immune activation,

neuroinflammation, and cerebrospinal fluid viral escape to disease progression. In this study, we

tested the hypothesis that specific, recall immune responses from brain-resident memory T cells

(bTRM) could activate glia and induce neurotoxic mediators. To address this question, we developed

a heterologous prime-central nervous system (CNS) boost strategy in mice. We observed that themu-

rine brain became populated with long-lived CD8+ bTRM, some being specific for an immunodominant

Gag epitope. Recall stimulation using HIV-1 AI9 peptide administered in vivo resulted in microglia dis-

playing elevated levels of major histocompatibility complex class II and programmed death-ligand 1,

and demonstrating tissue-wide reactive gliosis. Immunostaining further confirmed this glial activation.

Taken together, these results indicate that specific, adaptive recall responses from bTRM can induce

reactive gliosis and production of neurotoxic mediators.

INTRODUCTION

It is currently unknown why HIV-associated neurocognitive disorders (HAND) persist despite effective viral

suppression to undetectable levels in most combination antiretroviral therapy (cART)-treated individuals.

Although patients on successful cART show sustained viral suppression, as indicated by routine plasma

monitoring and occasional cerebrospinal fluid (CSF) monitoring, ‘‘blips’’ indicative of transient HIV replica-

tion are often detected with more frequent testing, as reviewed in Chen et al. (2014). A number of studies

link persistent immune activation, neuroinflammation, and CSF viral escape in cART-treated individuals to

increased disease progression, as well as an increased risk for HAND (Childers et al., 2008; Gisslen et al.,

2005; Monteiro de Almeida et al., 2005). Interruption of cART has been associated with CSF viral escape

and neuronal injury, as well as with worsened neurocognitive performance (Childers et al., 2008; Gisslen

et al., 2005; Monteiro de Almeida et al., 2005). Although fulminant encephalitis is now uncommon in

HIV-infected patients, biomarkers of continuing neuroinflammation in the CSF and brain, as well as

neuronal injury, are frequently detected in virally suppressed individuals. Still, partial protection against

HAND by successful cART does indicate some direct link to HIV replication. Persistent HIV infection and

reactivation from central nervous system (CNS) reservoirs, even if intermittent, appears likely in cART-expe-

rienced patients (Stam et al., 2013). Brain infection may also be re-seeded through blood or through

recently described meningeal lymphatics (Lamers et al., 2016). In addition, evidence for the involvement

of CD8+ T cells, especially through production of interferon (IFN)-g, in CNS pathogenesis in patients

who received cART continues to mount (Schrier et al., 2015). Therefore, CSF viral escape and the associated

production of viral antigen (Ag), as well as its generation of subsequent adaptive, recall responses by brain-

resident CD8+ T cells to control viral spread, may induce neuroinflammation that drives bystander CNS

injury.

Resolution of adaptive immune responses and generation of immunological memory is an essential pro-

cess to confer long-term protective immunity, particularly in tissues like the brain. The presence of CD8+

T cells in post-mortem brains of HIV-infected patients, as well as in the brains of animal models, is well

documented (Ganesh et al., 2016; Graham et al., 2011; Grauer et al., 2015; Ho et al., 2013; Kowarik et al.,

2014; Marcondes et al., 2007; Schrier et al., 2015). Recent studies have demonstrated that following clear-

ance of many acute viral infections, CD8+ T lymphocytes generate a population of long-lived, non-recircu-

lating tissue-resident memory T cells (TRM) in non-lymphoid tissue, and it is becoming increasingly clear

that these TRM play critical roles in controlling re-encountered pathogens and accelerating the process
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of clearance (Mackay et al., 2013; Masopust et al., 2010; Park and Kupper, 2015; Schenkel and Masopust,

2014). It is well established that during acute viral infection, most pathogens are rapidly cleared by the gen-

eration of a large number of short-lived effector T cells (SLEC), which die via apoptosis once cognate Ag is

cleared. Simultaneously, the T cell response is also triggered to generate a defined subset identified as

memory precursor effector cells (MPEC). These MPEC begin to develop into a TRM phenotype shortly after

infection. Recent work by several groups provides evidence that there is a clear distinction between termi-

nal effector and memory cells based on heterogeneity in expression of killer cell lectin-like receptor G1

(KLRG1) (Bengsch et al., 2007; Kaech and Wherry, 2007; Yuzefpolskiy et al., 2015).

We have recently characterized brain-infiltrating T cells that persist within the CNS after acute murine cyto-

megalovirus (MCMV) infection (Prasad et al., 2015). We have also shown that these brain CD8+ T cell

populations shift from SLEC that clear infection to MPEC that protect against viral reactivation and re-chal-

lenge. The shift of prominent SLEC populations to MPEC populations is concomitant with transition from

acute through chronic phases of infection. TRM are characterized by their non-recirculating, resident nature

in tissues. It has been well reported that TRM often express aEb7 integrin, and integrin aE, otherwise known

as CD103, is used as a marker of particular types of TRM. High expression of CD103 and CD69 is a common

feature of resident memory cells observed in epithelial tissue, as well as a phenotypic signature of bTRM
(Steinbach et al., 2016; Wakim et al., 2010; Watanabe et al., 2015; Woon et al., 2016). In contrast, effector

andmemory cells in circulation appear to lack expression of both CD103 and CD69 (Gebhardt andMackay,

2012; Masopust et al., 2006). It has also been shown that CD69 expression is required for optimal formation

of TRM following herpes simplex virus infection in tissues such as the skin and dorsal root ganglia (Mackay

et al., 2013, 2015b). In addition to CD103+ and CD69+ markers, TRM are often reported to express CD49a.

CD49a constitutes the a subunit of a1b1 integrin receptor, also known as very late Ag 1 (VLA-1) (Cheuk

et al., 2017). Experiments using skin, lung, and gut show differential expression of CCR7, as well as

CXCR3, which define migration properties of T cells (Mueller and Mackay, 2016; Slutter et al., 2013).

Although imperfect, expression of these markers is frequently used to identify TRM populations when strin-

gent migration studies, such as parabiosis, are not feasible, reviewed in Schenkel and Masopust (2014).

Finally, protection of the CNS from reinfection by lymphocytic choriomeningitis virus (LCMV) was found

to depend on these brain-resident memory CD8+ T cells (bTRM) (Steinbach et al., 2016).

Given their significance in antiviral defense, surprisingly little is known about this brain-resident memory

cell population in the context of HAND. Ag-specific lymphocytes residing within tissues are uniquely

poised to respond rapidly to their cognate Ag, and TRM functions extend far beyond cytotoxic T lympho-

cyte activity. In several infection models, it is clear that recall responses of TRM to small amounts of Ag

result in production of IFN-g (McMaster et al., 2015; Steinbach et al., 2016). Furthermore, this IFN-g pro-

duction results in IFN-stimulated gene expression in surrounding cells, thereby amplifying the activation

of a small number of adaptive immune cells into an organ-wide antiviral response (Ariotti et al., 2014).

