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Editorial on the Research Topic

CD4+ T cells in HIV: a friend or a foe?
Currently, there are approximately 38.4 million individuals living with the Human

Immunodeficiency Virus (HIV), of which 36.7 million adults, 1.7 million children (<15

years old), with 54% of cases being females. Since the start of the HIV epidemic, an

estimated 84.2 million individuals have been infected with the virus. Tragically, this global

health crisis has resulted in the loss of approximately 40 million lives. In 2021 the World

Health Organization (WHO) estimated 1.5 million new infections (1). In the early stages of

HIV infection, several important events occur within CD4+ T cells, which are a primary

target of the virus. CD4+ T cell depletion: HIV infects and destroys CD4+ T cells during the

replication process. If left untreated, HIV is the virus kills infected cells directly and

indirectly through immune responses that cause cell death. This progressive loss of CD4+ T

cells weakens the immune system over time even following antiretroviral treatment (cART)

in HIV infected individuals (2). HIV-infected individuals often experience imbalances in

CD4+ T cell levels and function. While cART is highly effective in suppressing viral

replication and restoring immune function, it may not completely normalize CD4+ T cell

counts or fully restore immune balance in all individuals. Some HIV reservoirs, such as

latently infected CD4+ T cells or tissues with lower drug penetration, may continue to

harbor the virus, and chronic immune activation and inflammation associated with HIV

infection can lead to immune exhaustion, where immune cells, including CD4+ T cells,

become functionally impaired and less responsive. Despite extensive research, the

mechanisms underlying CD4+ T cell loss and dysfunction in HIV infection are not fully

understood (3). This edited topic is aimed at shedding lights on the effects of HIV infection

on CD4+ T cells, considering their complexity in terms of heterogeneity and tissue

distribution (4–7).
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The relationship between HIV infection and CD4+ T cell

population is intricate, partly because of their important functions

and heterogenous nature. CD4+ T cell responses are central in

orchestrating the adaptive immune responses to pathogens (8).

Moreover, they are critical in inducing long-lasting vaccine-

mediated protection (9). Their main function is to provide help

adaptive immune cells; they support antibody production by B cells,

affinity maturation, and the selection and they support the

generation of long-lasting effective CD8+ T cells, and their

antiviral functions. In the last decade, however, our

understanding of CD4+ T cell immunology has grown, and it has

become clear that CD4+ T cells function extends well beyond the

simplistic view of B and T cell help. Many new CD4+ T cell subsets

have been discovered (10) with highly specialized and distinct

functions and tissue distribution; these subsets include negative

regulators of the immune system, T regulatory cells (T-regs),

preferentially mucosal CD4+ T cells Th17 and Th9 cells, and B

zone resident T follicular helper (Tfh) cells and T follicular

regulatory cells (11, 12). All subsets can be defined by specific

surface and intracellular markers, including their own unique

transcription factor and cytokine profiles. However, many

questions remain elusive about their specific role in HIV

infection. These subsets are not equally susceptible and each of

them may play a unique yet significant role in establishing and

maintaining virus reservoirs. Moreover, difference in HIV

susceptibility of various CD4 T cells and the loss of CD4+ T cells

very early in infection and the imbalance between these subsets is

likely to affect the effectiveness of prophylactics vaccines and

therapeutic approaches for HIV.

Activated CD4+ T cells located at mucosal sites are the main

targets for HIV infection. Therefore, interventions aimed at

reducing the vulnerability of these mucosal targets, particularly in

the genital tract which serves as the portal of entry for HIV, could

potentially lower the risk of HIV acquisition. Lajoie et al.

investigated the effect of acetylsalicylic acid (ASA), a well-known

and safe systemic anti-inflammatory drug, on T cell activation of

the vaginal tract. The study was conducted in a cohort of HIV-

uninfected women from Kenya who were given oral ASA at a low

dose of 81mg daily for six weeks. Participants were followed for one

month to establish a baseline immune activation in the blood and

the female genital tract (FGT). Changes to T cell immune activation

were measured both systemically and in the mucosal compartment,

relative to baseline levels. The authors found that while

concentration of ASA in the blood was 58% higher than the level

measured in the FGT changes where noticeable in both sites. The

blood level of ASA was correlated with lower levels of Th17 cells,

CCR5 expressing target CD4+ T cells, and a specialized subset of

CD8+ cells called Tc17. Importantly, in the FGT, low- dose ASA

resulted in decreased levels of activated CD4+ T cells. Activation

was measured by expression of the CCR5, CD95, and CD161+, all of

which are markers associate with increased HIV replication (13,

14). This study suggests that ASA may be used to decrease activated

FGT CD4+ T cells, thereby potentially reducing the risk of HIV

vaginal transmission.

Recent studies showed that CD4+ T cells expressing the surface

receptor glycoprotein CD32 are more susceptible to infection, and
Frontiers in Immunology 026
virological analyses revealed that CD32+ CD4+ T cells express high

levels of inflammatory markers (HIV co-receptor CCR5, and PD-1,

CXCR3) and confirming their heightened susceptibility to HIV

infection and serve as a HIV reservoir. Overall, the study

characterized a new susceptible CD4+ T cell subset in monkeys

that exhibits an activated profile and higher expression of markers

associated with HIV-infected and/or reservoir cells, and thus may

represent a novel therapeutic target (Huot et al.).

Olwenyi et al. examined a subset of cytotoxic (CTLs) CD4+ T

cells and investigated their contribution to HIV persistence. CD4+

CTLs T cells can reduce viral replication and have been shown to

kill infected macrophages, by secreting granzyme B and perforin

and to kill the target cells in an MHC class II-restricted fashion.

While they may play important roles in antiviral immunity, the lack

of robust markers in various animal models limits understanding of

their role in HIV immunopathology. The group found that CD4+ T

cells expressing high levels of the integrin beta CD29 are highly

cytotoxic in vitro, and they corroborated the use of CD29 as a

marker to detect CD4+ CTLs T cells ex vivo, using PBMCs obtained

from SIV infected macaques. Interestingly, CD29+ CD4+ T cells are

depleted during untreated SIV infection and reconstituted after

early initiation of ART. Moreover, functional characterization of

these cells showed that they produce IL-21 and granzyme B and that

their ability to secrete anti-viral cytokines is reduced by morphine,

an opioid drug. These findings are relevant because they suggest

that CD4+ CTLs play a crucial role in limiting HIV pathogenesis

and persistence (15).

Despite the remarkable effectiveness of combination

antiretroviral therapy (cART) in suppressing HIV replication in

the bloodstream over long periods of time, achieving sustained

virologic remission in HIV-infected individuals continues to be a

formidable challenge. One of the primary reasons for the challenge

in achieving sustained virologic remission is the presence of latent

HIV reservoirs. These reservoirs consist of HIV-infected cells that

are in a dormant or inactive state, allowing them to evade the effects

of antiretroviral therapy. While cART effectively suppresses active

viral replication, it is unable to eliminate these latent reservoirs. As a

result, even with long-term treatment, the potential for viral

rebound and the need for ongoing therapy persist. Efforts to

target and eliminate these latent reservoirs are a critical focus of

HIV cure research. Several attempts have been made to clear viral

reservoirs including cART (16), latency-reversing agents (LRA)

(17), immune based therapies (15), gene editing and gene therapy

(18), stem cell transplantation (19) and combination therapies (20).

In the study by de Armas et al., FDA-approved JAK1/2 inhibitors,

ruxolitinib, and baricitinib, were tested as a potential therapeutic

strategy to target latent reservoirs. The study used the dual reporter

virus HIVGKO to investigate latency establishment and

maintenance in lymphoid-derived CD4+ T cells. Single-cell

technologies were integrated to evaluate protein expression, host

gene expression, and HIV transcript expression, and identify and

analyze latently infected cells. The latency establishment and

maintenance were validated using the tonsillar CD4+ T cells in

vitro method. The results from this study show that CD4+ T cells

with latent infection exhibit similar activation profiles as

productively infected cells. Single-cell RNAseq analysis revealed
frontiersin.org
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that Sirtuin signaling, Oxidative Phosphorylation, Mitochondrial

Dysfunction, and EIF2 Signaling were enriched when comparing

latent cells versus productively infected cells. In addition, molecular

JAK1/2 inhibition resulted in dose-dependent downregulation of

activation markers on CD4+ T cells. Moreover, the expression of

activation markers such as CD25 and CD69 was affected by both

drugs. Finally, HIV reactivation above the level of spontaneous

reactivation was observed in the presence of a LRA, but

pretreatment of cells with baricitinib abrogated the response, with
Frontiers in Immunology 037
the greatest effect occurring at the highest concentration of the drug.

It is therefore, plausible that JAK1/2 inhibition may block HIV-

induced IFN and thus lead to a reduction in viral reservoirs.

The crucial involvement of T follicular helper (Tfh) cells in B

cell responses, including against HIV is widely recognized (10, 21,

22). However, while harnessing Tfh may be desirable, they also

harbor the virus (23). Moreover, there remains uncertainty

regarding which specific subset of Tfh cells, either from lymph

nodes or circulating in the blood, harbors a higher reservoir burden.
TABLE 1 Highlights of the articles presented in the Research Topic CD4+ T cells in HIV: A Friend or a Foe?

Article Description Citation

Acetylsalicylic acid (ASA) use was associated with a decrease in activated CD4+ T cells CD4+CCR5+CD161+ and CD4+CCR5+CD95+ cells, both at the
systemic and female genital tract.

Lajoie et al.

The CXCR5+ and CXCR4+ CD4 T cell subsets are preferentially killed during HIV infection, while those that are preferentially infected exhibit an
activated and exhausted effector memory cell phenotype. Single-cell RNA-seq analysis showed that the preferentially killed subsets express genes that favor
abortive infection and pyroptosis, and exhibits increased mRNA expression of inflammatory caspases (caspase 1 and caspase 4) as well as the pyroptotic
executioner, gasdermin D.

Luo et al.

The CD32+CD4+ T cells exhibit an activated profile and higher expression of markers associated with HIV-infected and/or reservoir cells. Huot et al.

The CD29hi CD4 T cells can serve as a reliable marker to identify CD4+ cytotoxic T lymphocytes (CTLs) in rhesus macaques. These CTLs secrete higher
levels of cytotoxic and proinflammatory cytokines, and elevated expression of either IL-21 or granzyme B hi T Bet+ upon antigen stimulation. CD4+ CTLs
play a crucial role in limiting SIV pathogenesis and persistence. However, their expression is reduced following morphine exposure.

Olwenyi
et al.

JAK1/2 inhibition by baricitinib may block HIV-induced IFN and lead to a reduction in the HIV reservoir. de Armas
et al.

This study optimized eight multispectral confocal microscopy immunofluorescence panels for a comprehensive characterization and immune-profiling of
relevant immune cells in formalin-fixed paraffin-embedded human lymphoid tissue samples. To characterize cells harboring actively transcribed virus,
authors were employed an in-situ hybridization assay in combination with additional protein markers (multispectral RNAscope). This type of analysis can
increase the dimensionality and predictive power of flow-cytometry and single-cell RNA expression analyses, thus accelerating biomarker discovery in the
context of infection and vaccination.

Moysi et al.

The GAS5 regulates TCR-mediated activation and apoptosis in CD4 T cells during HIV infection through miR-21-mediated signaling, results in prolonged
survival of CD4 T cells during HIV.

Nguyen
et al.

The composition of circulating innate and adaptive immune cells is altered in a large group of PLHIV receiving cART for more than six months.
Specifically, certain adaptive immune responses (Th17) are preserved while IFN-g responses are compromised. The study suggests that the changes in the
immune cell architecture and functional immunity in treated HIV highlight associations with the HIV reservoir, thereby emphasizing the importance of
early cART initiation.

Van de
Wijer et al.

This study demonstrates a direct causal relationship between the presence of HIV in platelets and T-cell dysfunctions in immunological non-responders
(InRs), thereby providing valuable insights for the development of a targeted platelet therapy for improving immune reconstitution in these individuals.

Zhu et al.

This study documented the elevated levels of CD4+ Tfh and CD4+ Tscm cells, as well as an abundance of memory and effector T cells in HIV-2 infected
individuals. Additionally, they found increased frequencies of CXCR5+ CD8+ T cells and CD8+ Tscm cells as well as memory B cells responsible for NAb
development in HIV-2 infected persons.

Ponnan
et al.

This systematic review on the dynamics of CD4+ T cells in SIV and HIV infection described the mechanism of CD4+ depletion, disease progression, and
the influence of early ART on restoration.

Le Hingrat
et al.

This review discussed the impact of HIV infection on Tfh cells and mucosal IgA responses in the GIT, as well as the implications these effects have on gut
dysbiosis and mucosal immunopathogenesis.

Onabajo
and

Mattapallil

In this systematic review, authors performed a pooled data-analysis comparing the transcriptome profiles of latently- and reactivated HIV-1 infected cells
of 5 in vitro primary CD4+ T cell models of HIV-1 latency and 2 ex vivo studies of reactivated HIV-1 infected primary CD4+ T cells from HIV-1 infected
individuals. They observed 5 differentially expressed genes FRY, GCSAM, GNLY, GPR15 and MSRB2 and natural ligands (CCL4 & CCL5) and coreceptors
(CXCR6) were predominantly downregulated that co-occurred in latently- and reactivated HIV-1 infected primary CD4+ T cells

Inderbitzin
et al.

This study provided the overview of host characteristics and hyper-inflammatory response in COVID-19 and HIV infection to better understand the
mechanisms of T cell dysfunction. The study summarized that both HIV-1 and SARS-CoV-2 infections are associated with CD4+ T cell loss and
immunodeficiency. The study suggests that a better understanding of mechanism of T cell dysfunction will contribute to the development of targeted
therapy against severe COVID-19 and will help to rationally design vaccine involving T cell response for the long-term control of viral infection

Peng et al.

In this study, reviewed the current literature on the pathogenesis of HIV/HCV coinfection, the impact of HCV coinfection on HIV disease progression in
the presence of ART, the effects of HIV on HCV-associated liver morbidity, and the consequences of DAA-mediated HCV cure on immune reconstitution
and HIV reservoir persistence in coinfected patients. The study also found that HIV reservoirs are higher in HCV/HIV coinfected individuals than in those
with HIV mono-infection, and DAA-mediated HCV cure does not reduce HIV persistence or protect against HCV reinfection.

Gobran
et al.
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This is due to the heterogeneity within the Tfh cell population, it is

challenging to determine their unique and complex role in HIV

pathogenesis and their potential in HIV prevention. Therefore, a

better understanding of the mechanisms underlying Tfh cell

differentiation and function in lymphoid tissues and immune

contexts is essential for developing effective treatment strategies

for HIV.

Moysi et al. conducted a study in which they developed and

opt imized e igh t mul t i spec t ra l con foca l mic roscopy

immunofluorescence panels for a comprehensive characterization

of Tfh and other important cells (Tregs, CD8 and macrophages)

using formalin-fixed paraffin embedded human lymphoid tissue

samples. Here the authors discuss how the resulting multispectral

confocal datasets can be analyzed quantitatively using a pipeline

named HistoCytometry to gather information about relative

frequencies and spatial distributions of immune cells. To

characterize cells harboring the actively transcribed virus, the

study used an in-situ hybridization assay in combination with

additional protein markers (multispectral RNAscope). By

increasing the dimensionality and predictive power of flow

cytometry and single-cell RNA expression analyses. Applying this

methodology to lymphoid tissues may provide an opportunity to

investigate multiple immune cell targets of interest simultaneously,

with improved resolution and reproducibility. This approach may

therefore serve as a valuable tool to guide studies on CD4+ T-cells in

the context of infection and vaccination, offering deeper insights

into their dynamics and responses (24).

Studying HIV-2 in comparison to HIV-1 provides several

important insights and contributions to our understanding of

HIV infection disease progression and clinical outcomes: HIV-2

infection typically progresses more slowly compared to HIV-1,

leading to a milder disease course. Thus, studying CD4 T cells in

HIV-2 may allow to investigate factors related to this slower

progression. Ponnan et al. evaluated the different subsets of CD4+

T cells, including Tfhs, in HIV-2 infected individuals to understand

their role in controlling virus replication and delaying disease

progression. The authors observed elevated levels of CD4+ Tfh

and Stem cell memory Tscm CD4+ cells, as well as an abundance of

memory and effector T cells in HIV-2-infected individuals.

Additionally, they found increased frequencies of CXCR5+ CD8+

T cells and CD8+ Tscm cells, as well as memory B cells responsible

for NAb development in HIV-2 infected persons. Interestingly, the

frequency of memory CD4+ T cells and memory B cells

significantly correlated with neutralizing antibody titers in HIV-2-

infected individuals. Overall, this study suggests that a more robust

CD4+ T cell response that supports B cell differentiation, antibody

production, and CD8+ T cell development in HIV-2 infected

individuals contributes to better control of the virus and slower

disease progression.

Luo et al. conducted a study to explore the diversity of CD4+ T

cell subsets in terms of their susceptibility or resistance to HIV-

associated killing to understand the pathogenesis of disease

progression in CD4+ T cells. The authors used lymphoid cells

obtained from human tonsils and employed mass cytometry and

single-cell RNA-seq techniques to test their hypothesis. Their

results indicated that subsets of CD4+ T cells that are
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preferentially killed express CXCR4 and CXCR5, a marker used

to identify Tfh and the receptor allowing CD4 T cells to migrate to

the B cell zone. Further analysis using single-cell RNA-seq showed

that the preferentially killed subsets express genes that favor

abortive infection and pyroptosis. These findings highlight the

complex interplay between HIV and distinct tissue based CD4+ T

cell subsets, including Thfs. The study also found that bystander

death is more likely to happen when infection involves X4-tropic

viruses and is associated with higher expression levels of CXCR4.

Additionally, susceptible bystander cells appear to be primed for

death by pyroptosis, as indicated by increased mRNA expression of

inflammatory caspases (caspase 1 and caspase 4) as well as the

pyroptotic executioner, gasdermin D (25).

The review by Onabajo and Mattapallil discusses the effect of

HIV infection on Tfh cells and mucosal antibody responses in the

gastrointestinal tract (GIT). They highlighted the consequences of

such immune deregulations on gut dysbiosis and pathogenesis

during chronic HIV infection. Mucosal immunoglobulins A (IgA)

play a critical role in protecting the GIT from invasive bacteria. The

study also suggests that the dysregulation of Tfh cells leads to

compromise B cell responses, especially the secretion of microbe-

specific IgA, and it is likely to drive gut microbial dysbiosis during

chronic HIV infection. Hence, preserving and maintaining Tfh cell

responses in the mucosa could potentially restore high-affinity

mucosal IgA, aiding in protecting the mucosal epithelial barrier

from invasive dysbiotic bacteria (26).

T cell responses are intricately regulated by a complex network

of non-coding RNAs, which includes microRNAs (miRNAs) and

long non-coding RNAs (lncRNAs) (27, 28). These non-coding

RNAs play crucial roles in modulating gene expression,

influencing various aspects of T cell development, activation,

differentiation, and effector functions. MicroRNAs are small RNA

molecules that can bind to target messenger RNAs (mRNAs),

leading to their degradation or inhibition of translation, thereby

regulating the expression of specific genes. On the other hand, long

non-coding RNAs are larger RNA molecules that can interact with

chromatin, proteins, and other RNA molecules to regulate gene

expression at multiple levels (24, 29, 30). Together, these non-

coding RNAs contribute to the fine-tuning and coordination of T

cell responses in both health and disease. Further research into the

functions and mechanisms of non-coding RNAs in T cells

continues to expand our understanding of immune regulation

and may provide insights into HIV pathogenesis. The study

conducted by Nguyen et al. aimed to investigate the role of long

non-coding RNAs in the development of CD4+ T cell dysfunction

and apoptosis in people living with HIV (PLHIV). The results

revealed that the growth arrest-specific transcript 5 (GAS5)

negatively regulates miR-21 expression, which controls critical

signaling pathways involved in DNA damage and cellular

response. Prolonged T cell stimulation reduced GAS5 and

increased miR-21, leading to dysfunction and apoptosis in CD4+

T cells. These findings suggest that GAS5 regulates TCR-mediated

activation and apoptosis in CD4 T cells during HIV infection

through miR-21-mediated signaling pathway (37).

Van de Wijer et al. conducted a study aimed to investigate long-

term changes in the immune system of people living with HIV
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(PLWH) who have successfully undergone treatment. Samples

obtained from a cohort of 211 PLWH on stable antiretroviral

therapy and 56 HIV-uninfected controls were assessed using flow

cytometry to analyze 108 white blood cell (WBC) populations. The

results indicated significant differences in T cell maturation and

differentiation between PLWH and HIV-uninfected controls, with

the PLWH exhibiting reduced percentages of CD4+ T cells and

naive T cells, and increased percentages of CD8+ T cells, effector T

cells, and T helper 17 (Th17) cells. In addition, the Th17/regulatory

T cell (T-reg) ratios were found to be increased. PLWH also had

altered B cell maturation, with reduced percentages of memory B

cells and increased numbers of plasma blasts. Overall, this study

suggests that the composition of circulating innate and adaptive

immune cells is altered in PLHIV receiving cART for more than six

months. The findings further suggest that while some adaptive

immune responses such as Th17 are preserved, IFN-g responses are

compromised in PLHIV (Van de Wijer et al.).

The manuscript by Zhu et al. conducted a study to investigate

the immunological failure seen in immunological non-responders

(InRs), HIV-infected individuals treated with ART, although

successful in suppressing viral replication, they cannot

properly reconstitute circulating CD4+ T-cell numbers to

immunocompetent levels. The study found that InRs had platelets

containing infectious HIV, which presence was linked to T-cell

dysfunctions. The authors showed that platelet-T cell conjugates

were more frequent among CD4+ T cells in InRs with HIV-

containing platelets (<350 CD4+ T cells/ml blood for >1 year)

compared to healthy donors or IRs (>350 CD4+ T cells/ml). Based

on these findings, the authors suggest that targeted therapy aimed at

platelets may improve immune reconstitution in InRs (39).

The systematic review by Le Hingrat et al. focused on the

dynamics of CD4+ T cells in SIV and HIV. The reviewed literature

includes studies on the possible mechanism of CD4+ T cell

depletion and restoration in disease progression, and during early

ART, respectively. The role of cell death and loss of CD4+ cell

subsets in gut health are discussed. Reviewed studies suggest that

the loss of CD4+ T cells contributes to mucosal inflammation and

enteropathy, which weakens the mucosal barrier, leading to

microbial translocation, a major driver of immune activation/

inflammation. Studies also suggest that the loss of CD4+ T cells

drives opportunistic infections, cancers, and comorbidities.

Additionally, the authors discussed the crucial role of Th17 cells

in maintaining gut integrity and protecting against bacterial and

fungal infections (40).

In their systematic review, Inderbitzin et al. utilized primary

CD4+ T cell models to investigate HIV-1 latency and potential cure

strategies. The authors performed a pooled data analysis,

comparing transcriptome profiles of latently and reactivated HIV-

1 infected cells from five in vitro primary CD4+ T cell models and

two ex-vivo studies of reactivated HIV-1 infected primary CD4+ T

cells from HIV-1 infected individuals. The authors found that

natural ligands CCL4, CCL5 and chemokine receptor CXCR6

were predominantly downregulated in latently infected cells,

while genes associated with apoptosis, cell cycle, and HLA class II

were upregulated in reactivated infected cells. Furthermore, they

identified 5 genes FRY, GCSAM, GNLY, GPR15 and MSRB2 that
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co-occurred in both latently- and reactivated HIV-1 infected

primary CD4+ T cells. The upregulation of MSRB2 in latently

HIV-1 infected primary CD4+ T cells could inhibit apoptosis, while

downregulation in reactivated HIV-1 infected genes leads to

apoptosis due to the cytotoxic response of LRA or infectious virus

particle release. This study sheds light on the differentially expressed

genes that may contribute to the HIV-1 latency (41).

Both SARS-CoV-2 and HIV can dysregulate the immune

system, leading to acute and long lasting inflammation, albeit

through different mechanisms. By comparing the immune

dysregulation caused by these viruses, we can identify

commonalities and differences, which may inform the

development of immunomodulatory therapies and approaches to

mitigate immune-mediated damage in COVID-19. Peng et al.

provided an overview of host characteristics and hyper-

inflammatory responses in COVID-19 and HIV infection to

understand the mechanisms of T-cell dysfunction better. The

study summarized that both HIV-1 and SARS-CoV-2 infections

are associated with CD4+ T cell loss and immunodeficiency. Direct

attacks on CD4+ T cells, immune activation, and redistribution of

CD4+ T cells contribute to CD4+ T cell lymphopenia in both

diseases, but in different proportions. During the period of

immunodeficiency, systemic inflammation may be fueled by a

leaky gut and lead to severe complications. However, the co-

occurrence of HIV and COVID-19 does not seem to increase the

occurrence of COVID-19 or cause excess morbidity and mortality

among people living with HIV with symptomatic COVID-19.

Overall, the experience in HIV clinical management and past

clinical trials represents a special use case for innovative studies

aimed at increasing CD4+ T cell function and reducing COVID-19

severity (42).

The review by Gobran et al. discuss the current literature on the

pathogenesis of HIV/HCV coinfection, the impact of HCV

coinfection on HIV disease progression in the presence of ART,

the effects of HIV on HCV-associated liver morbidity. Globally,

approximately 2.3 million individuals are affected by a co-infection

of the HIV and hepatitis C virus (HCV), with about 6.2% of people

living with HIV (PLWH) also co-infected with HCV. PLWH have a

six times higher incidence of being infected with HCV compared to

those who are HIV-negative. The prevalence of co-infection is

highest among individuals who inject drugs (PWID) and men

who have sex with men (MSM). When HIV and HCV coexist,

HCV’s natural history is negatively affected, leading to higher rates

of HCV persistence following acute infection, higher viral loads,

accelerated progression of liver fibrosis, and development of end-

stage liver disease compared to HCV infection alone. Similarly,

HCV coinfection harms the homeostasis of CD4+ T cell counts and

facilitates HIV replication and viral reservoir persistence in PLWH

receiving antiretroviral therapies (ART). Moreover, the

consequences of Direct Acting antiviral (DAA)-mediated HCV

cure on immune reconstitution and HIV reservoir persistence in

coinfected patients is also discussed. The author comment on

studies where it was shown that HIV reservoir is higher in HCV/

HIV coinfected individuals than in those with HIV mono-infection,

and DAA-mediated HCV cure does not reduce HIV persistence or

protect against HCV reinfection. Therefore, developing effective
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treatment and prophylactic anti-HCV and anti-HIV vaccines

remains a priority to achieve HCV/HIV elimination (43).

HIV vaccine and cure strategies aim to enhance immune

responses to achieve long-lasting and, ideally, sterilizing

immunity against the virus. The presence of antibodies

(preferably broadly neutralizing) and cytotoxic T cells at the site

of viral entry is crucial in stopping infection and virus

dissemination. In contrast, CD4+ T cells are necessary for

mounting a robust vaccine response. However, inducing a strong

CD4+ T cell response in HIV infection is a double-edged sword.

This is because CD4+ T cells also serve as primary targets of HIV

infection and activated CD4+ T cells can be preferentially infected

during the early stages of infection. High frequencies of vaccine-

elicited CD4+ T cells may also limit vaccine-mediated protection.

The specific lineages of CD4+ T cells have been reported to act as

HIV reservoirs during chronic HIV infection (10, 25, 31).

Furthermore, accumulating evidence suggests that some forms of

vaccine specific CD4+ T cell responses may increase susceptibility

to HIV infection.

While CD4 T cells are important to generate and maintain

effective B and CD8 T cells responses, CD4 T cell induction trough

vaccination may be a double edge sword. Evidence is mounting that

some of vaccine induced CD4+ T cell responses may increase

susceptibility to HIV infection. Results from the STEP HIV vaccine

trial highlighted a potential role for total activated vaccine induced

CD4+ T cells in promoting HIV acquisition (26, 32, 33). The trial also

revealed that preexisting adenoviral immunity triggered a recall

response, leading to the activation of adenovirus specific CD4+ T

cells. These activated CD4+ T cells could potentially become

additional target cells and may have increased the susceptibility to

HIV infection in the vaccine arm of the study (34). Interestingly

recent studies in macaques showed that the DNA prime/modified

vaccinia Ankara boost vaccine induced interferon-g (IFN-g+) CD4+ T

cells (Th1 cells), which rapidly migrate to multiple tissues including

colon, cervix, and vaginal mucosa. These mucosal Th1 cells persisted

at higher frequencies and expressed higher density of CCR5, a viral

coreceptor, compared to cells in blood. After intravaginal or

intrarectal simian immunodeficiency virus (SIV)/simian-human

immunodeficiency virus (SHIV) challenges, strong vaccine

protection was evident only in animals that had lower frequencies

of vaccine-specific Th1 cells but not in animals that had higher

frequencies of Th1 cells, despite comparable vaccine-induced

humoral and CD8+ T cell immunity in both groups (35). These

results corroborate the notion that high and persisting frequencies of

HIV vaccine-induced Th1-biased CD4+ T cells in the intestinal and

genital mucosa can mitigate beneficial effects of protective antibodies

and CD8+ T cells, highlighting the critical need to better understand

how to harness protective responses without increasing HIV

susceptibility (36). Given the paradoxical role of CD4+ T cells in

HIV infection, understanding the interplay between vaccine-induced

CD4+ T cells and vaccine-mediated protection is paramount.

To tip the balance in favor of vaccine-mediated protection, a

rational design and delivery of vaccines in combination with newer

immunotherapeutic strategies like engineered T cells (such as CAR/

TCR-T cells) are required. This Research Topic is expected to bring
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together the current knowledge of CD4+ T cells as important central

mediators of adaptive immunity while also being the cellular reservoir

and targets for the multiplication and persistence of HIV. Recent

research has provided valuable insights into the mechanisms

underlying CD4+ T cell depletion and dysfunction in HIV

infection, as well as the factors contributing to the natural control

of the virus. This Research Topic presents a comprehensive overview

(Highlights summarized in Table 1) of these recent advances,

focusing on CD4+ T cell dynamics in HIV immunology and

pathogenesis. By summarizing the latest findings and highlighting

key knowledge gaps, this Research Topic aims to provide a useful

resource for researchers and clinicians working on HIV/AIDS, as well

as to inspire further research into the discovery of novel

therapeutic targets.
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COVID-19 is a distinctive infection characterized by elevated inter-human transmission
and presenting from absence of symptoms to severe cytokine storm that can lead to
dismal prognosis. Like for HIV, lymphopenia and drastic reduction of CD4+ T cell counts in
COVID-19 patients have been linked with poor clinical outcome. As CD4+ T cells play a
critical role in orchestrating responses against viral infections, important lessons can be
drawn by comparing T cell response in COVID-19 and in HIV infection and by studying
HIV-infected patients who became infected by SARS-CoV-2. We critically reviewed host
characteristics and hyper-inflammatory response in these two viral infections to have a
better insight on the large difference in clinical outcome in persons being infected by
SARS-CoV-2. The better understanding of mechanism of T cell dysfunction will contribute
to the development of targeted therapy against severe COVID-19 and will help to rationally
design vaccine involving T cell response for the long-term control of viral infection.

Keywords: COVID-19, HIV, CD4 exhaustion, cytokine storm, leaky gut
INTRODUCTION

An outbreak of an unknown infectious pneumonia occurred in Wuhan, China, in December 2019
(1). The pathogen of the disease was quickly identified as a novel coronavirus coined severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), and the disease was named coronavirus
disease-19 (COVID-19) by the WHO (2–4). The virus has since caused more than 48 million
confirmed cases and over 1.2 million deaths worldwide by November, 2020 (5). The majority of
individuals with COVID-19 have mild clinical presentation with or without flu-like symptoms
including dry cough, fever, a runny nose, fatigue, muscle pain and diarrhea. Some cases can evolve
into acute respiratory distress syndrome, septic shock, coagulation dysfunction, and multiorgan
failure (1, 6, 7). The severity of the disease is influenced by factors such as older age, obesity and
metabolic syndrome (8, 9). Acute infection with SARS-CoV-2 is associated with lymphopenia
in approximately 80% of patients (6, 10–21). Furthermore, lymphopenia with the suppression of
B, helper (CD4+) and cytotoxic (CD8+) T cell function, is an indicator of a poor clinical outcome
org December 2020 | Volume 11 | Article 596631112
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(10–15, 17–19, 21–27). It is likely that lymphopenia delays
viral clearance, favoring macrophage stimulation and the
accompanying cytokine storm, leading to organ dysfunction (7,
15, 18, 19, 21, 23, 24, 26, 28, 29).

Apart from SARS-CoV-2, other viruses—including SARS
coronavirus, measles virus, avian influenza virus H5N1, swine
foot-and-mouth disease virus, respiratory syncytial virus and
human immunodeficiency virus (HIV)—are associated with
lymphopenia (30). Among them, HIV can cause an well-
known lymphopenia-associated disease acquired immune
deficiency syndrome (AIDS) (31). The acute phase of HIV
infection is characterized by a substantial drop in peripheral
CD4+ T cell counts, while during the chronic phase, a slower and
persistent decline of these CD4+ T cells is associated with the
development of AIDS. Antiretroviral therapy (ART) rapidly
suppresses HIV replication, and the number of CD4+ T cell
counts recovers, preventing AIDS. However, systemic immune
activation persists in those people even after years of ART (32),
and is characterized by increased proinflammatory mediators
and low CD4/CD8 ratio (33), combined with exhausted and
senescent T cells. Systemic immune activation is also associated
with non-infectious comorbidities, such as cardiovascular
diseases, neurocognitive disorders and cancers.

CD4+ T cells orchestrate the response to acute and chronic
viral infections by coordinating the immune system. These cells
activate multiple cells of the innate immune system, as well as B
cells, cytotoxic CD8+ T cells, and non-immune cells. CD4+ T
cells also play a key role for the establishment of long-term
cellular and humoral antigen specific immunity, which is the
basis of life-long protection for many viral infections and
vaccines (34, 35).

Both HIV-1 and SARS-CoV-2 have distinct virological
characteristics while sharing CD4+ T cell lymphopenia. In this
review, we critically assessed the possible mechanisms and the
potential influence of CD4+ T cell lymphopenia in acute and
chronic viral infections. We also discuss host characteristics and
hyper-inflammatory response in these two dramatic viral
infections and the impact of COVID-19 infection in people
living with HIV (PLWH).
THE T CELL DYSREGULATION IN PLWH
AND COVID-19

The acute phase of HIV infection is characterized by a
substantial drop in peripheral CD4+ T cell counts while in the
chronic phase, a continued decline of CD4+ T cells is associated
with the development of AIDS (Figure 1). In contrast,
expansion of CD8+ T cells is observed which is driven
mainly by an exhausted cytotoxic response toward HIV,
leading to an inversed CD4/CD8 ratio. Despite ART,
PLWH still present persistent immune activation and
inflammation. The expressions of CD38 and HLA-DR as well
as programmed death -1 (PD-1) are biomarkers of activated T
cells, contributing to T cell exhaustion (36). Exhausted virus-
specific CD4+ T cells express PD-1 at elevated levels correlating
Frontiers in Immunology | www.frontiersin.org 213
with disease progression, viral loads and reduced CD4+ T cell
count (37).

Compared to healthy controls, in both acutely and chronically
PLWH, the absolute number of regulatory T cells (Tregs) in the
circulating blood is decreased, however the percentage of Tregs
in chronic infection is increased (38, 39), further contributing to
T cell dysfunction. Gut CD4+ T cells with a mucosa protective
Th17 function are rapidly depleted (40) contributing to mucosal
barrier dysfunction, leading to increase microbial translocation
and systemic immune activation (41). Despite the decreased
CD4+ T cell subgroup, both cell number and relative percentage
of circulating T follicular helper (Tfh) cells increased in the blood
during the chronic phase of HIV infection (42, 43). Tfh cells
provide help to B cells in germinal center of secondary lymphoid
organs and are central to the generation of efficient neutralizing
and non-neutralizing antibody responses in HIV infection and
will be essential in generating an effective vaccine (44).
Expansion and altered features of HIV-specific and non-HIV
specific circulating Tfh cells do not improve during ART and
may be driven by persistent HIV antigen expression (45).
Viral suppression by ART resulted with a reduction in the
expression of genes associated with Tfh cells compared to
viremic phase, which is accompanied by persistently low
expression of genes associated with Th17 cells compared to
persons who spontaneously control viremia (46).

Lymphocytopenia is a hallmark of patients with severe
COVID-19 (6, 10–15, 17–19, 21) and is associated with poor
clinical outcomes. The CD4+ lymphocyte count dynamic during
mild and severe COVID-19 is shown in Figure 1. Helper CD4+
T cells are important in mediating protective humoral immunity
by stimulating B cells to produce virus-specific antibodies. On
the other hand, CD8+ T cells are responsible for the elimination
of infected cells, mainly through the production of perforin and
granzyme, and are key players in controlling different types of
viruses through the secretion of cytokines. Both CD4+ and CD8+
T cell counts are reduced in severe COVID-19 (10–15, 17–19,
21–27). Similarly, reduced B cell counts are also observed in
severe COVID-19 (14, 23). Moreover, within the CD4+ T cell
subset, decreased numbers of effector memory T cells
(CD45RO+) and Tregs (CD25+CD127low) were noted, while
the proportion of naive T cells (CD45RA+) increased (16). The
frequency of Tregs, which are responsible for the maintenance of
immune homeostasis by suppressing activation and pro-
inflammatory functions, was very low in severe cases. In
addition, relative increased recirculation of activated CXCR5
+PD-1high CD4+ Tfh cells is observed in severe COVID-19.

CD4+ T cells in COVID-19 are activated as characterized by
expression of cellular markers like HLA-DR, CD25, CD38 and Ki-
67 (47). T cell exhaustion based on increased inhibitory markers
such as PD-1 and TIM-3 receptor on peripheral T cells has also
been reported (47–49). Studies have demonstrated that decreases in
polyfunctionality (multiple cytokine secretion) and cytotoxicity of
T cells were correlated with disease progression (21, 49).
Conversely to HIV, a study demonstrated an increase in the
number of Th17 cells in the peripheral blood in COVID-19
patients (50). In hospitalized patients compared to non-
December 2020 | Volume 11 | Article 596631
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hospitalized patients, Mathew et al. found increased proportion of
cytotoxic follicular helper cells and cytotoxic T helper cells
responding to SARS-CoV-2 and reduced proportion of
SARS-CoV-2-reactive Treg cells (47). Elevated SARS-CoV-2-
specific CD4+ and CD8+ T cells were each associated with
milder disease, fostering important roles for both CD4+ and
CD8+ T cells in protective immunity in COVID-19 (51).
Furthermore, absence of these virus-specific cells leads to
uncoordinated antigen-specific immune responses and failure to
control COVID-19, predominantly in older individuals with low
naïve CD4+ T cells. Similarly, PLWH are not able to mount an
effective HIV-specific CD4+ and CD8+ T cell responses with the
Frontiers in Immunology | www.frontiersin.org 314
exception of HIV controllers who canmaintain undetectable or low
levels of viremia despite not being on ART (46, 52, 53). Features of
different peripheral blood cell types in PLWH and severe COVID-
19 are shown in Figure 2.
LEAKY GUT

Depletion of gut CD4+ T cells will be followed by disruption of
the tight junctions, and cell death of intestinal epithelium.
Epithelial gut damage leads to both an imbalance of the
intestinal microbiota composition (dysbiosis) and the release of
FIGURE 2 | The changes of different peripheral blood cell types in HIV and severe coronavirus disease-19 (COVID-19). In COVID-19 and HIV infection, total count of
natural killer cells, B cells, CD4+ T cells, regulatory T cells, memory T and B cells decrease, whereas the count of follicular helper cells increase. These common
changes between HIV and COVID-19 were shown in the central circle. However, distinct changes were shown in total count of macrophage, CD8+ T cells, Th17
cells and naive T cells between people living with HIV (PLWH) and severe COVID-19. (The red arrow indicates a decrease in the number of cells; the blue arrow
indicates an increase in the number of cells).
FIGURE 1 | CD4+ lymphocyte count during acute infection in people living with HIV (PLWH) and coronavirus disease-19 (COVID-19).
December 2020 | Volume 11 | Article 596631
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bacterial products in the circulation (microbial translocation),
participating in chronic immune activation and inflammation
(54, 55).

Apart from relevant metabolic functions for the host
homeostasis, the gut microbiota exerts protective actions
against pathogenic colonization of bacteria and viruses, which
could be at least partially attributed to their role in educating and
strengthening the immune system (56). The triad gut microbiota
dysbiosis–immune hyper-response–inflammation is involved in
both HIV and COVID-19 pathogenesis (57).

Within a few weeks of HIV infection, the virus begins a
massive assault on the gut, which undergoes a significant
depletion of CD4+ T cells with Th17 function (58). PLWH
have an altered microbiota composition with an increase of pro-
inflammatory and potentially pathogenic bacteria as well as a
decrease of beneficial bacteria (59, 60). Gut damage allows
microbial translocation, a cause of systemic immune activation
in chronic HIV which is usually determined by measuring
plasma levels of markers of microbial translocation such as
lipopolysaccharide (LPS) and (1!3)-b-D-Glucan (BDG), all of
which are elevated in PLWH, even those on ART (61, 62).
Previous studies have shown that LPS and BDG were
associated with disease progression, lower CD4+ T cell count,
and induce immune activation (61–63).

Over 60% of patients with COVID-19 report evidence of
gastrointestinal symptoms, such as diarrhea, nausea and
vomiting (64). There is direct evidence that SARS-CoV-2 can
replicate in intestinal cells (65). Moreover, many viral infections,
including influenza, drive changes in the gut and lung microbiota
with viral-mediated changes in the gut including dysbiosis and
increased permeability (66). Indeed, recent studies found some
differences in gut microbial features and related metabolites in
SARS-CoV-2 infection (67). More attention should be directed
to gut dysbiosis and microbial translocation in the contribution
to severe COVID-19.
HYPER-INFLAMMATION IN HIV
INFECTION AND COVID-19

Examination of plasma cytokines of acute HIV infection revealed
that interferon (IFN)-a was the first cytokine to be increased
within a few days after detection of viremia, followed by tumor
necrosis factor a (TNF-a), IFN-g, and interleukin (IL)-12 (68).
Initiation of ART during Fiebig stages I-II can abrogate the HIV-
induced cytokine storm (69). Elevation of IFN-a, IFN-g,
monocyte chemoattractant protein (MCP)-1, soluble IL-2
receptor (sCD25), IL-6 and IL-8 was seen in chronically-
infected untreated individuals (63, 70, 71). Initiation of ART
significantly reduces plasma levels of inflammatory cytokines,
markers of inflammation and monocyte activation, without
normalization compared to HIV-uninfected individuals (72).

Similarly, in COVID-19 patients, elevation of inflammatory
cytokines was also observed. In severe cases, elevations of TNF-a,
IFN-g, IL-2R, IL-6, IL-8, and IL-10 were detected (7, 15, 18, 19, 21,
23, 24, 26, 28, 29). However, a highly impaired interferon (IFN)
Frontiers in Immunology | www.frontiersin.org 415
type I response was observed, characterized by no IFN-b and low
IFN-a production and activity (73). Furthermore, studies have
found increased production of proinflammatory cytokines and
chemokines, IL-2, IL-7, IL-10, granulocyte colony-stimulating
factor (G-CSF), CXCL-10/IP-10, TNF-a and macrophage
inflammatory protein (MIP)-1a in intensive care unit (ICU)
patients compared with non-ICU patients (7). In addition, IL-6
levels were considered as a biomarker of disease severity and
mortality (28, 29) and ongoing clinical trials are assessing IL-6
blockade to improve outcome in COVID-19 patients (74).

A pre-existed low-level inflammation and leaky gut in type 2
diabetes mellitus (T2DM) may be associated with higher
COVID-19 mortality (75, 76). Retrospective studies have
shown a reduction in mortality in metformin users compared
with non-users among patients with T2DM hospitalized for
COVID-19 (77). The potential effects of metformin in
COVID-19 could be through inhibition of the mTOR pathway
and prevention of immune hyperactivation (78). Reduced
production of cytokines such as TNF-a and IL-6 was seen in
metformin-treated patients (79). Furthermore, metformin may
also reduce inflammation by altering the composition of gut
microbiota (80, 81). A retrospective cohort study on PLWH with
diabetes mellitus showed that Metformin use was associated with
improved CD4 recovery (82). Whether metformin could be a
potential treatment strategy for CD4+ T cells lymphopenia in
COVID-19 need further investigation.
COMORBIDITIES IN PLWH AND COVID-19

Although ART reduced the risk of developing AIDS (83), it does
not normalize inflammation that is associated with risk of non-
AIDS comorbidities, including cardiovascular and metabolic
diseases and neurocognitive dysfunctions (84–86).

In COVID-19, direct viral attack and systemic hyper-
inflammation can cause dysfunction of several organs.
Postmortem analyses showed that the main damage occurred
in the lungs, to the alveolar epithelial cells, hyaline membrane
formation, and hyperplasia of type II pneumocytes, all
components of diffuse alveolar damage (87, 88). Nearly 20% of
patients hospitalized for COVID-19 in Wuhan, China showed
evidence of cardiac injury (89, 90). More than half of COVID-19
patients hospitalized had elevated levels of enzymes indicating
injury to the liver (91). In a case series of 214 patients with
COVID-19, neurologic symptoms were seen in 36.4% of patients
which included acute cerebrovascular events, impaired
consciousness, and muscle injury (92).
MECHANISMS OF CD4+ T CELL
LYMPHOPENIA

The thymus supports T cell differentiation from T progenitor
cells, which differentiate from hematopoietic stem cells in bone
marrow, and selects mature CD3+ CD4+ and CD3+ CD8+
thymocytes (41). Quantitative estimates indicate that healthy
December 2020 | Volume 11 | Article 596631
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young (<30 year old) adults harbor about 2.2×1011 mature CD4+
T cells (93). Most CD3+CD4+ and CD3+CD8+ T cells reside in
peripheral lymphoid organs where T and B cell responses are
coordinated by antigen-presenting cells (APC). CD4+ T cell
numbers are kept constant in the human body by homeostatic
mechanisms including IL-7 (41). Total CD4+ T cells may be
depleted due to cell death, shortened half-life or impaired
production. In addition, the proportion of circulating CD4+
cells may decrease through lymphoid tissue redistribution at
sites of inflammation. A number of dynamic models have been
put forth explaining HIV-mediated depletion of CD4+ T cells
(94, 95). However, CD4+ lymphopenia is poorly understood
in COVID-19. Potential mechanisms and consequences of
CD4+ lymphopenia in PLWH and COVID-19 are shown in
Figure 3.

Direct Attacks on CD4+ T Cells
Early experiments done with laboratory-adapted HIV isolates in
tissue culture revealed a cytopathic virus with high tropism for
CD4+ T cells (96). There is a homeostatic response by which the
loss of CD4+ T cells due to HIV infection is counteracted by
production of T cells; however, this balance is ultimately
disrupted once the production of T cells in response to
homeostasis is exhausted. This has been substantiated by
quantitative image analysis of decreased numbers of CD4+ T
cells and increased levels of cellular proliferation and apoptosis
in PLWH (97, 98). However, evidence showed that HIV
pathogenesis cannot be solely explained by the direct viral
killing hypothesis as uninfected CD4+ T cells have a shortened
half-life by cellular viral contact affecting IL-7 signalization (99).
Another explanation is phospholipase A2 group IB (PLA2G1B)
which synergizes with the HIV gp41 envelope protein and
targets the CD4+ T cell surface, leading to CD4+ T cell
unresponsiveness (anergy) (100).

The question arises whether SARS-CoV-2, like HIV, can directly
decrease CD4+ T cell count. ACE2 (angiotensin-converting enzyme
Frontiers in Immunology | www.frontiersin.org 516
2) is the SARS-CoV-2 internalization receptor (101), in concert
with the host’s TMPRSS2 (transmembrane protease serine 2)
membrane protease that primes the coronavirus spike S protein
to facilitate its cell entry (102). ACE2 and TMPRSS2 are co-
expressed in lung, heart, liver, kidney, neurons and immune cells
(103). Immune cells could potentially be infected by SARS-CoV-2,
as in the case of SARS-CoV (104), with both viruses sharing the
same receptor ACE2 (102). Studies showed that SARS-CoV can
infect 50% of lymphocytes in the circulation (105), resulting in cell
death by apoptosis, necrosis, or pyroptosis (106, 107). Furthermore,
under the influence of SARS-CoV, the germinal center regressed,
and both T and B lymphocytes are depleted (108). Extensive cell
death of lymphocytes was observed in an autopsy study of spleens
and hilar lymph nodes of six patients with COVID-19. However,
the direct evidence of whether SARS-CoV-2 infects T cells is
still lacking.
Immune Activation and T Cell Death
Previous studies proposed that activated CD4+ T cells have a
very short life span due to activation-induced cell death or
apoptosis (109). In HIV infection, the activation of CD4+
T cells is driven by the antigenic stimulus by HIV proteins
(110) and in part by antigen-independent mechanisms through
the production of inflammatory cytokines. Continuous
hyperactivation of T cells may lead to accelerated consumption
of naïve T cells through apoptosis or differentiation toward a
memory phenotype.

Elevation of inflammatory cytokines and cytokine storm was
observed in COVID-19 patients. Previous studies showed that a
number of inhibitory cytokines are released by infected lung
macrophages or epithelial cells. These cytokines include TNF-a
which causes T cell apoptosis (111), IL-10 which is known to prevent
T cell proliferation (112), and type-I IFNwhich regulates lymphocyte
recirculation (113). Whether these inflammatory cytokines
contribute to the loss of CD4+ T cell needs further investigation.
FIGURE 3 | Potential mechanism and consequence of CD4+ lymphopenia in people living with HIV (PLWH) and coronavirus disease-19 (COVID-19).
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Redistribution of CD4+ T Cells
Circulating CD4+ T cell counts are most studied due to their ease
of access. However, CD4+ T cell in the blood compartment does
not always reflect the composition of lymphoid organs or
infected sites where CD4+ T cells are recruited. Hence, CD4+
T cell lymphopenia could be a reflection of CD4+ T cell
redistribution throughout the body.

Some evidence from simian immunodeficiency virus (SIV)
macaque models indicates CD4+ T cell redistribution from the
peripheral blood to lymph nodes and the gut (114). When blood
levels of CD4+ lymphocytes begin to drop significantly, these
cells often increase in number in the lymph nodes (115). This
suggests that the loss of CD4+ T cells in the blood can in part be
explained by an enhanced homing of CD4+ lymphocytes into the
lymph nodes. Furthermore, CD62L, the receptor for lymph node
homing, could be unregulated after infection with HIV (116).
After the initiation of effective antiretroviral therapy, decreased
levels of adhesion molecules like VCAM-1 and ICAM-1, which
mediate lymphocyte sequestration into lymphoid tissue, were
associated a rapid increased of CD4 T cells and decreased LN
size (117).

SARS-CoV-2 prefentially infects and destroys alveolar
epithelial cells that may in turn trigger the production or the
overproduction by macrophages of pro-inflammatory cytokines
and chemokines (including interleukin-6 (IL-6), IL-8, CXCL10/
IP-10, CCL3/MIP1a, CCL4/MIP1b) (118). Secretion of such
cytokines and chemokines attracts immune cells, notably
monocytes and T lymphocytes, from the blood into the
infected site, which may explain the circulating lymphopenia.
Additionally, the first autopsy of a patient with COVID-19
revealed an accumulation of mononuclear cells (monocytes
and T cells) in the lungs, coupled with low levels of
hyperactive T cells in the peripheral blood (88). Furthermore,
anti-IL-6 immediately reversed lymphopenia favoring tissue
redistribution in patients having multicentric Castleman
disease, a condition characterized by an enhanced level of
IL-6 (119). Animal models and future clinical trials will
help decipher the mechanism responsible for SARS-CoV-2
associated lymphopenia.
WHEN HIV MEETS COVID-19

Several case reports assessed the influence of COVID-19 in PLWH
(120–123). In a case series of 33 PLWH patients with COVID-19,
three out of 32 patients with documented outcome died (9%).
However, 91% of the patients recovered and 76% have been
classified as mild cases, indicating that there is no excess
morbidity and mortality among PLWH with symptomatic
COVID-19 compared to COVID-19 HIV-negative patients
(123). In a study in Wuhan, there were 8 COVID-19 out of
1174 investigated HIV/AIDS patients. The authors reported
absence of influence of sex, CD4+ T cells counts, HIV viral load,
or ART regimen associated with the occurrence of COVID-19,
only older age was associated with COVID-19 infection (124).
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HYPOTHESES FOR THE NON-INFLUENCE
OF HIV INFECTION IN COVID-19 DISEASE

A compromised immune system with a lower CD4+ T cells
counts and elevated interferon levels in HIV infection might
reduce clinical symptoms of COVID-19. There is a hypothesis
that a lower active immune status might protect the human body
from a virus-induced cytokine storm, such as SARS and
MERS (125).

Some ART medications (lopinavir/ritonavir, ritonavir,
darunavir, and dolutegravir), were screened for anti-SARS-
CoV-2 replication activity and were initially used to treat
COVID-19 (126). However, clinical trials using lopinavir/
ritonavir, a protease inhibitor that could suppress SARS-CoV-2
replication in vitro, had no impact on COVID-19 outcome (127).
Another drug is tenofovir (TDF), a nucleoside analog of
remdesivir, which can inhibit SARS-CoV-2 RNA-dependent
RNA polymerase (RdRp) activity in vitro and shorten the time
to recovery in adults who were hospitalized with COVID-19 and
had evidence of lower respiratory tract infection (128).

In a cohort study with 77 590 HIV-positive persons receiving
ART, the result showed that HIV-positive patients receiving TDF/
Emtricitabine (FTC) had a lower risk for COVID-19 and related
hospitalization than those receiving other therapies (129). These
findings warrant further investigation in healthy individuals taking
these two drugs for HIV preexposure prophylaxis studies and
randomized trials in persons with and without HIV.
POTENTIAL TREATMENT OF CD4+
T CELLS LYMPHOPENIA

IL-7
IL-7 levels are known to be inversely correlated with CD4+ T cell
counts in patients with HIV/AIDS, and is likely associated with a
homeostatic response (130). IL-7 is essential to B and T cell
lymphopoiesis in the bone marrow. Clinical studies showed that
recombinant IL-7 treatment increased the number of naive and
memory CD4+ and CD8+ T cells while conserving T cell functions
(131, 132). Several clinical trials are currently under way to
evaluate the efficacy of IL-7 to improve clinical outcomes in
lymphopenic patients with COVID-19 (NCT04407689,
NCT04379076, NCT04442178 and NCT04442178).

IL-2 and IFN-g
IL-2 is a potent mitogen and growth factor in antigen-stimulated
CD4+ T cells (133). IL-2 has been studied in HIV and has been
shown to increase CD4+ T cells counts (134, 135). IL-2 levels in
the peripheral blood were increased in severe COVID-19 cases
compared to mild cases (7, 15, 18, 19, 21, 23, 24, 26, 28, 29).
Whether IL-2 can be used to improve CD4+ T cell lymphopenia
in COVID-19 patients should be carefully considered. The
efficacy of low-dose IL-2 administration is under evaluation in
patients with SARS-CoV2-related acute respiratory distress
syndrome in a randomized controlled trial (NCT04357444).
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LIMITATIONS

There are still some knowledge gaps about CD4+ T cell loss in
PLWH and COVID-19. Firstly, the dynamic of change in CD4+ T
cell is difficult to be compared, especially as HIV induces both an
acute and chronic disease state. Secondly, the data inCOVID-19 are
limited. New studies need to be conducted to learn more about this
new disease, and lessons from studies onHIV infection and care of
PLWH could definitely help designing new therapeutic tools.
CONCLUSION

Both HIV-1 and SARS-CoV-2 infection share CD4+ T cell loss in
association with disease outcome and immunodeficiency. Direct
attacks on CD4+ T cells, immune activation and redistribution of
CD4+ T cell are contributing mechanisms in very different
proportion for CD4+ T cell lymphopenia in both diseases.
During the period of immunodeficiency, systemic inflammation
could be fueled by leaky gut and lead to severe complications.
However, when HIV meets COVID-19, no increase in the
occurrence of COVID-19 and no excess morbidity and mortality
among PLWH with symptomatic COVID-19 has been reported.
IL-7 and IL-2 were previously used to increase CD4+ T cell counts
in HIV-1 infection, however, no improvement in their function
were reported. Despite this, the short-term effect for COVID-19 is
under investigation. As CD4+ T cells orchestrate immune
responses, proper CD4+ T cell function is required for effective
vaccine responses. Hence, anti-SARS-CoV-2 antibodies and CD4
responses should be studied in order to develop long-term
efficiency vaccine formulation. Overall, experience in HIV
clinical management and past clinical trials represent a special
use case for innovative studies aiming at increasing CD4+ T cell
function and reducing COVID-19 morbidity.
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infectieuses and Thérapie cellulaire. JO is supported by the
Chinese National Science and Technology Major Project
during the 13th Five-Year Plan (No. 2018ZX10302104). SI is
supported by a Fond de Recherche Québec Santé fellowship and
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T cells are critical for the control of viral infections and T cell responses are regulated by a

dynamic network of non-coding RNAs, including microRNAs (miR) and long non-coding

RNAs (lncRNA). Here we show that an activation-induced decline of lncRNA growth

arrest-specific transcript 5 (GAS5) activates DNA damage response (DDR), and regulates

cellular functions and apoptosis in CD4T cells derived from people living with HIV (PLHIV)

via upregulation of miR-21. Notably, GAS5-miR21-mediated DDR and T cell dysfunction

are observed in PLHIV on antiretroviral therapy (ART), who often exhibit immune activation

due to low-grade inflammation despite robust virologic control. We found that GAS5

negatively regulates miR-21 expression, which in turn controls critical signaling pathways

involved in DNA damage and cellular response. The sustained stimulation of T cells

decreased GAS5, increased miR-21 and, as a result, caused dysfunction and apoptosis

in CD4T cells. Importantly, this inflammation-driven T cell over-activation and aberrant

apoptosis in ART-controlled PLHIV and healthy subjects (HS) could be reversed by

antagonizing the GAS5-miR-21 axis. Also, mutation of the miR-21 binding site on

exon 4 of GAS5 gene to generate a GAS5 mutant abolished its ability to regulate

miR-21 expression as well as T cell activation and apoptosis markers compared to

the wild-type GAS5 transcript. Our data suggest that GAS5 regulates TCR-mediated

activation and apoptosis in CD4T cells during HIV infection through miR-21-mediated

signaling. However, GAS5 effects on T cell exhaustion during HIV infection may be

mediated by a mechanism beyond the GAS5-miR-21-mediated signaling. These results

indicate that targeting the GAS5-miR-21 axis may improve activity and longevity of

CD4T cells in ART-treated PLHIV. This approach may also be useful for targeting other

infectious or inflammatory diseases associated with T cell over-activation, exhaustion,

and premature immune aging.
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INTRODUCTION

HIV/AIDS pandemic affects 1.1 million individuals in the
United States and more than 36 million people worldwide
(1, 2). The hallmark of HIV/AIDS is a gradual depletion
of CD4T cells, with progressive decline of host immunity,
leading to an increased susceptibility to opportunistic infections,
malignancies, and ultimately death (3, 4). While combined
antiretroviral therapy (ART) can effectively control viral
replication in the majority of people living with HIV (PLHIV),
ART does not always result in complete recovery of CD4T
cells (5, 6). Even with satisfactory salvage of CD4T cell
numbers, ART-controlled PLHIV often exhibit immunologic
scarring and residual inflammation, inducing an inflammaging
phenotype that is characterized by shortened telomeres, poor
proliferative capacity, and blunted vaccine responses (7–
10). The inflammaging imposed by latent HIV infection
exposes the immune system to unique challenges that lead to
profound T cell exhaustion and senescence, a major driver
of increased infections, cancers, cardiovascular diseases, and
neurodegeneration, and similar to what is observed in the elderly
(11, 12). Therefore, it is fundamentally important to elucidate
the mechanisms underlying T cell aging in PLHIV with ART-
controlled latent infection.

In addition to protein-coding genes, the human genome

expresses different classes of non-coding RNAs, including
microRNAs (miRNA) and long non-coding RNAs (lncRNA) (13–

16). Overall, protein-coding genes account for only 2% of the

human genome, whereas the vast majority of gene transcripts
are non-coding RNAs. MiRNAs (∼20 nucleotides) and lncRNAs
(>200 nucleotides) are RNA transcripts that do not encode
proteins but possess regulatory functions. Using RNA sequencing
and annotation of the GENECODE project (17), recent studies
revealed over 30,000 lncRNAs (listed at www.noncode.org and
www.lncipedia.org), and this number continues to grow, but the
functions of these lncRNAs remain largely elusive.

The growth arrest-specific transcript 5 (GAS5) is a lncRNA
originally isolated from murine NIH 3T3 cells, and later
identified in human cells (NR_002578 andAF141346) (18). GAS5
is induced under stress conditions such as serum starvation and
cell-cell contact inhibition and has been reported to possess
tumor-suppressive functions in humans (19–24). GAS5 has also
been shown to inhibit tumor growth by regulating miR-21
(19, 24), a miRNA that regulates inflammation and immune
response (25–28). Of note, the expressions and functions of
lncRNAs, as well as miRNAs, are species-, cell-, and disease-
specific. In addition to suppressing cancer development and
metastasis in humans, GAS5 has been shown to control HIV
replication through interaction with miR-873 (29), but its role
in regulating T cell functions in ART-controlled HIV infection
remains unclear.

We have previously shown that PLHIV exhibit CD4T cell
exhaustion, senescence, apoptosis, and dysfunction, despite
ostensibly complete control of viral replication by ART (30–36).
How T cell functions are dysregulated in ART-controlled
PLHIV is incompletely understood. In this study, we observed
differential regulation of GAS5 and miR-21 expressions in

CD4T cells derived from ART-controlled PLHIV and age-
matched healthy subjects (HS). Notably, GAS5 controlled
miR-21 expression and regulated signaling molecules involved
in DNA damage and cellular responses following T cell
receptor (TCR) stimulation. Importantly, interrupting this
GAS5-miR-21 axis during TCR activation reversed T cell
dysfunction and rescued apoptosis in CD4T cells derived
from ART-treated PLHIV. Our data suggest that GAS5
regulates TCR-induced activation and apoptosis of CD4T cells
during HIV infection through a miR-21-mediated signaling.
However, T cell exhaustion during HIV infection may be
mediated by a mechanism beyond the GAS5-miR-21-mediated
signaling. This study provides a novel strategy to improve
immunotherapies and vaccine responses in the setting of latent
HIV infection.

MATERIALS AND METHODS

Subjects
The study protocol was approved by the institutional review
board (IRB) of East Tennessee State University and James
H. Quillen VA Medical Center (ETSU/VA IRB; Johnson City,
Tennessee). All participants were adults and signed informed
consent forms. Participants included 142 people living with HIV
(PLHIV) and 58 age-matched HS. All PLHIV participants were
on ART, virologically suppressed as evidenced by undetectable
(<20 copies/ml) viral RNAs. Blood from HS was supplied by
Physicians Plasma Alliance (PPA, Gray, TN) and was negative for
HBV, HCV, andHIV infections. The demographic information of
all participants is listed in Table 1.

Cell Isolation and Culture
PBMCs were isolated from whole blood of HS and PLHIV
using Ficoll-Paque solution (GE Healthcare; Piscataway, NJ)
and density gradient centrifugation separation. CD4T cells
were purified from PBMCs using CD4T cell negative selection
kit (Miltenyi Biotec; Auburn, CA). The cells were cultured
for 24 h in RPMI-1640 media (Fisher Scientific; Pittsburgh,
PA) supplemented with 10% heat-inactivated fetal bovine
serum (Atlanta Biologicals; Flowery Branch, GA), 100 IU/ml
penicillin, and 2mM L-glutamine (Thermo Scientific; Logan,
Utah) at 37◦C and 5% CO2 atmosphere. For TCR stimulation,
CD4T cells were cultured in media containing Dynabeads
coated with human T-activator CD3/CD28 (Fisher Scientific).

TABLE 1 | Demographic information of the study participants.

Total Gender

male/female

Age mean

(SD/range)

CD4 count

mean

(SD/range)

HS 58 46/12 43 (9/34) N/A

PLHIV 142 122/20 48 (9/47) 987

(389/2,245)

This table consists of demographic information of the participants in this study, including

the total number of subjects, gender (M/F), age (SD/Range), and CD4 number (SD/Range)

of each group, either HS or PLHIV.
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For knockdown and overexpression experiments, the cells
were stimulated with soluble CD3/CD28 (BD biosciences; San
Jose, CA) and recombinant human IL-2 (PeproTech; Rocky
Hill, NJ) for 2 days prior to lentivirus infections and for
another 3 days post transfection. For anti-PD-1 treatment
and IL-2 administration experiment, CD4T cells isolated from
HS were cultured for 24 h in the presence of Dynabeads
coated with human T cell activator anti-CD3/CD28, anti-
PD-1 (nivolumab, 20µg/ml; Selleckchem, TX), human IgG4
isotype control antibody antibodies (Biolegend), or IL-2 (100
units/ml; Biolegend).

Lentiviral-Mediated shRNA Knockdown or
Overexpression
The following constructs were used in this study: GreenPuro
Scramble Hairpin Control (System Biosciences; Palo Alto,
CA), miRZip-21 anti-miR-21 (System Biosciences), and control
vector and GAS5 constructs as described previously (24).
Gas5-mutant construct was generated using Q5 Site-Directed
Mutagenesis Kit (New England BioLab, E0554S) according
to manufacturer’s protocol. Briefly, GAS5 WT vector was
used as the template for site-directed mutagenesis PCR with
primers (sequences shown in Table 1) that target exon 4
of GAS5 WT transcript, abolishing the miR-21 binding site
on GAS5. The primers were generated using NEBaseChanger
site (New England Biolab). DNA plasmid was transfected
into Stbl3TM chemically competent E. Coli (Introvigen). The
transformed cells were cultured on agar plates, positive
colonies were selected for plasmid DNA isolation. The plasmid
DNA was then subjected for DNA sequencing to confirm
the mutation.

The control, GAS5-WT, and GAS5-mutant vectors were
transfected into HEK 293T cells (ATCC) together with
psPAX2 and PMD2G vectors to generate the respective
lentiviruses using the FuGENE R© HD Transduction Reagent
(System Bioscience). HEK 293T cells were cultured in DMEM
media (Fisher Scientific) containing 10% fetal bovine serum,
100 IU/ml penicillin, and 2mM L-glutamine at 37◦C and
5% CO2 atmosphere. The supernatants were collected and
the virus particles were concentrated using PEG-it Virus

Precipitation Solution (System Bioscience) according to the
manufacturer’s instructions.

Isolated CD4T cells from HS or PLHIV were stimulated with
soluble anti-CD3 and anti-CD28 for 2 days before lentiviral
infection. The transdux max (System Bioscience) reagent was
used followed themanufacturer protocol to enhance the infection
efficiency. CD4T cells were harvested 3 days post infection and
subjected for further experiments.

RNA Extraction, cDNA Synthesis, and
Real-Time RT-PCR
Total RNA was extracted from ∼1 × 106 CD4T cells
isolated from each subject using the RNeasy Mini Kit (Qiagen;
Germantown, MD). Approximately 100 ng of RNA was
reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems; Foster City, CA).
For miRNA measurements, miRNA was extracted using the
miRNeasy Micro kit (Qiagen) and cDNA was synthesized using
the TaqMan Advanced miRNA cDNA Synthesis Kit (Qiagen)
following the manufacturer’s instructions.

Quantitative real-time PCR was performed using iTag
Universal SYBR Green Supermix (Bio-Rad; Hercules, CA).
Gene expression was determined using the 2−11ct method and
normalized to GAPDH (for mRNA and lncRNA expressions)
and miR-191-5p (for miRNA expression), and the results are
presented as relative fold changes. The PCR primers are listed
in Table 2.

Flow Cytometry
Sample preparation and surface and intracellular marker staining
were performed using the following antibodies, according to
the manufacturer’s protocols: anti-human CD279 (PD-1)/PE
[NAT105] (35), H2A.X Phospho (Ser139)/PE [2F3], CD69/FITC
[FN50], IL-2/PE [MQ1-17H12], IFN-γ /PE [4S.B3], TNF-α /APC
[MAb11], CD366 (Tim-3)/APC [F38-2E2], Phospho-AKT/ APC
(Ser473) [SDRNR], MAPK/Alexa Fluor 488 [pT180/pY182],
Bcl-2/Alexa Fluor 647 [C-2], and TGF-β1/PE [TW4-2F8] (all
from Biolegend; San Diego, CA). The cells were stimulated
with PMA/ionomycin (Sigma-Aldrich; St. Louis, MO) for 4–
6 h before the detection of IL-2, IFN-γ, TNF-α, and TGF-β1.
For apoptosis analysis, cells were stained with Annexin V and
7-AAD from the PE Annexin V apoptosis detection kit (BD

TABLE 2 | Primer sequences used for RT-qPCR experiments in the paper.

Primer sequences Supplier Catalog number

Gapdh forward, GGATTTGGTCGTATTGGG Thermo Fisher N/A

Gapdh reverse, GGAAGATGGTGATGGGATT Thermo Fisher N/A

Gas5 forward, GGACCGGGAGATAGGAGTG Thermo Fisher N/A

Gas5 reverse, CACGGACTCCAGGTGATGAG Thermo Fisher N/A

Gas5-mutant forward, ACAGATCAAGGTGAAGTTGAAATGGTGGAGTC Thermo Fisher N/A

Gas5-mutant reverse, AATTCATTTGTGTGCCAATGGCTTGAGTT Thermo Fisher N/A

hsa-miR-21-5p Fisher Scientific 477975_A26676

hsa-miR-191-5p Fisher Scientific 477952_A26676

This table provides the primer sequences, the supplier information and catalog number of each primer used for RT-qPCR experiments in this study.
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Biosciences; San Jose, CA). Active caspase-3 was detected using
a cleaved caspase-3 staining kit (FITC or Red) following the
manufacturer’s instructions (Abcam; Cambridge, MA). For cell
cycle progression, TCR-stimulated CD4T cells from PLHIV and
HS were harvested at days 1, 3, and 5 and stained with Propidium
Iodide (PI) using PI flow cytometry kit (Abcam) following
the manufacturer’s protocol. Samples were acquired on a BD
AccuriTM C6 flow cytometer and analyzed using Flowjo software.

Western Blot
Western Blot was performed as described previously (33).
The primary antibodies used were rabbit PARP-1 Ab (clone
46D11; Cat #9532), rabbit phospho-histone H2A.X Ab (Ser139)
(clone 20E3; Cat #9718), rabbit phospho-S6 ribosomal protein
(Ser235/236) Ab (clone D57.2.2E; Cat #4858), rabbit phospho-
Akt (Ser473) XP Ab (clone D9E; Cat #4060), mouse AGO2
Ab (clone 2E12-1C9; Cat #57113), and rabbit GAPDH XP
mAb (clone D16H11; Cat #5174) (all from Cell Signaling
Technology; Danvers, MA). After washing, the blots were
incubated with appropriate horseradish peroxide-conjugated
secondary antibodies (Cell Signaling), and protein bands were
developed with the Amersham ECL Prime Western Blotting
Detection Reagent (GE Healthcare). The chemiluminescent
signal was detected and quantified by Chemi DocTM MP Imaging
System (Bio-Rad) and normalized to GAPDH.

Statistical Analysis
The data were analyzed using Prism 7 software and are presented
as mean ± SEM or median with interquartile range. Statistical
outliers were removed by the ROUT method (Q = 1%).
Based on whether the values passed the D’Agostino-Pearson
normality or Kolmogorov-Smirnov test, either paired Student’s
t-test or Wilcoxon matched-pairs signed-rank test was used for
the analysis involving knockdown/overexpression experiments.
Likewise, independent unpaired Student’s t-test with Welch’s
correction or MannWhitney U-test for non-paired experiments.
Correlations were analyzed by either Pearson’s or Spearman’s
correlation, depending on the data normal distribution test. P <

0.05 and P < 0.001 were considered statistically significant and
very significant, respectively.

RESULTS

Differential Regulation of GAS5 and miR-21
Expressions in CD4T Cells Derived From
PLHIV and HS
While thousands of lncRNAs have been identified in human
cells, only a small number have been experimentally validated
and shown to be associated with human diseases, particularly
with infectious diseases. Among these lncRNAs, GAS5 has been
shown to simultaneously target multiple genes involved in cell
growth and apoptosis. As a first step to elucidate the role of
GAS5 in T cell regulation during HIV infection, we measured its
expression in CD4T cells isolated from ART-controlled PLHIV
and age-matched HS. Because human GAS5 encodes several
splicing isoforms (GAS5a and GAS5b, in addition to 5 GAS5
EST sequences) (37), we synthesized a primer set within exon 12,

which can amplify all known isoforms of GAS5, and measured
expression levels by real-time RT-PCR. As shown in Figure 1A,
GAS5 transcripts were significantly lower in CD4T cells from
PLHIV compared with HS (n= 8 subjects).

In addition to targeting protein-coding genes, lncRNAs can
also target miRNAs to regulate cellular responses and tumor
progression. Bioinformatics analysis using the RNA22 program
revealed that GAS5 has sequences complementary to several
miRNAs, including miR-21. We were interested in miR-21
because its expression is dynamically upregulated and regulates
T cell responses during T cell activation and differentiation. To
determine whether GAS5 plays a role in T cell dysfunctions
via regulating miR-21 expression during HIV infection, we
measured miR-21 levels in CD4T cells isolated from ART-
controlled PLHIV and HS by RT-qPCR. As shown in Figure 1B,
miR-21 expression was significantly increased in CD4T cells
derived from PLHIV compared with HS (n = 8). Since miR-
21 is aberrantly upregulated during T cell activation and
differentiation, these results are in line with the overall immune
activation driven by chronic inflammation in ART-controlled,
latent HIV infection. Next, we compared miR-21 and GAS5
expressions in T cells derived from the same subjects. As shown
in Figure 1C, the decline in GAS5 levels closely correlated
with miR-21 upregulation in CD4T cells from the same HIV
patients and HS (n = 8 subjects). Also, the level of GAS5
positively correlated, whereas miR-21 negatively correlated, with
the CD4T cell counts in the peripheral blood of ART-controlled
PLHIV (Figures 1D,E). Taken together, these results indicate
that GAS5 is downregulated, whereas miR-21 is upregulated in
CD4T cells during HIV infection, and that their expressions
correlate with CD4T cell counts in the peripheral blood of
ART-controlled PLHIV.

Differential Expression of GAS5 and
miR-21 Following TCR Stimulation of
CD4T Cells From PLHIV and HS
Although ART controls viral replication, PLHIV still exhibit
low-grade inflammation and immune activation, driving T cell
exhaustion and senescence. We thus hypothesized that the
differential expression of GAS5 and miR-21 in CD4T cells is
likely due to overall immune activation, as additional TCR
stimulation in vitro could drive aberrant RNA expressions
further, but the response of CD4T cells from PLHIV may be
attenuated due to their exhausted and senescent status. To test
this hypothesis, we cultured CD4T cells from PLHIV and age-
matched HS (n = 6) with or without Dynabeads-coated with
anti-CD3 and anti-CD28 antibodies for 1, 3, and 5 days and
measured GAS5 transcripts by RT-qPCR. As shown in Figure 1F,

TCR stimulation decreased GAS5 levels in CD4T cells from HS
at day 1 (p = 0.0997), day 3 (p = 0.0005), and day 5 (p =

0.0756), but such a decrease was only statistically significant at
day 3 compared to the unstimulated cells. Similarly, GAS5 levels
in CD4T cells from PLHIVwere also significantly downregulated
following TCR stimulation at day 3 (p = 0.0023) and day 5 (p =
0.0006), but not at day 1 (p = 0.0756; Figure 1G). These results
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FIGURE 1 | Differential expression of GAS5 and miR-21 in CD4T cells after TCR stimulation. (A,B) Relative expression of GAS5 (n = 8) and miR-21 (n = 8) in CD4T

cells isolated from HS and PLHIV was determined by RT-qPCR. (C) Correlation between GAS5 and miR-21 expressions in CD4T cells isolated from HS or PLHIV was

determined by Pearson correlation analysis. (D,E) Correlation between CD4T cell counts and relative GAS5 (n = 8) or miR-21 (n = 8) expressions in CD4T cells from

PLHIV was determined by Pearson Correlation analysis. (F,G) Relative expression of GAS5 in CD4T cells from HS and PLHIV in the absence or presence of TCR

stimulation for 1, 3, and 5 days (n = 6). (H,I) Relative expression of miR-21 in HS and PLHIV CD4T cells with or without TCR stimulation for 1, 3, and 5 days (n = 6).

(J) Relative expression of miR-21 in TCR-stimulated CD4T cells from HS and PLHIV in 1, 3, and 5 days (n = 6). (K) Kinetic changes in miR-21 expression in CD4T

cells from both PLHIV and HS following TCR stimulation for 1, 3, and 5 days. (L) Relative expression of miR-146a in CD4T cells from HS and PLHIV with or without

TCR stimulation for 24 h (n = 6). (M) Representative dot blot and relative expression of AGO2 (a major component of RISK complex) in CD4T cells from HS and

PLHIV with or without TCR stimulation for 24 h, determined by Western blotting (n = 6).

demonstrate that TCR stimulation reduces GAS5 expression in
CD4T cells derived from both HS and PLHIV.