Similarly, activation of adaptive immune responses from TRM has been shown to stimulate protective,

innate responses in the LCMV model (Schenkel and Masopust, 2014). From these studies, it is clear

that a small number of TRM accelerate pathogen control in the event of reinfection or reactivation of

latent infection by instructing tissue-resident innate immune cells, such as microglia. Yet there have

been no definitive experiments to evaluate neurotoxic consequences of anti-HIV recall immune response

by bTRM in driving tissue-wide activation of brain-resident microglial cells, its associated neurotoxicity,

and development of subsequent neurocognitive impairment. Here, we demonstrate that HIV-specific

TRM are elicited within brain using a heterologous prime-CNS boost strategy. We show that Ag-specific

CD8+ bTRM are established, which recognize an immunodominant viral epitope. Subsequent recall re-

sponses to specific epitope peptides resulted in striking upregulation of major histocompatibility com-

plex (MHC) class II (MHC-II) and programmed death-ligand 1 (PD-L1) on microglial cells, indicative of

neuroinflammation. Taken together, data presented here show that recall responses from bTRM can

induce reactive gliosis.
RESULTS

Ag-Specific CD8+ T Cells Infiltrate and Are Retained within the Brain following Priming with

rAd5-p24 and CNS Boosting Using Pr55Gag/Env HIV-VLPs

To investigate whether recall responses from bTRM can induce reactive gliosis, we first established a pop-

ulation of HIV-specific T cells within the murine brain using a heterologous prime-CNS boost strategy. To

accomplish this, BALB/c mice were primed via tail vein injection with recombinant adenovirus vectors
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Figure 1. Lymphocyte Infiltration into the Brain and Long-Term Presence of Ag-Specific CD8+ T Cells following Heterologous Prime-CNS Boost

(A) Schematic of the experimental model illustrates intravenous delivery of recombinant adenovirus vectors expressing HIV-1 p24 capsid protein (rAD5-p24),

followed by a CNS-boost consisting of intracranial injection of HIV-VLPs into the striatum. BMNC were collected at 7 and 30 days post prime-boost.

(B) Flow cytometric analysis demonstrating lymphocyte infiltration and CD8+ T cell retention within the brain following heterologous CNS boost.

(C) Absolute numbers of CD8+ T cells were determined within brains of animals at the indicated time points.

(D) Dot plot comparing the frequencies of AI9 tetramer-specific CD8+ T cells in brain tissue isolated from rAd5-p24/Sal (saline) and rAd5-p24/HIV-VLP

groups.

(E) Bar graph presents absolute numbers of T cells between groups. Pooled data are presented as meanG SD of two independent experiments using four to

six animals per group per time point. **p < 0.01
expressing the HIV-1 p24 capsid protein (rAd5-p24). This priming step was followed by a CNS-boost

using Pr55Gag/Env virus-like particles (HIV-VLPs) injected directly into the striatum (Figure 1A). Using

immunohistochemical (IHC) staining, we first confirmed that the adenovirus construct delivered bona

fide HIV-p24 protein by staining murine liver sections 7 days post-priming (Figure S1 A). We then de-

tected increased lymphocyte trafficking into the brains of rAd5-p24-primed animals, which received an

HIV-VLP CNS boost when compared with control animals that were primed, but did not receive HIV-1

Ag in the brain (Figures 1B and 1C). We observed that CD8+ T cells infiltrated the brain and were present

at 7 days post HIV-VLP injection, and further increased at 30 days post prime-CNS boost (Figure 1C). In

addition, we used tetramer staining to confirm that AI9-specific, but not LCMV epitope-specific, CD8+

T cells were present at 7 days and continued to persist until at least 30 days post prime-CNS boost (Fig-

ures 1D and 1E). We also examined the recruitment of CD4+ T cells and observed an influx into the brain

at 7 days following prime-CNS boost (38.3%). The frequency of CD4+ T cells increased by 30 days

(42.2%), similar to that observed for CD8+ T cells. However, by 60 days the frequencies of both CD8+

and CD4+ T cells decreased (20.8% and 32.9%, respectively). In addition, as a result of AI9 in vivo restim-

ulation, the frequency of CD8+ T cells was elevated by 2 days post-peptide injection, whereas CD4+

T cell frequency was not (Figure S2A).

Memory CD8+ T Cells Are Present within the Brain following Prime-CNS Boost Strategies

To characterize HIV-specific CD8+ T cells within the brain, we analyzed Ag-specific cells for phenotypic

markers at both 7 and 30 days post prime-CNS boost (Figure 2A). We first determined the pattern of

CD127 and KLRG1 expression on these Ag-specific cells. We observed expression of CD127 on some

Ag-specific CD8+ T cells during the acute phase of infection, whereas a larger fraction of AI9 tetramer+

CD8+ T cells displayed high CD127 expression at 30 days post prime-CNS boost (Figure 2B). In sharp

contrast, KLRG1 expression was found to be 37.8% G 3.4% among Ag-specific cells during onset of infec-

tion, whereas it decreased to 19.8%G 2.7% at 30 days (Figures 2B and 2C). To gain insight into the diversity

of TRM phenotypes, we next examined the relative expression of various residency markers such as CD103,

CD69, and CD49a. An increased expression of CD69 at 7 days suggested that these Ag-specific CD8+
514 iScience 20, 512–526, October 25, 2019



Figure 2. Phenotypic Characterization of Ag-Specific TRM within the Brain

(A and B) CNS-derived lymphocytes were gated for AI9-specific CD8+ T cells and analyzed for the indicated memory cell

markers (CD127, CD103, CD69, CD49a), as well as the short-lived effector marker KLRG1.

(C and D) Bar graphs present pooled frequencies and number of Ag-specific cells that expressed the indicated

phenotypic markers.

(E) Additional contour plots show PD-1 expression on these Ag-specific CD103+ CD8+ T cells at 7 and 30 days post prime-

boost.

(F) Pooled data show frequency of PD-1 expression on Ag-specific CD103+CD8+ T cells at the indicated time points. **p <

0.01.

(G) Representative plots show expression of transcription factors Blimp-1, Eomes, and T-bet at the indicated time point.

(H) Pooled data present percentage of Blimp-1, Eomes, and T-bet expression. Graph presents data combined from two

separate experiments using four to six animals per group per time point.
T cells progress to an activated state. Expression of CD49a was also observed during establishment of

infection. Interestingly, expression of both CD69 and CD49a remained elevated even at 30 days. Their

increased co-expression was also observed during the chronic phase (81.1% G 3.8%; Figures 2B and

2C). Moreover, high co-expression of CD69 and CD103 (74% G 3.5%), as well as CD127 and CD103

(75% G 1.3%), was observed. In addition, an increased proportion of Ag-specific CD8+ T cells was found

to co-express CD49a and CD103 (67.9% G 0.3%), as well as CD49a and CD127 (84.2% G 1.1%) (Figures

2B and 2C). Evaluation of various memory marker-expressing cells revealed greater numbers of TRM at

30 days than at 7 days following prime-CNS boost (Figure 2D). Finally, we also observed that these Ag-spe-

cific CD8+CD103+ T cells also expressed programmed cell death (PD)-1 (72.5%G 0.8%) (Figures 2E and 2F).

Furthermore, evaluation of additional transcription factors associated with tissue residency revealed

elevated levels of B lymphocyte-induced maturation protein (Blimp)-1 and eomesodermin (Eomes),

whereas reduced levels of T-box expressed in T cells (T-bet) were seen at 30 days post prime-CNS boost

(Figures 2G and 2H).
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Effector Responses of bTRM

To investigate the ability of bTRM to respond to restimulation, we evaluated the production of IFN-g and

interleukin-2 (IL-2), as well as granzyme B. Analysis was performed using intracellular staining and flow

cytometry following ex vivo stimulation with AI9 peptide, which is an immunodominant, H-2Kd MHC-I-

restricted T cell epitope from the p24 (65-73) capsid. Brain-derived CD8+CD103+ TRM produced IFN-g

following peptide stimulation. Higher frequencies (55.8% G 7.3%) were produced following ex vivo pep-

tide stimulation when compared with unstimulated control (3.0% G 0.43%, p < 0.05) (Figures 3A and 3B).

We also analyzed dual cytokine production by assessing IFN-g and IL-2 co-expression. A substantial per-

centage of dual IFN-g- and IL-2-producing CD8+CD103+ T cells (30.4% G 4.0%) was detected following

peptide restimulation (Figures 3A and 3B). Increased production of tumor necrosis factor (TNF)-a was

also noted in response to ex vivo AI9 restimulation (Figures 3C and 3D). In addition, granzyme B-express-

ing cells were also detected in a larger proportion (39.2% G 3.6%) when compared with unstimulated

control (8.4% G 1.3%) (Figures 3E and 3F). Finally, we analyzed the proliferation potential of these

CD103+CD8+ T cells following Ag stimulation and found that Ki67 was expressed in a significant fraction,

whereas unstimulated cells displayed lower levels (35.3% G 6.1% and 10.2% G 1.4%, respectively) (Fig-

ures 3G and 3H).

Glial Cell Activation following Peptide Restimulation

Having observed that ex vivo stimulation resulted in cytokine production, we went on to determine the

capacity of these viral-peptide-induced recall responses to activate glia. In these experiments, brain-

derived mononuclear cells (BMNC) obtained from prime-CNS boost mice at 30 days were co-cultured

with primary murine glial cells (40% microglia, 60% astrocytes) and stimulated with either the AI9 peptide

or the non-specific M54 peptide epitope from MCMV. Increased transcription of proinflammatory medi-

ators (i.e., IFN-g, CXCL9, CXCL10, nitric oxide synthase [iNOS], and PD-1) was observed in the co-cul-

tures after 24 h of stimulation with specific (AI9), but not non-specific (M54), T cell epitope peptides

(Figure 4A). Also, elevated levels of MHC-II, PD-L1, and Iba (ionized calcium-binding adaptor mole-

cule)-1 mRNA indicated glial cell activation in response to AI9, but not M54, peptide (Figure 4A). To spe-

cifically evaluate the role of CD8+ T cells in modulating glial activation, we used positive selection to

deplete this T cell population from the BMNC isolated from prime-CNS boost animals at 30 days. Deple-

tion of CD8+ T cells was confirmed using flow cytometry (Figure S2B). The sorted BMNC (i.e., with and

without CD8+ T cells) were then cultured with mixed glial cells, and transcription of the same proinflam-

matory mediators was assessed after 48 h. Depletion of CD8+ T cells was found to reduce transcription of

IFN-g as well as the IFN-g-induced chemokines CXCL9 and CXCL10. Reductions in transcription of

MHC-II, PD-L1, Iba-1, iNOS, and PD-1 were also observed in the absence of CD8+ T cells (Figure 4B).

Also, to determine the individual contribution of each glial cell type, we assessed cytokine and chemo-

kine production at the protein level from co-cultures of AI9-stimulated BMNC reconstituted with either

primary microglial cells or primary astrocytes. ELISA results indicated that BMNC produced IFN-g, in

response to AI9 restimulation, either when cultured alone or when reconstituted with either microglia

or astrocytes (Figure 4C). Elevated levels of CXCL9 (Figure 4D) and CXCL10 (Figure 4E) were found in

the BMNC-glial cell co-cultures, but not from AI9-stimulated BMNC alone. Co-cultures of unstimulated

BMNC (i.e., no AI9 treatment) with either microglia or astrocytes produced negligible levels of IFN-g,

CXCL9, or CXCL10 (Figure 4C–4E). Interestingly, treatment of the co-cultures with an anti-IFN-g neutral-

izing antibody significantly reduced subsequent glial cell expression of CXCL9 and CXCL10 when

compared with IgG isotype antibody (Figures 4F and 4G).

In vivo Recall Responses Stimulate Rapid Proliferation of HIV-Specific bTRM within the Brain

It is well-established that TRM respond rapidly to an Ag re-challenge (Schenkel and Masopust, 2014).

Our ex vivo studies demonstrated that IFN-g and IFN-g-inducible chemokines, as well as microglial

activation makers, were produced following peptide-specific stimulation. To study recall responses

in vivo, we intracranially administered either the Ag-specific peptide AI9 or an irrelevant peptide or saline

to animals at 30 days post prime-CNS boost (Figure 5A). We first found that recall activation following

injection of HIV-specific peptide resulted in an increased number of AI9 tetramer+ CD8+ T cells within

the brain (Figure 5B). This effect was specific to AI9 peptide and was not observed with irrelevant

peptide (M54) or saline (Sal) (Figures 5B and 5C). We went on to determine that brain-resident

CD103+CD8+ T cells expanded following in vivo restimulation. Ki67 staining demonstrated this

increased bTRM proliferation in response to AI9 restimulation relative to the control group (Figures 5D

and 5E).
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Figure 3. Ag-Specific CD103+CD8+ T Cells Display Recall Responses

BMNC obtained from animals at 30 days post prime-CNS boost were either restimulated ex vivo with AI9 peptide or left

unstimulated, and intracellular staining was performed. Gated CD103+CD8+ T cells were assessed for cytokine

production in response to peptide stimulation.

(A) Representative contour plots present expression of IFN-g and IL-2 by CD103+CD8+ T cells.

(B) Bar graph of pooled data shows frequencies of IFN-g production by CD103+CD8+ T cells, as well as simultaneous

detection of IFN-g and IL-2 double-producer cells.

(C) Contour plots show TNF-a production by CD103+CD8+ T cells.

(D) Pooled data show the frequency of TNF-a production.

(E) Representative contour plots of granzyme B show ex vivo production of this cytotoxic mediator in response to peptide

stimulation.

(F) Data presented show percentage of granzyme B-producing CD103+CD8+ T cells.

(G) Contour plots following Ki67 staining show proliferation frequencies of CD103+CD8+ T cells, either with or without

peptide stimulation.

(H) Pooled data present percentage proliferation of bTRM.

**p < 0.01 and ***p < 0.001
Recall Responses Induce Glial Cell Activation

Having observed that TRM isolated from the brain produce abundant proinflammatory cytokines

following AI9 peptide stimulation ex vivo, we next investigated the in vivo induction of reactive gliosis.
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Figure 4. Specific Ex Vivo Peptide Restimulation of T Cells Activates Primary Glial Cells

(A) BMNC isolated from brains of 30 days post prime-boost animals were co-cultured with primary murine glial cells (40%

microglia; 60% astrocytes). Cells were either treated with HIV-specific AI9 or MCMV M54 T cell epitope peptides or left

untreated for 24 h. Real-time PCR data show mRNA expression levels of IFN-g, MHC-II, PD-L1, PD-1, Iba-1, CXCL9,

CXCL10, and nitric oxide synthase (iNOS) under the indicated treatment.