To determine the effects of T cell activation on miR-21
regulation, we also measured miR-21 levels in CD4T cells
from the same group of PLHIV and age-matched HS (n = 6
subjects) after TCR stimulation for 1, 3, and 5 days. Following
stimulation with bead-conjugated anti-CD3 and anti-CD28
antibodies, HS CD4T cells responded robustly and kinetically,
with an increasing miR-21 expression, particularly at day 1 (>5-
fold increase, p = 0.0002) and day 3 (>3-fold increase, p =

0.0246; Figure 1H). Although HIV CD4T cells also exhibited
increases in miR-21 expression after TCR stimulation, the
differences between unstimulated and stimulated cells were not
significant (fold-increases between 1 and 2 overtime, all p >

0.05; Figure 1I). These results indicate that CD4T cells from
PLHIV respond to TCR stimulation poorly compared to those
from HS. Notably, miR-21 levels were remarkably higher in
CD4T cells from PLHIV than HS without TCR stimulation in
vitro (Figure 1B), andwere significantly lower in TCR-stimulated
CD4T cells from PLHIV after the values were normalized to
the unstimulated cells, especially at day 1 (6.85-fold decrease, p
= 0.0241) and day 3 (1.7-fold decrease, p = 0.0099). The day

5 stimulation resulted in a slightly higher miR21 expression in
HIV samples (1.13-fold increase, p = 0.4887; Figure 1J). Also,
the changes in miR-21 expressions in CD4T cells from both
PLHIV and HS following TCR stimulation in vitro for 1, 3, and
5 days are shown in Figure 1K and clearly show that miR-21 was
upregulated in CD4T cells from both PLHIV and HS after TCR
stimulation. However, the response of CD4T cells from PLHIV
was attenuated compared to cells from HS, especially at the early
phase (day 1–3) of TCR stimulation. Since the day 0 (baseline)
data for GAS5 and miR-21 expressions without TCR stimulation
are shown in Figures 1A,B, we did not include this time point
when we set up the TCR stimulation for the kinetic experiments
due to limited availability of the cells, which we recognize as a
limitation for the analysis of these data (Figures 1F–K).

Previous studies have shown that miR-146a is upregulated in
TCR-stimulated T cells and in HIV-1-infected individuals (38).
Also, the expression of miR-146 was found to be correlated with
the expressions of T cell exhaustion and senescence markers,
such as PD-1, Tim-3, and LAG-3 (38). Our data in Figure 1L

show that the levels of miR-146a were increased in CD4T
cells from HS (p = 0.0304), but not PLHIV (p = 0.5096),
following TCR stimulation for 24 h. Also, we found no significant
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differences in miR146 levels in CD4T cells derived from PLHIV
and HS, in both unstimulated (P = 0.9776) and TCR-stimulated
(P = 0.7600) conditions (Figure 1L).

Argonaute 2 (AGO2) is the catalytic component of RISC
that recognizes and cleaves mRNA of complementary sequences.
From a duplex, one strand is preferentially loaded into AGO2
to generate a functional miRNA-induced silencing complex
(miRISC). We asked whether levels of AGO2 are affected during
TCR stimulation. To address it, we measured AGO2 in CD4T
cells from HS and PHLIV with and without TCR stimulation for
24 hours. Although AGO2 expression was increased after TCR
stimulation in CD4T cells from both HS and PHLIV sequence,
there were no significant differences in AGO2 levels, between the
two groups, in both unstimulated and stimulated (Figure 1M).
These data indicate that AGO2 expression levels are significantly
increased, with no differences between HS and HIV suggesting
that TCR stimulation may affect widely miRISC activity.

Effects of IL-2 and Anti-PD1 Treatment on
the GAS5-miR-21-Axis
To further define the effect of GAS5-miR-21 on T cell activities,
we measured cell cycle progression by PI staining in CD4T cells
from HS and PLHIV, following TCR stimulation for 1, 3, and
5 days. As shown in Figure 2A (representative histogram for
numbers of CD4T cells in G0/1, S, and G2/M phases at day 3
and summary data at day 1, 3, and 5), there were significant
differences in the percentages of CD4T cells present in S and
G2/M phases of cell cycle with and without TCR stimulation.

Notably, the percentages of CD4T cells from HS and PLHIV in
various cell cycle phases were comparable after TCR stimulation
for 1 day. We found a significant higher percentage of CD4T

cells from HS were going through cell cycle phases compared
to those from PLHIV following TCR stimulation for 3–5 days,

particularly at day 3. These data indicate that TCR stimulation

induces cellular proliferation and division, but as the expression

GAS5 and miR-21 is altered in response to TCR stimulation,

CD4T cells from PLHIV behave differently from HS; in that HS-
CD4T cells respond relatively stronger and ultimately progress

to T cell exhaustion and senescence with persistent stimulation.
Attempts have been made to restore dampened T cell

functions in PLHIV via manipulating some of the dysregulated
signaling pathways. For instance, blockade of the inhibitory PD-
1/PD-L1 pathway enhanced viral-specific CD4T cell response

along with a decreased viral replication (39, 40). In addition,

administration of IL-2 led to CD4T cell expansion, and such
expansion was coupled with a decreased turnover and improved

survival of naive and central memory CD4T cells, leading
to recovery of T cell function and immune response (41,
42). Here, we examined whether PD-1 blockade with IL-
2 signaling can impact the GAS5/miR-21 axis during TCR
stimulation by determining the levels of GAS5 and miR-21
in TCR-stimulated HIV-CD4T cells in the presence of PD-
1 inhibitor (Nivolumab) and IL-2. As shown in Figure 2B,
anti-PD1 and IL-2 treatment could not restore the aberrant
GAS5/miR-21 expressions following TCR stimulation in CD4T
cells from PLHIV.

FIGURE 2 | Cell cycle progression, AGO2 expression, and effect of anti-PD1/IL-2 in TCR-stimulated CD4T cells on GAS5-miR-21 axis. (A) Cell cycle progression in

CD4T cells from HS and PLHIV following TCR stimulation at day 1, 3, and 5 measured by PI flow cytometric analysis (n = 4). Representative histogram of cell cycle

phases of CD4T cells from HS and PLHIV with and without TCR stimulation at day 3 are shown above and summary data at day 1, 3, 5 are shown below. (B) Relative

expression of GAS5 and miR-21 in CD4T cells from HS and PLHIV following anti-PD1 and IL-2 treatments for 24 h, determined by RT-qPCR (n = 3). n.s, P > 0.05; *P

≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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PLHIV on ART Exhibit T Cell Dysregulation
and Apoptosis due to Aberrant DDR
To determine the possible effects of GAS5/miR-21 on the
cellular response during latent HIV infection, we examined
the expressions of known protein markers for T cell activation,
exhaustion, DNA damage, cellular functions, and apoptosis
using flow cytometry and western blotting. As shown in
Figure 3A, the frequencies of CD69 (an early activation
marker) positive cells were significantly increased upon
TCR stimulation of CD4T cells from both PLHIV and HS;
however, PLHIV exhibited significantly increased T cell
activation at baseline prior to stimulation. Correspondingly,
phosphorylation of AKT (pAKT) was upregulated in CD4T
cells from PLHIV after TCR stimulation. Because CD4T
cells are persistently activated during HIV infection, they
expressed higher levels of the activation and exhaustion
marker programmed death-1 (PD-1) before and after TCR
stimulation compared to CD4T cells from HS (Figure 3B).
Likewise, CD4T cells from PLHIV showed relatively lower
levels of the survival cytokine interleukine-2 (IL-2) (Figure 3C),
whereas levels of the pro-inflammatory cytokine TGF-β1 were

upregulated after TCR stimulation compared to CD4T cells
from HS.

We have recently reported that chronic inflammation in

ART-controlled PLHIV induces telomeric DNA damage and cell
apoptosis. Here, we found that phosphorylation of the H2A

histone family member γH2AX (a marker of DNA damage)

was significantly upregulated by TCR stimulation in CD4T cells
derived from both PLHIV and HS, and was further increased
in T cells from PLHIV, with or without TCR stimulation
(Figure 3D). Correspondingly, PLHIV had a high level of
CD4T cell apoptosis, as evidenced by the significant increase in
cleaved caspase-3 and Av/7AAD levels, perhaps due to reduced
levels of Bcl-2 expression (an anti-apoptotic molecule), in
CD4T cells under both unstimulated and stimulated conditions
compared to HS (Figure 3E). The DNA damage-mediated
cell apoptosis was confirmed by western blot, which showed
increases in the levels of cleaved PARP-1, pAKT, and γH2AX
in CD4T cells from PLHIV compared to HS (Figure 3F).
These results suggest that CD4T cells from PLHIV exhibit a
phenotype of over-activation, exhaustion, DNA damage, and
cell apoptosis.

FIGURE 3 | PLHIV on ART exhibit CD4T cell dysregulation and apoptosis due to aberrant DDR. T cell activation, exhaustion, cytokine production, apoptosis, and

DNA damage marker expressions in TCR-stimulated or non-stimulated CD4T cells isolated from HS or PLHIV were determined by Flow Cytometry and Western Blot.

(A) Frequency of CD69+ (n = 11) and MFI of pAKT+ cells (n = 11). (B) Representative dot plots and summary data of PD-1+ cells (n = 12). (C) Representative dot

plots and summary data of IL-2 expression (n = 12), expression of TGFβ1 (n = 8). (D) Representative histogram and summary MFI of γH2AX in CD4T cells from HS (n

= 18) and PLHIV (n = 21). (E) Expression of active caspase-3 (n = 10), representative dot plots and summary data of Av+7AAD+ CD4T cells from HS (n = 21) and

PLHIV (n = 25), expression of BCL-2 in CD4T cells from HS and PLHIV (n = 8). (F) Representative imaging and summary data of immunoblotting for PARP-1, pAKT,

and γH2AX, normalized by GAPDH.
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miR-21 Controls CD4T Cell Response and
Apoptosis via Regulating the TCR
Signaling Pathways in PLHIV
To examine whether and how miR-21 controls T cell response
during HIV infection, we transfected CD4T cells with lentiviral
shRNA against miR-21, and assessed the markers for T cell
activation, exhaustion, DNA damage, and cellular apoptosis
by flow cytometry and western blotting. Figure 4A shows
knockdown of miR-21 as determined by a slight decrease in its
levels in CD4T cells transfected with anti-miR21 compared to the
control vector. Notably, knockdown of miR-21 did not change
the expression of GAS5, indicating that GAS5 expression is not
regulated by miR-21. As shown in Figure 4B, the frequencies of
pAKT+, pMAPK+, PD-1+, and Tim-3+ cells were significantly
reduced after miR-21 knockdown. Additionally, IL-2 and IFN-
γ expressions were increased, whereas the number of TGF-β1
expressing CD4T cells from PLHIV was significantly decreased
(Figure 4C), after miR-21 knockdown.

It has been reported that T cell factor-1 (TCF1) critically
regulates T cell activation and differentiation through activation
of the canonical Wnt signaling pathway during TCR stimulation
(43). We thus examined TCF1 expression in PLHIV CD4T
cells following miR-21 knockdown. As shown in Figure 4C,
the percentage (%) of TCF1+ cells was significantly decreased
in PLHIV CD4T cells transfected with anti-miR-21 siRNA
compared to the control. Moreover, the frequencies of
Av+/7AAD+ cells and the MFI of cleaved caspase-3 (Figure 4D)
and the MFI of DNA damage marker γH2AX (Figure 4E) were
significantly decreased, in PLHIV CD4T cells with miR-21
knockdown. To further confirm the changes in the expression of
these markers, we measured their levels by Western blotting. As
shown in Figure 4F (representative blots and summary data), the
levels of cleaved PARP-1, pS6, and γ-H2AX were downregulated
after miR-21 knockdown. These results indicate that disrupting
miR-21-mediated signaling can rescue PLHIV CD4T cells from
over-activation, exhaustion, cytokine inhibition, DNA damage,
and cell apoptosis.

GAS5 Negatively Regulates miR-21
Expression in TCR-Activated CD4T Cells
From PLHIV and HS
How GAS5 and miR-21 are differentially regulated by TCR
stimulation is poorly understood. As stress-inducible genes,
GAS5 and miR-21 are induced in response to cellular stress
conditions, such as serum starvation or TCR stimulation.
Although previous studies have shown that GAS5 and miR-21
regulate each other’s expression in a mutually exclusive way,
our results in Figure 4A showed that GAS5 expression was
not significantly increased after miR-21 knockdown in PLHIV
CD4T cells. In addition, we determined the effect of GAS5
on miR21 expression by overexpressing GAS5 in TCR-activated
PLHIV CD4T cells using the lentivirus expression system,
followed by examining GAS5 and miR21 expression. The data
in Figure 5A confirmed a significant increase in GAS5 levels in
TCR-stimulated HIV-CD4T cells (2 days) transfected with GAS5
(p= 0.0034) for additional 3 days. We next determined the levels

of miR-21 in CD4T cells overexpressing GAS5. As shown in
Figure 5A, the level of miR-21 was downregulated in a dose-
dependent manner, depending on the amount of the lentivirus
(0, 1.35 × 106 TU/mL, and 2.70 × 106 TU/mL) to overexpress
GAS5, indicating that miR-21 level is regulated by GAS5 in
TCR-activated PLHIV CD4T cells. These results demonstrate
that GAS5 negatively regulates miR-21 in TCR-activated PLHIV
CD4T cells and provide a further evidence of an endogenous
competitive RNA regulatory network.

GAS5 Controls CD4T Cell Responses and
Apoptosis During HIV Infection by
Regulating Pathways Beyond
miR-21-Mediated Signaling
GAS5 not only regulates miR-21 expression, but also other
miRNAs involved in cellular differentiation and proliferation (44,
45). To investigate the regulatory effect of GAS5 on CD4T cells
during HIV infection, independently from miR-21-mediated
signaling, we generated a GAS5 mutant where amino acids
at exon 4 of GAS5 transcript were altered (GAS5-mutant), as
depicted in Figure 5B. This mutation abolishes the binding site
of miR-21 on GAS5 and thus restricts the interaction between
GAS5 and miR-21. Notably, transfection with GAS5-mutant did
not significantly alter miR-21 levels compared to control vector,
whereas transfection with GAS5-WT significantly decreased
miR-21 level (p = 0.0293), suggesting that overexpression of
GAS5-mutant with no binding affinity for miR-21 does not
affect miR-21 expression. We next determined the effect of
overexpressing GAS5-mutant on T cell activation and responses.
As shown in Figure 5C, the expression of early T cell activation
marker CD69, was significantly (p = 0.0025) downregulated
in CD4T cells transfected with GAS5-WT compared to the
control vector transfection. However, the CD69 expression
was partially restored in CD4T cells overexpressing GAS5-
mutant compared to the GAS5-WT, and this change was not
statistically significant compared to the control. In addition,
we observed a significantly lower apoptosis rate in CD4 cells
overexpressing GAS5-WT, but not GAS5-mutant compared, to
the control vector (Figure 5D). Nevertheless, the frequencies
of T cells expressing PD-1 and pAKT were significantly
downregulated in CD4T cells overexpressing GAS5-WT and
GAS5-mutant compared to the control vector (Figure 5E).
These results suggest that while GAS5 regulates HIV-CD4T
cell early activation and apoptosis through miR-21-mediated
signaling, other signaling pathways may also be involved in the
regulation of T cell activation and exhaustion pathways during
HIV infection.

GAS5 Controls CD4T Cell Response and
Apoptosis by Regulating miR-21-Mediated
Signaling During HIV Infection
Having demonstrated a negative regulatory effect of GAS5
on miR-21 expression, we next examined the functional role
of GAS5 in CD4T cell regulation. We investigated whether
overexpression of GAS5 has any effect on miR-21-mediated
functional changes in CD4T cells from PLHIV. GAS5 was
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FIGURE 4 | MiR-21 controls CD4T cell response and apoptosis via regulating the TCR signaling pathways in PLHIV. T cell activation, exhaustion, cytokine production,

apoptosis, and DNA damage marker expressions after miR-21 knockdown in CD4T cells from PLHIV were determined by Flow Cytometry and Western Blot. (A)

Relative expression of miR-21 and GAS5 following miR-21 knockdown in CD4T cells from PLHIV determined by RT-qPCR (n = 5). (B) Frequencies of pMAPK (n = 9),

pAKT (n = 9), PD-1 (n = 11), and Tim-3 (n = 8). (C) Representative dot plot and summary data of IL-2 (n = 16), IFN-γ (n = 16), TGFβ1 (n = 8), and TCF1 (n = 7)

expressions. (D) Representative dot plot and summary data of Av+ 7AAD+ CD4T cells (n = 13), expression of active caspase-3 (n = 10). (E) Representative

histogram and summary data of γH2AX expression (n = 12). (F) Representative western blots and summary data of cleaved PARP-1 (n = 8), pS6 (n = 6), and γH2AX

(n = 6) expressions, normalized to GAPDH.

FIGURE 5 | GAS5 controls CD4T cell response and apoptosis beyond miR-21-mediated signaling pathways. (A) Relative expressions of GAS5 (n = 5) and miR-21 (n

= 4) in CD4T cells from PLHIV, following overexpression of GAS5, determined by RT-qPCR. (B) Left panel, sequences of GAS5-mutant and GAS5-WT constructs,

and the corresponding miR-21 binding site. Right panel, relative miR-21 expression in CD4T cells from PLHIV transfected with control, GAS5-WT, or GAS5-mutant

constructs (n = 6). (C–E) Expression of T cell activation, apoptosis, and exhaustion markers in CD4T cells from PLHIV transfected with control, GAS5-WT, or

GAS5-mutant construct, determined by flow cytometry (n = 10).
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overexpressed using the lentiviral expression system, and the
markers for functional T cells were assessed by flow cytometry
and western blotting. As shown in Figure 6A, the frequencies
of pAKT+ and pMAPK+ cells were significantly decreased;
PLHIV CD4T cell exhaustion was reduced, as demonstrated by
the downregulation of PD-1+ and Tim-3+ cell frequencies in
GAS5-overexpressing CD4T cells (Figure 6B). Additionally, IL-
2 and IFN-γ producing CD4T cells were increased (Figure 6C),
whereas pro-inflammatory TNF-α producing cells were
decreased due to GAS5 overexpression (Figure 6D). Moreover,
the level of γH2AX was reduced (Figure 6E), and the cell
apoptosis markers Av/7AAD and cleaved caspase-3 were
significantly decreased in GAS5 overexpressing CD4T cells
compared to the control vector expression (Figure 6F). To
further confirm the changes in the expressions of these
markers, we determined their levels by western blotting. As
shown in Figure 6G (representative blots and summary data),
protein levels of cleaved PARP-1, pS6, and γH2AX, were
downregulated in GAS5-overexpressing cells compared to the
control vector. These results suggest that increasing GAS5
levels in PLHIV CD4T cells can negatively regulate miR-21
expression, which in turn improves TCR activation, T cell
exhaustion, cytokine production, and reduces DNA damage
and cell apoptosis.

DISCUSSION

T cells play an essential role in the control of viral infections.
However, T cells in PLHIV–despite successful control of viral

replication by ART–are aberrantly dysregulated and exhibit an
immune aging phenotype, characterized by CD4T cell over-
activation, exhaustion, senescence, accumulated DNA damage,

more apoptosis, and impaired cellular functions. While the
causes for this immune aging phenotype have been extensively
investigated, the molecular mechanisms underlying these cellular

alterations remain incompletely understood. In this study, we
demonstrated that GAS5 and miR21 are differentially expressed
in CD4T cells derived from ART-controlled PLHIV and that
GAS5 controls miR21 expression to regulate signaling molecules
involved in DNA damage and cellular responses following T cell
receptor (TCR) stimulation. Based on these new findings and our
previous studies–showing deficiencies in topoisomerase I/IIα
(Top1/2α), ataxia-telangiectasia mutated, human telomerase
reverse transcriptase (hTERT), and telomeric repeat-binding
factor 2 (TRF2) that can cause telomeric DNA damage–we
propose a model (depicted in Figure 7) illustrating how the
GAS5-miR21 axis controls the function and fate of CD4T cells in
PLHIV. Despite the differential expressions of GAS5 andmiR-21,
the mechanism of miR21-mediated dysregulation of CD4T cell

FIGURE 6 | GAS5 controls CD4T cell response and apoptosis via regulating miR-21-mediated signaling in PLHIV. (A,B) Frequencies of pAKT (n = 11), pMAPK (n =

7), PD-1 (n = 10), and Tim-3 (n = 11) in control vector or GAS5-transducted CD4T cells from PLHIV, determined by flow cytometry. (C,D) Representative dot plot and

summary data of IL-2 expression (n = 10), IFN-γ (n = 12), and TNF-α (n = 5), measured by flow cytometry. (E) Representative histogram and summary data of γH2AX

expression (n = 9). (F) Representative dot plot and summary data of Av+7AAD+ CD4T cells (n = 10) and active caspase-3 (n = 11). (G) Representative western blot

imaging and summary data of cleaved PARP-1 (n = 6), pS6 (n = 4), and γH2AX (n = 6) expressions, normalized to GAPDH.
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FIGURE 7 | A model depicting how the GAS5-miR-21 axis controls the function and fate of CD4T cells in PLHIV. Two crucial non-coding RNAs, GAS5 and miR-21

are differentially expressed in CD4T cells in PLHIV. The decline in GAS5 and increase in miR-21 expressions, along with the deficiencies in crucial enzymatic proteins

involved in DNA damage and repair machineries, can cause significant increases in CD4T cell activation, senescence, apoptosis, DNA damages, and dysregulation of

cytokine productions established during latent HIV infection. Importantly, interrupting this GAS5-miR-21 axis may restore T cell homeostasis and competency and

resolve premature T cell aging or immune senescence. Notably, GAS5 effects on T cell exhaustion during HIV infection may be mediated by mechanism(s) beyond

GAS5-miR21 mediated signaling. Bottom: Deficiencies in Top1/2a, ATM, hTERT, and TRF2 that can cause telomeric DNA damage (30–34, 36) are known to

contribute to dysfunctional CD4T cells in HIV patients.

functions in PLHIV remain unknown. Nevertheless, our data
clearly show that the GAS5-miR21 axis can control multiple
signaling pathways involved in cell activation, senescence, and
apoptosis in PLHIV CD4T cells. Notably, the decline in GAS5
and the increase in miR21 are associated with the frequencies of
CD4T cells in the peripheral blood of PLHIV. Importantly,
GAS5 overexpression or miR21 silencing significantly
restored the aberrantly dysregulated T cell activation, DNA
damage, apoptosis, and functions of CD4T cells derived from
PLHIV. Additionally, disrupting miR21 binding site in GAS5
transcripts partially restored the GAS5-mediated regulation of
CD4T cell activation and apoptosis but not cell exhaustion,
indicating that additional signaling pathways are involved in
T cell exhaustion.

Previous studies in cancer have suggested that GAS5 puts
a “brake” on cell proliferation, thereby acting as a potential
tumor suppressor in various cancers (46). Also, overexpression of
GAS5 has been shown to increase apoptosis and reduce cell cycle
progression in T cell lines and PBMCs (47). In contrast, low levels
of GAS5 are often associated with cell proliferation and cancer
metastasis (48). These findings in cancer cells seem to contradict
our data showing that decreasing GAS5 in the CD4T cells of
PLHIV resulted in a dampened response in these prematurely
aged cells while overexpressing GAS5 restored their dysregulated

functions. As a multifunctional lncRNA, GAS5 plays crucial
roles in many biological processes, including transcriptional
regulation, by acting as a decoy or through promoting histone
modifications or competing with endogenous RNA (ceRNA)
to regulate various signaling pathways and biological functions
(49). Thus, GAS5 expression and functions can be species-,
cell-, or disease-specific. In addition, miR-21 is considered a cell
activation marker and an oncogene, where its upregulation can
cause an overgrowth of many cancers (50). In contrast, it has
been shown to be a negative regulator of T cell activation. High
expression of miR-21 in T lymphocytes can reduce activation
marker (CD69, OX40, CD25, and CD127) and cytokine (IL-2,
IFN-γ) gene expressions, and hence, induce T cell over-activation
and dysfunction (51). Furthermore, it has been reported that
upregulation of miR-21 level in the elderly drives proliferation
of naïve T cells to a terminal phenotype instead of a long-
lived memory phenotype, thus attenuating T cell responses;
this strongly supports our findings, including TCF1 declines
upon miR-21 silencing in this study. Previous studies have
shown that miR-21 targets several pathways involved in cellular
proliferation. The tumor-suppressor pathway–phosphatase and
tension homolog (PTEN)/phosphoinositide 3-kinases (PI3K)–
is a well-known target of miR-21 (52). Also, miR-21 has been
shown to target the programmed cell death 4 (PDCD4)/p21
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and Sprouty RTK Signaling Antagonist 1 (SPRY1)/Rapidly
Accelerated Fibrosarcoma (RAF) signaling pathways (53, 54).
Also, we and others have shown that chronic viral infection-
induced inflammaging phenotypes result from deficiencies in
Top 1/2α, ATM, hTERT, and TRF2, which correlate closely with
the observed, aberrant CD4T cell apoptosis and depletion. Here,
we further demonstrate that a decrease in GAS5 level promotes
the upregulation of miR-21 expression and that the GAS5-miR-
21 axis may represent a key signaling pathway in controlling
persistent activation, exhaustion, senescence, DNA damage, cell
apoptosis, and cytokine dysregulation in CD4T cells derived
from PLHIV. Our data showed that GAS5 regulates CD4T
cell responses, not only through miR-21-mediated signaling
but also via other undetermined pathways. In support of this
notion, we showed that manipulating GAS5/miR-21 expressions
or interactions during TCR activation can partially reverse CD4T
cell dysfunctions and apoptosis. These findings provide a novel
strategy to improve immunotherapies and vaccine responses in
the setting of human viral infection.

PLHIV on ART represent the major HIV-infected population
in the era of ART. In this clinical setting, how the differential
expression of GAS5 and miR-21 ultimately control CD4T
cell functions remains unknown. Given ART control of HIV
replication leads to a very small proportion (one in a million) of
PBMCs harboring HIV provirus (55), it is unlikely that HIV itself
per se can cause GAS5 downregulation and miR-21 upregulation
to compromise CD4T cell functions. While data regarding GAS5
and miR-21 expression at day 0 (baseline level) are included
in Figures 1A,B, we did not include this time point in the
kinetic experiments due to limited cell volumes. However, our
TCR kinetic stimulation results (Figures 1F–K) clearly indicate
that GAS5 and miR-21 expressions are significantly regulated
by T cell activation status. Notably, higher amounts of miR-
21 and miR-146, along with Ago2, were detected in CD4T
cells from HIV and HS under TCR stimulation conditions, but
with no significant differences between HIV and HS, indicating
that the altered function of miR-21 in CD4T cells is driven by
GAS5 rather than Ago2. Since miRNAs form a duplex–with one
strand preferentially loaded into AGO2 to generate a functional
miRNA-induced silencing complex (miRISC)–it is likely that
more miRNAs are loaded onto the Ago2-miRISC in CD4T
cells under TCR activation. Indeed, we and others have shown
that ART-controlled PLHIV with no detectable viral replication
can still exhibit an immune aging phenotype. We thus believe
that the observed changes in GAS5 and miR-21 expression and
dysregulations of CD4T cell functions in these virus-controlled
PLHIV are likely induced by either immunologic scarring during
early active viral infection or, perhaps more likely, by low-
grade inflammation and persistent T cell activation during latent
viral infection, or both. Our interpretation of the cumulative
data would include the notion that CD4T cells in PLHIV
on ART exhibit an immune aging phenotype induced by a
myriad of viral/host factors, including HIV reservoirs, that
may secrete undetectable viral components, pro-inflammatory
mediators, increased ROS levels, increased gut permeability and
gut microbiota, coinfection with other pathogens (such as HBV,
HCV, EBV, and CMV), ART regimens, associated malignancies,

and social-related stresses (56–63), all of which may contribute to
the failure to restore CD4T cell homeostasis and/or functionality.
These factors can lead to persistent, low-grade inflammation,
causing T cell over-activation, exhaustion, senescence, apoptosis,
and decreased proliferative potential, as our results suggest.
Importantly, such inflammation-driven DNA damage promotes
an inflammaging phenotype and exposes the immune system
to unique challenges that could lead to CD4T cell exhaustion,
senescence, apoptosis, and homeostasis–a major driver of the
increased incidences of infections, cancers, cardiovascular, and
neurodegenerative diseases, similar to that observed in the
elderly. Therefore, this premature immune aging process puts
PLHIV at greater risk of morbidity and mortality.

It should be pointed out that, while the decrease in GAS5
and increase in miR-21 can explain both DNA damage and cell
apoptosis, their presence can also result in both overwhelming
cell death in acute infection and immune tolerance or immune
suppression in chronic infection. Nevertheless, our findings
identify, for the first time, the role of the GAS5-miR-21 axis
in CD4T cell dysregulation in PLHIV and shed light on the
molecular aspects of immunomodulation during human viral
infections. Given the broad regulatory effects of both GAS5
and miR-21, the decline in GAS5 and increase in miR-21 may
impair diverse cellular functions during chronic HIV infection.
Thus, interrupting this GAS5-miR21 axis may restore CD4T cell
homeostasis and competency during latent HIV infection and
prevent premature CD4T cell aging or immune senescence. This
study reveals a novel molecular mechanism underlying CD4T
cell aging and provides a new strategy to develop innovative
approaches to correct the aberrant immunopathology, to avoid
the untoward consequences of immune senescence and to
improve immunotherapy as well as vaccine responses against
human viral diseases.
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Human Immunodeficiency Virus (HIV) and Simian Immunodeficiency Virus (SIV) are
associated with severe perturbations in the gut mucosal environment characterized by
massive viral replication and depletion of CD4 T cells leading to dysbiosis, breakdown of
the epithelial barrier, microbial translocation, immune activation and disease progression.
Multiple mechanisms play a role in maintaining homeostasis in the gut mucosa and
protecting the integrity of the epithelial barrier. Among these are the secretory IgA (sIgA)
that are produced daily in vast quantities throughout the mucosa and play a pivotal role in
preventing commensal microbes from breaching the epithelial barrier. These microbe
specific, high affinity IgA are produced by IgA+ plasma cells that are present within the
Peyer’s Patches, mesenteric lymph nodes and the isolated lymphoid follicles that are
prevalent in the lamina propria of the gastrointestinal tract (GIT). Differentiation, maturation
and class switching to IgA producing plasma cells requires help from T follicular helper
(Tfh) cells that are present within these lymphoid tissues. HIV replication and CD4 T cell
depletion is accompanied by severe dysregulation of Tfh cell responses that compromises
the generation of mucosal IgA that in turn alters barrier integrity leading to commensal
bacteria readily breaching the epithelial barrier and causing mucosal pathology. Here we
review the effect of HIV infection on Tfh cells and mucosal IgA responses in the GIT and the
consequences these have for gut dysbiosis and mucosal immunopathogenesis.

Keywords: HIV, SIV, microbiome, Tfh, IgA, mucosa, GALT, microbial translocation
INTRODUCTION

Human and Simian Immunodeficiency Virus (HIV, SIV) infections are associated with dramatic
changes in mucosal tissues such as the gastrointestinal tract (GIT) with massive replication and
depletion of CD4 T cells during the acute stages of infection (1–17). Viral replication and associated
inflammation persists in these tissues over the course of infection that is accompanied by damage to
intestinal epithelial barrier, translocation of microbial products, immune activation and progressive
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loss of CD4 T cells (18–22). Though peripheral tissues experience
significant levels of restoration after antiretroviral therapy, viral
replication in mucosal tissues continues to persist with
incomplete restoration of the immune system to a homeostatic
state (23–38). As such, the inflammatory microenvironment in
the mucosa remains in a state of high activation that is driven by
microbial antigens that traverse the leaky epithelial barrier
damaged during infection.

The GIT hosts the largest collection of microbes in the human
body with bacteria accounting for a majority of the gut
microflora. Studies have estimated that there are over 35,000
bacterial species in the human gut (39), a diversity that is only
matched by the sheer magnitude of bacteria colonizing the GIT
with estimates ranging from 1011 – 1013 bacteria (40). Within the
GIT, the large intestine accounts for over 70% of the microbes
that colonize the human body (41).

The resilience of the gastrointestinal mucosa to withstand
continuous exposure to foreign antigens alongside the vast
magnitude of microbes and their byproducts is exemplified by the
homeostatic state that is maintained throughout life that ensures
both intestinal and overall health. This homeostatic balance is
maintained by a complex interplay between the host immune
system and the gut microbiota that is characterized by a
combination of tolerant and antigen specific immune responses
that is constantly shaped and modulated by the microbes that reside
in the GIT. This symbiotic relationship allows for physiological
functions to proceed normally in a tightly controlled
immunoregulatory environment. This regulation is essential to
prevent any immunopathology that may develop due to responses
to continuous exposure to both dietary and microbial antigens.

How the mucosal immune system regulates the mucosal
microenvironment and at the same time keeps microbes from
crossing the intestinal barrier has been an area of extensive
research. In addition to innate mechanisms such as the thick
mucus lining the mucosal surface, anti-microbial proteins like
defensins, and lectins such as RegIIIg (42–47), numerous studies
have delineated the critical role for antibody responses such as
microbe specific secretory IgA (sIgA) in preventing invasive
microbes from breaching the epithelial barrier and gaining
entry into the submucosa and systemic circulation (48–51).
IgA AND ANTIMICROBIAL IMMUNITY

Secretory IgA is the primary immunoglobulin found on mucosal
surfaces and exists as a dimer that is bound to each other by the
J chain, 15 kD polypeptide (52–55). The J chain binds to cysteine
residues in the Fc regions of the heavy chain via disulphide bonds
(55). Dimeric IgA is transported across the epithelium lining the
gut by the polymeric immunoglobulin receptor that binds to IgA
on the basolateral side of the epithelium and plays a role in
transporting the sIgA across to the apical side and into the gut
lumen (56–58). sIgA has significant antimicrobial activity and
binds and neutralizes microbes, enhances agglutination of
bacteria, and blocks cell adhesion thereby preventing access to
the mucosal epithelium (56, 57).
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Secretory IgA is the most abundant antibody (~ 50 mg/Kg/day)
found in the lumen of the GIT with the gut associated lymphoid
tissue (GALT) hosting ~ 80% of IgA producing plasma cells in the
body (59, 60). Microbe specific sIgA are induced in the Peyer’s
Patches and the lymphoid follicles in the GALT following antigen
presentation by mucosal dendritic cells (DC) that sample and
present microbial antigens to T and B cells. Following
differentiation and class switching sIgA is transcytosed across the
gut epithelium into the lumen of the GIT (61). sIgA are primarily
generated in the Peyer’s patches, isolated lymphoid follicles, and
mesenteric lymph nodes that drain the GIT; mice lacking Peyer’s
patches have little or no IgA+ plasma cells and sIgA in the gut (62,
63). Isolated lymphoid follicles that develop in the lamina propria
are significantly influenced by the microbiota colonizing the gut
(64); in the absence of microbiota, germ free mice harbor low
numbers of IgA producing plasma cells that secrete IgA that have
low affinity to antigens and had failed to undergo somatic
hypermutation. In contrast, in the presence of gut microbiota, B
cells undergo class switch recombination and somatic
hypermutation to produce antigen specific high affinity IgA (65, 66).

sIgA is abundant in mucosa associated lymphoid tissues
(MALT) found in other mucosal sites such as the female genital
tract (67), the LN that drain the upper and lower respiratory tracts
(68). Unlike other MALT, however, Peyer’s patches are unique and
specialized for production of isotype switched IgA, while other
MALT produce a mix of both IgA and IgG (68–70).

Unlike the isolated lymphoid follicles in the lamina propria
that can generate IgA responses in a T cell independent manner,
most of the T cell dependent induction of IgA responses occurs
within the Peyer’s patches and mesenteric lymph nodes (71–73).
T cell dependent induction and differentiation of B cell responses
relies on CD4 T cell help (74–78). Though different subsets of
CD4 T cells such as Treg (79) and Th-17 (80, 81) have been
shown to play a role in the generation of IgA responses in the
GIT, T - follicular helper (Tfh) cells are essential for the
generation of high affinity IgA responses (82).

Tfh cells are a subset of CD4 T cells that mainly reside in the
germinal centers of lymph nodes and provide help to differentiating
B cells during the germinal center reaction (83). Tfh cells express
CXCR5, PD-1 and ICOS along with BCL6 (83–87), and are a
primary source of IL-21, a key cytokine that drives the induction
and differentiation of B cell responses (83, 86, 88, 89); mice lacking
the IL-21 receptor was found to have defective antibody responses,
class-switching, and germinal center (GC) formation (90). A
number of other studies have established the central role of Tfh
in the induction of high affinity B cell responses (83, 91).
T- FOLLICULAR HELPER CELLS AND
HIV INFECTION

HIV and SIV infections are characterized by loss of CD4 T cells
that compromises the immune system with viral reservoirs
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persisting throughout the life of an infected subject (5, 92–104).
Tfh cells residing within the lymph node GC have since been
identified as a major source of the persistent latent and
productive HIV reservoir (105) due to the inaccessibility of
cytotoxic CD8 T cells into B cell follicles within the GC that
creates a privileged environment for HIV replication and
infection of Tfh cells, the predominant population of CD4 T
cells in the follicles (106, 107). Numerous studies have explored
the role of lymph nodes in HIV persistence and pathogenesis
(108, 109). Perreau et al. (110) reported that HIV infected
nonprogressors with low levels of viremia (<1000 HIV RNA
copies) harbored high levels of HIV+ Tfh cells as compared to
other CD4 T cells subsets. Similarly, SIV infection was associated
with significantly high levels of infection in Tfh cells (111–113).

Other studies have reported that HIV specific Tfh
significantly expand during chronic HIV infection (114).
Similar findings have been reported in a subset of SIV infected
macaques where an accumulation of Tfh cells in the lymph nodes
that are latently infected is accompanied by higher frequencies of
activated GC B cells and SIV specific antibody responses (112,
115–117). Mylvaganam et al. (118) demonstrated that SIV
infection was associated with an increase in the frequency of
aberrant Tfh in the lymphoid follicles of the rectal mucosa that
correlated with lack of viral control. Loss of IL-21+ CD4 T cells
was associated with the depletion of other T cell subsets such as
Th17 cells and disease progression (119). Numerous studies have
documented the depletion of Th17 cells in the mucosa and
correlated them with microbial translocation and immune
activation (5, 120, 121). A detailed phenotype of Tfh cells that
is unique to the GIT is still under investigation. Tfh cells in other
specialized lymphoid organs such as the spleen, however express
typical Tfh markers, and were shown to decline early during SIV
infection (122).

In contrast to the accumulation of Tfh in a subset of infected
subjects, numerous studies have reported that HIV and SIV
infection were characterized by a depletion of Tfh cells that was
associated with altered B cell responses. Mesenteric lymph node
Tfh cells were lost very early during SIV infection that was
accompanied by a loss of GC and memory B cells (116, 122, 123).
Others have reported that the development of both GC reaction
and Tfh within these GCs were significantly impaired during
HIV and SIV infections that likely contributed to the
dysregulation of B cell responses (124–126). Rabezanahary
et al. (127) reported a significant decline in Tfh cells in MLN
and spleen of SIV infected animals, whereas McGray et al. (128)
described a similar decline in the GIT of SIV infected animals
during the acute stages of infection. Interestingly, Velu et al.
(129) reported that Tfh that expand in the GC during chronic
infection harbor a Th-1 bias that differed from conventional Tfh
cells raising the possibility that accumulation or depletion of Tfh
cells may depend on factors that drive their differentiation.

Despite early antiretroviral therapy, Tfh cells remain major
reservoirs in lymphoid tissues and peripheral blood (127, 130,
131). Studies have shown that Tfh were a major source of
replication competent HIV and persistent HIV-1 transcription
in treated aviremic patients on long term HAART (132). Yu et al.
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reported that Tfh were enriched for replication competent X4
tropic HIV virus and correlated with progression of disease
(133). HIV specific Tfh levels have been shown to significantly
correlate with plasma HIV specific antibody levels during
HAART (134). Early initiation of HAART maintained HIV-1-
reactive memory B cells and Tfh in the gut (135). Rabezanahary
et al. (127) reported that Tfh CD4+ T cells in the mesenteric
lymph nodes harbor significant levels of viral DNA and RNA in
SIV infected rhesus macaques treated with antiretroviral therapy
suggesting that Tfh niches that reside in the lymph node GCs
were major sites of viral persistence and like other sites are
dysregulated during infection. Thornhill et al. (136)
demonstrated that CD32 high doublets in the GALT of HIV
infected subjects undergoing antiretroviral therapy were
primarily composed of Tfh cells that correlated with high
levels of rectal HIV DNA.
MUCOSAL B CELL RESPONSES AND
HIV INFECTION

Mucosal IgA plays a critical role in protecting the mucosa from
invasive bacteria that colonize the GIT (137). IgA are primarily
produced in a T- cell dependent manner within the Peyer’s
Patches and mesenteric lymph node GC with Tfh driving the
differentiation, maturation and class switching on B cells (90, 138–
142). Chaoul et al. (143) examined T cell dependent IgA responses
in the Peyer’s Patches and isolated lymphoid follicles in SIV
infected rhesus macaques and detected no IgA+ plasma cells in
the GC at these sites during acute infection that was accompanied
by a significant decrease in the amount of IgA detectable in the
duodenum and ileum. Rather surprisingly, both GC and Tfh
within the Peyer’s Patches and isolated lymphoid follicles were
functional and intact. Schäfer et al. (144) reported that the amount
of total intestinal IgA decreased and remained low during the first
few months after SIV infection. Likewise, numerous studies have
reported low levels of IgA in mucosal secretions of HIV infected
subjects (145–151) whereas Scamurra et al. (152) showed that low
levels of IgA in intestinal secretions during HIV infection was
associated with lower frequencies of IgA plasma cells in the GIT. It
is highly likely that HIV infection significantly impairs B cell
differentiation and IgA class switching in the GALT as reported by
Xu et al. (153). Levesque et al. (154) reported that GALT GC
display significant levels of apoptosis during HIV infection that do
not effectively reconstitute after antiretroviral therapy (155). Given
the central role of Tfh cells in this process, the loss or dysregulation
of Tfh cells during HIV infection likely contributes to B cell
dysfunction in the gut that in turn affects the protective
mechanisms at the mucosal epithelial barrier. In line with this
argument, Hel et al. (123) demonstrated that HIV infected subjects
display lower gut microbiota specific IgA and IgG responses in the
GIT that likely contributes to microbial translocation and chronic
immune activation. Numerous studies have reported the
breakdown of gut epithelial barrier during HIV and SIV
infections (25, 121, 156–161).
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GUT MICROBIOTA AND T - FOLLICULAR
HELPER CELLS

The decrease in intestinal IgA is consequential given its central
importance in preventing gut microbes from accessing the
intestinal epithelium. Gut commensal bacteria and their
metabolites play a role in inducing effector T cells and
maintaining immune homeostasis in the GIT (162–167).
Hegazy et al. (168) reported that gut microbiota reactive CD4
T cells in intestinal mucosa are readily detectable in healthy
humans and were a normal feature of the repertoire of CD4 T
cells. Likewise, the development of IgA responses is significantly
influenced by the microbiota that colonize the gut (65). Large
numbers of Tfh cells reside in the GC of Peyer’s patches where
gut microbes and their byproducts continuously shape the GC
reaction and production of mucosal IgA (169, 170) that in turn
regulates gut microbiome interactions with the host. Maruya
et al. (171) reported that PD-1 deficiency alters the phenotype of
Tfh cells leading to the induction of IgA with reduced capacity to
bind gut bacteria that in turn leads to alterations in the
composition of the commensal bacteria in the GIT. Loss of
PD-1 was also associated with an increase in dysfunctional Tfh
cells in the Peyer’s patches that is characterized by reduced
production of IL-21, increased secretion of IFNg, and production
of IgA with poor affinity maturation (172). Low affinity IgA
responses were accompanied by a profound loss of “healthy
bacteria” such as Bifidobacterium and Bacteroides, and an
increase in Enterobacteriaceae (172). Others (173) have shown
that Tfh cells within the Peyer’s Patches play an essential role in
systemic arthritis induced by segmented filamentous bacteria by
inhibiting IL-2 signaling with DCs contributing to SFB-mediated
Tfh cell induction and IL-2 receptor a (IL-2Ra) suppression. IL-
2 signaling pathway has been shown to inhibit Tfh cell
differentiation by altering Bcl-6 expression (174, 175).
Impairment of Tfh cells, either due to lack of inhibitory co-
receptor PD-1 or ATP-gated ionotropic P2RX7 receptors, was
found to alter the gut commensal bacteria (172, 176). Micci et al.
(119) reported that depletion of IL-21 producing CD4 T cells was
associated with progression of SIV disease. Taken together, these
findings suggest that compromise of mucosal Tfh cells and high
affinity IgA responses probably play a role in altering the
composition of gut microbiota during HIV infection.

HIV infection is associated with changes in the composition
of the gut microbiota (22, 177, 178) characterized by a decrease
in Bacteroides and Firmicutes and an increase in the prevalence
Proteobacteria (179–181). Others have reported alterations in
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microbial richness (182) and Prevotella during chronic HIV
infection (181, 183–186). Gut dysbiosis has been reported in
SIV infected rhesus macaques that was partially restored with
combination antiretroviral therapy (187). SIV infected macaques
were found to display an expansion of enteropathogens during
advanced stages of disease (188), and macaques with severe
disease displayed changes in their bacterial diversity that was
characterized by an altered abundance of Enterobacteriaceae and
Moraxellaceae similar to that of HIV infected patients who have
low CD4 T cell counts. Lower microbial richness and diversity
was associated with poor CD4 T cell reconstitution in HIV
infected subjects undergoing treatment with HAART (189,
190). Numerous studies have suggested that some level of gut
dysbiosis persists during HAART. Likewise, Tfh cells
dysregulated during HIV infection are not fully restored to
their healthy state during HART suggesting that B cell
dysfunction is likely to persist during therapy that in turn
could lead to inadequate protection of the epithelial barrier.

In conclusion, the dysregulation of Tfh cells that
compromises B cell responses especially the secretion of
microbe specific IgA is one of the likely drivers of gut
microbial dysbiosis during HIV infection. This dysregulation
that accompanies high levels of HIV replication, loss of mucosal
CD4 T cells, breakdown of the integrity of epithelial barrier
significantly alters mucosal immune homeostasis leading to
microbial translocation, immune activation and progression of
disease. Strategies that can preserve and maintain Tfh responses
in the mucosa could potentially restore high affinity mucosal IgA
that could aid in protecting the mucosal epithelial barrier from
invasive dysbiotic bacteria.
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CD4+ T cells are critical players in the host adaptive immune response. Emerging evidence
suggests that certain CD4+ T cell subsets contribute significantly to the production of
neutralizing antibodies and help in the control of virus replication. Circulating T follicular
helper cells (Tfh) constitute a key T cell subset that triggers the adaptive immune response
and stimulates the production of neutralizing antibodies (NAbs). T cells having stem cell-
like property, called stem-like memory T cells (Tscm), constitute another important subset
of T cells that play a critical role in slowing the rate of disease progression through the
differentiation and expansion of different types of memory cell subsets. However, the role
of these immune cell subsets in T cell homeostasis, CD4+ T cell proliferation, and
progression of disease, particularly in HIV-2 infection, has not yet been elucidated. The
present study involved a detailed evaluation of the different CD4+ T cell subsets in HIV-2
infected persons with a view to understanding the role of these immune cell subsets in the
better control of virus replication and delayed disease progression that is characteristic of
HIV-2 infection. We observed elevated levels of CD4+ Tfh and CD4+ Tscm cells along with
memory and effector T cell abundance in HIV-2 infected individuals. We also found
increased frequencies of CXCR5+ CD8+ T cells and CD8+ Tscm cells, as well as memory
B cells that are responsible for NAb development in HIV-2 infected persons. Interestingly,
we found that the frequency of memory CD4+ T cells as well as memory B cells correlated
significantly with neutralizing antibody titers in HIV-2 infected persons. These observations
point to a more robust CD4+ T cell response that supports B cell differentiation, antibody
production, and CD8+ T cell development in HIV-2 infected persons and contributes to
better control of the virus and slower rate of disease progression in these individuals.
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INTRODUCTION

Acquired immunodeficiency in humans is caused by two types of
human immunodeficiency virus (HIV), namely HIV-1 and HIV-2
(1). HIV-2 is less pathogenic than HIV-1, the course of disease is
slower, and the proportion of disease controllers is significantly
greater with HIV-2 infection (2). Unlike the case in HIV-1
infection, reduction in CD4+ T cells is much slower in HIV-2
infection (2). Several studies have documented the significance of
antiviral CD4+ as well as CD8+ T cells in the control of infection in
HIV-1 non-progressors and HIV-2 slow progressors (3–7).
Studies have also shown differences in levels of expression of
immune activation as well exhaustion markers including HLA-
DR, PD1, CCR5, SAMHD1, Blimp-1 and TRIM5a on CD4+ T cell
subsets in HIV-1 and HIV-2 infected individuals (8). Other
factors that have been implicated in slower disease progression
associated with HIV-2 infection include higher frequencies of
virus-specific highly differentiated polyfunctional T cells and high
titers of neutralizing antibodies (7, 9). However, the role of
recently identified CD4+ T cell subsets like the T follicular
helper cells and stem cell like memory T cells that are known to
play a critical role in the control of HIV infection have not been
investigated in the context of HIV-2 infection.

B cell-helping follicular T helper cells (Tfh cells) are reported
to be an important subset of T cells involved in the production of
high titers of neutralizing antibodies during the course of HIV
disease as well as vaccination (10, 11). Earlier studies have
documented the central role of Tfh cells in the control of HIV
infection in long-term non-progressors (LTNPs) (8). A recent
study found that Tfh cells constitute major viral reservoirs even
in HIV-2 infected individuals with undetectable viremia and
preserved blood CD4+ T cell counts (12). Since the last decade, T
cells having stem cell-like properties (TSCM cells) have gained
much focus. The self-renewal capacity and longer survival period
of TSCM cells gives them the opportunity to differentiate into
effector T cells (13). Increased frequency of TSCM cells has also
been reported in HIV-vaccinated individuals as well as elite
controllers (EC) (14, 15). While there is evidence to suggest that
TSCM cells are essential for differentiation and enrichment of
mature central effector (CE), effector memory (EM), and
terminal effector (TE) cells in HIV-1 infected individuals (16–
18), the possible role of these cells in HIV-2 infection has not
been well explored.

It has been reported that the total number of B cells in
peripheral blood also increases with an increase in CD4+ T cell
count after initiation of ART (19, 20), since the CD4+ T cells
connect the cellular and humoral arms of the immune system.
Studies have reported that memory B cell subsets are significantly
expanded in HIV-2 infected persons as compared to HIV-1
infected individuals irrespective of their treatment status (21–
23). Our data also demonstrate a significant expansion in the
antigen-specific CD4+ T cell subset in HIV-2 infected
individuals, and suggest that these cells could support the
activation of plasmablasts, atypical and memory B cells, as well
as polyfunctional T cell and antigen-presenting cell (APC)
activity (24), thus providing the basis for a robust host
immune response against the pathogen. Similarly, studies on
Frontiers in Immunology | www.frontiersin.org 247
NK cells in HIV infection have critically acclaimed their role in
antiviral activity (25–27). Functional and genetic studies have
demonstrated the role of NK cells in slowing down disease
progression (28). However, as infection progresses, NK cell
subsets undergo phenotypic and functional abnormalities
resulting in failure to control viral movement (28). While a
large number of studies have focused on understanding the
phenotype and function of NK cells in HIV-1 infection, very
little is known about the role of these cell subsets in HIV-2
disease and their contribution to viral control.

The current study was undertaken to understand the role of
Tfh cells, TSCM cells, follicular homing CD8+ T cells, as well as B
cells and NK cells in determining the course of disease
progression in HIV infection. We found elevated levels of
CD4+ as well as CD8+ T cells that are phenotypically unique
and express higher levels of markers pertaining to T stem cell–
likeness and follicular homing phenotype, as well as CXCR5 on
their surface in HIV-2 infected persons. Furthermore, we
observed a higher frequency of memory B cells and NK cells in
these individuals. Our observations throw light on some of the
critical CD4+ and CD8+ T cell subsets and immune responses
associated with better protection against disease progression in
HIV-infected individuals and suggest that a successful HIV
vaccine should elicit some of these key immune responses in
order to confer protection in vaccine recipients.
MATERIALS AND METHODS

Ethics Statement
The study protocol was approved by the Scientific Advisory
Committee of the ICMR-National Institute for Research in
Tuberculosis (NIRT), Chennai, India, and the study was
conducted in accordance with Good Clinical Laboratory
Practice (GCLP) guidelines. The study protocol was also
reviewed and approved by the Institutional Ethics Committee
of ICMR-NIRT (TRC IEC No: 2009009) and the Institutional
Review Board of the Y. R. Gaitonde Centre for AIDS Research
and Education (YRG IRB No: 279), Chennai, India.

Study Participants
The study was carried out on samples collected during the period
2016-2018. Sample collection was performed at YRG CARE, one
of the largest tertiary referral HIV Care Centres in southern
India, providing medical care and support for more than 22,000
patients, and the study was conducted at ICMR-NIRT. The study
population comprised of 4 groups of individuals: (i) HIV-2
infected persons (HIV-2; n=37), (ii) HIV-1 infected individuals
on antiretroviral therapy (HIV-1+ART+; n=10),(iii) HIV-
infected individuals naïve to ART (HIV-1+ART-; n=10), and
(iv) HIV–unexposed uninfected healthy women (HU; n=35).
Individuals in groups 1 & 2 received ZDV (Zidovudine) + 3TC
(Lamivudine) + NVP (Nevirapine) or TDF (Tenofovir) + 3TC
(Lamivudine) + EFV (Efavirenz) as per the National Technical
Guidelines on Antiretroviral Treatment (NACO, 2018). In
addition, we also included a group of HIV exposed
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seronegative (HESN) individuals who were HIV-uninfected
female spouses of HIV-1 seropositive men (HIV discordant
couples; n=35) from one of our earlier studies (unpublished
data) for comparison. Enrolment into the study required the
willingness of participants to provide written informed consent
for specimen collection and storage. All HIV-2 infected persons
were free of HIV-1 co-infection at the time of sampling
(Table 1). Diagnosis and confirmation of HIV-2 infection was
based on serological and molecular diagnostic tests. Serological
testing was done using the Retro quick rapid test (Qualpro
Diagnostics) and HIV-1/2 Tridot (J. Mitra). Samples were
further tested using molecular tests to confirm the absence of
HIV-1 co-infection with negative detection in HIV-1 DNA-PCR
and positive detection in HIV-2 gene-specific PCR.

Isolation and Cryopreservation of PBMC
Ten milliliters of blood was collected from all study participants
by venepuncture in a green top VACUTAINER® containing
sodium heparin as the anticoagulant and used for the isolation of
peripheral blood mononuclear cells (PBMC). PBMC were
isolated by density gradient centrifugation and cryopreserved
at <-190°C.

Phenotypic Analysis of Immune Cell
Subsets
Cryopreserved PBMC obtained from the study participants were
used for immunophenotyping by flow cytometry. Briefly, two
million cells were washed with FACS buffer and stained with
Live/Dead Fixable Aqua blue dye (Invitrogen). The following
cocktail of monoclonal antibodies were used to enumerate the
different cell types: T follicular helper and Treg panel: CD3-APC
H7 (SK7), CD4-BUV 737 (SK3), CD8-APC R 700 (RPA-T8),
CD45RO BUV395 (UCHL-1),CCR7-PEcy7 (G043H7), CXCR3-
PERCP Cy5.5 (IC6), CXCR5-BB515 (RF8B2), PD-1-PE
(EH12.1) , CD25-APC (A251) and CD127-PECF594
(HIL.7R.M21); B cell panel: CD3-APC H7(SK7), CD38-APC
(HIT2), CD20-PE (HIB19), CD19-BUV395 (3H7), IgD-BUV737
(IA6.2), CD27-BB515 (0323; Memory T cell and TSCM panel:
CD3-APCH7 (SK7), CD8-APCR700 (RPA.T8), CD4-BUV737
(RPA-T4), CD45RO-BUV395 (UCHL-1), CCR7-PEcy7
(G043H7),CD95-PECF594 (DX2), CD28-APC (28.2), CD122-
PE (MIKB2). NK cell panel: CD3-APCH7 (SK7), CD56-APC
(B519), CD16-BUV737 (3CG8), CD95- PECF594 (DX2),
NKG2D-PERCP CY5.5 (1D11). Cells were stained with the
antibodies for 20 minutes at 4°C (antibody and clone
Frontiers in Immunology | www.frontiersin.org 348
description are provided in Table S1). About 2 × 106 cells
were stained for each panel. After staining, the cells were
washed, fixed with BD Cytofix (2% paraformaldehyde), and
analyzed on a FACS ARIA III SORP flow cytometer (Becton
Dickinson). A minimum of 1,000,000 total events were acquired,
and data were analyzed using FlowJo software, version 10.5 (Tree
Star Inc., Ashland, Oregon, USA).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism,
version 7.05 (GraphPad Software, Inc., CA). Values are
presented as median and interquartile range. Percentage
frequency of the immune cell subsets like memory T cells,
follicular helper-like CD8+ T cells (CXCR5+ CD8+ T cells),
TSCM cells, B cells and NK cells were compared between the
HIV-2, HIV-1, HESN and HU groups using Kruskal-Wallis test,
followed by subgroup analysis using Dunn ’s multiple
comparison test. Correlation analysis was performed to
determine the relationship between the frequency of different
immune cell types and broadly neutralizing antibodies titer. For
all analyses, differences were considered significant if the p-value
was <0.05.
RESULTS

Expansion of Circulating T Follicular
Helper Cells, Stem-Like Memory CD4+ T
Cells, and CXCR5+CD8+ T Cells in HIV-2
Infected Individuals
Recent studies suggest that follicular CXCR5+ CD8+ T cells and
CD8+ stem-like memory cells are involved in the control of HIV/
SIV infection (29, 30). We therefore, evaluated the frequencies of
these T cell subsets in HIV-2 infected individuals and compared it
with that seen in HIV-exposed seronegative (HESN) individuals,
HIV-1 infected persons on antiretroviral treatment (HIV-1+ART+)
as well as those not on treatment (HIV-1+ART-), and HIV-
unexposed healthy individuals (HU). Polychromatic flow
cytometry was used to enumerate the different T cell subsets,
including circulating Tfh cells, CXCR5 expressing CD8+ T cells,
stem-like memory T cells, and regulatory T cells. Tfh and CXCR5
expressing CD8+ T cells were defined using CXCR5 and PD-1, T
stem-like memory cells were identified using CD28 and CD95
expression on naïve T cells, and T regs were identified based on the
expression of CD25 on CD127- CD4+ T cells (Figure 1A).
TABLE 1 | Demographic characteristics of Study Populations Groups.

HIV-2 HU HIV+ART+ HIV+ART- HE SN
N=37 N=35 N=10 N=10 N=35

Age mean (range) 43 (18-57) 33(22-42) 34(32-39) 35(30-48) 36(27-42)
STDs (BV, CT, NG) 0 0 0 0 0
ART details 37(100%) 0 10(100%) NA NA
Viral Load, Log10 copies/mL, mean (SD) NA NA 2.14 4.4943(0.9036) NA
CD4 Count at treatment initiation (cells/mL), median (IQR) 617(33-3097) NA 392(289-492) NA NA
April 2
021 | Volume 12 | Artic
BV, Bacterial Vaginitis; CT, Chlamydia trachomatis; NG, Neisseria gonorrhoeae; HESN, HIV exposed seronegative; HIV+ART+, HIV-infected women on ART; HIV+ART-, HIV-infected
women naïve to ART; HU, HIV unexposed seronegative controls.
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We found significantly elevated numbers of CD4+ Tfh cells in
HIV-2 infected individuals (median: 1.21%; range: 0.70-1.56%)
as compared to HIV-1 infected persons (median: 0.58%; range:
0.04-1.04%; p<0.05) as well as unexposed healthy individuals
(median: 0.37%; range: 0.23-0.44%; p<0.001) (Figure 1B).
Incidentally, we also found higher numbers of CD4+ Tfh cells
in the ESN group (median: 0.86%; range: 0.61-1.27%) as
compared to the HIV-infected (median: 0.58%; range: 0.04-
1.04%; p=0.02) and HIV-unexposed healthy control groups
(median: 0.37%; range: 0.23-0.44%; p<0.001). Further, we
found significantly higher frequencies of CXCR5+CD8+ T cells
in HIV-2 infected individuals (median: 0.90%; range: 0.61-
1.10%) as compared to HIV-1 infected individuals on ART
(median: 0.32%; range: 0.01-1.01%; p<0.05) as well as HIV-
unexposed healthy controls (median: 0.01; range: 0.01-0.04%)
(p<0.001) (Figure 1C). Collectively, our findings reveal
significant expansion of critical T cell subsets that help boost
the host immune response leading to better control of the
virus and slower course of disease progression in HIV-2
infected individuals.
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Earlier studies have reported that the self-renewing and
multipotent Tscm cells mature into memory cells or reservoirs
of effector T lymphocytes, which continue to persist in the host
even in the absence of antigen (31). Hence, expansion of Tscm
cells appears to be a very critical component in the control of
HIV infection. Very interestingly, we found significantly
increased numbers of Tscm cells in both the CD4+ and CD8+

T cell compartments in HIV-2 infected individuals as compared
to HIV-1-infected persons (Figures 1D, E). The median
frequency of circulating CD4+ Tscm cells in the HIV-2 group
was 1.80% (range: 1.10-2.10%), HIV-1 infected group on ART
was 0.8% (range: 0.31-1.80%), HIV infected group naïve to
ART was 1.20% (range: 0.70-2.10%), and unexposed healthy
groups was 0.63% (range: 0.01-1.45%) respectively. The median
frequency of circulating CD8+ Tscm cells in the HIV-2 group
was 1.70% (range: 1.21-2.21%), HIV-1 infected group on ART
was 0.877% (range: 0.26-1.23%), HIV infected group naïve to
ART was 0.82% (range: 0.21-1.81%), and unexposed healthy
groups was 0.56% (range: 0.23-1.17%). Another striking
observation was the presence of a significantly higher
A B

D E F G

H

C

FIGURE 1 | Distribution of Tfh cells and stem-like memory T cells in the study population. (A) Representative flow plots for enumeration of Tfh cells, CXCR5+ T cells,
Tscm cells and regulatory T cells. (B) Frequency of CXCR5+ CD4+ Tfh cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (C) Frequency of
CXCR5+ CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (D) Frequency of CCR7-CD28+CD95+ stem-like memory CD4+ T cells in the
HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (E) Cumulative frequency of CCR7-CD28+CD95+ stem-like memory CD8+ T cells in the HU, HIV-1+ART+,
HIV-1+ART-, HESN and HIV-2 groups. (F) Frequency of CD127- CD25+ regulatory T cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. Scatter
dot plots summarize the % frequency of total CXCR5+ T cells, Tscm cells and Treg cells (median, 1st and 3rd quartiles). P values were calculated using the K-Wallis
test. Sub-group analysis was performed using Dunn’s test. (G) Correlation between frequency of CCR7-CD45RO- Terminal Effector Memory CD4+T cells and
frequency of CD25+127- CD4+ T Regulatory cells in HIV-2 infected individuals. (H) Correlation between frequency of CCR7-CD45RO- Terminal Effector Memory
CD8+ T cells and frequency of CD25+127- CD4+ T regulatory cells in HIV-2 infected individuals. (Note: HU: HIV unexposed seronegative controls, n = 35; HIV-1+ART+:
HIV-1-infected women on ART, n = 10; HIV-1+ART-: HIV-infected women naïve to ART, n = 10; HESN: HIV exposed seronegative individuals, n = 35; HIV-2: HIV-2 infected
persons, n = 37).
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frequency of CD8+ Tscm cells in the HESN population (median
1.26%; range: 0.71-1.93%) as compared to the HIV-1 infected
and HU groups.

In contrast, we observed a decreased frequency of Treg cells in
the HIV-2 and HESN groups as compared to the other groups.
The ART-naive HIV-infected group had a significantly higher
proportion of CD4+ Treg cells as compared to the other study
groups (p<0.01) (Figure 1F). We further analyzed the correlation
between the Tregs and memory T cell subsets and found an
inverse correlation between Tregs and effector memory T cells in
both CD4+ (r-0.4, p=0.04) and CD8+ (r-0.4, p=0.05) T cell
compartments in HIV-2 infected individuals (Figures 1G, H).
These findings clearly indicate that increased frequency of Tregs
help maintain immune homeostasis by controlling the exaggerated
immune response and promoting the development of long-lived
memory cells during HIV-2 infection.

Increased Frequency of Memory B Cells
and Plasmablast B Cells in HIV-2 Infection
We analyzed the frequency of different memory B cell subsets in
the study groups. Surface markers CD27 and CD38 were used to
identify plasmablast B cells (CD19+CD38+CD27+). Memory B
cell subsets were distinguished based on IgD and CD27
expression as unswitched memory B cells (IgD+CD27+), class
switched memory B cells (IgD- CD27+), atypical memory B cells
(IgD-CD27-), and naive B cells (IgD+CD27-) as described by
Kaminski et al. (32) (Figure 2A). We found a higher frequency of
Frontiers in Immunology | www.frontiersin.org 550
short-lived antibody-secreting plasmablast cells in the HIV-2
positive (median:1.91%; range 1.50 - 2.40%) as well as HESN
(median:1.44%; range: 1.05 - 2.14%) groups as compared to
treated HIV-1 infected and healthy uninfected groups (median:
1.01%; range: 0.64 -1.69%; p<0.001). Numbers of plasmablast
cells were also significantly higher in ART-naïve HIV-1-infected
individuals as compared to treated individuals (median:1.95%;
range: 1.30- 3.61% p<0.05) (Figure 2B). These observations
suggest that HIV infection, in general, is associated with an
increase in the numbers of antibody-secreting plasmablast cells
that further differentiate into long-lived plasma cells and
contribute to better control of infection, but their role in
slowing down disease progression remains to be clarified.

The HIV-2 and HESN groups were found to possess
significantly higher frequencies of class-switched memory B
cells and IgM memory B cells (unswitched) as compared to the
HIV-1 and HU groups (p<0.001). The median frequency of
class-switched memory B cells was 18.2% (range: 12.5 - 23.2%)
and unswitched memory B cells was 27.6% (range: 22.8 - 35.4%)
in the HIV-2 group (Figures 2C, D). We observed a significantly
higher proportion of atypical memory B cells in both HIV-1+ART+
and HIV-2 groups as compared to the other groups (Figure 2E).

We found a direct correlation between the frequency of
atypical memory B cells and the titer of neutralizing antibodies
in HIV-2 infected persons (r=0.61, p=0.002) (Figure 2F)
(neutralizing antibody titres of HIV-2 infected persons is
provided in Supplementary Table 1). Levels of atypical
A B D E

F G H

C

FIGURE 2 | Distribution of Memory B cells and Plasmablast B cells in the study groups. (A) Representative flow plots for enumeration of memory B cells and
Plasmablast B cells (CD27+CD38+ expression on B cells) among the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (B) Frequency of CD27+CD38+
Plasmablast B cells in the HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. (C) Frequency of CD27+IgD- Class Switched Memory B cells in the HU, HIV-1+
ART+, HIV-1+ART-, HESN and HIV-2 groups. (D) Frequency of CD27-IgD- unswitched Memory B cells in HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups.
(E) Frequency of CD27+IgD+ Atypical Memory B cells in HU, HIV-1+ART+, HIV-1+ART-, HESN and HIV-2 groups. The scatter dot plots summarize the % frequency
of total memory B cells and Plasmablast cells (median, 1st and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed
using Dunn’s test. (F) Correlation between frequency of CD27-IgD- Atypical Memory B cells and X7312A neutralizing antibody titers in HIV-2 infected individuals.
(G) Correlation between frequency of CD27-IgD- Atypical memory B cells and frequency of CD27+IgD- Class Switched Memory B cells in HIV-2 infected individuals.
(H) Correlation between frequency of CCR7+ CD45RO+ Central Memory CD4+ T cells and frequency of CD27-IgD- Atypical Memory B cells in HIV-2 infected
individuals. (HU, HIV unexposed seronegative controls, HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to ART; HESN:
HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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memory B cells also correlated positively with the frequency of
class-switched memory B cells and central memory CD4+ T cells
(r=0.48, p<0.019 and r=0.77, p<0.001 respectively) (Figures
2G, H). These observations provide further evidence to suggest
that early HIV-2 infection is associated with increased CD4+ T
cell help for B cell differentiation resulting in the development of
increased numbers of memory B cell subsets as well as antibody-
secreting plasma B cells, thus constituting a robust immune
response to fight the infection.
Increased Frequency of Effector Memory
CD4+ and CD8+ T Cells in HIV-2
Infected Individuals
We examined the distribution of memory CD4+ and CD8+ T cells
in HIV-2 infected individuals, given the potential role of these cell
types in slowing down disease progression. Effector memory
cells are characterized by the expression of C-C chemokine
receptor type-7 and CD45RO on their cell surface. Based on
their function, 4 distinct populations of effector cells have been
described by Gattinoni et al. (31). These include the central memory
(CM) T cells defined as CD3+CD4+/CD8+CD45RO+CCR7+
cells, effector memory (EM) T cells defined as CD3+CD4+/CD8+
CD45RO+CCR7- cells, terminal effector (TE) T cells defined as
Frontiers in Immunology | www.frontiersin.org 651
CD3+CD4+/CD8+CD45RO-CCR7- cells and naïve T cells (TN)
defined as CD3+CD4+/CD8+CD45RO-CCR7+ cells.

The proportion of CD4+ and CD8+ naïve T cells was
significantly lower in the HIV-2, HESN, HIV-1+ART+ and
HIV-1+ART- groups as compared to the HU group (Figure
3A). On the other hand, the frequency of CD4+ effector memory
T cells and terminal effector T cells was significantly higher in the
HIV-2 and HESN groups (Figures 3B, C). While the median
frequency of CD4+ terminal effector T cells was 18.6 % (range:
12.7- 36.5%) in the HIV-2 group and 14.31% (range: 11.40 -
20.21%) in the HESN group, the median frequency of CD4+

effector memory T cells was 43.6% (range: 31.5 - 52.3%) in the
HIV-2 group and 44.1% (range: 39.5 - 55.1%) in the HESN
group. Earlier studies have also reported a progressive expansion
of terminal effector T cells during viral infections, including
HIV-1 infection (33–35). We also found that the proportion of
cytotoxic function exhibiting terminal effector T cells
was very high in HIV-2 infected individuals as compared to
HIV-1 infected persons and healthy controls. On the other
hand, the proportion of CD4+ central memory T cells was
higher in the HIV-1 group as compared to the HIV-2 group
(Figure 3D).

We examined the correlation between the frequency of
memory T cell subsets and neutralizing antibody titers in
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FIGURE 3 | Distribution of CD4+ Memory T cell subsets in the study groups. Graphical representation showing the enumeration of CD4+ Memory T cells subsets
defined using CCR7 and CD45RO expression. (A) Frequency of CCR7+CD45RO- naïve CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN
groups. (B) Frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (C) Frequency of CCR7-
CD45RO- Terminal Effector Memory CD4+ T cells HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (D) Frequency of CCR7+CD45RO+ Central Memory
CD4+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. The scatter dot plots summarize the % frequency of total memory T cells (median, 1st,
and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed using Dunn’s test. (E) Correlation between frequency of
CCR7+ CD45RO+ Central memory CD4+ T cells and X7312A neutralizing antibody titers in HIV-2 infected individuals. (F) Correlation between frequency of CCR7-
CD45RO+ Effector Memory CD4+ T cells and X7312A neutralizing antibody titers in HIV-2 infected individuals. (G) Correlation between frequency of CCR7+ CD45RO+
Central Memory CD4+ T cells and frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells in HIV-2 infected individuals. (Note: HU: HIV unexposed seronegative controls,
HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to ART; HESN: HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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HIV-2 infected individuals. Interestingly, we found a positive
correlation between the frequency of CD4+ central memory cells
as well as effector memory T cells with X731A neutralizing
antibodies titer (r=0.54, p=0.007, and r=0.42, p=0.046
respectively) in HIV-2 infected individuals (Figures 3E, F). In
addition, we noticed a correlation between CD4+ central
memory T cells and CD4+ effector memory T cells (r-0.61,
p=0.002) (Figure 3G) in the study population.

We also examined the distribution of CD8+ memory T cells in
HIV-2 infected individuals. As seen with CD4+ T cells, naïve
CD8+ T cells were present at significantly lower levels in the
HIV-1 and HIV-2 infected groups as compared to the healthy
controls (Figure 4A). On the other hand, CD8+ terminal effector
memory T cells were significantly higher in the HIV-2 and HESN
groups as compared to the other groups (p<0.05). The median
frequency of CD8+ terminal effector T cells was 40.3% (range:
30.4 - 49.4%) in the HIV-2 group and 48.30% (range: 44.31-
55.30%) in the HESN group (Figure 4C). In contrast, HIV-1-
infected persons had a significantly higher proportion of CD8+

effector and central memory T cells (p<0.001) (Figure 4B). The
median frequency of CD8+ effector memory T cells was 44.6%
(range: 40.6 - 49.9%) in the HIV-1+ART- group and 38.6%
(range: 29.5 - 43.3%) in the HIV-1+ART+ group. The median
frequency of CD8+ central memory T cells was 24.4% (range:
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20.7 - 34.8%) in the HIV-1+ART- group and 32.2% (range: 22.4 -
36.1%) in the HIV-1+ART+ group (Figure 4D).

In HIV-2 infected individuals, correlation analysis revealed a
significant correlation between the frequency of CD4+ effector
memory T cells and CD8+ central memory T cells (r=0.49,
p=0.016) (Figure 4E). Similarly, CD4+ effector memory T cells
correlated significantly with levels of CD8+ effector memory T
cells and CD8+ central memory T cells (r=0.46, p=0.016 and
r=0.48, p=0.020) (Figure 4F). Levels of CD8+ central memory T
cells correlated positively with CD8+ effector memory T cells
(r-0.69, p<0.001) (Figure 4G).
Increased Frequency of NKG2D
Expressing CD56 Negative CD16+ NK
Cells in HIV-2 Infected Persons
NK cell-mediated ADCC is thought to be an essential
mechanism involved in controlling HIV infection. Several
studies have described NK cell activation and cytolytic
function in HIV-1 infected individuals as well as in long-term
non-progressors (LTNP) and elite controllers (EC) (36–39).
However, the distribution of NK cells and their profile in HIV-
2 disease remains mostly undefined. To address this knowledge
gap, we characterized the population of NK cell subsets
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FIGURE 4 | Distribution of CD8+memory T cells responses in the study groups. Graphical representation of the enumeration of CD8+memory T cells subsets
defined using CCR7 and CD45RO expression. (A) Frequency of CCR7+CD45RO- naïve CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN
groups. (B) Frequency of CCR7-CD45RO+ Effector Memory CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (C) Frequency of CCR7-
CD45RO- Terminal Effector Memory CD8+ T cells HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. (D) Frequency of CCR7+CD45RO+ Central Memory
CD8+ T cells in the HU, HIV-1+ART+, HIV-1+ART-, HIV-2 and HESN groups. The scatter dot plots summarize the % frequency of total memory T cells (median, 1st,
and 3rd quartiles). P values were calculated using the K-Wallis test. Sub-group analysis was performed using Dunn’s test. (E) Correlation between frequency of
CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7+CD45RO+ Central Memory CD8+ T cells in HIV-2 infected individuals. (F) Correlation
between frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7-CD45RO+ Effector Memory CD8+ T cells in HIV-2 infected individuals.
(G) Correlation between frequency of CCR7-CD45RO+ Effector Memory CD4+ T cells and frequency of CCR7+CD45RO+ Central Memory CD8+ T cells in HIV-2
infected individuals. (Note: HU: HIV unexposed seronegative controls, HIV-1+ART+: HIV-1-infected women on ART; HIV-1+ART-: HIV-1-infected women naïve to
ART; HESN: HIV exposed seronegative individuals; HIV-2: HIV-2 infected persons).
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expressing the activation receptor NKG2D and the exhaustion
marker CD95 receptor in the study population (Figure 5A).

We observed significantly higher frequencies of CD56negative

CD16+ NK cells in HIV-2 infected individuals as compared to
HIV-1-infected persons and unexposed healthy individuals
(p=0.036) (Figure 5B). The median frequency of CD56negative

CD16+ NK cells in the HIV-2 group was 25% (range:14.1 -
38.5%) and 12.9% (range: 10.4 - 17.1%) in the HIV-1 group. On
the other hand, there was no difference in the proportion of
CD56dim CD16+ NK cells as well as CD56bright CD16+ NK cells
between the groups (Figures 5C, D). However, earlier studies
have documented a significant reduction in the proportion of
mature CD56dim NK cells as well as immature CD56bright NK
cells in HIV-1 infection (40), with a concomitant increase in the
numbers of CD56negative NK cells (41). Our study demonstrates a
greater increase in the proportion of CD56negative NK cells than
CD56bright and CD56dim NK cells in HIV-2 infected individuals.