(B–G) (B) Cultures with or without the CD8 T cell population were either stimulated with AI9 peptide or left unstimulated

for 1 h before being co-cultured with mixed glial cells (40% microglia; 60% astrocytes) for 24 h. qPCR data presenting

transcript levels of IFN-g, MHC-II, PD-L1, PD-1, Iba-1, CXCL9, CXCL10, and iNOS under the indicated treatment. Data

shown are representative of two separate experiments. Supernatants from AI9-stimulated or unstimulated BMNC co-

cultured either with microglial cells or astrocytes were collected at 48 h and ELISA was performed for IFN- g (C), CXCL9

(D), and CXCL10 (E). Blocking of IFN-g using a neutralizing anti-IFN-g antibody inhibited CXCL9 (F) and CXCL10 (G)

expression. The results shown are from pooled data of two independent experiments. ***p < 0.001.
We first assessed the kinetics of MHC-II and PD-L1, which are markers of activation, expression on micro-

glial cells at both 7 and 30 days post prime-CNS boost. Unstimulated microglia, identified as the

CD45intCD11b+ population using flow cytometry (Figure S3A), have been reported to express minimal

levels of MHC-II and PD-L1 (Figures S3B and S3C), whereas a reactive microglial cell phenotype was

observed following our prime-CNS boost regimen. Increased expression of MHC-II on microglial cells

was first observed during the acute phase (39.5% G 2.4%) and remained elevated at 30 days post

prime-CNS boost (10.5% G 2.5%), when compared with the control group 5.3% G 0.4% and 3.2% G

0.4% at 7 and 30 days, respectively (Figures 6A and 6B). Similarly, expression of PD-L1 was also upregu-

lated at 7 days (30.3% G 2.6%) and it continued to be expressed at the 30-day time point (17.9% G 2.2%)

(Figures 6C and 6D). PD-L1 expression on microglia was minimal in the control animals (2.8% G 0.3% and

3.7% G 0.7% at 7 and 30 days, respectively).
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Figure 5. In Vivo Recall Responses Stimulate Proliferation of Brain-Resident HIV-Specific CD8+ T Cells

BMNC obtained from prime-CNS boost animals were collected and evaluated using flow cytometry at the indicated time

points following in vivo peptide restimulation.

(A) Schematic representation of experimental approach to evaluate in vivo recall responses. The AI9 peptide, an irrelevant

T cell epitope peptide (M54), or saline were injected into the brain and tissues were collected at 2 and 5 days post-

restimulation.

(B) Dot plots show tetramer-specific CD8+ T cells in the brain at 2 days post-peptide restimulation.

(C) Bar graph presents numbers of HIV-specific CD8+ T cells following the indicated restimulation.

(D) Contour plots present Ki67 expression on CD103+CD8+ T cells at 2 days post-restimulation with cognate peptide.

(E) Bar graph represents the pooled frequencies of Ki67-expressing CD103+CD8+ T cells. Data are presented as

mean G SD of two independent experiments using four animals in control or irrelevant peptide groups and six animals

following AI9 restimulation. **p < 0.01
To investigate the effect of recall responses on brain-resident glia, we examined microglial cell activation

at 2 and 5 days following restimulation via intracranial injection of AI9 peptide (i.e., at 30 days post

prime-CNS boost). We again analyzed MHC-II and PD-L1 expression as microglial activation markers.

Interestingly, specific Ag restimulation rapidly induced upregulation of MHC-II expression on microglia

cells (74.6% G 2.9% at 2 days and 49.2% G 1.6% at 5 days post-restimulation) (Figures 6E and 6B).

Similarly, microglia also displayed an increase in PD-L1 (72.4% G 3.3% at 2 days) that remained elevated

(65.1% G 2.6%) at 5 days following AI9 peptide. Importantly, glial cell activation was not observed

in response to MCMV M54 peptide restimulation or saline (Figures 6F and 6D). In addition, in vivo

recall immune responses from bTRM may also augment cytotoxic activity within the brain (Figures S4A

and S4B).

Reactive Glial Cell Phenotypes in Response to In Vivo AI9 Restimulation

We performed IHC on sections of brain obtained from primed-CNS boost mice following 2-day recall

stimulation (+AI9), co-staining for MHC-II and Iba-1. Microglial cells within these sections displayed a

reactive phenotype, as observed by elevated expression of MHC-II and Iba-1 (Figure 7A). Double immu-

nostaining with anti-TMEM119 (a microglial cell-specific marker) and Iba-1 revealed co-localization

following in vivo AI9 restimulation (Figure 7A). Expression of CXCL10 was also seen in several locations

within the restimulated brain: it was evident in the hippocampus, ventricles, and parenchyma (Figure 7B).
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Figure 6. In Vivo Recall Responses by bTRM Induce Microglial Cell Activation

Flow cytometry and IHC staining were performed on brain tissue obtained from mice following prime-CNS boost.

(A) Contour plots present expression of MHC-II on CD45int/CD11b+ microglia at 7 and 30 days post prime-CNS

boost.

(B) Pooled data show the frequencies of MHC-II expression at the indicated time points both pre- and post-recall

restimulation via intracranial injection of AI9 peptide.

(C) Contour plots present expression of PD-L1 on stimulated CD45int/CD11b+microglial cells at 7 and 30 days post prime-

boost.

(D) Bar graph presented shows frequencies of PD-L1 expression at the indicated time points both pre- and post-

restimulation.

(E) Representative contour plots show percentage of microglia expressing MHC-II at 2 and 5 days post in vivo AI9

restimulation.

(F) Representative contour plots show the percentage of microglial cells expressing PD-L1 at 2 and 5 days post in vivo

restimulation. Data presented are meanG SD of two independent experiments using six animals in control and irrelevant

peptide groups at all time points and six to eight animals in the AI9 restimulation group at 7- and 30-day time points,

respectively.

***p < 0.001.
Most interestingly, dual staining of CXCL10 with Iba-1, as well as the astrocyte marker glial fibrillary acidic

protein (GFAP), demonstrated greater co-localization of CXCL10 in the GFAP+ population than in the

Iba-1+ cells (Figure 7C). This finding demonstrated that specific recall responses of bTRM also stimulated

astrocytes.
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Figure 7. Recall Responses from bTRM Cells Induce Reactive Glial Cell Phenotypes

(A) Dual IHC staining of brain sections obtained from animals at 2 days post-AI9 restimulation for MHC-II and Iba-1, as well

as Iba-1 and TMEM119.

(B) IHC staining displaying expression of CXCL10 in the hippocampus (H), parenchyma (P), and ventricle (V) of AI9-

restimulated animals.

(C) Images of CXCL10 co-staining with Iba-1, as well as co-expression of CXCL10 and GFAP.
DISCUSSION

During early HIV-1 infection, CD8+ T cell responses play essential roles in viral clearance. As infection pro-

ceeds, TRM develop and persist long term in a number of tissues, such as the gastrointestinal tract and

female reproductive tract (Kiniry et al., 2018; Tan et al., 2018). These TRM provide robust and immediate

effector immune responses to localized reinfection or reactivation of Ag production. The brain is recog-

nized as an important reservoir for latent HIV-1, as well as viral reactivation (Hellmuth et al., 2015). Like other

tissues, TRM formation within brain has been demonstrated in several viral infection models (Gebhardt and

Mackay, 2012; Prasad et al., 2017; Wakim et al., 2010). It is particularly important to understand recall re-

sponses of bTRM because although they appear to be critical in controlling virus, long-term persistent neu-

roinflammation may lead to deleterious neurocognitive consequences.