We also found significantly higher numbers of CD56negative

NK cells expressing the NKG2D activating receptor in HIV-2
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infected individuals than in HIV-1 and HU individuals (p<0.001
and p<0.05, respectively) (Figure 5E). On the other hand, HIV-1
infected individuals had significantly higher numbers of NKG2D
expressing CD56bright and CD56dim NK cells (Figures 5F, G).
Similarly, CD95 expressing CD56bright and CD56dim NK
cells were also significantly more in HIV-2 infected persons as
compared to HIV-1-infected individuals and healthy unexposed
controls. However, there was no difference between the groups
with respect to CD95 expression on CD56negative NK cells
(Figures 5H-J).

We also examined the correlation between levels of
CD56negative NK cells and neutralizing antibodies titer as well
as other memory T cells and B cell subsets in HIV-2 infected
individuals. Interestingly, we found that levels of CD56negative NK
cells correlated significantly with levels of CD27+ IgD- class-
switched memory B cells as well as CD27- IgD- atypical memory
B cells (r-0.70, p=0.0001 and r-0.47, p=0.022) (Figures 5K, L).
Overall, our results indicate that the unconventional cytotoxic
CD56negative NK cells in HIV-2 infected individuals possess
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FIGURE 5 | Distribution of NK cell subsets in the study population. (A) Representative flow plots showing the enumeration of NK cell subsets based on CD16 and
CD56 expression in the study population (HU N=35, HIV-1+ART+ N=10, and HIV-2 N=37). (B) Frequency of CD56 negative CD16+ NK cells in the HU, HIV-1+ART+
and HIV-2 groups. (C) Frequency of CD56 bright CD16+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (D) Frequency of CD56 dim CD16+ NK cells in the HU,
HIV-1+ART+ and HIV-2 groups. (E) Frequency of CD56 negative CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (F) Frequency of CD56 bright
CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (G) Frequency of CD56 dim CD16+NKG2D+ NK cells in the HU, HIV-1+ART+ and HIV-2
groups. (H) Frequency of CD56 negative CD16+CD95+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. (I) Frequency of CD56 bright CD16+CD95+ NK cells
in the HU, HIV-1+ART+ and HIV-2 groups. (J) Frequency of CD56 dim CD16+95+ NK cells in the HU, HIV-1+ART+ and HIV-2 groups. The scatter dot plots
summarize the % frequency of NK cell subsets with differential expression of CD56 and CD16 (median, 1st and 3rd quartiles). P values were calculated using the K-
Wallis test. Sub-group analysis was performed using Dunn’s test. (K) Correlation between the frequency of CD56 negative CD16+ NK cells and frequency of CD27+
IgD- Class Switched Memory B cells in HIV-2 infected individuals. (L) Correlation between the frequency of CD56 negative CD16+ NK cells and frequency of CD27-
IgD- Atypical Memory B cells in HIV-2 infected individuals. (Note: HU: HIV-unexposed seronegative controls; HIV-1+ART+: HIV-1-infected women on ART; HIV-2:
HIV-2 infected individuals.
April 2021 | Volume 12 | Article 666388

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ponnan et al. Immunological Profile in HIV-2 Infection
increased activation and reduced exhaustion properties and
suggest a possible role for these cells in the slower course of
disease progression that is characteristic of HIV-2 infection.
DISCUSSION

CD4+ T cells are the central mediators of the adaptive immune
response. CD4+ T cell depletion is the hallmark of the
pathogenesis of HIV-1 and HIV-2 infection (42). However, the
host immune system continuously exchanges dying CD4+ T cells
with naïve CD4+ T cells during the early stages of HIV infection
(43). Compared to HIV-1, HIV-2 is less pathogenic and is
associated with a long asymptomatic phase after infection,
reduced viral load and slower decline of CD4+ T cells (44, 45).
It may be assumed that elevated effector and memory cell
differentiation could contribute to better control of viremia and
slower disease progression in controllers of HIV infection (46).
Earlier studies have reported a higher proportion of HIV-1
specific TSCM cells and effector memory cells in elite
controllers, suggesting a role for these cells in the resistance to
HIV infection/disease progression (47, 48). Vigano et al.
observed an inverse correlation between the frequency of total
tSCM cells and levels of plasma viremia in untreated HIV-1
infected individuals (49). A more recent study showed that,
relative to effector CD4+ T cells, Tfh cells serve as the major
viral reservoirs in HIV-2 infected persons (12). This makes it
important to understand the role of different subsets of CD4+ T
cells in HIV-2 infection in order to identify the correlates of
delayed disease progression and slower course of disease
associated with HIV-2 infection.

In the current study, we analyzed the role of key CD4+ T cell
subsets in the control of HIV infection and disease progression in
HIV-2 infected individuals by analyzing the expression of
phenotypic and functional makers pertaining to memory
differentiation, stem cell-likeness and follicular homing. We
also investigated the correlation between neutralizing antibody
titer and CD8+ memory T cell subsets in HIV-2 infected persons.
We found significant expansion and enrichment of effector
memory and terminal effector cells in the HIV-2 group. These
findings are in line with those found in literature, where an
increase in effector and terminal effector cell frequency has been
reported in multiple viral infections, including HIV-1 infection
(34, 50). Very interestingly, we found a significant association
between central and effector memory CD4+ T cells and
neutralizing antibody titer (neutralizing antibody data has been
reported in an earlier publication from our group) (9). Just as in
the case of CD4+ T cells, the frequency of effector memory and
Terminal effector CD8+ T cells were also substantially higher in
the HIV-2 infected group. These findings suggest that HIV-2
infection elicits a robust immune response capable of activating
CD4+ T cells to provide continuous help to CD8+ T cells as well
as B cells, leading to better control of viral replication and slower
progression of disease.

Tscm cells are a small subset of T cells possessing self-renewal
capabilities, that when stimulated via the T cell receptor, may
Frontiers in Immunology | www.frontiersin.org 954
divide into mature memory or effector T cells (49, 51). Many
studies have consistently reported a close and robust association
between the proliferation of effector cells and memory T cells and
virus control in HIV infection (1, 2, 52). However, there is a lack
of clarity in this line with regard to HIV-2 infection due to the
limited number of studies in HIV-2 individuals. Interestingly, in
the present study we found that HIV-2 infected persons had
significantly higher levels of stem cell-like memory cells in both
the CD4+ and CD8+ T cell compartments. Similarly, there was a
significantly enriched population of Tfh cells in HIV-2-infected
individuals as compared to HIV-1 infected persons. However, we
found no correlation between levels of Tfh cells and B cells/
neutralizing antibody titer. This could possibly due to the small
sample size in the study. HIV-2 infected individuals also
had significantly elevated numbers of circulating follicular
homing CXCR5+CD8+ T cells as compared to HIV-1
infected individuals.

HIV-1 natural controllers are known to possess high levels of
CXCR5+ CD8+ Tscm cells, which correlate inversely with the
viral load (14). We found higher frequencies of Tscm and
CXCR5+ CD8+ T cells with effector memory phenotype in
HIV-2 individuals as compared to HIV-1 infected persons. All
this evidence suggests a plausible role for HIV-2-specific Tscm
cells and Tfh cells in slowing down disease progression in HIV-2
infected persons. To the best of our knowledge, the present study
constitutes the first research to record elevated frequencies of Tfh
cells, Tscm cells, and follicular homing CXCR5+ CD8+ T cells in
an HIV-2 cohort from India. However, the mechanisms by
which these cells reduce the viral load in HIV-2 individuals
requires further investigation.

In healthy individuals, most B cells in peripheral blood are
either resting naive B cells or classical type memory B cells that
express either switched or unswitched antibody isotypes (IgG,
IgE, and IgA, or IgM and IgD respectively) (32). In chronic HIV
infection, absolute numbers of both classical and memory B cells
are decreased in the peripheral circulation (53). Moir et al.
reported that ART-naïve HIV-1 individuals with chronic
infection had a highly expanded population of immature/
transitional B cells, whereas in early infection, plasmablasts
and atypical memory B cells were more prevalent (19). A
previous study showed that plasmablasts and class-switched
memory B cells were induced upon vaccination in a phase-1
MVA and ADVAX prime-boost vaccine trial carried out in India
(54). As with other studies, we too documented an expansion of
peripheral plasmablasts as well as atypical exhausted memory B
cells in both HIV-1 and 2 infected groups (19, 55, 56). Evidence
suggests that atypical memory B cells can efficiently present
antigens to T cells (57). This is evident from the positive
correlation found between atypical memory B cells and
memory CD4+ T cells in our study. The expanded
plasmablasts, atypical and memory cells are likely to be
responsible for the increase in B cell turn over and slower
disease progression associated with HIV-2 infection.

NK cells also influence the transition between innate and
adaptive immune responses via the production of cytokines and
chemokines (58). NK cell specificity for target cells and the
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ensuing effector functions are dependent on signalling
from receptors that are expressed on the surface of NK cells
(38, 59). Earlier studies have documented a dramatic increase in
CD56neg NK cells (60, 61) with low cytolytic, proliferative, and
cytokine-producing capabilities in HIV-1 infection (28, 62, 63),
that lyse HLA-I-deficient target cells and participate in antibody-
dependent cytotoxicity (ADCC) (64, 65). Similarly, a
subpopulation of CD56dim NK cells called terminally matured
NK cells express CD57, a marker that identifies antigen-
experienced NK cells, was found to be elevated in elite
controllers (66). In addition, NK cells expressing NKG2D, an
activation receptor used for contacting target cells and
subsequently resulting in the release of perforin and other
cytotoxic molecules, were reported to be higher in these
individuals (67). We found an increased frequency of CD56dim

NK cells as well as NKG2D expressing CD56neg NK cells in HIV-
2 infected individuals as compared to those with HIV-
1 infection.

To summarize, HIV infection and the onset of AIDS is
characterized by extensive interaction between the host
immune system and the virus. The interaction results in
profound quantitative and qualitative changes in both adaptive
and innate immune cells, including T and B lymphocytes and
natural killer cells in infected individuals. Both host genetic and
viral factors are thought to contribute to non-progression of HIV
disease (68), but the features of antiviral immunity that result in
an effective immune response are only partially understood. The
findings of the present study reveal that HIV-2 infection elicits a
superior T cell response with high levels of critical T cell subsets
including Tfh cells and stem cell-like CD4+ T cells that support
the development of follicular homing T cells and other immune
cell subsets and contribute to the control of infection. The study
also documents robust memory B cell and NK cell responses that
contribute to better control of HIV-2 infection and disease. We
believe that vaccination strategies designed to elicit durable
cellular immunity should target the generation of these
immune cell types in order to provide adequate control of HIV
infection. Further studies should be undertaken to fully
understand the contribution and mechanistic role of these
consequential cell types in HIV control.
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Long-term changes in the immune system of successfully treated people living with HIV
(PLHIV) remain incompletely understood. In this study, we assessed 108 white blood cell
(WBC) populations in a cohort of 211 PLHIV on stable antiretroviral therapy and in 56 HIV-
uninfected controls using flow cytometry. We show that marked differences exist in T cell
maturation and differentiation between PLHIV and HIV-uninfected controls: PLHIV had
reduced percentages of CD4+ T cells and naïve T cells and increased percentages of
CD8+ T cells, effector T cells, and T helper 17 (Th17) cells, together with increased Th17/
regulatory T cell (Treg) ratios. PLHIV also exhibited altered B cell maturation with reduced
percentages of memory B cells and increased numbers of plasmablasts. Determinants of
the T and B cell composition in PLHIV included host factors (age, sex, and smoking),
markers of the HIV reservoir, and CMV serostatus. Moreover, higher circulating Th17
percentages were associated with higher plasma concentrations of interleukin (IL) 6,
soluble CD14, the gut homing chemokine CCL20, and intestinal fatty acid binding protein
(IFABP). The changes in circulating lymphocytes translated into functional changes with
org April 2021 | Volume 12 | Article 661990158
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reduced interferon (IFN)- g responses of peripheral blood mononuclear cells to stimulation
with Candida albicans and Mycobacterium tuberculosis. In conclusion, this
comprehensive analysis confirms the importance of persistent abnormalities in the
number and function of circulating immune cells in PLHIV on stable treatment.
Keywords: HIV, Th17 & Tregs cells, CD4+/CD8+ lymphocytes, B cell, HIV reservoir, CMV, Interferon gama (IFN-g),
Natural killer cell (NK cells)
INTRODUCTION

Combination antiretroviral therapy (cART) has drastically
curtailed morbidity and mortality in people living with HIV
(PLHIV) (1). Still, PLHIV remain at an increased risk for
pneumococcal infections, Mycobacterium tuberculosis (M.
tuberculosis) reactivation and impaired vaccine responses (2–
6). Moreover, HIV infection predisposes to non-infectious
comorbidities, such as cardiovascular disease and non-AIDS-
related cancer, which share an underlying pathophysiological
pathway characterized by a persisting and inappropriate
activation of innate and adaptive immune cells (7, 8).
Together, these observations point towards a disbalance in the
homeostasis of the immune system, characterized by
immunodeficiency on the one hand, and chronic inflammation
on the other hand.

HIV-1 preferentially infects and kills activated CD4+ T cells,
leading to rapid and severe CD4+ T cell depletion in the gut and
increased microbial translocation (9–12). A small proportion of
these cells remains latently infected with replication competent
virus and defective proviruses, called the HIV-1 reservoir (13).
The HIV-1 reservoir and increased microbial translocation,
together with lifestyle factors and co-infections such as
cytomegalovirus (CMV) may all contribute to the disrupted
immune function in PLHIV (10, 13–17). However, published
data have shown inconsistent or even contradictory findings.
Heterogeneity in study populations, limited sample sizes of study
populations and differences in lifestyle factors, including use of
tobacco and recreational drugs, may underlie these
inconsistencies and emphasize the need for an integrative
approach in evaluating the immune system in PLHIV on
stable cART.

The Human Functional Genomics Project (HFGP) aims to
disentangle variation in the immune system in different cohorts
of healthy individuals and individuals with underlying
conditions. It combines multiple levels of analyses and data
integration, including demographic and lifestyle data, data
from ‘omics technologies’, and functional immune data (18).
As part of this project, we previously identified relevant
environmental and host factors for circulating white blood cell
(WBC) populations in healthy individuals (19). Embedded
within the HFGP, we established a cohort of 211 virally
suppressed PLHIV (200HIV) and showed that these
individuals exhibited a sustained pro-inflammatory immune
phenotype with priming of the interleukin (IL)-1b pathway
(20). In the present study, we used the same cohort to
comprehensively assess the peripheral WBC composition
org 259
during treated HIV infection with a special focus on the
adaptive immune system. We compared their WBC
populations with those of healthy individuals and assessed
associations with demographic and lifestyle factors, different
HIV-specific factors, and ex vivo cytokine responses of
peripheral blood mononuclear cells (PBMCs) to stimulation
with different bacterial, fungal and viral antigens.
METHODS

Study Population
This study is part of the HFGP (www.humanfunctionalgenomics.
org) (18). Between 14 December 2015 and 6 February 2017,
individuals living with HIV were recruited from the HIV clinic of
Radboud university medical center. Inclusion criteria were
Caucasian ethnicity, age ≥ 18 years, receiving cART > 6 months,
and latest HIV-RNA levels ≤200 copies/ml. Exclusion criteria were:
signs of acute or opportunistic infections, antibiotic use <1 month
prior to study visit, and active hepatitis B/C. The control population
consisted of 56 healthy adult individuals (56P cohort), who did not
suffer from any acute or chronic conditions and who were
longitudinally sampled four times in three-month intervals.
Inclusion, sampling and sample processing of both cohorts were
conducted simultaneously and by the same personnel. The 56P
participants were selected as a subset of a larger cohort of 534
healthy individuals (500FG) which was phenotypically assessed two
years earlier according to the same methods (19, 21). Differences in
cell-cell associations were compared between 200 HIV and 500FG
cohort. The reason is that the larger sample size of this control
cohort (n=534 vs n=56) improved statistical power, whilst batch
effects between PLHIV and 500FG were deemed of less significance
when comparing within-group correlations between cohorts.
General information from all participants was recorded in the
Castor Electronic Data Capture program (Castor EDC, CIWIT
B.V., Amsterdam, The Netherlands), using questionnaires on socio-
demographic information, lifestyle and life-events. Clinical data
were extracted from medical files and the ‘Stichting HIV
Monitoring’ registry (Amsterdam, The Netherlands).

Ethics
The study protocols were approved by the Medical Ethical
Rev iew Committee reg ion Arnhem-Ni jmegen (ref .
42561.091.122) and conducted in accordance with the
principles of the Declaration of Helsinki. All study participants
provided written informed consent.
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Cell Processing
Venous blood was collected in sterile 10 ml EDTA BD
Vacutainer® tubes between 8 and 11 am and processed within
1-4 hours. Cell counts were determined using a Sysmex XN-450
automated hematology analyzer (Sysmex Corporation, Kobe,
Japan). Erythrocyte-lysed whole blood samples were obtained
after 10 minutes incubation of 1.5 ml EDTA-anticoagulated
blood with lysis buffer containing 3.0 M NH4Cl, 0.2 M KHCO3

and 2 mM Na4EDTA. The remaining WBC were washed twice,
by adding 25 ml phosphate-buffered saline 1x (PBS, Braun,
Melsungen, Germany) and centrifuging at 452 x g for 5 min at
room temperature. Before staining, cells were resuspended in 300
ml of PBS enriched with 0.2% bovine serum albumin (BSA,
Sigma-Aldrich, Zwijndrecht, Netherlands). Isolation of PBMCs
was performed by density centrifugation of EDTA-
anticoagulated blood diluted 1:1 in pyrogen-free PBS over
Ficoll-Paque (VWR, Amsterdam, The Netherlands) as
described previously (22). Cells were adjusted to 5.0 x 106

cells/ml.

Flow Cytometry
Supplementary Table 1 summarizes the antibody clones and the
fluorochrome conjugates used for the different panel fluorescent
staining mixes. Staining was performed on 100 ml/well
erythrocyte-lysed blood (panel 1-3,5) or 0.5 x 106 cells/well
freshly isolated PBMCs (panel 4). Cells were stained according
to previously described procedures (see also Supplementary
Methods) (19).

Samples were measured on a 10-color Navios flow cytometer
(Beckman Coulter, Fullerton, CA, USA), equipped with three
solid-state lasers (488 nm, 638 nm, and 405 nm) (19). Gating was
conducted manually and verified by two independent specialists
to prevent gating errors. Samples were analyzed within 4-5 hr
after blood collection, using five distinct and complementary 10-
color antibody panels: 1. general; 2. T cell; 3. B cell; 4.
intracellular T cell/Treg; 5. chemokine receptors (CCR).
Staining and gating strategies can be found in Supplementary
Figure 1. Flow cytometry data were analyzed using Kaluza
software version 1.3. In our analyses, we focused on a set of
108 manually annotated WBC subsets based on the original
500FG study (panel 1-4) (19), with the addition of a fifth panel in
which we classified monocytes, CD4+ memory and regulatory T
cells, and CD8+ cells according to their expression of the
CXCR3, CCR4, and CCR6 (panel 5).

PBMC Stimulation Experiments
Freshly isolated PBMCs were incubated with different stimuli
(Supplementary Table 2) including bacterial (Staphylococcus
aureus , M. tuberculosis, Streptococcus pneumoniae [S.
pneumoniae]), fungal (Cryptococcus gattii, Candida albicans [C.
albicans] hyphae and yeast) and other relevant antigens
(Imiquimod, TLR7 ligand), in round-bottom 96-well plates
(Greiner Bio-One, Frickenhausen, Germany) with 0.5 x 106

cells/well at 37°C and 5% CO2 in the presence of 10% human
pooled serum for seven days. Supernatants were stored at -20°C.
Levels of the lymphocyte-derived cytokines IL-17, IL-22, and
Frontiers in Immunology | www.frontiersin.org 360
interferon (IFN)-g were measured in the supernatants (PeliKine
Compact or Duoset ELISA, R&D Systems).

Plasma Markers
Serum levels of immunoglobulin (Ig)M and IgG were measured
by immunonephelometry using a Beckman Coulter Imager and
Beckman Coulter reagents. Measurements were standardized
using certified European reference material 470 (ERM®-
DA470). CMV IgG antibodies were measured in serum using
ELISA (Genway Biotech Inc., San Diego, CA, USA) according to
the manufacturer ’s instructions. Markers of systemic
inflammation, high-sensitive C-reactive protein (hsCRP) and
soluble CD14 (sCD14), and microbial translocation, intestinal
fatty acid binding protein (IFABP), were measured by ELISA
(Quantikine, R&D Systems) according to the manufacturer’s
instructions. IL-6 was measured using a SimplePlex Cartridge
(Protein Simple, San Jose, CA, USA). Circulating plasma CCL20,
IL-17A, and IFN-g were measured using the commercially
available Olink Proteomics AB Inflammation Panel as
described previously (23, 24).

Cell-Associated HIV-1 DNA and Cell-
Associated HIV-1 RNA Quantification in
CD4+ T Cells
The HIV reservoir was assessed by analyzing CD4+ cell-
associated HIV-1 DNA (CA-DNA) and CA-RNA. In virally
suppressed patients, the CA-DNA roughly equals the
integrated HIV-1 DNA, being replication competent or not
(25), while CA-RNA is associated with recent HIV-1
transcriptional activity and serves as a proxy for the active
proviral reservoir (26). CA-DNA and CA-RNA were measured
in triplicate by droplet digital PCR (ddPCR – Bio-Rad) in CD4+
T cells isolated using EasySep Human CD4+ T Cell Isolation Kit
(Stemcell technologies, Vancouver, Canada) as described
previously (27). CA-DNA was extracted by the DNeasy Blood
& Tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol with the addition of 75µl elution
buffer on the column heated at 56°C for 10 minutes. CA-RNA
was extracted using the Innuprep RNA kit (Westburg, Leusden,
The Netherlands) with 30µl elution buffer. Total RNA was
reversely transcribed to cDNA by qScript cDNA SuperMix
according to manufacturer’s protocol (Quantabio, Beverly, MA,
USA). CA-DNA was normalized by measuring the reference
gene RPP30 (Supplementary Table 3 and Supplementary
Methods) in duplicate by ddPCR and expressed per million
CD4+ T cells. CA-RNA was normalized using three reference
genes per patient, (B2M, ACTB and GADPH), which were
measured with LightCycler 480 SYBR Green I Master mix.
HIV-1 RNA copies were divided by the geometric mean of the
reference genes and expressed per million PBMCs. ddPCR data
analysis was performed using the ddpcRquant tool with standard
settings for thresholding and absolute quantification (28).

Statistical Analyses
A detailed description of the statistical methods can be found in
the Supplementary Methods. Given the impact of cohort
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differences in the absolute cell numbers of main WBC types (e.g.
CD4+) on the numbers of their subsets (e.g. CD4+ regulatory T
cells [Tregs]), results were primarily reported as WBC
percentages, unless stated otherwise. WBC percentages were
calculated by dividing the cell count of each subpopulation by
its respective parent (one level up) or, where relevant,
grandparent (two levels up; Supplementary Table 4). Data
curation of cytokine, soluble marker, and immunoglobulin data
was done according to previous methods (21). For comparisons
between cohorts, we used all four longitudinally collected data
points from the 56P cohort as independent measurements.
Because of the known seasonality effects on WBC, this
approach was considered preferable over selecting one of the
data collection points or summarizing the data points. Data were
normalized using an inverse rank transformation algorithm.

Comparisons in baseline characteristics between groups were
made using Student’s t-test (or Mann-Whitney U test) for
continuous variables, and Pearson’s Chi-square test (or Fisher’s
exact) for categorical variables. Linear regression was used to
compare WBC between cohorts, and to calculate associations
between WBC and clinical and virological factors. All analyses
were corrected for age, sex, time since January 2015 and seasonal
effects. Cytokine analyses between cohorts were also corrected
for CD4+ and CD8+ T cell percentages. Spearman correlations
Frontiers in Immunology | www.frontiersin.org 461
were used as the distance metric for unsupervised hierarchical
WBC count clustering. Two-sided FDR-corrected p-values <
0.05 were considered statistically significant (29). Effect sizes
are reported as Spearman’s Rho or standardized beta coefficients
(b). Data were analyzed using the statistical programming
language R (version 3.4.3, R Core Team, 2012).
RESULTS

General and HIV-Specific Characteristics
Data from 211 PLHIV and 56 controls were analyzed in this
study (Table 1). PLHIV were older (median [IQR] 52.5 [46.2 –
59.4] vs 30.0 [25.1 – 52.2] years, p<0.0001) and more often male
(193/211 [91.5%] vs 34/56 [60.7%], p<0.0001) than controls.
PLHIV had received cART for a median of 6.6 (4.2–11.9) years
and 205/210 (98%) had plasma HIV-1 RNA <50 copies/mL at
time of study visit. Analyzing the HIV reservoir, we found
detectable levels of total CA-DNA in 207/208 (99.5%) and
CA-RNA in 210/210 (100%); CA-DNA and CA-RNA levels
were highly correlated (Supplementary Figure 2A; R=0.68,
p<2.2·10-16). In general, PLHIV with higher CA-DNA and
CA-RNA levels were older, had been living with and treated
TABLE 1 | General characteristics.

Characteristic PLHIV (n = 211) HC (n = 56) P-value

Age, years 52.5 (46.2 – 59.4) 30.0 (25.1 – 52.2) <0.0001
Sex, female, n/N (%) 19/211 (9.0) 22/56 (39.3) <0.0001
BMI, kg/m2 24.2 (22.1 – 26.1) 23.6 (21.6 – 25.2) 0.41
Time since HIV diagnosis, years 8.5 (9.5) – –

Way of transmission, n/N (%) – –

MSM 159/211 (75.4) – –

Heterosexual contact 9 (4.3) – –

IDU 3 (1.4) – –

Other or unknown 40 (19.0)
Nadir CD4+ cell count, cells/ml 250 (130 - 360) – –

CD4+ count, cells/ml 660 (480 - 810) – –

Zenith HIV-RNA, copies/mL 100 000 (50 000 - 391182) – –

HIV-RNA >50 copies/mL ≤1 yr. prior to inclusion, n/N (%) 23/210 (11.0) – –

CA-DNA (copies per million CD4+ cells) 1547 (584 - 2802)
CA-RNA (copies per million CD4+ cells) 157 (74 - 299)
cART-naive, n/N (%) 30/211 (14.2) – –

Time on cART, years 6.6 (4.2 – 11.9) – –

ARV classes, n/N (%)
NNRTI 63/211 (29.9) – –

PI 32/211 (15.2) – –

INSTI 141/211 (66.8) – –

Co-medication, n/N (%)
Cholesterol lowering drugs 58/211 (27.5) – –

Antihypertensive drugs 50/211 (23.7) – –

Metformin 9/211 (4.3) – –

Active smoking, n/N (%) 63/211 (29.9) 2/56 (3.6) <0.0001
Heavy drinking, n/N (%)* 28/211 (13.3) 11/56 (19.6) 0.29
Regular substance use, n/N (%)† 61/211 (28.9) 3/56 (5.4) <0.0001
April 2021 | Volume 12 | Article
Data depicted as median (IQR) unless stated otherwise. Data analyzed using Mann-Whitney U or c2 (or Fisher’s exact) where applicable.
*Classified according to the CDC definition: for men, ≥15 drinks per week and for women, ≥8 drinks/week.
†Defined as use of any psychoactive substance (with the exception of alcohol and tobacco) during periods ≥ 1 time per week including ≥ 1 time during the 30 days prior to the study visit.
ARV, antiretroviral drug; BMI, body mass index; CA-DNA, CD4-cell-associated HIV-1 DNA; CA-RNA, CD4-cell-associated HIV-1 RNA; HC, healthy control; cART, combination
antiretroviral therapy; INSTI, integrase inhibitor; IDU, intravenous drug use; MSM, men who have sex with men; NNRTI, non-nucleoside reverse transcriptase inhibitor; PLHIV, people living
with HIV; PI, protease inhibitor.
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for HIV for a longer period, and had lower nadir CD4+ T cell
counts (Supplementary Figure 2A). We observed no significant
differences in CA-RNA and CA-DNA between PLHIV with
plasma HIV-1 RNA <50 copies/mL (205/210 [98%]) and those
with plasma HIV-1 RNA 50-200 copies/mL (5/210 [2%];
Supplementary Figure 2B). PLHIV with at least once a viral
load of >50 copies/mL during year prior to study visit (23/210
[11.0%]) had higher levels of CA-RNA (p=0.0077), but no
differences in CA-DNA (p=0.076; Supplementary Figure 2B).

Alterations in WBC Composition and Cell-
Cell Associations in Chronic HIV
We analyzed 108 WBC populations, including 93/107 (87%) B
and T cell subsets and 14/107 (13%) innate cell subsets
(neutrophils, monocytes, natural killer [NK] and natural killer
T cells [NKT]). Figure 1 and Supplementary Figure 3 show the
differences in WBC composition between PLHIV and controls.
An overview of median (IQR) WBC percentages and numbers in
PLHIV and controls can be found in Supplementary Table 5.

Principal component analysis (PCA) of all WBC populations
only explained a limited amount of the total variance. Still, the
PCA plot showed clear differences in clustering between PLHIV
and controls (Figure 1A). As expected, PLHIV exhibited an
expansion of CD8+ and a reduction of CD4+ T cell numbers and
percentages (Figure 1B and Supplementary Table 5).
Functionally, CD4+ T cells comprise a diverse population of
cells. CD4+ T helper (Th) cells fulfill essential roles for viral (Th1,
CCR6-CXCR3+CCR4-), parasitic (Th2, CCR6-CXCR3-CCR4+),
and mucosal (Th17, CCR6+CXCR3-CCR4+) immunity (30). In
addition, CD4+ Tregs are essential for controlling inflammation
(31). Despite reduced CD4+ T cell counts, numbers of all Th cell
subsets (CD4+ CD45RA- CD25-) were markedly increased in
PLHIV compared to controls (Figure 1B and Supplementary
Table 5). Within the Th pool, Th2 percentages were reduced in
PLHIV compared to controls, whereas Th1 percentages did not
differ. Remarkably, Th17 percentages and numbers were
increased in PLHIV (Figures 1B, C and Supplementary
Table 5). While Treg percentages (of CD4+ cells), including
highly suppressive Tregs co-expressing the transcription factors
FoxP3 and Helios, were also increased in PLHIV, absolute Treg
numbers were reduced (Figures 1B, C and Supplementary
Table 5). This relative increase of Tregs may result from a loss
of other CD4+ subsets (32). Among Tregs, we found no
differences in the percentage of activated (HLA-DR+) and
effector Tregs (CD45RA-). The relationship between pro-
inflammatory Th17 cells and Treg must remain balanced to
preserve functional immunity. Altered ratios have been described
in untreated HIV (lower Th17/Treg), autoimmune disease and
cancer (higher Th17/Treg) (9, 33, 34). Here, we found increased
Th17/Treg ratios among virally suppressed PLHIV, irrespective
of the Treg identification marker used (Figure 1C and
Supplementary Figure 4). Furthermore, out of the Treg
population, the percentage of Th17-like CCR6+ Tregs was
increased in PLHIV, further contributing to a pro-
inflammatory state. Developmentally, T cells evolve from naive
T cells to antigen experienced central memory (CM), effector
memory (EM), and effector cells (35, 36). HIV not only
Frontiers in Immunology | www.frontiersin.org 562
differentially affects functional subpopulations, but also
disrupts these developmental stages. While naïve CD4+ and
CD8+ T cells were reduced, memory and effector cells were
expanded in PLHIV (Figure 1B and Supplementary Table 5).
Likewise, we found higher percentages of proliferating (Ki67+)
CD4+ and CD8+ T cells in PLHIV, indicating increased cell
turnover. These results suggest a shift from naive cells towards
terminally differentiated cells in HIV, even if viral replication is
under control (37), which cannot be explained by age, sex, or
season as we corrected our models for these factors.

Changes in the B cell compartment have also been described in
PLHIV, including loss of CD27+ memory B cells (38, 39).
Furthermore, viremia and low CD4+ T cell counts have been
associated with the expansion of terminally differentiated B cells
and immature B cells respectively (38, 39). In our study, we
observed clear differences in B cell development in PLHIV
illustrated by increased percentages of naïve B cells (IgD+IgM+
CD27-) and reduced percentages of memory B cells (IgD+IgM+
CD27+), transitional B cells (CD24++CD38++) and natural
effector B cells (CD24+CD38+IgD+IgM+). In addition, the
number of plasmablasts (IgD- IgM- CD38++) was increased in
PLHIV, (Figures 1B, C and Supplementary Table 5). Adequate B
cell maturation further requires optimal communication between
B and T cells. We therefore sought to identify differences in WBC
co-regulation between PLHIV and HIV-uninfected individuals by
comparing cell-cell associations between PLHIV and participants
from the 500FG cohort. Details of this 500FG cohort have been
reported previously (500FG, n=534) (19). Using the same
immunophenotyping techniques, we observed weaker
correlations between naïve, CM and EM CD4+ T cells and
several B cell subpopulations (including class-switch memory B
cells) within PLHIV than in participants of the 500FG cohort,
suggesting altered B/T cell interactions (Figure 2). These
differences were not attributable to the influence of age, sex, or
season as these factors were regressed out of the analysis.

Apart from changes in the adaptive cell compartment, we
observed clear changes in the innate WBC compartment in
PLHIV. Monocyte and NKT cell numbers and percentages were
increased, whereas NK cell numbers and percentages were
reduced, specifically the cytokine-producing NK bright cells
(Figure 1B and Supplementary Table 5) Together, these data
show a widespread functional and developmental dysregulation of
the immune system in virally suppressed PLHIV. This
dysregulation encompasses both the innate and the adaptive
compartment and results in a pro-inflammatory immune
environment with an expansion of monocytes, pro-inflammatory
Th and effector T cells, and dysregulated B cell memory responses.

Lifestyle, Demographic, and Clinical
Factors Influence the WBC Composition
During Chronic HIV Infection
Apart from the effects of HIV, demographic and lifestyle-related
factors may influence the composition of the circulating WBC
populations. Indeed, we found that older age was associated with
an increase of innate immune cells and differential effects on B
and T cell populations, for example with lower percentages of
naïve T cells (CD4+ T cells b=-0.29, p=0.00020; CD8+ T cells
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A

B

C

FIGURE 1 | Differences in WBC percentages between PLHIV and healthy individuals (A) Principal component biplot showing standardized variance for the two
principal component of all WBC subsets. The ovals represent the different cohorts. (B) Differences in WBC percentages (n=108 WBC subsets) between PLHIV
(n=211) and healthy controls (n=56) (C) Boxplots showing examples of cohort differences in cell percentages and Th17/Treg ratios (Treg identification marker
CD25++). Inverse-rank transformed data were analyzed using multiple linear regression and adjusted for age, sex, sampling time, and season. For color coding of
the FDR-adjusted p-values see legend.
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b=-0.29, p=0.00020) and B memory cells (b=-0.39, p=1.5·10-7)
and higher percentages of memory T cells (e.g. CD8+ CM
b=0.22, p=0.00064) and mature naïve B cells in PLHIV
(b=0.25, p=0.00087, Figure 3 and Supplementary Table 6).
Sex-dependent influences of the WBC composition, reflected
by more effector and EM cells and fewer naïve (B and T) cells in
males in HIV infection, resembled those observed previously
observed in healthy individuals (21, 40).

Lifestyle risk behaviors such as smoking [63/211 (29.9%)],
heavy drinking [28/211 (13.3%)], and regular drug use [61/211
(28.9%)] were highly prevalent in PLHIV (Table 1). We found
that packyears (reflecting total tobacco exposure) were associated
with higher frequencies of neutrophils (b=0.22, p=0.033), Treg
(b=0.22, p=0.033), CD8+ subsets (e.g. CCR6-CXCR3-CCR4+
b=0.24, p=0.025), and class switched memory B cells (b=0.20,
p=0.042, Supplementary Table 6). Active smoking correlated
with higher percentages of Th17 (b=0.21, p=0.031) and CCR6+
Tregs (b=0.26, p=0.0028, Figure 3 and Supplementary Table 6).
Neither heavy drinking, nor regular drug use affected the
WBC composition.
Frontiers in Immunology | www.frontiersin.org 764
We further assessed the effects of relevant clinical factors on
the WBC composition in PLHIV, by exploring associations with
the history of immune suppression and treatment-related
factors. We found that nadir CD4+ cell counts were closely
associated with both B and T cell percentages in PLHIV
(Figure 3 and Supplementary Table 6). For example, higher
counts were associated with higher percentages of naïve CD4+ T
cells (b=0.45, p=1.2·10-9) and memory B cells (b=0.18, p=0.034).
In contrast, we observed no effects of the duration of HIV
infection or cART (regimen) on the WBC composition
(Supplementary Tables 6).

HIV-1 Reservoir and CMV Affect the WBC
Composition in Chronic HIV Infection
First, we explored the relationship with markers of the HIV
reservoir. CA-DNA was negatively associated with CD4+ T cell
percentages (b=-0.33, p=9.8·10-5) and positively with CD8+ T
cell percentages (b=0.34, p=7.0·10-5). Within the CD4+ T cell
pool, CA-DNA correlated with higher percentages of CM and
Th17 cells (b=0.21, p=0.026 and b=0.24, p=0.0081 respectively;
FIGURE 2 | Differences in cell-cell associations between PLHIV and healthy individuals. Exploratory analysis depicting cell-cell associations between a total of 77
available WBC subsets that were significantly stronger (red) or weaker (blue) in PLHIV compared to healthy controls (n=534). FDR-adjusted p-values are obtained
after 10 000 permutations and adjusted for age, sex, sampling time and season. HC, healthy control; PLHIV, people living with HIV; WBC, white blood cells.
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Figure 4 and Supplementary Table 7) Higher CA-DNAwas also
associated with more CD4+ T cell proliferation (Ki67+, b=0.35,
p=3.3·10-5) and Treg activation (HLA-DR+, b=0.23, p=0.0081).
We found similar associations between T cells and CA-RNA,
whereas we found no relation between T cells and the
relative HIV transcription level (CA-RNA/CA-DNA ratios;
Supplementary Table 7). Lastly, we observed several
associations between CA-DNA and B cells: higher CA-DNA
levels correlated with reduced percentages of IgD+ only memory
B cells (b=-0.27, p=0.00068) and, albeit non-significantly, with
reduced percentages of natural effector B cells (CD24+CD38+
Frontiers in Immunology | www.frontiersin.org 865
IgD+IgM+, b=-0.18, p=0.056), and class unswitched memory B
cells (IgD+IgM+CD27+, b=-0.18, p=0.053). Exclusion of PLHIV
with HIV-RNA 50-200 copies/mL at time of study visit (5/210
[2%]) did not change the main conclusions of our paper
(Supplementary Tables 8, 9).

Second, CMV co-infection may contribute to immune
dysregulation in both treated and untreated PLHIV. As CMV
is known to affect WBC populations in healthy controls (41), we
explored the association of CMV serostatus with WBC
composition. 198 of the PLHIV (93.8%) were seropositive for
CMV. In line with findings in healthy individuals (41), CMV
A

B

FIGURE 3 | Clinical determinants of WBC percentages in PLHIV (A) Heatmap of WBC percentages (n=108 WBC subsets) that were significantly associated with
any of the clinical determinants tested in 211 PLHIV; WBC subsets that showed no significant correlations with any of the parameters (n=37) have been removed
from the figure. (B) Examples of WBC subsets that were significantly associated with age, sex, smoking, or CD4 nadir. Inverse-rank transformed data were analyzed
using linear regression and adjusted for age, sex, sampling time, and season. For color coding of the FDR-adjusted p-values see legend. PLHIV, people living with
HIV; WBC, white blood cells.
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seropositivity correlated with higher percentages of effector, EM
T cells (e.g. with CD8+ effector cells b=0.43, p=1.7·10-9 and
CD4+ EM cells b=0.30, p=0.00011; Figure 4 and Supplementary
Table 7) and NKT cells (b=0.29, p=0.00029), yet with lower
percentages of Th17 cells (b=-0.26, p=0.00065). We observed no
associations between B cell subsets and CMV.

Microbial Translocation, Inflammation
and Th17 Differentiation in Chronic
HIV Infection
Our main findings include a loss of naïve T cells and an
expansion of Th17 in PLHIV compared to healthy controls,
which related with lower nadir CD4+ T cells counts and higher
levels of CA-DNA. To further assess the potential underlying
mechanisms, we explored the relationship between these WBC
subsets, markers of chronic inflammation, and markers of
microbial translocation. As discussed above, naïve T cells are
Frontiers in Immunology | www.frontiersin.org 966
able to differentiate into different Th subsets depending on the
cytokine environment (42). We previously showed that PLHIV
in our cohort exhibited a pro-inflammatory profile with
increased levels of hsCRP (p=0.00022) and sCD14 (a marker of
monocyte activation, p=0.0025; Figure 5A) as well as markedly
elevated monocyte-derived cytokine responses, particularly IL-
1b (20). Such a pro-inflammatory cytokine environment may
push the differentiation of naive CD4+ cells into Th17 cells (42).
Indeed, we observed positive associations between Th17
percentages and circulating IL-6 (b=0.21, p=0.014) and sCD14
(b =0.17, p=0.035; Figures 5B, C). Notably, Th17 cells fulfill an
essential role in mucosal defense and gut Th17 cells are known to
be severely depleted during acute HIV (9). To test whether gut
integrity might have been compromised in our cohort, we
measured levels of the microbial translocation marker IFABP
and found increased levels in PLHIV compared to healthy
controls (p=7.6·10-5; Figure 5D), suggesting ongoing microbial
A B

FIGURE 4 | The HIV-1 reservoir, CMV serostatus and WBC percentages in PLHIV (A) Heatmap of significant associations between WBC percentages (total n=108),
CMV co-infection (serostatus and IgG titers in 198 seropositive PLHIV) and markers of the HIV-1 reservoir (CA -DNA and CA- RNA) in 211 PLHIV; WBC subsets that
showed no significant correlations with any of the parameters (n=41) have been removed from the figure. (B) Examples of WBC percentages that were significantly
associated with the viral reservoir or CMV IgG titers. Inverse-rank transformed data were analyzed using linear regression and adjusted for age, sex, sampling time,
and season. For color coding of the FDR-adjusted p-values see legend. CA-DNA, CD4-cell-associated HIV-1 DNA; CA-RNA, CD4-cell-associated HIV-1 RNA; CMV,
cytomegalovirus; PLHIV, people living with HIV; WBC, white blood cells.
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translocation in chronic treated HIV, especially in those with
higher CA-RNA and CA-DNA (CA-RNA b =0.18, p=0.0091 and
CA-DNA b=0.21, p=0.0025, Figure 5E). Higher levels of IFABP
were associated with an expansion of peripheral blood Th17
(b=0.17, p0.043; Figure 5B). Homing of Th17 to the gut (and
other tissues, such as the skin) is directed by the chemokine
CCL20, which is produced by tissue and immune cells
(neutrophils and monocytes) and binds uniquely to the
CCR6+ receptor (43). Correspondingly, we found strong
associations between CCL20 and Th17 percentages (b=0.22,
p=0.0037), CCL20 and Th17/Treg (b=0.26, p=0.00081 for
Th17/FoxP3+ Treg, b=0.27, p=0.00081 for Th17/CD127low
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Treg, and b=0.19, p=0.013 for Th17/CD25++ Treg), CCL20
and circulating IL-17A levels (b=0.47, p=1.2·10-11) and CCL20
and IFABP (b=0.24, p=0.0011; Figure 5F). Together, these
results suggest that the pro-inflammatory environment in
chronic HIV may promote the differentiation of circulating
naïve CD4+ T cells into Th17 cells and that these changes may
be associated with changes in gut permeability and gut homing.

Functional Consequences of Changes in
Adaptive Immune Cells in Chronic HIV
As our results indicated significant changes in circulating
immune cell populations in PLHIV, we next analyzed the
A B

C D

E F

FIGURE 5 | Inflammation, microbial translocation, and Th17 cells in PLHIV (A) Boxplots showing differences in hsCRP and sCD14 between PLHIV (n=211) and
healthy controls (n=56). (B) Heatmap showing associations between Th17 percentages, Th17/Treg ratios and sCD14, hsCRP, IFABP, and CCL20. (C) Associations
between Th17 percentages and sCD14 and circulating IL-6 in PLHIV. (D) Levels of the microbial translocation marker IFABP in PLHIV and healthy controls.
(E) Associations between IFABP and CA-RNA and CA-DNA in PLHIV. (F) Associations between CCL20 and circulating IL-17A and IFABP. Inverse-rank transformed
data were analyzed using linear regression analyses and corrected for sampling time. CA-DNA, CD4-cell-associated HIV-1 DNA; CA-RNA, CD4-cell-associated
HIV-1 RNA; CCL20, Chemokine (C-C motif) ligand 20; HC, healthy control; hsCRP, high-sensitivity CRP; IFABP, intestinal fatty-acid binding protein; IL-6, interleukin
6; IL-17A, interleukin 17A; Mem Tc, CD4+ memory T cell; PLHIV, people living with HIV; sCD14, soluble CD14; Th17 percentages, T-helper 17 cell percentages
(Mem Tc CCR6+ CXCR3-CCR4+ as percentage of CD4+ Mem Tc); Treg, regulatory T cells; WBC, white blood cells.
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possible functional consequences. First, we measured ex vivo
cytokine responses of PBMCs after stimulation with different
stimuli. We found strong correlations between NK and T-cell
percentages and ex vivo IFN-g, IL-17, and IL-22 responses
(Figure 6A and Supplementary Table 10): IFN-g responses
correlated with percentages of NK dim, CD4+ and CD8+ EM
cells, whereas IL-22 responses correlated with CCR6+ CM CD4+
cell percentages. As expected, Th17 percentages were associated
with increased circulating IL-17A (b=0.16, p=0.029) and ex vivo
IL-17 responses to C. albicans (b=0.19, p=0.047) and with
reduced IFN-g responses (Figures 6A, E and Supplementary
Table 10). Despite the expansion of Th17 cells among PLHIV
compared to controls, ex vivo responses of IL-17 or IL-22 did not
differ, suggesting that the functional capacity of these cells may
be compromised. In contrast, IFN-g production upon
stimulation with C. albicans hyphae (p=0.012) and M.
tuberculosis (p=0.0025) was reduced in PLHIV (Figure 6B).
Among PLHIV, lower ex vivo IFN-g production to stimulation
with Imiquimod (b =-0.21, p=0.0020) and S. pneumoniae (b=-
0.22, p=0.0011) and lower circulating IFN-g concentrations (b=-
0.18, p=0.014) were associated with higher CA-DNA levels
(Figures 6C, D). No associations were found between ex vivo
cytokine production and CMV seropositivity.

Second, we measured serum immunoglobulins and found
significant correlations between serum IgM and IgM+ B cell
populations (Figure 6F), but no cohort differences in IgM levels
[median (IQR) 0.76 (0.56 – 1.05) g/L in PLHIV versus 0.82
(0.65 – 1.21) g/L in controls, p= 0.22] or IgG levels [10.03 (8.34 -
11.59) g/L in PLHIV versus 9.10 (7.59 – 11.38) g/L in controls,
p= 0.12]. These results indicate that while some of the alterations
in adaptive immune function may be reversed by long-term
cART (44, 45), others, such as impaired IFN-g responses, remain.
DISCUSSION

In this study we show that, despite suppressive cART, the
circulating innate and adaptive immune cell composition in
PLHIV differs from that of HIV-uninfected individuals. We
confirm that PLHIV exhibit a WBC profile characterized by
proliferating memory and effector CD4+ and CD8+ T cells.
While untreated HIV infection has been associated with a loss of
circulating Th17 cells (9), we observed an expansion of circulating
Th17 cells and increased Th17/Treg ratios during stable suppressive
treatment, which was associated with plasma concentrations of IL-
6, CCL20 and the microbial translocation marker IFABP.
Furthermore, PLHIV showed clear changes in B cell maturation
with reduced memory B cell percentages and increased plasmablast
numbers. In the innate compartment, we observed an expansion of
monocytes together with a loss of NK cells, specifically NK bright
cells. In addition to age, sex, smoking, and CMV, we found strong
associations between WBC populations and markers of the HIV-1
reservoir (CA-DNA and CA-RNA). Functionally, Th17 responses
seemed to be preserved, whereas IFN-g responses to C. albicans and
M. tuberculosis were compromised, especially in those with higher
CA-DNA. The compromised IFN-g responses may affect host
Frontiers in Immunology | www.frontiersin.org 1168
defense against some important bacterial pathogens (including
M. tuberculosis) and the HIV-1 reservoir.

Prior studies have shown that untreated HIV infection results in
a massive depletion of Th17 cells from the peripheral blood and the
mucosa (9), a process that may partially be reversed by cART (46–
48). We recently showed that PLHIV from the same cohort
exhibited a pro-inflammatory profile with increased monocyte-
derived cytokines, particularly IL-1b (20). IL-1b and IL-6 are
among the critical cytokines driving differentiation of Th17 (42),
and we postulate that these cytokines may have contributed to the
higher circulating Th17 numbers. Th17 cells in the peripheral blood
poorly reflect mucosal Th17 numbers (49) and it is possible that
mucosal Th17 depletion with increased microbial translocation and
altered Th17 recruitment occurs in the participants of our study.
The gut-inflammatory marker generating islet-derived protein 3a
(REG3a) would be of interest for future studies on the interplay
between Th17 and epithelial gut damage in PLHIV
(50).Concurrently to increased Th17 cells and pro-inflammatory
Th17-like (CCR6+) mTregs, PLHIV showed increased peripheral
blood Th17/Treg ratios. Increased Th17/Treg ratios have been
linked to cardiovascular disease and atherosclerosis (33), cancer
(34), and major depressive disorder (51), which are all highly
prevalent in long-term treated PLHIV. Th17-mediated auto-
immune diseases like psoriasis are also common among PLHIV,
although they mostly occur during periods of severe
immunosuppression and resolve upon cART initiation (52).
Despite these changes in Th17, IL-17 and IL-22 cytokine
responses did not differ between PLHIV and healthy controls. In
contrast, we observed reduced ex vivo IFN-g responses to C.
albicans and M. tuberculosis in PLHIV. IFN-g is predominantly
produced by NK(T) cells, Th1, and CD8+ cells (44). Given that
CD8+ cells were increased in PLHIV and Th1 cells did not differ
between PLHIV and controls, we postulate that the reduced IFN-g
responses may have resulted from the loss of NK cells, which has
been reported previously in both untreated and treated PLHIV (53,
54). In line with prior data, we observed an inverse relationship
between IFN-g responses and CA-DNA, suggesting that the failure
to restore the NK cell compartment after cART initiation may be
important for the containment of the HIV-1 reservoir
(55).Moreover, IFN-g is a key cytokine in the immune response
against M. tuberculosis which remains an important pathogen in
treated PLHIV (56). Improving IFN-g responses, may therefore be
relevant in the context of M. tuberculosis and HIV cure.

Different factors may contribute to the variation in T-cells
repertoire in PLHIV. First, the effects of demographic factors such
as age, sex, and smoking resembled those observed previously in
healthy individuals (19, 41). Second, PLHIV in our study were
almost universally coinfected with CMV and, in line with earlier
data in HIV-infected and uninfected individuals, CMV
seropositivity was associated with the expansion of effector and
EM CD4+ and CD8+ T cells (14, 41, 57, 58). Of note, high CMV
IgG levels may reflect frequent CMV reactivations or result from
a stronger immune response (including adequate B/T cell
interactions and B cell responses) and, consequently, fewer
activations (59). Importantly, higher CMV IgG titers have been
linked to microbial translocation and the development of non-
AIDS-defining events such as cardiovascular disease (14, 60).
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Third, we found substantial associations between WBC subsets
and CD4+ nadir and markers of the HIV-1 reservoir. Overall,
CA-DNA showed more and stronger correlations with WBC
subsets than did CA-RNA, which may be explained by the
fact that CA-RNA levels, reflecting transcriptional activity, are
low during viral suppression and subtle effects may be missed
(13, 61).
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Next to T cell dysfunction, HIV is characterized by aberrant
B cell responses and B cell dysfunction. Using a different set of
B cell markers than earlier studies in PLHIV (62, 63), we
confirm their observations that percentages of naïve B cells
are increased and memory B cells are reduced in PLHIV.
Moreover, adequate B cell maturation requires optimal
communication between T and B cells, which, according to
A

B

C D E

F

FIGURE 6 | Functional consequences of WBC alterations in PLHIV (A) Heatmap of NK(T) and T cell percentages (total n=71) that were significantly associated with
the ex vivo production of IFN-g, IL-17, and IL-22 upon seven days ex vivo stimulation of PBMCs with different stimuli (n=7) in 211 PLHIV; WBC subsets that showed
no significant correlations with any of the parameters (n=44) have been removed from the figure. (B) Boxplot showing differences in ex vivo IFN-g responses upon
stimulation with C. albicans and M. tuberculosis between PLHIV (n=211) and healthy controls (n=56). (C) Association between CA-DNA and ex vivo IFN-g responses
to stimulation with Imiquimod and S. pneumoniae in PLHIV. (D) Association between CA-DNA and circulating IFN-g in PLHIV. (E) Association between Th17
percentages and circulating IL-17A in PLHIV. (F) Heatmap of B cell percentages (total n=28) that were significantly correlated with IgM or IgG levels in PLHIV; WBC
subsets that showed no significant correlations with any of the parameters (n=21) have been removed from the figure. Inverse-rank transformed data were analyzed
using linear regression analyses and corrected for sampling time. For cohort comparisons, data were corrected for age, sex, sampling time, season and the CD4+
and CD8+ cell percentages. For color coding of the FDR-adjusted p-values see legend. CA-DNA, CD4-cell-associated HIV-1 DNA; HC, healthy control; IFN-g,
interferon gamma; Ig, immunoglobulin; IL-17(A), interleukin 17(A); IL-22, interleukin 22; Mem Tc, CD4+ memory T cell; NK(T) cells, natural killer (T) cells; PBMC,
peripheral blood mononuclear cell; PLHIV, people living with HIV; sCD14, soluble CD14; Th17 percentages, T-helper 17 cell percentages (Mem Tc CCR6+ CXCR3-
CCR4+ as percentage of CD4+ Mem Tc); WBC, white blood cell.
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our data, might be compromised in chronic stable PLHIV. B/T
cell interactions take place in the germinal centers in lymph
nodes and are orchestrated by follicular Th cells (Tfh) (64). As
these cells are known to be highly permissive to HIV infection
and serve as reservoirs during chronic infection, they could
potentially explain these disrupted B/T cell interactions (64–
66). Clinically, compromised B/T cells interactions may
contribute to impaired immune responses to vaccination as
well as increased risks for infections, such as invasive
pneumococcal disease (5, 67). Finally, improvement of B/T
cell communication is crucial for the development of broadly
neutralizing antibodies and thus functional cure in PLHIV (68).

Our findings support the relevance of new immune
modulating strategies in ART-treated PLHIV. Examples of
interventions with potent anti-inflammatory properties in
PLHIV include the IL-1b-inhibiting agent canakinumab (69)
and the epigenetic modifier panobinostat (HDACi) (70, 71).
Moreover, checkpoint inhibitors (e.g. those targeting PD1, PD-
L1, and CTLA4) have been shown to, transiently, reverse
latency of the viral reservoir, to restore cytotoxic T cell
functions (72–75), and to enhance B-cell germinal responses
to HIV-1 envelope vaccines (76). Further research is required to
establish whether these agents are safe and effective long-term
options to mitigate inflammation and to reverse immune
exhaustion and HIV latency in stable HIV infection.

Several limitations should be considered when interpreting
our data. First, the observational study design limits causal
inferences. Second, generalizability of our findings to women,
children and non-European populations requires further
studying. Third, participants from the HIV cohort were older
and more often male and age and sex both have known effects
on the immune system (19, 21) To adjust for these differences,
we used multivariable regression models which allowed us to
take into account the effects of these independent predictors
(age and sex) on our outcome of interest (HIV status). Fourth,
we used a predefined set of markers and flow cytometry panels.
While this standardized approach enhances validity and
reproducibility and enabled us to compare our results with
those of a large cohort of healthy controls, some interesting
WBC subsets and markers for HIV have not been included (e.g.
Tfh cells, CD38 HLA-DR co-expression, and PD-1/CD57
expression in the context of B/T cell interactions, T-cell
activation, and immune cell exhaustion respectively).
Furthermore, data on intracellular production of IL-17 and
IFN-g in maximally stimulated sorted cell populations (e.g.
Th17 or NK cells) may provide a better understanding of the
changes in cytokine production capacity per WBC subset.
Finally, our WBC data are limited to the peripheral blood
and we have no data on tissue-specific WBC composition (e.g.
lymph nodes or the gut).

In summary, we show that the circulating innate and adaptive
immune cell composition is altered in a large group of PLHIV
receiving cART formore than sixmonths. Furthermore, our findings
suggest that some of the adaptive immune responses (Th17) are
preserved while IFN-g responses are compromised. Our
comprehensive approach provides new insight into the changes in
Frontiers in Immunology | www.frontiersin.org 1370
the immune cell architecture and functional immunity in treated
HIV and highlights associations with the HIV-reservoir, underlining
the need for early cART initiation. Our results are currently validated
and extended in a multi-omics study including 2000 virally
suppressed PLHIV (clinicaltrials.gov identifier: NCT03994835).
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CD4 T cells are key mediators of adaptive immune responses during infection and
vaccination. Within secondary lymphoid organs, helper CD4 T cells, particularly those
residing in germinal centers known as follicular helper T cells (Tfh), provide critical help to B-
cells to promote their survival, isotype switching and selection of high affinity memory B-
cells. On the other hand, the important role of Tfh cells for themaintenance of HIV reservoir is
well documented. Thus, interrogating and better understanding the tissue specific micro-
environment and immune subsets that contribute to optimal Tfh cell differentiation and
function is important for designing successful prevention and cure strategies. Here, we
describe the development and optimization of eight multispectral confocal microscopy
immunofluorescence panels designed for in depth characterization and immune-profiling of
relevant immune cells in formalin-fixed paraffin-embedded human lymphoid tissue samples.
We provide a comprehensive library of antibodies to use for the characterization of CD4+ T-
cells -including Tfh and regulatory T-cells- as well as CD8 T-cells, B-cells, macrophages and
dendritic cells and discuss how the resulting multispectral confocal datasets can be
quantitatively dissected using the HistoCytometry pipeline to collect information about
relative frequencies and immune cell spatial distributions. Cells harboring actively
transcribed virus are analyzed using an in-situ hybridization assay for the characterization
of HIV mRNA positive cells in combination with additional protein markers (multispectral
RNAscope). The application of this methodology to lymphoid tissues offers a means to
interrogate multiple relevant immune cell targets simultaneously at increased resolution in a
reproducible manner to guide CD4 T-cell studies in infection and vaccination.
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INTRODUCTION

To understand the tissue specific mechanisms that govern
successful clinical outcomes in infection and vaccination, for
example pathogen clearance or the production of neutralizing
antibodies, it is important to understand the context in which
these outcomes arise. Lymphoid tissues and secondary lymphoid
organs (SLOs) are anatomical sites with a key role in the
generation of adaptive immune responses (1). They are
characterized by a high density of lymphocytes compared to
peripheral blood (estimated at ~60% in SLOs compared to 2.2%
in blood) (2, 3) and are also populated by cell subsets such as
fibroblasts and stromal cells that perform critical immune related
functions (4–7) but are less amenable to isolation for ex vivo
study. Traditionally, the study of immune cell dynamics in
lymphoid tissues has been performed using single-cell
methodologies such as flow cytometry and more recently mass
cytometry (i.e. CyTOF) and single-cell or bulk RNAseq after
dissociating the cells from the tissue. Such methodologies have
greatly enriched our understanding of circulating and tissue-
resident immunophenotypes, their transcriptional programs and
population kinetics at different life stages or in pathology (8–11).
However, methodologies employing cell suspensions do not
interrogate by design the microanatomical segregation or
positioning of immune subsets relative to each other despite
the importance of these two parameters for mechanism and
function (12).

HIV infection profoundly affects the microarchitecture of
lymphoid tissues and lymph nodes (LN) (13). The virus is
detected in LN shortly after infection (14) where it persists for
life, even in the context of antiretroviral therapy (13, 15).
Structural damage of B-cell follicles, LN fibrosis as well as
acute lymphadenitis characterized by focal hemorrhages,
extensive cellular destruction, accumulation of neutrophils,
phagocytosis of nuclear debris, proliferation of blood vessels,
presence of immunoblasts and clear cell aggregation are some of
the changes that have been described in individuals affected by
the virus (13). The CD4 T cell lineage, which comprises several
subsets including Th1, Th2, Th9, Th17, Th22, regulatory T cells
(Treg) and follicular helper T cells (Tfh) (16, 17) is a major target
of HIV infection (18). CD4 T cell lineage subsets show varying
distributions in peripheral blood and lymphoid tissue
compartments depending on their trafficking and functional
profiles as well as status of differentiation (naïve; central
memory Tcm; effector memory Tem; terminal effector Temra)
(8, 11). Of particular interest among these subsets are Tfh, a CD4
T cell population that was first identified in tonsillar tissues, in
microanatomical regions known as germinal centers (GC) that
develop after antigenic challenge (4, 19). Tfh are phenotypically
characterized by the expression of the transcriptional regulator
Bcl-6 and chemokine receptor CXCR5, as well as by the
concurrent expression of the costimulatory receptors PD-1,
CD40L and ICOS (4, 20). Their role is to provide critical help
to B-cells to promote their survival, isotype switching and
selection of high affinity memory B cells (21). In line with the
heterogeneity observed in other CD4 T-cell subsets, Tfh also
display phenotypic heterogeneity that has been shown to
Frontiers in Immunology | www.frontiersin.org 275
associate with function (21, 22). Furthermore, the exact
topology of Tfh within GCs is also emerging as an important
dimension for their analysis (23, 24) HIV infection has been
shown to perturb Tfh numbers both in humans as well as in
NHP animal models of the disease (25, 26). In addition, Tfh have
been shown to represent an important reservoir of HIV during
chronic infection (27, 28). Understanding thus the changes that
come about in lymphoid tissues during a chronic infection is
important for appreciating the mechanisms leading to pathology,
disease progression as well as neutralizing – and broadly
neutralizing- antibody formation.

In this study, we describe the development of eight
multispectral confocal imaging panels designed for the
analysis of CD4+ T-cells -including Tfh and regulatory T-cells-
as well as CD8 T-cells, B-cells, macrophages and dendritic cells
in tissue sections. Two additional panels designed for the
characterization of key lymphoid stromal elements and HIV
RNA positioning are also presented. We discuss how to
prepare the confocal microscope for image acquisition, provide
a comprehensive list of validated antibodies to use and
suggest a framework for the quantitative analysis of the
imaging results using the HistoCytometry pipeline (29).
The proposed tissue analysis can be applied in studies of
natural HIV infection as well as in experimental vaccination
protocols to supplement existing datasets with spatial
information to aid the generation of hypothesis-driven
questions regarding the mechanisms underlying successful
immune responses.
MATERIALS AND METHODS

Ethics Statement
Signed informed consent was obtained before all procedures in
accordance with the Declaration of Helsinki and approved by the
appropriate Institutional Review Board. Tonsils were obtained
from anonymized discarded pathologic specimens from
Children’s National Medical Center (CNMC) under the
auspices of the Basic Science Core of the District of Columbia
Developmental Center for AIDS Research. The CNMC
Institutional Review Board determined that study of
anonymized discarded tissues did not constitute ‘human
subjects research’. The inguinal lymph nodes used for the
RNAscope and for LN-specific validations were from HIV+
donors recruited at Centro de Investigación en Enfermedades
Infecciosas (CIENI), Instituto Nacional de Enfermedades
Respiratorias (INER) in Mexico City, Mexico. Informed
consent was obtained before the procedures in line with the
protocols approved by the INER-CIENI Ethics Committee.

Tissue Processing
Upon receipt of tissue, lymph nodes and tonsils were washed
with ice-cold medium R-10 (RPMI 1640 supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin and
100 µg/mL streptomycin (Invitrogen). The surrounding fatty
tissue was removed, and tissues were cut into small pieces and
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immediately placed in fixative for 24hrs that was either in 10%
Neutral Buffered Formalin (tonsils) or 4% neutral buffered
paraformaldehyde for RNAscope as preliminary experiments
showed superior results using this type of fixation (lymph node
samples). Specimens were then embedded in paraffin and
sectioned for multiplex confocal microscopy analysis. Tonsillar
mononuclear cells used in flow cytometry experiments were
isolated from specimens by mechanical disruption and
subsequent Ficoll-Paque density gradient centrifugation.
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Antibodies
The following antibodies were used in the study (also
summarized in Table 1).

Flow Cytometry
CD3 BB700 (clone SP34-2, Beckton Dickenson) or CD3 H7APC
(clone SK7, BD Biosciences); Ki67 Brilliant Violet 421 (clone
B56, BD Horizon); CD20 Brilliant Violet 570 (clone 2H7,
Biolegend); CD4 Brilliant Violet 650 (clone SK3, BD
TABLE 1 | Antibodies used for confocal imaging and flow cytometry.

Confocal Imaging Fluorochrome Clone Catalog Number Source Dilution

Biomarker

Bcl-6 Unconjugated PG-B6p M7211 DAKO 1:100
Bcl-6 Unconjugated LN22 MAB9607 Abnova 1:50
Ki67 Brilliant Violet 421 B56 562899 BD Horizon 1:50
Ki67 Brilliant Violet 480 B56 566109 BD Horizon 1:50
Ki67 Alexa Fluor 647 B56 558615 BD Biosciences 1:50
PD-1 Alexa Fluor 488 polyclonal FAB7115G R&D Systems 1:20
CD20 eFluor 615 L26 42-0202-82 eBioscience 1:50
CD57 Brilliant Violet 480 NK-1 555618 BD Horizon 1:50
FoxP3 Alexa Fluor 647 206D 320114 Biolegend 1:10
CD4 Alexa Fluor 700 polyclonal FAB8165N R&D Systems 1:50
CD138 Unconjugated Ep201 BSB6530 BioSB 1:200
CD38 Unconjugated SPC32 BioSB6201 BioSB 1:200
H2Ax Alexa Fluor 647 N1-431 560447 BD Biosciences 1:10
Helios Unconjugated polyclonal GTX115629 GeneTex 1:20
CD25 Unconjugated 4C9 BSB6320 BioSB 1:10
IL-10 Alexa Fluor 546 E-10 Sc-8438 AF546 Santa Cruz 1:10
MPO Unconjugated polyclonal A0398 Agilent-DAKO 1:300
CD68 Unconjugated KP-1 M0814 Agilent-DAKO 1:200
CD163 Alexa Fluor 647 EDHu-1 NB110-40686AF647 Novus 1:100
FasL Unconjugated polyclonal Ab134401 Abcam 1:10
CD8 Unconjugated 4B11 4B11 Invitrogen 1:100
Granzyme B Unconjugated GrB-7 M7235 DAKO 1:100
CD11c Unconjugated 2F1C10 60258-1-IG ProteinTech 1:200
CD123 Unconjugated BSB-59 BSB5327 BioSB 1:50
CLEC9A Unconjugated polyclonal ab223188 Abcam 1:10
CD31 Unconjugated polyclonal ab28364 Abcam 1:10
CD20 Unconjugated L26 14-0202-82 eBioscience 1:50
IgD Alexa Fluor 488* EPR6146 ab124795 Abcam 1:10
FDC Unconjugated CNA.42 F3803 Sigma 1:200
Collagen I Unconjugated 3G3 LS-B5932 LSBio 1:500
Collagen IV Unconjugated LS-B16212 LS-B16212 LSBio 1:500
CD3 Unconjugated F7.2.38 M7254 DAKO 1:300
CD4 Unconjugated polyclonal ab133616 Abcam 1:10
Ju
ne 2021 | Volume 12 | Article
Flow Cytometry Fluorochrome Clone Catalog Number Source

Biomarker

CD3 BB700 SP34-2 566518 Beckton Dickenson
Ki67 Brilliant Violet 241 B56 562899 BD Horizon
CD3 H7APC SK7 641406 BD Biosciences
CD8 Pacific Blue RPA-T8 558207 BD Pharmingen
CD20 Brilliant Violet 570 2H7 302332 Biolegend
CD4 Brilliant Violet 650 SK3 563875 BD Biosciences
PD-1 Brilliant Violet 711 EH12.2H7 329928 Biolegend
Bcl-6 PE K112-91 561522 BD Pharmingen
CD57 Alexa Fluor 594 NK-1 NBP2-47789AF594 Novus Biotechne
CXCR5 Cy7PE MU5UBEE 25-9185-42 Thermo Fisher
CD19 FITC J3-119 IM1284U Beckman-Coulter
CD38 Brilliant Violet 786 HIT2 303530 Biolegend
IgG BUV395 G17-1 104385 BD Biosciences
H2Ax Alexa Fluor 647 N1-431 560447 BD Biosciences
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Biosciences); PD-1 Brilliant Violet 711 (clone EH12.2H7,
Biolegend); Bcl-6 PE (clone K112-91, BD Pharmingen); CD57
Alexa Fluor 594 (clone NK-1, Novus Biotechne); CXCR5
(CD185) Cy7PE (clone MU5UBEE, Thermo Fisher); CD8
Pacific Blue (clone RPA-T8, BD Pharmingen); CD19 FITC
(clone J3-119, Beckman-Coulter); CD38 Brilliant Violet 786
(clone HIT2, Biolegend); IgG1 BUV395 (clone G17-1, BD
Biosciences); H2AX (pS139) Alexa Fluor 647 (clone N1-431,
BD Pharmingen).

Imaging
Primary/Conjugated
Tfh panel: Bcl-6 unconjugated (clone PG-B6p, DAKO); Ki67
Brilliant Violet 421 (clone B56, BD Horizon); PD-1 Alexa Fluor
488 (goat polyclonal, R&D systems); CD20 eFluor 615 (clone
L26, eBioscience); CD57 Brilliant Violet 480 (clone NK-1, BD
Horizon); FoxP3 Alexa Fluor 647 (Clone 206D, Biolegend); CD4
Alexa Fluor 700 (goat polyclonal, R&D systems) B-cell panel:
CD138 unconjugated (clone Ep201, BioSB); CD38 unconjugated
(clone SPC32, BioSB); Bcl-6 unconjugated (clone LN22,
Abnova); Ki67 Brilliant Violet 480 (clone B56, BD Horizon);
CD20 eFluor 615 (clone L26, eBioscience); H2Ax Alexa Fluor
647 (clone N1-431, BD Pharmingen); CD4 Alexa Fluor 700
(polyclonal, R&D systems) Regulatory T-cell panel: Helios
unconjugated (polyclonal, GeneTex); CD25 unconjugated
(clone 4C9, BioSB); Ki67 Brilliant Violet 480 (clone B56, BD
Horizon); CD20 eFluor 615 (clone L26, eBioscience); FoxP3
Alexa Fluor 647 (clone 206D, Biolegend); IL-10 Alexa Fluor
546 (clone E-10, Santa Cruz); CD4 Alexa Fluor 700 (polyclonal,
R&D systems) Inflammation panel: MPO unconjugated
(polyclonal, Agilent-DAKO); CD68 unconjugated (KP-1,
Agilent-DAKO); PD-1 Alexa Fluor 488 (goat polyclonal, R&D
systems); CD20 eFluor 615 (clone L26, eBioscience); Ki67
Brilliant Violet 480 (clone B56, BD Horizon); CD163 Alexa
Fluor 647 (clone EDhu-1, Novus); CD4 Alexa Fluor 700
(polyclonal , R&D systems) CD8 T cel l panel : FasL
unconjugated (polyclonal, Abcam); CD8 unconjugated (4B11,
Invitrogen); Granzyme B (GrB-7, DAKO); CD20 eFluor 615
(clone L26, eBioscience); CD57 Brilliant Violet 480 (clone NK-1,
BD Horizon); CD4 Alexa Fluor 700 (polyclonal, R&D systems);
Ki67 Alexa Fluor 647 (B56, BD Biosciences) or for the alternative
CD8 T cell panel: FasL unconjugated (polyclonal, Abcam); CD8
unconjugated (4B11, Invitrogen); Granzyme B (GrB-7, DAKO);
CD3 (F7.2.38, Dako); CD20 eFluor 615 (clone L26, eBioscience);
Ki67 Brilliant Violet 480 (clone B56, BD Horizon); CD4 Alexa
Fluor 700 (polyclonal, R&D systems); DC panel: CD11c
unconjugated (clone 2F1C10, ProteinTech); CD123
unconjugated (clone BSB-59, BioSB); CLEC9A (polyclonal,
Abcam); Ki67 Brilliant Violet 480 (clone B56, BD Horizon);
CD20 eFluor 615 (clone L26, eBioscience); CD4 Alexa Fluor 700
(polyclonal, R&D systems); CD8 unconjugated (4B11,
Invitrogen); CD8 unconjugated (4B11, Invitrogen) Structure
panel: CD31 unconjugated (polyclonal, Abcam); CD20
unconjugated (L26, eBioscience); IgD Alexa Fluor 488
(polyclonal, R&D systems – custom made on AF488), FDC
unconjugated (CNA.42, Sigma); Collagen I (3G3, LSBio);
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Collagen IV (LS-B16212; LSBio); Ki67 Brilliant Violet 480
(B56, BD Horizon).

Secondary
Tfh panel: Goat anti-Mouse IgG1 Alexa Fluor 546 (A21123, Life
Technologies); B-cell panel: Donkey anti-rabbit Brilliant Violet
421 (poly4064,406410, Biolegend); Goat anti-mouse IgG1 Alexa
Fluor 546 (A21123, Life Technologies); Goat anti-mouse IgG2b
Alexa Fluor 488 (A21141, Thermo Scientific) Regulatory T-cell
panel:Donkey anti-rabbit Brilliant Violet 421 (poly4064, 406410,
Biolegend); Goat anti-mouse IgG2b Alexa Fluor 488 (A21141,
Thermo Scientific) Inflammation panel: Donkey anti-rabbit
Brilliant Violet 421 (poly4064, 406410, Biolegend); Goat anti-
mouse IgG1 Alexa Fluor 546 (A21123, Life Technologies) CD8
T cell panel: Donkey anti-rabbit Brilliant Violet 421 (poly4064,
406410, Biolegend); Goat anti-mouse IgG2b Alexa Fluor 488
(A21141, Thermo Scientific); Goat anti-mouse IgG2a Alexa
Fluor 546 (A21133, Thermo Scientific) Alternative CD8 T cell
panel:Donkey anti-rabbit Brilliant Violet 421 (poly4064, 406410,
Biolegend); Goat anti-mouse IgG2b Alexa Fluor 488 (A21141,
Thermo Scientific); Goat anti-mouse IgG2a Alexa Fluor 546
(A21133, Thermo Scientific); Goat anti-mouse IgG1 Alexa
Fluor 647 (A-21240, Thermo Scientific). DC panel: Donkey
anti-rabbit Brilliant Violet 421 (poly4064, 406410, Biolegend);
Goat anti-mouse IgG2a Alexa Fluor 488 (A-21131, Thermo
Scientific); Goat anti-mouse IgG1 Alexa Fluor 546 (A-21123,
Thermo Scientific); Goat anti-mouse IgG2b Alexa Fluor 647 (A-
21242, Thermo Scientific) Structure panel: Donkey anti-rabbit
Brilliant Violet 421 (poly4064, 406410, Biolegend); Goat anti-
mouse IgG2a Alexa Fluor 546 (A-21133, Thermo Scientific);
Goat anti-mouse IgM Alexa Fluor 647 (115-607-020, Jackson
ImmunoResearch); Goat anti-mouse IgG3 Alexa Fluor 594 (A-
21155, Thermo Scientific); Goat anti-mouse IgG1 Alexa Fluor
594 (A-21125, Thermo Scientific).

Flow Cytometry
Tonsil cells (1-2 x 106) were stained with the Aqua Live/Dead
Viability Dye (Invitrogen) and titrated amounts of antibodies
against CD3, CD20, CD4, CD8, PD-1, CD57 and CXCR5 or
CD3, CD8, CD19, CD38, IgG and CD20. ICS staining for Ki67
and Bcl-6 or H2Ax was performed using the BD Cytofix/
Cytoperm Kit (BD Biosciences. At the end of the protocol cells
were fixed with 1% parafolmaldehyde and acquired on a BD
FACSymphony Flow Cytometer (BD Biosciences) running the
BD FACSDiva software.

Immunofluorescent Tissue Staining
Tonsillar tissue was used in seven out of the eight panels
described (GC reactivity, T-cell regulation, B-cell immunity,
CD8 T-cell positioning and function, monocyte and
inflammatory markers, GC microarchitecture, tissue-specific
DC subpopulations). Confocal imaging of tonsil sections
(~10um in thickness) was performed using formalin fixed
paraffin embedded (FFPE) tissues. Tissue sections were baked
at 60°C for 1 hour and deparaffinized by serial immersions in
xylene and ethanol dilutions. Antigen retrieval was performed
at 110°C for 15 minutes using Borg RTU (Biocare Medical).
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Tissue sections were blocked and permeabilized for 1 hour at
room temperature (RT) (1M Tris, 0.3% Triton X-100, 1% Bovine
Serum Albumin) and stained with titrated amounts of
antibodies. Stainings were carried out consecutively with the
primary antibodies being added first and incubated overnight at
4°C, followed by staining with the appropriate secondary
antibody. Conjugated antibody stainings were performed for 2
hours at RT, after which sections were stained with JOPRO-1
Iodide (Invitrogen) for nucleus identification and mounted with
Fluoromount G (SouthernBiotech).