Prime-boost regimens have emerged as powerful tools to enhance tissue-infiltrating Ag-specific T cells

(Tan et al., 2016, 2018; Zaric et al., 2017). Likewise, the heterologous prime-CNS boost approach used in

this study was able to induce brain infiltration of Ag-specific CD8+ T cells. A fraction of these bTRM can

be isolated from brain tissue using ex vivo dissociation methods. It has been reported that lymphocyte

extraction methods fail to efficiently capture all the cells from non-lymphoid tissue and that the efficiency

of TRM isolation varies greatly between histologically distinct locations (Steinert et al., 2015). However, the

heterologous prime-CNS boost approach used here does provide for the long-term retention of Ag-spe-

cific memory cells within the CNS. This observation is in agreement with studies by others wherein Ag-spe-

cific CD8+ T cells are preferentially retained in non-lymphoid tissue, even after resolution of infection (Khan

et al., 2016; Tan et al., 2016, 2018).

Results presented here demonstrate that long-term retention of HIV-specific CD8+ T cells within brain is

coupled with the presence of markers of TRM. High frequencies of CD8+CD103+CD69+CD49a+ were

apparent on T cells during the chronic phase following prime-CNS boost. Phenotyping of Ag-specific

CD8+ T cells infiltrating the brain revealed distinct populations of SLEC and MPEC from acute into chronic
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phases. The KLRG1+ population (i.e., SLEC) dominates at 7 days post prime-CNS boost. In contrast, later

time points correlate with development of KLRG1� CD127+ cells (MPEC). The Ag-specific CD8+ T cells ex-

pressed surface CD103, an integrin binding to E-cadherin, and co-expressed CD69 at 30 days. Consistent

with other studies, where TRMs in barrier tissues express CD49a and display cytotoxic potential (Cheuk et al.,

2017), we found that CD49a was expressed along with other markers of tissue residency; specific peptide

stimulation induced granzyme B production (Figures S4A and S4B).

In addition to CD103, CD8+ TRM in non-lymphoid tissue, including human brain, are defined by the CD69

marker (Khan et al., 2016; Smolders et al., 2018). CD69 is an activation marker expressed early that aids in

TRM retention by downregulating cell surface expression of S1P1, thereby blocking T cell movement out of

tissues (Mackay et al., 2015a; Park and Kupper, 2015). Our findings are similar to those of other studies,

where HIV-specific CD8+ TRM were established in murine vaginal mucosa using combined intranasal and

intravaginal immunization with recombinant influenza vector (Tan et al., 2018). Generation of long-lived

Ag-specific T cell memory has also been demonstrated in mucosal tissue following micro-needle array de-

livery of adenovirus type 5 vectors encoding HIV-1 Gag (Zaric et al., 2017). Here, we showed that in our

prime-CNS boost model, HIV-1-specific CD8+ T cells displayed phenotypic signatures indicative of TRM.

Recent studies identify the transcription factors Blimp-1 and homolog of Blimp-1 in T cells (Hobit) in pro-

moting TRM cell development. Blimp and Hobit cooperate to repress genes such as Klf2, S1pr1, and CCR7

(required for tissue egress) and thus contribute to the establishment of tissue residency (Bird, 2016). Similar

to these findings, our study demonstrated expression of Blimp-1, along with low levels of T-bet, indicative

of long-lived memory cells. Differential expression of these transcription factors in different microenviron-

ments corresponding to varying degrees of inflammation is likely.

TRM survey for their cognate Ag and initiate tissue-wide inflammation to enhance pathogen clearance.

TRM that produce abundant IFN-g and TNF-a, as well as mediators of cytotoxicity, have been identified

in a number of infection models (Muruganandah et al., 2018; Prasad et al., 2015; Steinbach et al., 2016).

HIV-1-specific CD8+ TRM have been shown to participate in local antiviral immunity (Kiniry et al., 2018).

IFN-g, together with other proinflammatory cytokines, has been shown to induce chemokines and estab-

lish chronic immune activation during HIV-1 infection (Roff et al., 2014). In skin, it has been demonstrated

that CD49a+ TRM produce IFN-g and rapidly gain cytotoxic capacity in response to IL-15 (Cheuk et al.,

2017). Here, we also demonstrated elevated levels of cytokine production and cytolytic potential of

TRM in terms of IFN-g, IL-2, TNF-a, and granzyme B production. IFN-g promotes long-term microglial

cell activation and TNF- a production (Mutnal et al., 2011). The synergistic action of IFN-g and TNF- a

within the brain has been reported to induce nitric oxide-induced neurodegeneration (Blais and Rivest,

2004). In vivo recall immune responses from bTRM may also augment cytotoxic activity within the brain.

These findings indicate that potent anti-HIV responses develop upon restimulation with specific T cell

epitopes. Our findings are similar to those of other studies wherein robust polyfunctional Gag-specific

responses of TRM contribute to HIV-1-specific immunity (Tan et al., 2016, 2018; Zaric et al., 2017).

Although the presence of Ag contributes to bTRM proliferation, the local brainmicroenvironment alsomod-

ulates their density and influences their survival. bTRM exhibit limited survival and proliferative capacity

in vitro (Wakim et al., 2010); however, they do possess self-renewing capacity in vivo and display high pro-

liferation during recall responses (Steinbach et al., 2016). Similarly, we found increased proliferation of

bTRM upon Ag re-challenge, which suggests retention of their proliferative potential during recall re-

sponses. It has also been demonstrated that the density of skin TRM influences local immune protection

(Cheuk et al., 2017).

We have previously reported that PD-1 is expressed at high levels on bTRM (Prasad et al., 2017). Yet, despite

this upregulation, in the current study bTRM still displayed heightened proliferation and increased cytokine

production in response to cognate Ag. This observation further supports the hypothesis that PD-1 is not

simply a marker of exhaustion. These findings are in line with those of other studies wherein PD-1+CD8+

TRM displayed transcriptional profiles with effector phenotypes, and showed clonal expansion (Petrelli

et al., 2018). PD-1 expression on activated cells is well known to shut down responses to prevent immuno-

pathology (Sharpe et al., 2007). However, in HIV-1 infection it appears that PD-1 expression on bTRM may

influence their functional properties in an inflamed brain microenvironment. Therefore, it will be of great

interest to further define the roles of PD-1 on bTRM in cART-treated and untreated patients.
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TRM are a unique type of memory T cell, specifically tailored to survive in non-lymphoid tissues. However,

prolonged bTRM-driven recall responses in a microenvironment that normally lacks routine immune surveil-

lance could be problematic. Persistent neuroimmune activation in response to viral reactivation may result

in extensive damage to this largely non-regenerating tissue. Published reports show that a low copy num-

ber of HIV-1 provirus can still be intermittently detected in the CSF of patients receiving cART (Spudich

et al., 2006; Yilmaz et al., 2006), and persistent CNS inflammation is important to consider during HAND

therapy (Saylor et al., 2016). In experimental models, despite low levels of virus, chronically HIV-infected