Multispectral RNAscope
vRNA+ detection was based on specimens originating from HIV+
individuals (Table 2). For this purpose, formalin-fixed, paraffin-
embedded lymph node tissue sections (~10um thick) were stained
with HIV RNA probes (Cat No. 416111) using the RNAscope
Multiplex Fluorescent Reagent Kit v2 (ACD) according to the
manufacturer’s instructions. Briefly, sections were baked for 1
hour at 60°C and deparaffinized using serial xylene and ethanol
baths. This was followed by an antigen retrieval step performed at
100°C for 15 minutes and a proteinase K treatment step for 20
minutes at 40°C. Subsequently, sections were incubated with HIV-
1 Clade B-specific RNA probes (ACD) at 40°C for 2 hours in a
HybEz hybridization oven (ACD) before being subjected to 4
rounds of signal amplification performed using the RNAscope
amplification reagents. To visualize the RNA signal a tyramide-
based detection system was used (TSA Plus Cyanine 5, Akoya
Biosciences) per manufacturer’s instructions. To ascertain the
specificity of the vRNA+ signal a modified version of the
RNAscope protocol was used in which tissues were pretreated
with 150ul of RNase A/T1 mix in 1x PBS (RNase cocktail Enzyme
mix, 500U/ml A; 20.000 U/ml T1, Thermo Fisher) for 30mins at
40°C prior to target probe hybridization. For CD4+ T cell subset
and FDC visualization sections were stained with antibodies
against CD3 (F7.2.38, Dako), CD4 (rabbit polyclonal, abcam)
and FDC (CNA.42, Sigma) at the end of the RNAscope
protocol. The following secondary antibodies were used for
CD3, CD4 and FDC visualization: Goat anti-Mouse IgG1 Alexa
Fluor 546 (A21123, Life Technologies), Donkey anti-Rabbit
Brilliant Violet 421 (406410, Biolegend) and Goat anti-Mouse
IgM Alexa Fluor 594 (A21125, Life Technologies).

Confocal Imaging and Analysis
Images were acquired on a Leica TCS SP8 confocal platform
running LAS-X at a 512 x 512 pixel density with a 1x optical
zoom using a 40x objective (NA 1.3) unless otherwise stated. The
microscope was equipped with 3 HyD and 2 PMT detectors and
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11 laser lines (405, 457, 476, 488, 496, 514, 561, 594, 633, 685 and
730nm). Panels consisted of antibodies conjugated to the
following fluorophores: BV421, BV480, AF488, JOPRO-1,
AF546, eF615, AF647, AF700. Images were tiled and merged
using LAS X Navigator software. To ensure accurate
representation and minimize selection bias at least 50% of the
tissue was imaged or 5 follicles were captured on average in line
with previously published research in our lab (24, 30). Replicate
markers, shared among all panels, were also included in the
analysis to ensure reproducibility across tissue sections and
orientations. For analysis, we focused on well-defined areas
devoid of background staining and quantified the data either
as relative frequencies or as cell counts normalized to total tissue
area (Main Figures and Supplementary Figure 1A). The latter is
an alternative way to present the data that takes into
consideration potential differences in tissue size allowing for
this parameter to be controlled during quantification. Cell
numbers (counts) for this alternative analysis were obtained
from HistoCytometry using the program FlowJo whilst the
total tissue area was calculated using the Imaris software
through the surface creation module (Supplementary Figure
1B). The Imaris software was also used to calculate the number
of FDC-bound virions in RNAscope analysis. Quantitation in
this case was performed using the Spots creation feature after
appropriately masking the vRNA+ channel to reveal
colocalization with FDC surfaces. To minimize spectral spill-
over among the various channels, fluorophore emission was
collected on separate detectors with fluorophores being excited
sequentially (2-3 fluorophores/sequential). Furthermore, spectral
areas corresponding to each fluorophore were carefully selected
after testing each fluorophore separately to verify the exact
emission curve. Of note, staining of tissues with single
antibody-fluorophore specificities was performed under the
exact same conditions as the full panels in order for any
protocol-associated shifts in emission curves to be accounted
for. Fluorophore spillover, where present, was corrected by
imaging tissues stained with single antibody-fluorophore
combinations and by creating a compensation matrix via the
Leica LAS-AF Channel Dye Separation module (Leica
Microsystems) per user’s manual. Images were collected as z-
stacks and are presented as maximum intensity projections
(MIP) throughout the manuscript. Spillover corrected images
were analyzed with the Imaris software version 9.6.0 (Bitplane
Scientific) and the HistoCytometry pipeline was applied as
previously described (29, 31). Briefly, 3- dimensional imaging
datasets were segmented based on their nuclear staining signal
and marker(s) of interest using the Surface Creation Module and
TABLE 2 | Demographic and clinical details of study participants.

Experiment Tissue ID Age Gender VL (copies/uL) CD4 count Classification

Bcl-pH2Ax HIV-1 #1 28 M 91357 261 Tx Naïve, Chronic
Bcl-pH2Ax HIV-1 #2 34 M 84687 142 Tx Naïve, Chronic
RNAscope_main HIV-1 #3 23 M 1,205,036 315 Tx Naïve, Chronic
RNAscope_controls HIV-1 #4 19 M 621,622 290 Tx Naïve, Chronic
CD8-FasL HIV-1 #5 31 M 67,764 721 Tx Naïve, Chronic
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average voxel intensities for all channels were calculated. Average
voxel intensities for all channels of interest, within these surfaces,
along with the X, Y positioning of the cell centroids (sphericity,
volume), were then exported to Excel and combined into a
unified spreadsheet file (comma separated values format). This
spreadsheet was then imported into the FlowJo v 10 program for
further analysis.

Statistical Analysis
Statistical analyses were performed with GraphPad Prism 9.0
(GraphPad Software, Inc, San Diego, CA). We compared
differences among groups using one-way analysis of variance
(ANOVA) and Tukey’s multiple-comparison posttest.
Differences between groups were considered to be significant at
a P value of <0.05.
RESULTS

Evaluation of GC Reactivity in
Lymphoid Tissues
To investigate GC reactivity, we designed a panel combining the
GC relevant markers CD20, Ki67, Bcl-6, PD-1, CD4, CD57 and
FoxP3 (Figure 1A) and performed quantification of immune cell
frequencies in selected tonsillar topologies by HistoCytometry
(29). We used CD20, Ki67 and Bcl-6 to map B cell follicles
(CD20hi/dim) or GCs (CD20hi/dimKi67+) as well as for the
delineation of the mantle zone (MZ; CD20dimKi67-) where
most naïve B-cells reside, dark zone (DZ; CD20dimKi67+),
where clonal expansion and antigen receptor diversification
occurs, and light zone (LZ; CD20hi/dimKi67+/-) where B-cells
undergo selection (19). Bcl-6 is a transcriptional repressor that is
required for mature B-cell GC formation. Within the B-cell
lineage, Bcl-6 expression is mainly confined to GC B cells
where it acts to promote the selection of B-cells by silencing the
antiapoptotic molecule Bcl-2, enhancing the ability of GC B cells to
tolerate DNA damage, preserve B cell identity and fine-tune BCR
mediated responsiveness (19) Bcl-6 is also expressed in CD4+ T-
cells and has been shown to direct Tfh lineage commitment (32).
Bcl-6 further distinguishes i) follicular B-cell subsets; GC B-cells
(DZ: CD20dimKi67+Bcl-6+, LZ: CD20hi/dimKi67+/-Bcl-6+) and non-
GC (CD20hi Ki67-Bcl-6-) and ii) Tfh cell subsets (PD-1hi Bcl-6hi/dim)
(Figure 1B). Furthermore, we used the marker CD57, an epitope
expressed in a subset of CD4 T cells that are positive for CD69
and CD45RO and detected in approximately 15-25% of tonsil
CXCR5+ CD4 T cells (33), to track two distinct GC-Tfh
populations (CD57+ and CD57-) that have been shown to
possess divergent immunophenotypes (24). Potential
regulatory CD4 T cells were also measured and localized based
on the expression of the transcription factor FoxP3. Quantitative
analysis revealed an overall higher frequency of Ki67- cells within
follicular areas (Figure 1C). Ki67+ cells were in their majority
Bcl-6hi and represented 10-38% of the total CD20hi/dim

population. Bcl-6lo B-cells were also present within the Ki67+

DZ compartment but at a very low frequency (<1%) (Figure 1C)
Our analysis thus, confirms Ki67 and Bcl-6 co-staining as a
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meaningful way to topological ly define the LZ/DZ
compartments. When CD4 T-cells were examined, a variable
percentage of PD-1hi CD4+ T-cells (Tfh) was observed among
the follicles measured. Within follicular areas, PD-1hi cells
represented on average 20% of the total CD4 population
(Figure 1C) or 69% of the total CD4 population when a
stricter follicular definition was applied that excluded PD-1lo

and PD-1dim CD4 T -cells residing outside the LZ/DZ localities
(GC only) (Figure 1D and Supplementary Figure 1C). Analysis
of Tfh subpopulations revealed a trend for higher frequencies of
CD57- Tfh within tonsillar B-cell follicles compared to CD57+

irrespective of the B-cell follicle definition used with the latter
being localized closer to the DZ as we have previously reported
(24) (Figures 1A, C, D). We also measured Bcl-6 and FoxP3
expression within follicular areas. We found 5-10% of follicular
CD4 T-cells to possess the Bcl-6hi signature, whilst FoxP3+
expression was seen in <2% of CD4 T-cells (Figure 1C). In
GCs, B-cells were the most abundant population (~83% of GC
cells) whilst CD4 T cells, Tfh and Tfrs represented ~6%, 4% and
0,03% of the total cells respectively as measured by
HistoCytometry (Figure 1D). Consistent with previous reports,
FoxP3 expression within tonsillar follicular areas was detected
primarily at the B-T cell border and only rarely in the GC (34)
(Figure 1A). Cross-validation of the studied populations by flow
cytometry revealed comparable frequencies and trends (Figure
1E and Supplementary Figures 1C, D). Our GC reactivity
pipeline thus tracks B-cells, CD4+ T-cells (including Tfh) and
Tregs in tonsillar tissue subanatomical localities accurately and
in line with previously published reports.
Assessment of Tissue-Specific
T-Cell Regulation
FoxP3+ CD4 T-cells have been shown to represent critical
regulators of the GC size and activity, including that of Tfh
cells, in both mice (35) and humans (36). To allow for a more
detailed study of regulatory T-cells in lymphoid tissues, we
designed a dedicated panel consisting of the Treg- specific
markers CD4, CD25 and FoxP3 all of which are typical
phenotypic markers of natural (thymus-derived) Tregs (37)
(Figure 2A). Helios, an Ikaros transcription factor family
member that has been shown to stabilize the Treg phenotype
(38), was also included in the panel as it has been associated with
a better capacity for immunosuppression in some studies (39) as
well as with vaccine-induced Treg kinetics in tonsillar tissues
(30). We also probed for IL-10, a cytokine linked to the
functional capacity of Tregs, in line with reports suggesting a
role for Tfr cell-derived IL-10 in the modulation of GC responses
in acute viral infection (40, 41). In line with previous reports,
quantitative analysis of relevant Treg populations in tonsillar
tissue using the HistoCytometry pipeline revealed a higher
percentage of regulatory T cells in EF areas (CD20lo) compared
with follicular areas (30, 34) (Figures 2B, C, upper graph). This
trend was true for all populations measured irrespective of their
specific phenotype (CD25hiFoxP3+ or CD25hiHelios+ or
CD25hiFoxP3+Helios+ or CD25hiFoxP+IL10hi). Within GCs,
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FIGURE 1 | Development of a multispectral panel for the characterization of GC reactivity. (A) Representative example of Ki67 (magenta), CD20 (cyan), PD-1 (red),
Bcl-6 (yellow), CD57 (orange), CD4 (green) and FoxP3 (pink) staining patterns in a tonsillar tissue section (left and right panels) and concomitant B-cell follicle and GC
boundary delineations (Extrafollicular CD20lo and Follicular CD20hi/dim; Mantle Zone; MZ: CD20dimKi67lo, Light Zone; LZ: CD20hiKi67lo and Dark Zone; DZ:
CD20dim Ki67hi) (middle panel). Circles in lower middle panels denote single FoxP3 events. (B) Histocytometry immunophenotyping gating strategy used for the
sequential identification of B cells (CD20+Bcl-6+/- Ki67+/-), Tfh (CD4+PD-1hiBcl-6+/- CD57+/-), and Tfr (CD4+FoxP3+) in tonsillar tissue after nuclear staining based
cell segmentation on Imaris and FlowJo analysis. F and EF and GC areas were defined based on the respective staining signals for CD20, Ki67 and CD4 and
manually gated on FlowJo to extract frequencies for specific tissue localities. (C) Box plots showing the representative frequencies of B cell and CD4+ T-cell
populations (Tfh, Treg) in B-cell follicles (CD20hi/dim areas) as defined by the expression of Ki67/Bcl-6, PD-1/CD57/Bcl-6 and FoxP3 in tonsillar tissue after application
of the GC reactivity pipeline. Each box plot circle represents an individual follicle. Colors represent different phenotypic groups. (D) Box plots showing the relative
frequencies of B-cells, CD4 T cells, Tfh and Tregs (Tfr) as well as the frequencies of select CD4 T cell subpopulations in GCs (CD20hi/dim Ki67+ areas) expressed as
percentages of total GC cells measured. Circles represent distinct follicles and colors denote individual subpopulations. (E) Box plots showing the relative frequencies
of B cell and CD4+ T-cell populations in B-cell follicles as measured by flow cytometry (n=5). CD4 T cells proximal to follicular localities and within GCs were
identified through the expression of the B-cell follicle-specific chemokine receptor CXCR5 (CXCR5hi/dim). Images were acquired at 40x (NA 1.3) with 1%
magnification. Scale bars are 50um, 30um (CD57 positional image) and 10um (lower panel zoomed details) respectively.
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FIGURE 2 | Development of a multispectral panel for the assessment of tissue-specific T-cell regulation. (A) Representative example of antibody staining patterns for
Helios (pink), CD20 (cyan), CD25 (red), IL-10 (yellow), Ki67 (magenta), CD4 (green) and FoxP3 (purple) in a tonsillar tissue section (left and right panels) and
distribution of each marker with respect to the MZ, LZ and DZ (middle panels). Circles (pink/purple) in lower middle panels denote individual Helios (pink) and FoxP3
(purple) events. (B) Immunophenotyping gating strategy used for the identification of Tregs and Tfrs in lymphoid tissues of interest based on the expression and
coexpression of the transcription factors FoxP3, Helios, the protein marker CD25 and IL10 in histocytometry. (C) Bar graphs (upper row) and violin plots (lower row)
showing the frequencies of Tregs and Tfrs in follicular and extrafollicular areas and frequencies of Tfr subsets in a tonsillar tissue section. Circles in violin plots
represent individual follicles whereas colors represent different phenotypic subgroups. Images were acquired at 40x (NA 1.3) with 1% magnification. Scale bars are
50um, 10um (zoomed in details) and 5um (Helios and FoxP3 staining patterns) respectively.
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regulatory T-cells (Tfr) were rare. The frequency of CD25hiFoxP3+

Tfrs in all follicles combined did not exceed 0.2% whilst that of
CD25hiFoxP3+Helios+ and CD25hiFoxP3-Helios+ was lower than
0.05% (Figure 2C, lower graph). CD25+FoxP3+ Tregs had the
highest frequency in the T cell zone (up to 2% of total CD4+ T-
cells). We also observed the presence of CD25hiFoxP3+iIL10hi Tregs,
albeit at a low frequency (~0.3% of EF CD4 T-cells). Taken together,
these data suggest that CD25, FoxP3, Helios and IL10 in
combination with CD4, CD20 and Ki67 can be used to map and
quantify Tregs and Tfrs effectively in microanatomical sites of
interest including the GC, B cell follicle – T cell zone border
where Tfr-mediated suppression may be more efficient (34) as
well as in paracortical T-cell zones (CD20-CD4+ areas).

Topological Quantification of
B-Cell Immunity
Whilst a topological examination of B cells in GCs can be
achieved through the combinatorial examination of CD20,
Ki67 and Bcl-6, a more granular view of B cell subsets is often
necessary to appreciate the microenvironment that leads to the
development of GC B cells and plasma cells. A deeper
understanding of the role that specific B cell subsets might
have in modulating the evolution of GC reactions is also
desirable (42). This topological distribution becomes of
particular relevance in the context of infection, such as chronic
HIV infection, where B-cell responses become overtly
dysregulated (43). To address the limitations of a tripartite
CD20-Ki67-Bcl-6 analysis, a panel incorporating three
additional markers, namely CD138, CD38 and pH2Ax was
developed (Figure 3A). In this panel CD38, a marker of
activated T and B lymphocytes (44) is used alongside the
plasma cell marker CD138 (45) to inform on the tissue-specific
positioning of B cells (CD20hiCD38lo; CD20hi CD38dim CD138lo)
and plasma cells (CD20lo CD38hi CD138hi) (Figure 3B) in
follicular and extrafollicular (CD20-CD4hi) areas. In addition,
pH2Ax, a histone that becomes rapidly phosphorylated in
response to DNA double-strand breaks (DSBs) (46) serves as
proxy for class switch recombination (CSR) (47). First, B-cells in
tonsillar tissue were dissected by means of Ki67 and Bcl-6
expression. As expected, and consistent to our previous
analysis (Figure 1C), we found a significantly higher frequency
of Ki67- B cells within total follicular areas compared to the
frequencies of all other measured populations (vs Ki67+, p=0.004;
vs Ki67+Bcl-6-, p <0.0001 and vs Ki67+Bcl-6+; p=0.0028) (Figure
3C, upper panel). Within B cell follicles, we also measured the
frequency of pH2Ax positive CD20+ cells. Since phosphorylation
of H2AX can take place in cells undergoing cell death as well, we
focused our analysis on cells that displayed higher overall
volumes in HistoCytometry as measured by nuclear staining
(Volumehi for live cells). We found that pH2Ax/Volumehi

frequencies were higher in GCs as compared to the total
follicle, consistent with the role of GCs in class switch
recombination and somatic hypermutation (Figures 3B for
gating and 3C, upper right panel). To address the low overall
frequency of pH2Ax (Volumehi) events in tonsils, a confirmatory
analysis of the specificity of the detected signal by flow cytometry
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was undertaken. Unswitched (IgGlo) B-cells within distinct
tonsillar localities were defined by the combined expression
of CD20 and CD38 as CD20dimCD38lo, CD20hiCD38dim

and CD20loCD38hi. We observed pH2Ax frequencies to be
the highest within the CD20hiCD38dim compartment
(Supplementary Figure 2A). pH2Ax expression was also
examined in LN sections from HIV+ individuals. The latter
analysis revealed higher frequencies of pH2Ax (Volumehi) in the
follicles and GCs of HIV+ LN specimens compared to
the frequencies seen in HIV- tonsillar tissues, consistent
with the higher levels of GC reactivity expected in chronic
HIV+ infection (Supplementary Figure 2A). Taken together
these data suggested that pH2Ax is meaningful biomarker for
monitoring B-cell responses. We also addressed in our analyses
the frequency of CD38hiCD138hi cells in tonsillar EF, F and
GC bound localities and observed a higher prevalence
CD38hiCD138hi cells in EF areas (~5% of total EF cells) and
GCs as compared to CD20hi/dim areas, which confirmed the MZ
as the area with the higher density of naïve B cells. When
different follicles were examined, variable frequencies of
CD38hiCD138hi cells were found (0.65-3% of total cells in
CD20hi/dim localities) (Figure 3C, lower panel). Our data
therefore confirm the combination of these six B cell specific
markers as a valid means to interrogate the topologies, and
associated frequencies of several relevant B cell subsets in
lymphoid tissues for analyses of B cell dynamics.

Evaluation of CD8 T-Cell Positioning
and Function
Another tissue-resident immune subset of great importance,
especially in the context of viral infection, is CD8 T-cells.
Within tonsillar tissues, CD8 T cells have been shown to
localize in extrafollicular (CXCR5-CD8+) and to a lesser extend
within follicular (CXCR5+CD8+) spaces, with the latter
(follicular CD8+ T-cells or fCD8) displaying an early effector
phenotype associated with a non-cytolytic (granzyme
A+perforin-) profile that sets them apart from their CXCR5-
counterparts (48). Traditionally, cytotoxic T cells, such as CD8 T
cells, have been defined by the expression of perforin, granzyme
B as well as their expression of high levels of the transcription
factor T-bet that regulates the cytotoxic effector gene program
(49) In the context of lymphoid tissues however, and in
particular in HIV/SIV infection, CD8 T cells have been shown
to possess a low level, discordant expression of perforin and
granzyme B (50). To address the topology of CD8 CTLs in
lymphoid tissues we designed a panel using the lineage-specific
marker CD8 (CD8bright) in combination with Granzyme B, FasL,
an alternative major mediator of CTL killing, and CD57, a
marker of senescence of CD8 T cells (51), as well as the GC
and T-cell zone markers CD20, Ki67 and CD4 (Figure 4A). These
markers allow for the spatial distribution of CD8 populations to be
dissected by means of marker co-expression as CD8brightGrzB+/-,
CD8brightFasL+/- or CD8brightGrzB+FasL+ either in stand-alone
topologies or in relation to the positioning of intrafollicular
CD4+CD57+/- as well as CD20hi/dimKi67+/- B-cells (Figures 4A, B).
In absence of the lineage marker CD3, analysis in of CD8 T cells
June 2021 | Volume 12 | Article 683396

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Moysi et al. Germinal Center and HIV Reservoir
A

B C

FIGURE 3 | Development of a multispectral panel for the topological examination of B cells. (A) Representative example of antibody staining patterns for CD138
(yellow), Ki67(magenta), Bcl-6 (orange), CD38 (violet), CD20 (cyan), H2Ax (red), CD4 (green) and nuclar staining (JOPRO-1, blue) and distribution of each marker with
respect to the MZ, LZ and DZ (middle panels). Orange circles in the lower row images denote H2Ax events. (B) Gating strategy used for the immunophenotyping of
various B cell populations and CD38hiCD138hi cells in GC (CD20dimKi67hi), F (CD20hii/dim) and EF (CD20lo) areas. (C) Box plots showing the frequencies of various B
cell populations (as defined by the expression of Ki67 and Bcl-6), H2Ax Volumehi CD20+ cells and CD38hiCD138hi cells in a representative tonsil tissue section. Each
circle represents a distinct follicle and each color denotes a distinct subpopulation. p values were derived from ANOVA analysis (Tukey’s multiple comparisons test).
Images were acquired at 40x (NA 1.3) with 1% magnification. Scale bars are 100um for all panels displaying an entire follicle), 50um for the middle panel close ups
and 5um for the right panel single staining close ups. **p < 0.01, ***p < 0.001, ****p < 0.0001.
Frontiers in Immunology | www.frontiersin.org June 2021 | Volume 12 | Article 6833961083

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Moysi et al. Germinal Center and HIV Reservoir
A

B C

D

FIGURE 4 | Development of a multispectral panel for the topological examination of CD8 T cells. (A) Representative example of antibody staining patterns for FasL
(yellow), Ki67 (magenta), CD20 (cyan), Granzyme B (pink), CD57 (orange), CD4 (green) and the nuclear marker JOPRO-1 (blue) and distribution of each protein
marker with respect to the MZ, LZ and DZ (middle panels). Yellow circles in lower middle panels denote individual FasL events. (B) Gating strategy used for the
immunophenotyping of various CD8 T cell populations (CD8hi; CD8hiGrzB+, CD8hiFasL+ and CD8hi GrzB+ FasL+) in in GC (CD20dimKi67hi), F (CD20hi/dim)and EF
(CD20lo) areas. (C) Box plots and bar graphs showing the relative frequencies of four distinct CD8 T cell populations in EF, F and GC; the frequencies of follicular
CD8hi; CD8hiGrzB+, CD8hiFasL+ and CD8hiGrzB+ FasL+ in six distinct follicles and (D) proportion of each CD8+ cell subset within each locality (EF, F and GC) as a
percentage of total cells. Each circle represents a follicle and each color stands for a distinct subpopulation. Images were acquired at 40x (NA 1.3) with 1%
magnification. Scale bars are 100um for all panels displaying an entire follicle), 20um in the middle panel close ups and 5um in the right panel single staining close ups.
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in tonsillar tissues was restricted on CD8bright T cells which
excluded the majority of CD8dim CD3- T cells present in the
tonsils (Supplementary Figure 2B). However, in cases where
NK cell frequencies are of interest, CD3 can be easily
incorporated into the panel in the place of CD57 to facilitate
the characterization of the CD3-CD8dim population
(Supplementary Figure 2C). In the absence of perforin
staining, we use granzyme B and FasL – two molecules with
potential for upregulation in infection, in particular HIV
infection (31, 52) to denote CD8 T cells with potential for
cytotoxicity. As expected, analysis of CD8 distributions in
tonsillar tissue with histocytometry revealed a higher frequency
of CD8 T cells in EF localities than in F or GC localities and
comparable frequencies of CD8 within the latter two (Figure 4C,
upper panel). We also found considerable variations in the
frequencies of follicular CD8 T-cells amongst different follicles
that ranged from 0.3 to 9% of total CD8 T-cells. In their majority
fCD8 lacked expression of Granzyme B+ or FasL+ with only a
small minority expressing either of these two markers (<0.6% of
total GC cells). Double positive GranzymeB+ FasL+ fCD8+ T-
cells were also rare (<0.020% of total GC cells) in tonsils (Figure
4C, lower panel) but their expression is upregulated in HIV
infected LNs (Supplementary Figure 3A). Despite the
differences however in the CD8+ T cell subset frequencies
found in tonsils, no significant differences were observed when
the relative proportions of each population within EF, F and GC
areas were examined (Figure 4D). Taken together, our data show
that in line with previous reports, CD8+ T-cells in tonsillar
tissues are mainly extrafollicular in nature and display a
phenotype that is consistent with a reduced cytotoxic potential.
HIV infection however can increase the frequencies of these rare
populations, including those of CD8+ FasL+ T-cells in follicular
localities (Supplementary Figure 3A). Application of this panel
thus can provide important information on CD8 T-cell GC
infiltration and fCD8 dynamics in pathological contexts. It can
also be used to reveal possible functional correlations between
CD8-CD4 T cells and CD8-B cells especially in HIV infection
where Tfh have been shown to represent an active tissue
reservoir (27).

Topological Distribution of Monocytic and
Inflammatory Markers
Antigenic challenge upregulates inflammatory markers in
draining lymphoid sites and encourages innate immune cell
infiltration (53). Whilst in a non-pathological context
inflammatory processes serve to orchestrate innate and
adaptive immune responses (54), chronic inflammation, such
as the one triggered by HIV infection, can profoundly
dysregulate immune dynamics through the disruption of
immune cell trafficking (55), induction of skewed immune cell
topologies (31), and through dysregulation of immune cell ratios
(56). The spatial dynamics of immune cells with pro- or anti-
inflammatory potential therefore holds particular prognostic
relevance in studies of infection and vaccination. Towards this
end, we developed a panel consisting of the markers CD163,
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CD68, MPO, CD4, CD20, Ki67 and PD-1 (Figure 5A). In this
panel, subsets of the monocyte/macrophage lineage are defined
as CD163hiCD68lo, CD163loCD68hi and CD163hiCD68hi based
on the expression of the markers CD163 (a type B scavenger
receptor) and CD68, a marker expressed by mature macrophages
and resident histiocytes (57, 58). In addition, cells expressing
myeloperoxidase (MPOhi), a heme-containing enzyme found in
the primary azurophilic granules of neutrophils (59), one of the
main cell types involved in the inflammatory response- (60) are
mapped relative to GC or Tfh positioning (CD4+PD-1+) (Figure
5B). Application of this panel to tonsillar tissue revealed that
MPOhi, CD163hiCD68lo and CD163hiCD68hi cells are
preferentially localized in EF areas with only exception being
CD163loCD68hi cells which showed comparable distributions in
EF (CD20lo) and F areas (1.85% and 1.81% of total cells in EF and
F areas respectively) consistent with previously published reports
(61) (Figure 5C). In GCs, CD163loCD68hi cells were the most
abundant of the four populations measured (1.1% of total cells), a
signal most likely originating from tingible body macrophages
(TBMs) (62). No significant proportional variations were
observed in the frequencies of these four subsets among
individual follicles (Figure 5C, lower graph). Taken together,
our data suggest that meaningful information on the position
and relative abundance of pro-inflammatory cells in lymphoid
tissues can be obtained by co-staining for MPO, CD163
and CD68.

Evaluation of GC Microarchitecture
The preservation of lymphoid tissue architecture, and by
extension GC microarchitecture is of paramount importance
for the evolution local immune responses. Loss of GC topology
due to ageing or pathology negatively impacts responses to
infection and vaccination (63, 64). Reversible lymphatic
remodeling occurs with every round of antigenic challenge and
is mediated by distinct stromal cell populations with differential
expression of CD31 (PECAM1) including T cell zone reticular
cells (TRECs), follicular dendritic cells (FDC), marginal reticular
cells (MRC), lymphatic endothelial cells (LECs), blood
endothelial cells (BEC) and high endothelial cells (HECs) (65,
66). HIV infection in particular profoundly perturbs the
architecture of lymphoid organs through progressive collagen
deposition and fibrosis, that disrupts and damages the important
follicular reticular cell (FRC) network (13, 67) To map stroma
and GC specific changes we developed a panel consisting of
markers CD31, IgD, CD20, FDC, Ki67, Collagen I and Collagen
IV (Figure 6A). In this panel, CD20, Ki67 and IgD are used to
define the follicular mantle (CD20dimIgD+), GC-LZ (IgD-

CD20hiKi67lo) and GC-DZ (IgD-CD20dimKi67hi) for
assessment of GC reactivity as well as quantification of naïve
CD20dimIgDhi or non-GC memory (CD20dimIgDlo Ki67-) B cells
(Figure 6B). FDCs hold a key role in the maintenance of GCs
and retention of antigen (66) and their disruption has been
shown to directly impact GC stability (68), especially in the
context of chronic HIV infection (69, 70). FDC disruption can be
measured by applying this panel as a reduction of the total area
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occupied by these cells compared to the total area of the follicle as
previously reported (71). Topological mapping of BECs and
LECs is also possible through combinatorial analysis of CD31
and Collagen I+IV staining (CD31hiCollagenhi) whilst
cumulative changes in the reticulum can be traced by
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quantification of the total collagenhi signal present in select
topological compartments (Figure 6B). We applied this panel
to map intrafollicular variation in tonsillar tissues and found
considerable variation amongst follicles in CD20hi/dim,
CD20dimKi67hi, IgDhi and FDChi areas, which was reflective of
A

B C

FIGURE 5 | Development of a multispectral panel for the topological examination of monocytes and inflammatory markers. (A) Representative example of antibody
staining patterns for MPO (yellow), CD20 (cyan), Ki67 (magenta), PD-1 (red), CD68 (orange), CD163 (pink), CD4 (green) and JOPRO (nucleus, blue) and distribution
of each protein marker with respect to the MZ, LZ and DZ (middle panels). Red dotted enclosures in lower middle panels denote the areas for which zoom ins are
given (lower middle panels). (B) Gating strategy used for the immunophenotyping of neutrophils (MPOhi), monocytic populations (CD163hiCD68lo, CD68hiCD163lo,
CD68hiCD163hi) and Tfh (CD4+PD-1hi) in GC (CD20dimKi67hi), F (CD20hi/dim) and EF (CD20lo) areas. (C) Bar graphs showing the relative frequencies of MPOhi and
various monocytic populations in intrafollicular (IF), EF and GCs as well as the frequencies of the same populations in three distinct follicles imaged. Images were
acquired at 40x (NA 1.3) with 1% magnification. Scale bars are 100um for all panels displaying an entire follicle), 20um in the middle panel close ups and 5um in the
right panel single staining close ups.
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FIGURE 6 | Development of a multispectral panel for the evaluation of GC microarchitecture. (A) Representative images showing staining for CD31 (yellow), IgD
(red), CD20 (cyan), FDC (green), KI67 (magenta) and Collagen I+IV (orange) in a tonsillar tissue section and individual protein marker distributions with respect to the
MZ, LZ and DZ of a B-cell follicle (middle panels). Red dotted square enclosures in lower middle panels denote the areas that are presented magnified in the lower
middle panels. (B) Gating strategy used for the sequential positional immunophenotyping of naïve B-cells (IgDhi) in F (CD20hi/dim) areas using histocytometry. (C) Box
plots showing the areas (um3) occupied by each individual microarchitectural component namely B-cell follicle; CD20hi/dim; mantle zone: IgDhi, GC (CD20dimKi67hi)
and FDC network (FDChi) in eight distinct B cell follicles as measured by surface analysis in the program Imaris as well as the relative areas occupied by Collagen
(Collagen I+IVhi) and vascular and lymphatic endothelium (CD31hiCollagenI+IVhi) in EF areas, F areas and GCs. Images were acquired at 40x (NA 1.3) with 1%
magnification. Scale bars are 100um for all panels displaying an entire follicle), 20um in the middle panel close ups and 5um in the right panel single staining close
ups. BEC, Blood Endothelial Cell; LEC, Lymphatic Endothelial Cell.
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the overall size of individual follicles (Figure 6C, first graph). In
addition, analysis of collagen I+IV and CD31 staining
distribution either as a single stain (Collagen I+IVhi) or in
combination (vascular and lymphatic endothelium) showed
preferential segregation of BECs and LECs in extrafollicular
spaces and within MZs but only minimal staining was seen in
GCs (Figure 6C).Taken together these data suggest lymphoid
tissue specific microarchitectural niches can be successfully
mapped by CD20, IgD, Ki67, FDC, CD31 and collagen
staining to yield important information regarding stromal
changes, especially in the context of pathology when variations
are likely to be tied to clinical outcomes.