NSG-hCD34+ mice show features of HAND (i.e., brain pathology including activation of microglia, upregu-

lation of neuroinflammatory markers such asMac1, an indicator of microgliosis, and iNOS), as well as neuro-

degeneration (Boska et al., 2014; Saylor et al., 2016). In our study, Ag-specific AI9 restimulation in vivo

showed rapid upregulation of the microglial activation markers MHC-II and PD-L1 at both 2 and 5 days

post-restimulation. Furthermore, real-time RT-PCR data from ex vivo restimulation experiments demon-

strate that recall responses from bTRM are capable of driving microglial cell activation, chemokine produc-

tion, and production of iNOS. These data demonstrate that glial cells develop reactive phenotypes

following the recall response of bTRM to re-challenge with cognate Ag, but not in response to stimulation

with non-specific T cell epitopes. Previous studies from our laboratory have identified glial cells as an

important source of proinflammatory cytokines and chemokines (Cheeran et al., 2001, 2003; Lokensgard

et al., 2016). Reports have shown that the potent T cell chemoattractants CXCL9 and CXCL10 are produced

within inflamed brain and that their expression is enhanced by IFN-g (Lokensgard et al., 2015; Michlmayr

and Lim, 2014; Mutnal et al., 2011). Similarly, in this study elevated levels of CXCL9 and CXC10 were

observed, expression of which was significantly reduced following blockade of IFN-g. Production of

IFN-g was found to be specific to the CD8+ T cells as demonstrated by our qPCR data. Following

ex vivo AI9 restimulation, our data indicate that this cytokine is a driving force for glial cell activation. These

findings have implications for neurodegenerative processes by releasing cytotoxic factors such as nitric ox-

ide (NO), as well as several neurotoxic proinflammatory cytokines (Chao et al., 1992; Matsuoka et al., 1999).

Properly regulated neuroimmune responses strike a balance between pathogen clearance and an accept-

able level of bystander tissue damage. In cART-treated patients with HAND, there is evidence of lingering,

long-term astrocyte activation (Vanzani et al., 2006; Woods et al., 2010). As is the case with microglia, as-

trocytes also respond to T cell- and microglial cell-produced immune mediators to acquire reactive phe-

notypes (Liddelow et al., 2017). This cellular activation is routinely visualized by an upregulation of

GFAP, a marker of astrogliosis (Burda and Sofroniew, 2014). Here, IHC staining of brain sections from

prime-CNS boost mice subjected to recall stimulation further demonstrates the effect of bTRM on glial

cell reactivity. Co-localization of MHC-II and Iba-1, as well as GFAP and CXCL10, highlights recall-

response-driven reactive phenotypes in both these glial cell types.

In summary, the results reported here demonstrate that our heterologous prime-CNS boost model induces

a population of HIV-1-specific bTRM, which persist long term. As viral reactivation from CNS reservoirs ap-

pears likely even in cART-experienced patients, this model was used to demonstrate that antiviral recall

responses from bTRM can induce tissue-wide reactive gliosis through cytokine-induced activation of

brain-resident glia. This cytokine-induced reactive gliosis may protect against viral spread throughout

the brain, but it likely has cumulative neurotoxic consequences.
Limitations of the Study

There is no ideal animal model that allows for the invasive study necessary to understand HIV reactivation

from brain reservoirs and its association with HAND. It is also unlikely that in vivo restimulation with AI9

peptide exactly mimics transient viral protein production within human brain. However, use of this heter-

ologous prime-boost model results in the murine brain being populated by resident memory CD8+

T cells specific for an immunodominant HIV Gag epitope. Subsequent in vivo recall neuroimmune re-

sponses can then be induced.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.10.005.
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METHODS 

Ethical statement 

This study was carried out in strict accordance with recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved 

by the Institutional Animal Care and Use Committee (Protocol Number: 1701-34513A) of the 

University of Minnesota. All surgery was performed under Ketamine/Xylazine anesthesia and all 

efforts were made to minimize suffering. 

Virus and animals 

Six to eight week old BALB/c mice were vaccinated via tail-vein injection with an adenovirus 

vector (1 x 1010 PFU/mouse) expressing the HIV-1 p24 capsid protein (rAd5-p24). We outsourced 

production of a 2nd-generation (i.e., ΔE1 + ΔE3), replication incompetent adenovirus vector to 

Cyagen Biosciences (Santa Clara, CA), which expresses the HIV-1 capsid protein p24 under 

control of the minimal CMV IE promoter (i.e., rAd5-p24). Following vaccination, to promote 

immune cell infiltration and retention in the brain, animals were then boosted (7d later) via an 

intracranial injection of HIV virus-like particles (HIV-VLPs).  Animals received 300 fluorescent 

units (FU) of HIVLP in a volume no greater than 5ul delivered to the brain striatum via stereotaxic 

injection.  

Production of HIV virus-like particles (HIV-VLPs) 

HIV-VLPs were produced by transfection of HEK 293T cells with pEYFP-N3 HIV-1, a Gag-

expressing codon-optimized plasmid encoding the 55kDa Gag precursor protein fused to enhanced 

yellow fluorescent protein (EYFP), under control of the human CMV IE promoter, obtained from 

Louis Mansky (Institute for Molecular Virology, University of Minnesota); p3NL(ADA)env, 



encoding a full length R5-tropic envelope protein, under control of the HIV-1 LTR promoter, was 

obtained with permission from Eric Freed (NCI, Frederick, MD). To produce Gag-alone HIV-

VLPs, cells are transfected with only Gag plasmid. 293T cells were co-transfected with Gag, 

pCEP4-Tat, and Env plasmid. Because these HIV-VLPs express EYFP, fluorescent units (FU) 

were used as an indicator of quantity. ELISA was also used to determine the concentrations of Gag 

protein in individual HIV-VLP batches using a p24 Ag capture assay. Ratios of gp120 to EYFP 

for a given batch were calculated to ensure similar quantities were administered per dose. An HIV-

VLP dose of 300 FU equivalents conferred reliable stimulation and promoted peripheral immune 

cell infiltration into the brain. 

Intracranial injection of mice 

Injection of mice was performed as previously described with slight modifications (Cheeran et al., 

2004). Briefly, female mice (6–8 week old) were anesthetized using a combination of Ketamine 

(Akorn, Inc. Lake Forest, IL) and Xylazine (Bimeda Inc., Le Sueur, MN), (100 mg and 10 mg/kg 

body weight, respectively) and immobilized on a small animal stereotactic instrument equipped 

with a Cunningham mouse adapter (Stoelting Co., Wood Dale, IL). 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]) in the area prior to incision was performed to minimize pain. The skin and underlying 

connective tissue were reflected to expose reference sutures (sagittal and coronal) on the skull. The 

sagittal plane was adjusted such that bregma and lambda were positioned at the same coordinates 

on the vertical plane. A burr hole was drilled to expose the underlying dura at pre-determined 

coordinates to access the left striatum (AP = 0 mm, ML = 2.0 mm from bregma, and DV = 3.0 

from skull surface). Animals received 300 FU of HIV-VLP in a volume no greater than 5 µl 

delivered to striatum via stereotaxic injection, using a Hamilton syringe (10 μl) fitted to a 27 G 



needle. The injection was delivered over a period of 5 min. The needle was retracted slowly and 

burr hole was closed with sterile bone-wax, the animal was removed from the stereotaxic apparatus 

and the skin incision was closed with 4-0 silk sutures with a FS-2 needle (Ethicon, Somerville NJ). 

Ag Restimulation 

Restimulation with HIV-1-specific T-cell epitope peptide was performed 30 d post HIV-VLP. 

Previous studies have identified the capsid p24 H-2Kd MHC class I-restricted peptide 

AMQMLKETI (i.e., AI9) as an immunodominant epitope (Tan et al., 2016; Tan et al., 2018). 

Animals were injected with 100 µM AI9 peptide in 5-µl saline delivered into the brain striatum.  

Brain tissue was isolated at 2 and 5 d post-restimulation. BMNC were examined for Ag-specific 

CD8+ T-cells, as well as microglial cell activation, by flow cytometry, whereas brain tissue 

sections were collected at 2 d for IHC staining and qPCR. 

Brain leukocyte isolation and flow cytometry analysis 

BMNC were isolated from the brain of prime-CNS boost animals using a previously described 

procedure with minor modifications (Cheeran et al., 2007; Ford et al., 1995; Marten et al., 2003; 

Mutnal et al., 2011). In brief, whole brain tissues were harvested (n = 4-6 

animals/group/experiment), and minced finely using a scalpel in RPMI 1640 (2 g/L D-glucose and 

10 mM HEPES) and digested in 0.0625% trypsin (in Ca/Mg-free HBSS) at room temperature for 

20 min. Single cell preparations of infected brains were resuspended in 30% Percoll (Sigma-

Aldrich, St. Louis, MO) and banded on a 70% Percoll cushion at 900 × g for 30 min at 15°C. Brain 

leukocytes obtained from the 30–70% Percoll interface were collected. Following preparation of 

single cell suspensions, cells were treated with Fc block (anti-CD32/CD16 in the form of 2.4G2 

hybridoma culture supernatant with 2% normal rat and 2% normal mouse serum) to inhibit 

nonspecific Ab binding. Cells were then counted using the trypan blue dye exclusion method, and 



1 x 106 cells were subsequently stained with anti-mouse immune cell surface markers for 15-20 

min at 4°C (anti-CD45-BV605, anti-KLRG1-PE-Cy7,  anti-CD11b-AF700, anti-CD103-FITC, 

anti-CD127-PECy-5, anti-CD69-e-F 450, anti-CD49a-PE, anti-PD1-BV711 (Previously 

eBioscience, Thermo Fisher Scientific, Waltham, MA) and anti-CD8-BV-510 (clone YTS156.7.7) 

from (Biolegend, San Diego, CA). Control isotype Abs were used for all fluorochrome 

combinations to assess nonspecific Ab binding. For tetramer staining, the H-2Kd major 

histocompatibility complex (MHC) class I-restricted peptide AMQMLKETI (AI9) as the 

immunodominant T-cell epitope was purchased from MBL Corporation (Woburn, MA) and used 

for evaluation of Ag-specific responses. 200,000 events were recorded and live leukocytes were 

gated using forward scatter and side scatter parameters on a LSRII H4760 (BD Biosciences, San 

Jose CA). The gating strategy is shown in Supplementary Figures (S1B, C and D).  Data were 

analyzed using FlowJo software (FlowJo, Ashland, OR). 

Intracellular cytokine staining 

To assess intracellular cytokine production, BMNC (2 x 106 cells/well) were incubated either with 

polyclonal stimulation using anti-CD3/CD28 or HIV-1-specific peptide for 5h at 37°C in RPMI 

complete medium supplemented with 10% FBS. Brefeldin A (1 μl/ml) was present throughout the 

incubation. Peptide was omitted in negative control samples. Cells were surface stained prior to 

fixation/permeabilization using cytofix/cytosperm kit (Thermo Fisher Scientific). Cells were then 

stained for Ki67-PE, IFN-γ, eF450, IL-2-PE-cy7, TNF-α-APC (Thermo Fisher Scientific) and 

Granzyme B-APC (Biolegend). Transcription factors associated with TRM development like 

Blimp-1(Biolegend), Eomes (Invitrogen, Carlsbad, CA), and T-bet (Thermo Fisher Scientific) 

were stained, as recommended by manufacturer’s protocol. Stained cells were analyzed as 

described above.  



Real-time RT-PCR 

 Cultures of BMNC with or without CD8+ T-cells (depleted through positive isolation using a 

Miltenyi Biotech Kit (Bergisch Gladbach, Germany) from post prime-CNS boost animals at 30 d 

were used. BMNC were either stimulated with AI9 peptide or left unstimulated for 1h before 

being co-cultured with mixed glial cells (40% microglia; 60% astrocytes) for 24 h. CD8+ T-cells 

were added at 10:1 CD8: glial cell ratio. RNA was extracted from co-cultured cells using the 

RNeasy® Lipid Tissue Mini kit (Qiagen, Valencia, CA), treated with DNase and reverse 

transcribed to cDNA with oligo (dT)12–18, random hexmer, dNTPs (Gene Link, Hawthorne, NY), 

RNase inhibitor and SuperScript™ III reverse transcriptase (Invitrogen).  Diluted cDNA, primers 

and SYBR® Advantage® qPCR premix (ClonTech, now Takara Bio USA, Mountain View, CA) 

were subjected to real-time PCR (Bio-Rad Laboratories, Hercules, CA) according to the 

manufacturer’s protocol.  Primer sequences were: sense 5’-GCGTCATTGAATCACACCTG-3’ 

and antisense 5’- GACCTGTGGGTTGTTGACCT-3’ for IFN-γ (104 bp); sense 5’-

GACGCTCAACTTGTCCCAAAAC -3’ and antisense 5’- GCAGCCGTGAACTTGTTGAAC -

3’ for MHC-II (200 bp); sense 5’- CGTGAGTGGGAAGAGAAGTGTC-3’ and antisense 5’- 

CTACAATGAGGAACAACAGGATGG-3’ for PD-L1 (239 bp); sense 

5’GACTTCCACATGAACATCCTTGAC-3’ and antisense 

5’CTCTGGCCTCTGACATACTTGTTG-3’ for PD-1 (295 bp); sense 5’- 

GTCATTTTCTGCCTCATCCTGCT-3’ and antisense 5’- 

GGATTCAGACATCTCTGCTCATCA-3’ for CXCL10 (212 bp);  sense 5’- 

AGAACGGAGATCAAACCTGCCT-3’ and antisense 5’- CGACTTTGGGGTGTTTTGGGTT-

3’ for CXCL9 (157 bp); sense 5’- GGAGGGGATCAACAAGCAATTCCT-3’  and antisense 5’- 

GGAGCCACTGGACACCTCTCTAAT-3’ for Iba-1 (220 bp) sense 5’- 



TGGCCACCTTGTTCAGCTACG-3’ and antisense 5’- GCCAAGGCCAAACACAGCATA-3’ 

for iNOS (212 bp);  and sense 5’- TGCTCGAGATGTCATGAAGG-3’ and antisense 5’- 

AATCCAGCAGGTCAGCAAAG-3’ for HPRT (hypoxanthine phosphoribosyltransferase, 95 

bp). The PCR conditions for the Bio-Rad CFX96 qPCR System were: 1 denaturation cycle at 

95°C for 10 s; 40 amplification cycles of 95°C for 10 s, 60°C annealing for 10 s, and elongation 

at 72°C for 10 s; followed by 1 dissociation cycle. The relative product levels were quantified 

using the 2-∆∆Ct method (Livak and Schmittgen, 2001) and were normalized to the housekeeping 

gene HPRT. 

Primary glial cell cultures 

Cerebral cortical cells from 1 d old Balb/c mice were dissociated after a 30 min trypsinization 

(0.25 %) in HBSS and plated in 75 cm2 culture flasks in DMEM containing 6 % FBS, penicillin 

(100 U/ml), streptomycin (100 μg/ml), gentamicin (50 μg/ml), and Fungizone® amphotericin B 

(250 pg/ml). The medium was replenished 1 and 4 d after plating. On 12 d of culture, floating 

microglial cells were harvested and plated onto 48-well cell culture plates (1 × 105 cells/well). 

After a 1 h incubation at 37 °C, the culture plates were washed and incubated overnight before 

starting the experiments. Purified microglial cell cultures were comprised of a cell population in 

which >95 % stained positively with Iba-1 antibodies and 3–5 % stained positively with antibodies 

specific to GFAP. Purified astrocyte cultures were prepared from the culture flask following 

isolation of microglia at 14 days in vitro. Briefly, after collection of microglia, the culture flasks 

were shaken at 180–200 rpm at 37 °C for 16 h followed by trypsinization (0.25 % trypsin in HBSS) 

for 30 min. Cells were seeded into new flasks with DMEM, after adding FBS (final concentration 

10 %), centrifugation, and washing. The medium was changed after 24 h. This subculture 

procedure was repeated weekly for 2–3 times to remove residual oligodendrocytes and microglia, 



in order to achieve highly purified astrocyte cultures (95–98 % of cells reacted with GFAP Ab, 3-

5 % stained with Iba-1 Ab), which were plated onto 48-well culture plates (1 × 105 cells/well). 

ELISA 

The supernatants from AI9-stimulated BMNC (30 d post-prime-CNS boost) co-cultured either 

with purified microglial cells or astrocytes (48 h) were collected for ELISA. In brief, 96-well 

ELISA plates were pre-coated with anti-mouse CXCL9, CXCL10 (R&D Minneapolis, MN), or 

IFN-γ (Invitrogen) Abs (2 μg/ml) overnight at 4 °C and blocked with 1 % BSA in PBS for 1 h at 

room temperature (RT). After washing (PBS with Tween 20), supernatants and a series of diluted 

standards were added to the wells for 2 h at RT. Abs to anti-CXCL9, CXCL10 and IFN-γ were 

added and incubated for 90 min at RT followed by addition of secondary Abs conjugated with 

horseradish peroxidase (according to manufacturer’s guidelines) for 45 min at RT. The chromogen 

substrate K-Blue (Neogen, Lexington, KY) was added for color development, which was 

terminated with 1 M H2SO4. The plates were read at 450 nm, and concentration levels of cytokine 

and chemokines were extrapolated from standard curves, normalized to protein concentrations. 

Immunohistochemistry 

Brains were harvested from prime-CNS boost mice with or without AI9 restimulation for 2 d. 

Animals were perfused with serial washes of 2% sodium nitrate and phosphate-buffered saline 

(PBS) to remove contaminating blood cells, and prefixed with 4% paraformaldehyde. Murine 

brains were subsequently submerged in 4% paraformaldehyde for 24 h and transferred to 25% 

sucrose solution for 2 d prior to sectioning. After blocking (PBS with 10% normal donkey serum 

and 0.3% Triton X-100) for 1 h at RT, brain sections (25 µm) were incubated overnight at 4°C 

with the following primary antibodies: Rat anti-mouse MHC-II (10 μg/mL; eBioscience, San 

Diego CA),  Goat anti-mouse CXCL10 (10μg/mL; R&D Systems, Minneapolis, MN) , Rabbit anti 



GFAP (1:500; DAKO, Sunnyvale, CA), Rabbit anti Iba-1 (2ug/ml; Wako chemicals, Richmond, 

VA) and Rabbit anti-TMEM119 antibody (Abcam, Cambridge, MA).  Brain sections were washed 

four times with PBS. After washing, secondary antibody (Donkey anti Rat FITC-conjugate, 

Donkey anti Goat NL577-conjugate and Donkey anti NL493-conjugate was added for 1h at RT 

followed by nuclear labeling with Hoechst 33342 (1 µg/ml; Chemicon, Temecula, CA) and viewed 

under a fluorescent microscope. 

 

Statistical analysis 

For comparing groups, a two-tailed unpaired Student’s T-test for samples was applied, p values ≤ 

0.05 were considered significant. 

 

Supplemental information 

Figure S1: Expression of HIV-p24 in murine liver (related to Figure 1). A. IHC staining of 

murine liver sections for HIV‐1 p24 protein 7 d post‐priming via intravenous injection with rAd5-

p24 (1 x 1010 PFU) confirms that the construct delivers bona fide p24 protein which is expressed 

in vivo. B. Flow cytometry gating strategy for the rAd5-p24/Sal group. C. Flow cytometry gating 

strategy for the rAd5-p24/ HIV-VLP group. D. Quantification of tetramer signaling on non-CD8+ 

T-cells at 7 d and 30 d post-prime CNS boost. 

 

Figure S2: Frequency of CD4+ and CD8+ T-cells (related to Figure 1 & Figure 4). A. 

Frequency of CD4+ and CD8+ T-cells at the indicated time points among rAd5-p24/ HIV-VLP 

animals. B. Representative plot showing successful depletion of CD8+ T-cells isolated from the 



brain of post prime-CNS boost animals using the Miltenyi Biotech Kit (Bergisch Gladbach 

Germany). 

 

Figure S3: Gating strategy for microglial cells (related to Figure 6). A. Microglia were 

identified as the CD45intCD11b+ population within total BMNC. B. Representative images of 

microglial cell populations showing expression of the activation marker MHC-II in respective 

control groups. C. Contour plots show expression of the microglial activation marker PD-L1 in 

the indicated groups (i.e., treatment with either rAd5-p24, HIV-VLP, or rAd5-p24/Sal). 

 

Figure S4: Cytotoxic potential of CD103+CD8+ bTRM following AI9 restimulation (related to 

Figure 1 & Figure 6). BMNC were obtained from heterologous prime-boost animals at 2 & 5 d 

post-AI9 restimulation in vivo and intracellular staining was performed. A. Representative contour 

plots display granzyme B production by CD103+CD8+ T-cells in response to AI9 peptide, control 

M54 peptide, or saline at the indicated time points. B. Bar graph indicates frequencies of 

CD103+CD8+ T-cells that produce granzyme B under the indicated restimulation conditions. 

Pooled data are presented as mean ± SD of two independent experiments using four animals in 

control (i.e., saline or M54) groups and six animals in the AI9 restimulation group. **p<0.01 
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