Positioning of Tissue-Specific
DC Subpopulations
DCs are innate immune, antigen presenting cells with a key role
in the induction of adaptive immune responses. Several DC
subsets exist in humans with varying migratory potentials, tissue
distributions, microanatomical compartmentalization and
functions. These subsets fall under three major groups: CD11c+
myeloid DCs (mDCs), monocyte-derived DCs (moDCs) and
CD123+ plasmacytoid DCs (pDCs) (72). The latter is a major
interferon type I producing cell type in response to viral infection
(73) and key spatiotemporal CD8 T-cell priming orchestrator
within lymphoid tissues (74). CD141+ CLEC9A+ DCs of the
CD11c+ subset on the other hand have been shown to be
particularly efficiently in promoting naïve T cell activation (72).
To map DC subpopulations in lymphoid tissues in studies of
infection or vaccination we developed a panel consisting of the
markers CD123, CLECL9A and CD11c in combination with CD20,
Ki67 as well as CD4 and CD8 (Figure 7A). We used CD123, the a
chain of the IL-3 receptor, for topological examination of pDCs
(CD11c-CD123+CLEC9A-) (73) and CD11c, a b2-integrin (75), and
CLEC9A, a C-type Lectin-like receptor (76) to interrogate the spatial
distribution of CD11c+CD123-CLEC9A+ DC in subcapsular areas
and conduits surrounding B cell follicles (Figure 7B). Cells of
myeloid lineage (CD11chi), CD8 T -cells and CD4 T -cells were
also mapped using this panel to infer mechanistic insights regarding
potential cell-to-cell interactions as well as for quantification of
immune cell dynamics for hypothesis-driven discovery and
experimental testing. Tonsillar tissue analysis revealed similar
distributions of CD11c+, CD11c-CD123+ and CD11c+CLEC9A+
events between EF and perifollicular (CD20hi/dim, non-GC) spaces
albeit at markedly different frequencies (Figure 7C, upper row, left).
CD11c-CD123+ and CD11c+ CLEC9A+ events were rare within
GCs (<0.3%) whilst CD11c+ cells were the most abundant of the
three populations measured (~1% of total GC cells and 2% of total B-
cell follicle cells) with individual distributions ranging from 0.1 to
1.2% within follicles (Figure 7C, upper low, right and lower panel).
Some CD123+ staining was also observed in vascular lumen. This
however was excluded from analysis at the stage of segmentation as it
did not represent signal bound to a nucleus. Our data thus confirm
that in tonsillar tissues CD11c-CD123+ and CD11c+CLEC9A+
signal is mainly located outside GCs which is consistent with the
known positioning of DC and associated role of these cells in
immune cell priming (53, 77).
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Detection of Cells Harboring Actively
Transcribing HIV
The determination of the localization of a pathogen following
infection is of great importance for the development of
successful, targeted prevention and cure strategies. HIV
infection is a chronic infection that persists in lymphoid tissues
even in the context of antiretroviral therapy causing profound
tissue-specific alterations (15, 55, 78–80). This characteristic of
HIV pathogenesis has prompted several cure strategies aiming at
viral reservoir elimination to be developed over the past years
(81). In this context, we designed a panel that leverages the
analytical strength of the RNAscope in situ hybridization
platform (ACD) and resolving power of confocal microscopy
for topological examination and quantification of HIV-specific
RNA in tissues. RNAscope is a widely used methodology that
employs RNA probe hybridization and a system of cascading
fluorescent probes to detect viral RNA, a surrogate of actively
transcribing virus, in situ with high specificity and signal-to-
noise resolution (82, 83). In this application, viral RNA detection
is extended to include relevant immune cell populations of
interest by staining fluorescently for CD3, CD4 and FDC
(Figure 8A). A nuclear stain is also used to allow for
individual cell segmentation whilst the specificity of the vRNA+
signal in the assay was ascertained through RNAse -mediated
signal elimination in a control experiment (Supplementary
Figure 3B). We use this panel to map virus RNA expression
based on the RNAscope signal and quantify infected cells in intra-
follicular (CD4loCD3lo) as well as extra-follicular (CD4hiCD3hi)
locations using HistoCytometry as well as FDC-bound virions
using Spots analysis (Figure 8B). Analysis of a lymph node tissue
section from an HIV+ individual revealed a trend for higher
numbers of FDC-bound virions in follicles with lower overall
frequencies of CD4hi/dim T-cells (Figure 8C). Follicular (F) spaces
harbored a higher proportion of vRNA+ CD4 T cells compared to
EF spaces (Figure 8D, pie charts) however the frequency of
CD4dim T cells harboring actively transcribing virus was higher
in EF compared with F areas in the absence of therapy. In addition,
within F areas, higher levels of vRNA+ signal were observed in
CD3hiCD4dim T cells compared to CD3hiCD4hi T cells (Figure
8D). This approach thus offers an integrative way to study tissue-
specific viral burden and kinetics in relation to T cell immune
dynamics at different infection stages or after the initiation
of therapy.
DISCUSSION

The integration of lymphoid tissue analysis in studies of
infection and vaccination can offer important insights into
the mechanisms underlying disease progression or protection.
In this study, we describe the development of a pipeline of
eight multispectral confocal panels that can be used to
track a multitude of immune cell subsets in situ, both innate
and adaptive, in relevant lymphoid tissue localities for
mechanistic insights and hypothesis-driven experimentation
(Supplementary Figure 1B). The adoption of laser-scanning
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FIGURE 7 | Development of a multispectral panel for the topological examination of DCs. (A) Representative images showing staining for CLEC9A (yellow), CD20
(cyan), CD11c (orange), CD123 (red), CD8 (pink), CD4 (green), Ki67 (magenta) and JOPRO-1 (blue) in a tonsillar tissue section and the distribution of each protein
marker with respect to the MZ, LZ and DZ (middle panels). Red dotted square enclosures in lower middle panels denote the areas that are presented magnified in
the lower middle panels. (B) Gating strategy used for the sequential positional immunophenotyping of CD4, CD8, CD20, CD11c+, CD11c+CLEC9A+CD123- and
CD11c-CD123+CLEC9A- in GC (CD20dimKi67hi), F (CD20hi/dim) and EF (CD20lo) areas using histocytometry. (C) Box graphs and box plots showing the relative
frequencies of CD11c+, CD11c+CLEC9A+CD123- and CD11c-CD123+CLEC9A- immune cells in tonsillar tissue as well as in CD20hi/dim areas (upper panels) and
relative frequencies of CD20, CD4, CD8 and CD11c+ immune cells in nine individual follicles. Images were acquired at 40x (NA 1.3) with 1% magnification. Scale
bars are 100um for all panels displaying an entire follicle), 20um in the middle panel close ups and 5um in the right panel single staining close ups.
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FIGURE 8 | Immunofluorescent in situ hybridization (IF-FISH) for the visualization of actively transcribed HIV (vRNA+) in lymph nodes. (A) Representative images
showing staining for CD3 (cyan), CD4 (magenta), FDC (green) and HIV RNA (red) and the nuclear stain JOPRO-1 (blue) in a lymph node section from a viremic HIV+
individual. Images shown (50um,5um) are sequential close ups of the red dotted enclosures and white enclosures respectively and depict the staining seen in a B-
cell follicle and distinct patterns of associated vRNA+ staining (cell-associated vs FDC-bound virions). (B) Gating strategy used for the quantification of vRNA+ signal
in CD3+ CD4hi/dim T cells in two well defined B-cell follicles using HistoCytometry (left) and graphic panel summarizing the approach used to quantitate FDC-bound
virions in lymphoid tissues (right). (C) Bar graph showing the FDC-associated virion burden in the two follicles examined as measured by histocytometry and surface
spot analysis on Imaris. (D) Bar graphs showing the distribution of the vRNA+ signal in EF and F spaces as well as the relative distribution of the signal in CD4hi vs
CD4dim cells and pie charts depicting the proportions of CD3+CD4+ T cells that are vRNA+/vRNA- in F and EF spaces as measured by HistoCytometry. The
percentages given represent the frequency of each respective CD4 T cell population (EF vRNA+ or vRNA-/F vRNA+ or vRNA-) as a percentage of total cells d) and
FDC-associated virion burden as Images were acquired at 40x (NA 1.3) with 1% magnification.
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confocal microscopy (LSCM) for image acquisition offers many
advantages over traditional widefield methodologies including
high lateral and axial spatial resolution as well as capacity for
volumetric 3D analysis and high multiplexing (84), especially
when iterative staining protocols, such as CyCIF are employed
(85). Even though in this study we used tissues with a thickness
of ~10um, thicker tissues have successfully been imaged by us
and others using immunofluorescence and confocal microscopy
(24, 86). To allow for increased accuracy in downstream image
segmentation we imaged tissues at 40x magnification and
recorded between 40000 and 70000 individual cells.
Furthermore, accurate representation and minimization of
selection bias was ensured by imaging at least 50% of the tissue
or by capturing 5 follicles on average in line with previously
published research in our lab (24, 30) We also opted to repeat
selected markers among the different panels to address sampling
errors arising from the analysis of a single tissue, measured
populations with and without area normalization and examined
key tonsillar B cell and Tfh cell populations by flow cytometry to
further confirm the validity of our tissue analysis observations
(Supplementary Figure 1A). Wherever possible, we used
previously validated antibodies in our assays. For antibodies
not previously tested with FFPE tissues specificity was
confirmed by i) checking the staining localization with respect
to the nuclear staining, ii) studying the localization of the
staining on the tissue iii) confirming the co-localization profile
on lineage markers and iv) by including wherever possible an
isotype control (Supplementary Figure 3C). Image acquisition
was performed in a microscope fitted with 11 lasers. Spill-over
among the various channels was minimized by: i) carefully
selecting the spectral areas corresponding to each fluorophore
after testing each fluorophore separately to verify the exact
emission curve (Supplementary Figures 4A, B), ii) titrating
the antibodies for optimal signal, iii) collecting fluorophore
emission on separate detectors with fluorophores being excited
sequentially (2-3 fluorophores/sequential, and iv) creating a
spillover compensation matrix using singly stained samples
and applying it to the collected dataset. In our applications
autofluorescence-specific background elimination was not
necessary for the most part as the validated antibodies gave
excellent signal-to-noise ratios after titration. However, when
this was of relevance autofluorescence was eliminated by
recording the autofluorescent signal in a separate channel and
subtracting it from all other channels post-acquisition or for
mutually exclusive markers only, through paired subtraction. On
the Imaris software this can be achieved through the channel
arithmetics module. We used 8 lasers to acquire our images
(Supplementary Figure 4A) but instruments with fewer lasers
can also be used. In this case, spectrally neighboring fluorescent
stains (i.e. Alexa Fluor 647 and Alexa Fluor 700) can be acquired
with live spectral unmixing under a single laser. In such a
scenario antibody titration is highly recommended for optimal
live spectral unmixing as the intensity of the staining may vary
depending on target protein expression levels and the staining
protocol used. Even though our study did not make use of
iterative staining protocols such as Cy-CIF (85), evaluation of
Frontiers in Immunology | www.frontiersin.org 1891
such protocols in future studies is warranted as a means to
increase dimensionality and maximize the use of tissue
specimens with low availability. Our panels employ a total of
28 individual protein markers used to characterize ~8 distinct
immune and stromal cell lineages (CD20, CD4, CD8,
Neutrophils, Monocytes, FDCs, BECs/LECs, DCs) or ~ 32
distinct immune subpopulations. Staining in tandem could
thus increase the dimensionality and throughput of proposed
single-cell analyses to >30 distinct marker combinations. To
demonstrate application in seven out of eight panels (GC
reactivity; T-cell regulation; B-cell immunity; CD8 T-cell
positioning and function; monocyte and inflammatory
markers; GC microarchitecture; and tissue-specific DC
subpopulations), we chose to focus on tonsillar tissues
and defined B-cell follicles either as CD20hi/dim or as GCs
(CD20hi/dim Ki67+) (Supplementary Figure 1C). We found
that each definition has its own merits in terms of
quantification but selection of either for analysis should be
carefully considered as distinct topologies may be associated
with distinct functions and phenotypes. We chose tonsillar tissue
because this type of tissue is easier to obtain compared to resting,
HIV negative LNs. In addition, tonsillar tissue represents a
chronically inflamed tissue exhibiting a highly organized
stereotypical microanatomy compared to LNs and as such it is
ideal for the study of tissue resident populations connected to
activation and secondary B-cell follicle formation, such as
monocytes and Tfh (30). In addition, previous research in our
lab has shown that HIV negative tonsils and HIV negative LNs
share several common topological microanatomical attributes
including i) common secondary B-cell follicle microarchitecture
(MZ, LZ, DZ); ii) common GC (CD20hiKi67hi) polarization, and
iii) comparable aspects of Tfh heterogeneity and polarization
(24). LNs on the other hand can acquire divergent phenotypes in
states of pathology, as in the case of HIV infection, that
complicate the interpretation of physiological microanatomical
boundaries (87). Even though discussion of LN-associated
pathology extends beyond the scope of this article, the
application of the panels to different tissue preparations is
warranted. This is especially informative for infections that
persist chronically by establishing life-long reservoirs in the
tissues of infected hosts. The detection and persistence of a
pathogen in tissues can be address using a number of different
methodologies. These range, depending on the size of the
pathogen, from direct microscopic examination to detection of
pathogen-associated proteins using monoclonal antibodies (88)
or associated DNA/RNA using molecular probes (89). In the case
of HIV infection in particular, one of the main challenges that
need to be overcome for cure is the presence of tissue-specific
reservoirs that persist in infected individuals for life seeding viral
replication (78, 90). Tissue analysis and in situ tracking of viral
RNA can help address several key questions that remain in this
field. For example, what is the in vivo phenotype of cells
harboring actively transcribing virus or latent infection? Where
do these cells localize and what are the micro-geographical
patterns or cell-to-cell interactions that enable persistence?
Does tissue-specificity modulate the function and phenotype of
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latently infected cells? Are latency and persistence associated
with distinct non-immune tissue-specific biomarkers (i.e.
stromal cells) or soluble factor distributions in situ (i.e pro-
inflammatory chemokines and cytokines)? Tissue analysis also
offers a tangible way to measure the effect of latency reversal
interventions and a means to assess the reactogenicity and
immunogenicity of novel vaccine formulations. Confocal
imaging in particular, with its high resolution and volumetric
capacity, offers an ideal platform for the comprehensive mapping
of protein markers at subcellular level.

In summary, we have described a detailed tissue analysis
pipeline that can be used to characterize geographical patterns,
immune-cell distributions and relationships in lymphoid tissues.
Application of this type of analysis can increase the
dimensionality and predictive power of flow-cytometry and
single-cell RNA expression analyses and accelerate biomarker
discovery in the context of infection and vaccination.
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Supplementary Figure 1 | Quantitation of relevant immune cell populations
using HistoCytometry and Flow Cytometry, confocal imaging method overview and
positional heterogeneity of CD4+ T cell subsets in tonsillar B-cell follicles. (A) Box
plots showing the relative frequencies of CD4 T cells, CD20 and CD20+Ki67+ B cells
as well as CD8 T cells in tonsillar sections as well as the cell numbers for each
population normalized by the total corresponding tissue area scanned (mm3). B
cells (CD20+) were the most abundant population in tonsils (median frequency
35%) followed by CD4 T cells (median frequency 27%) whilst the frequency of CD8
T cells was relatively low (7-9.5% of total cells). Higher ratios (CD20+ cells/mm3)
represent tissues with higher B-cell (CD20+) abundance. The frequencies of the
corresponding tonsillar populations as determined by flow cytometry (n=6) are also
shown. (B) Schematic illustrating the methodology used for the acquisition and
analysis of the eight multispectral confocal datasets. (1) Tissues are stained with
pre-titrated combinations of antibodies (2) and images are acquired on a laser
scanning confocal microscope (Leica TCS SP8) using a 40x (NA 1.3) objective at
512x512 pixel density and 1% zoom. (3) Image segmentation for single cells is
performed with the program Imaris based on the nuclear stain (JOPRO-1) and
associated surface marker intensities and areas are then exported for graphing (4a)
or combined with X-Y positional information (4b) and exported to excel to create a
csv file for FlowJo import (5) and further gating and analysis (6). (C) (Left)
Representative confocal microscopy image of a tonsillar B cell follicle as determined
by immunofluorescent staining against the B cell marker CD20 (cyan) and the DZ/LZ
specific marker Ki67 (magenta). White enclosures denote the boundaries of the T
zone (T), follicle (F), marginal zone (MZ) and germinal center (GC) (Middle) Bar graph
summarizing the frequencies of PD-1hi CD4+ T-cells in the area surrounding a B-cell
follicle (T-zone), as well as within the F, MZ and GC. Each circle represents an
individual follicle (n=6) and data were obtained from the analysis of a single tonsil
tissue section (n=1) (Right) Confocal microscopy images showing the CD4 T cell
populations corresponding to each individual B-cell follicle locality as determined by
the distribution of the CD4 (green) and PD-1 (red). For visualization purposes MZ
and GC images were masked post-acquisition on Imaris to only show the cells that
belong to the area indicated. Tfh are identified by the co-expression of CD4 (green)
and PD-1 (red). (D) Gating strategy used for the characterization of B-cell and Tfh
populations (CXCR5hiPD-1hiCD57+/-) using flow cytometry. Images were acquired
at 40x (NA 1.3) with 1% zoom. Scale bars = 100um and 10um (close-ups).

Supplementary Figure 2 | Patterns of H2Ax staining, enumeration of CD3-CD8+
NK cells in tonsils and alternative CD8+ T cell imaging panel. (A) Representative
confocal images showing the distribution of pH2Ax in GCs after staining for pH2Ax
(red), CD20 (cyan) and Ki67 (magenta) (left) and representative gating strategy used
for the characterization of the frequencies of pH2Axhi expression in CD20dimCD38lo,
CD20hiCD38dim and CD20loCD38hi B cells in a flow cytometry experiment. The
frequencies of pH2Ax/Volumehi events in F andGCs asmeasured by confocal imaging
andHistoCytometry in two tonsils (n=2). and twoHIV+ LN (n=2) are summarized in the
bar graph shown. Circles represent individual follicles whilst different specimens are
demarcated by individual colors. (B) Gating strategy used for the flow cytometrical
characterization of CD8+ CD3- T cells in tonsils and histogram depicting the
proportion of CD3+ and CD3- cells within the CD8bright and CD8dim gates. A summary
of the relative frequencies of CD8brightCD3- cells in five tonsils is given in the bar graph
shown. (C) Alternative CD8+ T cell confocal imaging panel combining the markers
CD3 (purple), CD8 (red), FasL (yellow) and GrzB (orange) for the characterization of
CD3+CD8+ and CD3-CD8+ lymphocytes in lymphoid tissues where higher NK
frequencies are expected and b) relative frequencies of CD3+CD8+ and CD3-CD8+
populations as measured by histocytometry in one tonsillar tissue and one HIV+ LN
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after application of the alternative CD8 T cell imaging panel. Images were acquired at
40x (NA 1.3) with 1% zoom. Scale bars are 100um, 50um and 10um.

Supplementary Figure 3 | CD8+ FasL+/- GrzB +/- T cells in tonsils and LNs,
IF-FISH RNAscope staining controls and fluorescence minus one (FMO) controls.
(A) Histocytometry plots showing the distribution of imaged follicles in one tonsillar
and one HIV+ LN tissue as denoted by CD20 (cyan) and Ki67 (magenta) staining
and the gating strategy used for the identification of CD8+ FasL GrzB expressing
populations within these localities. Red circles denote individual follicles. The
cumulative frequencies of CD8+ FasL+/- GrzB +/- T cells for all follicles measured in
the two types of samples are shown in the bar graph. Each type of sample is
denoted by a different colour. (B) Confocal microscopy images showing two
sequential LN tissue sections from an HIV+ individual stained with an HIV+ vRNA+
specific probe and antibodies specific for the protein markers CD3 (cyan) CD4
(magenta) and FDC (green) in the absence (section 1) or presence (section 2) of an
RNase A/T1 pretreatment step. The localization of the vRNA+ signal (red) on the
FDC network (green) is shown. (C) Representative example of FMO controls used
Frontiers in Immunology | www.frontiersin.org 2093
to establish the specificity of the detected signals in each channel. Fluorescence in
the FMO channel was detected only when the corresponding antibody was present
but not when omitted or replaced by an isotype control. Images were acquired at
40x (NA 1.3) with 1% zoom. Scale bars = 500um, 50um (close-ups).

Supplementary Figure 4 | Fluorescence acquisition spectral regions and cross-
talk among acquisition channels. (A) Schematic showing the lasers, fluorochromes
used and photon detection regions used for image acquisition in the eight
multispectral panels described in this study. Regions were adjusted after acquiring
real-time single fluorochrome emission curves to maximize signal-to-noise ratios
and minimize cross-talk between channels. (B) Representative example of single
fluorochrome emission cross-over into neighboring channels as detected after
staining for BV421, JOPRO-1, eF615, AF488, AF546, AF647, BV480 or AF700.
Each horizontal line corresponds to a single fluorochrome that was acquired under
the same conditions as the full panel in order to visualize and resolve potential
fluorescence cross-over issues. Images were acquired at 40x (NA 1.3) with 1%
zoom. Scale bars are 100um.
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CD4 T cell responses constitute an important component of adaptive immunity and are
critical regulators of anti-microbial protection. CD4+ T cells expressing CD32a have been
identified as a target for HIV. CD32a is an Fcg receptor known to be expressed on myeloid
cells, granulocytes, B cells and NK cells. Little is known about the biology of CD32+CD4+ T
cells. Our goal was to understand the dynamics of CD32+CD4+ T cells in tissues. We
analyzed these cells in the blood, lymph nodes, spleen, ileum, jejunum and liver of two
nonhuman primate models frequently used in biomedical research: African green
monkeys (AGM) and macaques. We studied them in healthy animals and during viral
(SIV) infection. We performed phenotypic and transcriptomic analysis at different stages of
infection. In addition, we compared CD32+CD4+ T cells in tissues with well-controlled
(spleen) and not efficiently controlled (jejunum) SIV replication in AGM. The CD32+CD4+ T
cells more frequently expressed markers associated with T cell activation and HIV infection
(CCR5, PD-1, CXCR5, CXCR3) and had higher levels of actively transcribed SIV RNA than
CD32-CD4+T cells. Furthermore, CD32+CD4+ T cells from lymphoid tissues strongly
expressed B-cell-related transcriptomic signatures, and displayed B cell markers at the
cell surface, including immunoglobulins CD32+CD4+ T cells were rare in healthy animals
and blood but increased strongly in tissues with ongoing viral replication. CD32+CD4+ T
cell levels in tissues correlated with viremia. Our results suggest that the tissue
environment induced by SIV replication drives the accumulation of these unusual cells
with enhanced susceptibility to viral infection.
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INTRODUCTION

HIV-infected individuals mount immune responses resulting in
a decrease of viral load by the end of the acute infection but, even
in HIV controllers, the host is not able of clearing the infection.
Combined antiretroviral therapy (ART) has changed HIV
infection from a lethal disease into a manageable chronic
infection. Indeed, ART efficiently controls HIV replication
leading to undetectable virus in the blood and considerably
increasing the life expectancy of people living with HIV (PLH).
However, the virus persists in cellular and anatomical reservoirs,
from which the virus most often rapidly rebounds in case of ART
interruption (1–3). Although tremendous progress has been
made in our understanding of HIV biology and pathogenesis,
the composition and dynamics of the viral reservoir and the
mechanisms of HIV persistence remain ill-defined.

Studies in non-human primates (NHP) infected with SIVmac
have shown that viral seeding occurs in the first hours and days
post-infection (4, 5). Several factors can influence the
establishment and persistence of HIV/SIV reservoirs, such as
the timing of initiation of ART. When ART is initiated in
primary infection, the subsequent long-term decline of the
reservoir is stronger than if ART is initiated in chronic
infection (6, 7). Immune activation could also modify viral
seeding as well as related cell trafficking (8). Moreover, HIV
reservoir cells can hide from the immune system by residing in
anatomical sanctuaries (1, 9–11). Follicular helper T cells (TFH)
in B cell follicles of secondary lymphoid tissues (SLT) as well as
Treg cells (CTLA-4+ CD4+ T cells) in the T zone of SLT have
been shown to be potential major reservoirs of HIV/SIV viruses
during ART (12–16). Many efforts have been made to identify
cellular markers specific to reservoir cells, in particular latently
infected cells, i.e. cells harboring viral DNA in the cellular
genome without expressing viral proteins. It is though not
excluded that low-level viral replication contributes to the viral
reservoir. It has been shown that CD4+ T cells expressing high
CD2 surface levels harbor higher HIV DNA copy numbers
(range, 3- to 10.8-fold) compared to total CD4+ T cells (17). It
has also been shown that cells expressing exhaustion markers
such as PD-1, TIGIT, and LAG-3 were positively associated with
the frequency of CD4+ T cells harboring HIV DNA (18).
Memory CD4+ T cells co-expressing these three markers were
up to 10-fold enriched for HIV compared to total CD4+ T cells
(18). In the blood of HIV-infected individuals on suppressive
ART for more than 3 years, CXCR3+CCR6+ central memory
CD4+ T cells were shown to contain the highest amount of
integrated HIV DNA and the lowest ratio of cell-associated (ca)-
unspliced HIV RNA to DNA compared to all T-cell subsets
studied (19). Blood CXCR3-expressing CD4 T cells represented
the major blood compartment containing inducible replication-
competent virus in treated aviremic HIV-infected individuals
(20). CD30+CD4+ T cells have been shown to be enriched for ca-
HIV RNA (21). However, this enrichment was not observed in
all studied individuals, and CD30+CD4+ T cells were not
significantly enriched for HIV DNA. CD20, normally
expressed on B cells, has recently been described as a marker
Frontiers in Immunology | www.frontiersin.org 297
for HIV-infected cells in patients (22, 23). The use of latent
reversal agents and anti-CD20 monoclonal antibody therapy
allowed the depletion of a part of HIV-reservoir cells after viral
reactivation ex vivo (23). CD32a (FcgRIIa)—a low-affinity IgG
receptor known to be expressed on myeloid cells, granulocytes,
NK cells and B cells (24), has been proposed as a surface marker
for in vitro HIV-infected quiescent CD4+ T cells and for
persistent HIV-infected CD4+ T cells in the blood of ART-
treated PLH (25). Analyses of CD32+ CD4+ T cells in tissues
from ART-treated PLH were associated with a TFH phenotype,
consistent with a role for CD32+CD4+ T cells in reservoir
composition (26). Optimization of the CD32+CD4+ T cell
purification protocol revealed significant enrichment for HIV
DNA in these cells (27). Of note, several reports clearly showed
that CD32 is not a marker for latently-infected CD4+ T cells in
vivo (22, 28–30). It was rather demonstrated that
CD32 expression on CD4+ T cells is frequently associated with
actively transcribed virus (31). While CD32 is unlikely to be a
marker of latently infected cells, the description of CD32+CD4+

T cells raises the question of the origin and the role CD32a+CD4+

T cells.
We addressed the question if a HIV infection favors the

emergence of these cells. To determine the dynamics of CD32+

CD4+ T cells in distinct tissues in vivo, we studied two nonhuman
primate models frequently used in biomedical research: African
green monkeys (AGM) and macaques. Asian species of
NHP, such as rhesus and cynomolgus macaques (MAC),
experimentally infected by SIVmac, experience a spectrum of
disorders similar to those seen in HIV-1 infected humans (32).
Nonhuman primates from Africa, such as AGM, sooty
mangabeys, and mandrills, are natural hosts of SIV (33–35).
SIV infection in these natural hosts generally does not lead to any
signs of disease, even though they carry high plasma and
intestinal viral load (36, 37). An important common feature of
SIV infection in natural hosts is that these animals rapidly
resolve inflammation and consistently exhibit lower levels of
immune activation than PLH or MAC infected with SIV (36).
Natural hosts of SIV also harbor extremely low levels of infected
CD4+ T cells in lymph nodes (LN) and spleen in contrast to PLH
and MAC infected with SIVmac (Huot et al., 2016). In this
context, the difference in viral reservoir in SLT between the
natural host and MAC could be useful to understand the
dynamics of CD32+CD4+ T cells during HIV/SIV infection.
We analyzed CD32+CD4+ T cells in healthy animals and
during SIV infection. We performed phenotypic and
transcriptomic characterization of CD32+CD4+ T cells at
different stages of infection in lymphoid and non-lymphoid
tissues (LN, spleen, jejunum, ileum, liver, blood). Since several
studies suggested that these cells could correspond to doublets
(28–30), we performed several controls including imaging
experiments to ensure that the analyses were made on single
cells. We show here that CD32+CD4+ T cells were not or only
slightly increased in blood and liver, while strongly increased in
LNs, spleen, and intestine during SIVmac infection. CD32+CD4+

T cells displayed higher levels of actively transcribed SIV RNA
than CD32-CD4+ T cells in SLT and gut during both SIVmac and
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SIVagm chronic infection. CD32+CD4+ T cell levels correlated
with viremia. CD32+CD4+ T cells from lymphoid tissues shared
properties with B cells (CD20, IgG, IgM) and also expressed
markers that were described to be often expressed on HIV
infected and/or reservoir cells (CCR5, PD-1, CXCR5, CXCR3).
Our results support the hypothesis that CD32+CD4+ T cells are a
target for productive viral replication and suggest that
general immune activation and local inflammation drives the
accumulation of these peculiar cells with enhanced susceptibility
to HIV infection.
MATERIAL AND METHODS

Monkeys and SIV Infections
African green monkeys (Caribbean Chlorocebus sabaeus, AGM)
and cynomolgus macaques (Macaca fascicularis, MAC) were
included in this study (Supplementary Figure 1). The AGM
were infected with SIVagm.sab92018, and the MAC with
SIVmac251 as previously described (38, 39). The viremia levels
are shown in Supplementary Table 1. All SIV-infected MAC
where viremic.

The AGM and MAC were housed at the IDMIT Center
(Fontenay-aux-Roses, France). All experimental procedures
were conducted in strict compliance with the international
European guidelines 2010/63/UE for the protection of animals
used for experimentation and other scientific purposes and the
French law (French decree 2013-118). The IDMIT center
complies with the Standards for Human Care and Use of the
Office for Laboratory Animal Welfare (OLAW, USA) under
OLAW Assurance number A5826-86. Monkeys were
monitored under the supervision of the veterinarians in charge
of the animal facilities. Animal experimental protocols were
approved by the Ethical Committee of Animal Experimentation
(CETEA-DSV, IDF, France) (Notification 12-098 and A17-044).
The pVISCONTI study was approved and accredited under
statement number A15-035 by the ethics committee “Comite ́
d’Ethique en Expeŕimentation Animale du CEA”, registered and
authorized under Number 2453-2015102713323361v2 by the
French Ministry of Education and Research.

Monkeys were sedated before handling with Ketamine
Chlorhydrate (Rhone-Mérieux, Lyons, France. The sample size
varied from 3 to 9 monkeys per group (n = 6 in most
experiments). Samples were collected in random order according
to the tripartite harmonized International Council for
Harmonization of Technical Requirements for Pharmaceuticals
for Human Use (ICH) Guideline on Methodology (previously
coded Q2B). The investigators were not blinded while the animal
handlers were blinded to group allocation.

Tissue Collections and Processing
Whole venous blood was collected in ethylenediaminetetraacetic
acid (EDTA) tubes. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll density-gradient centrifugation. Biopsies of
peripheral LNs (pLN) were performed by excision. Other tissues
were collected at autopsy. After careful removal of adhering
connective and fat tissues, pLN, spleen, liver, and gut tissue were
Frontiers in Immunology | www.frontiersin.org 398
dissociated using the gentlemacS™ Dissociator technology
(Miltenyi Biotec, Germany). Red blood cells were lysed in
hypotonic solution and washed twice in PBS. The cell suspension
was subsequently filtered through 100- and 40-mm cell strainers,
and cells were washed with cold phosphate-buffered saline (PBS).
Cells were either immediately stained for flow cytometry or
cryopreserved in 90% foetal bovine serum (FBS) and 10%
dimethyl sulfoxide (DMSO) and stored in liquid nitrogen vapour.

Quantification of Viral Load
Viral RNA copy numbers in plasma and cell-associated (ca) viral
DNA and RNA from the animals were quantified as previously
described (38–40). For plasma, the cut-off value corresponded to
60 viral copies or below per ml of plasma. Ultrasensitive
determinations of plasma viral loads were achieved by
concentrating the virus from a larger volume of material
available by ultracentrifugation. For the quantification of ca-
viral DNA and RNA, total nucleic acids were extracted from cells
sorted as described below. The number of cells analyzed for viral
load was the same for each cellular fraction of each sample. The
relative fold-change of SIV transcripts was determined using the
delta-delta CT method normalized to the 18s RNA levels, as
described (38).

Production of Recombinant Anti-CD32
Monoclonal Antibody
IgH and IgL DNA fragments coding for human MDE8 (41)
antibody were prepared by PCR-amplification from codon-
optimized synthetic genes (Life Technologies, Thermo Fisher
Scientific). Purified digested DNA fragments were cloned into
human Igg1-and Igl-expressing vectors (42), and human MDE8
IgG1 antibod-ies were produced by transient co-transfection of
Freestyle™ 293-F suspension cells (Thermo Fisher Scientific)
using PEI-precipitation method as previously described (43).
Recombinant IgG1 antibodies were purified by batch/gravity-
flow affinity chromatog-raphy using protein G sepharose 4 fast
flow beads (GE Healthcare, Chicago, IL) according to the
manufacturer’s instructions, extensively dialyzed against PBS
using Slide-A-Lyzer® dial-ysis cassettes (Thermo Fisher
Scientific) and quantified using NanoDrop 2000 instrument
(Thermo Fisher Scientific) (43).

Polychromatic Flow Cytometry
Cryopreserved cells were thawed in foetal bovine serum.
Cryopreserved or freshly isolated cells were counted, examined
for viability, and then incubated with Fcg receptor blocker from
Biolegend for 10 minutes. Undiluted extracellular antibody
cocktail mix was added and incubated for 20 minutes. All
incubations were performed in the dark at room temperature.
If no intracellular staining was done, the cells were washed, fixed
with a 4% paraformaldehyde solution and stored in the dark at 4°C
until acquisition. Intracellular staining was performed as follows:
after staining for cell surface molecules, cells were fixed/
permeabilized using the “BD Cytofix/Cytoperm Plus Fixation/
Permeabilization” kit. Intracellular markers were stained with the
antibody cocktail for one hour. Finally, cells were fixed with a 4%
paraformaldehyde solution and stored in the dark at 4°C until
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acquisition. All phenotyping data were acquired on a BD FACS LSR
II (BD Biosciences) or on a LSR Fortessa (BD Immunocytometry
Systems). The data were further analyzed using FlowJo 10.4.2
software (FlowJo, LLC, Ashland, OR, USA). T-SNE was
performed using FlowJo isuali FlowJo, LLC, Ashland, OR, USA).
The antibodies used are listed below: anti-CD45 (clone D058-1283,
BD bioscience); anti-CD3 (clone SP34-2, BD bioscience); anti-CD4
(clone L200, BD bioscience); anti-CD32 (cloneFLI8.26)(BD
bioscience); anti-CD20 (clone 2H7, (BD bioscience); anti-CD14
(clone TÜK4,M iltenyi Biotec); anti-CD28 (clone CD28.2, BD
bioscience); anti-CD95 (clone DX2, BD bioscience), anti-CXCR3
(clone 1C6/CXCR3, BD bioscience); anti-CXCR5 (clone
MU5UBEE, Ebioscience); anti-PD-1 (clone EH12.1, BD
bioscience), anti-CXCR4 (clone 12G5,B D bioscience); anti-CCR5
(clone 3A9, BD bioscience); anti-CD86 (clone FUN-1, BD
bioscience); anti-CD83 (clone HB15e, BD bioscience); anti-CD39
(clone A1, Biolegend); anti-CD25 (cloneM-A251, BD bioscience);
anti-MHC-E (clone 3D12HLA-E, ebioscience), anti-TIM-3 (clone
7D3, BD bioscience); anti-CD8alpha (clone SK1, BD bioscience);
anti-NKG2a/c (clone Z199, Beckman-Coulter); anti-IgG
(cloneG18-145, BD bioscience); anti-IgM (clone G20-127, BD
bioscience). The anti-CD32 antibody used recognizes CD32A and
not the CD32B isoform.

Immunofluorescence Staining
Purified splenic CD4 T cells were isolated from five MAC and
five AGM, using a MACS negative selection CD4 T Cell Isolation
Kit (Miltenyi Biotec, Boston, MA). Cells were then adhered to the
poly-l-lysine-coated glass slides at 37°C in RPMI 1640 containing
10% FCS. After 2 hours, CD4 T cells were prepared for fixed cell
immunofluorescent confocal microscopy. Briefly, cells were
blocked with 5% heat-inactivated goat serum in PBS for
20 min at room temperature. Anti CD20-APC (clone 2H7),
anti CD4-alexa700 clone (clone L200), and anti CD32 antibodies
described in the method section were added to the culture for 1h.
Antibodies were used in the range of 0.5–2 mg/ml. The slides
were rinsed in PBS containing 2% FCS and the cells were fixed
and permeabilized. A secondary goat a-human IgG conjugated
to Alexa Fluor 488 (Molecular Probes, Grand Island, NY) was
used to detect the anti-CD32 antibody. Slides were then covered
with 0.15-mm coverslips (VWR Scientific, Philadelphia, PA),
using mounting media (Vectashield, Burlingame, CA)
containing DAPI (Invitrogen, Carlsbad, CA) to visualize
nuclear chromatin. Two-dimensional micrographs were taken
using a multilaser-based spinning disk confocal microscope (Zeiss).

Cell Sorting of CD32+CD4+ T Cells
We performed cell sorting on frozen spleen and jejunum from
chronically infected MAC or AGM. All incubations were
performed in the dark at room temperature. Cells were thawed
in 20% FBS-containing media supplemented with benzonase
nuclease and counts and viabilities were performed (Life
Technologies). Cells were incubated with Fcg receptor blocker
for 10 minutes. The antibody cocktail mix was added and
incubated for 20 minutes. A viability dye for flow cytometry
(LIVE/DEAD Fixable Dead Cell Stain Kit, Invitrogen) was
Frontiers in Immunology | www.frontiersin.org 499
included in all experiments to determine cell viability. The
antibodies used are listed below: anti-CD45 (clone D058-1283)
(BD bioscience); anti-CD3 (clone SP34-2) (BD bioscience); anti-
CD4 (clone L200) (BD bioscience); anti-CD32 (cloneFLI8.26)
(BD bioscience); anti-CD20 (clone 2H7, BD bioscience); anti-
CD14 (clone TÜK4, Miltenyi Biotec); anti-CD8alpha (clone SK1,
BD bioscience); anti-NKG2a/c (clone Z199, Beckman-Coulter).
After surface staining, cells were washed and resuspended in
complete medium and stored in the dark at 4°C until acquisition.
Cells were sorted on a FACSAria II (BD Biosciences) in purity
mode. The gating strategy is shown in Supplemental Figure 1.
Doublet cells were excluded from the sorting using the FSC-H
and FSC-A parameters. For RNA extraction, cells were directly
collected in a lysis buffer containing TCEP (Qiagen). The purity
of the cells was >97%.

Genome-Wide RNA Sequencing
RNA was isolated from the sorted cell populations using the
Rneasy® Mini Kit (205113, Qiagen). RNA integrity was checked
using the Agilent Bioanalyzer System. Dnase-treated RNA was
treated for library preparation using the Truseq Stranded mRNA
Sample Preparation Kit (Illumina, San Diego, CA), according to
manufacturer’s instructions. An initial poly(A) RNA isolation
step (included in the Illumina protocol) is performed on 10 ng of
total RNA to keep only the polyadenylated RNA fraction and
remove the ribosomal RNA. A fragmentation step is then
performed on the enriched fraction, by divalent ions at high
temperature. The fragmented RNA samples were randomly
primed for reverse transcription, followed by second-strand
synthesis to create double-stranded cDNA fragments. No end
repair step was necessary. An adenine was added to the 3’-end
and specific Illumina adapters were ligated. Ligation products
were submitted to PCR amplification. The obtained oriented
libraries were controlled by Bioanalyzer DNA1000 Chips
(Agilent, # 5067-1504) and quantified by spectrofluorimetry
(Quant-iT™ High-Sensitivity DNA Assay Kit, #Q33120, Invitrogen).
Sequencing was performed on the Illumina Hiseq2500 platform to
generate single-end 100 bp reads bearing strand specificity.

Bioinformatic Analysis of the Genome-
Wide Sequence Data
Bioinformatic analyses were performed using the RNA-seq
pipeline from Sequana (44). Reads were cleaned of adapter
sequences, and low-quality sequences were removed using
cutadapt version 1.11. Only sequences ≥ 25 nucleotides (nt) in
length were considered for further analysis. STAR version 2.5.0a,
with default parameters, was used for alignment on the reference
genome (Chlorocebus sabaeus, from Ensembl release 90). Genes
were counted using featureCounts version 1.4.6-p3 (45) from
Subreads package (parameters: -t gene, -g ID and -s 1).

Data were analyzed using R version 3.4.3 and the
Bioconductor package DESeq2 version 1.18.1. Normalization
and dispersion estimation were performed with DESeq2, using
the default parameters, and statistical tests for differential
expression were performed by applying the independent
filtering algorithm. A generalized linear model, including the
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monkey identifier as a blocking factor, was used to test for the
differential expression between the biological conditions. For
each pairwise comparison, raw p values were adjusted for
multiple testing according to the Benjamini and Hochberg
(BH) procedure (46). Genes with an adjusted p value <0.05
were considered differentially expressed.

Analyses and visualization of GO terms associated with
differentially expressed genes were performed using ClueGO
(47). Both groups of genes (up- and downregulated, p value <
0.05) were used as dual input for GO and pathway annotation
networks of the expressed genes and proteins pathway
enrichment analysis. Each list was used to query the Kyoto
Encyclopedia of Genes and Genomes (KEGG), GO-biological
function database and Wiki pathways. ClueGo parameters were
set as follows: Go Term Fusion selected; only display pathways
with p values ≤ 0.05; GO tree interval, all levels; GO term
minimum genes, 3; threshold of 4% of genes per pathway; and
a kappa score of 0.42. GO terms are presented as nodes and
clustered together based on the similarity of genes present in
each term or pathway. The most significant term was chosen as a
representative of the group (Benjamini-Hochberg correction).

Statistical Analyses
Continuous variables were compared between groups
throughout using non-parametric tests. Where three groups
were compared, a Kruskal–Wallis test was used; pairwise
comparisons were performed on all combinations of groups
only if the overall test p-value was <0.05. To compare
differences between two independent groups, the Mann-
Whitney U test was used. Correlative analyses were performed
using Spearman’s rank correlation. Correlation analyses were
performed according to the Spearman coefficient of correlation.

Analyses were performed using GraphPad Prism (GraphPad
Software, La Jolla, CA, USA) version 7.0 or R version 3.2.2.
RESULTS

Tissue-Dependent Dynamics of
CD32+CD4+ T Cells in Response to
SIV Infection
To track and characterize CD32+CD4+ T cells within tissue
compartments, we first performed a longitudinal measurement
of CD32+CD4+ T cells in tissues before infection and during SIV
infection in a natural host (AGM, N=17 animals) and a
heterologous host (MAC, N=18 animals). AGM from the
sabaeus species and cynomolgus MAC were respectively
infected with the wild-type SIVagm.sab92018 and the
SIVmac251 isolate (Table S1). We analyzed blood, LNs,
spleen, ileum, jejunum and liver from uninfected, acutely
infected and chronically infected animals (Table S1).

To quantify the frequency of CD4+ T cells expressing CD32, we
used for comparison CD32 expression levels on myeloid cells. The
latter are well known to express high levels of CD32. We specifically
defined a CD32 gate for each tissue and monkey using the level of
expression of CD32 on blood monocytes as an internal positive
Frontiers in Immunology | www.frontiersin.org 5100
control and fluorescence minus one (FMO) as a negative control
(Figure 1A and Figure S1). The median of CD32+CD4+ T cells in
blood, peripheral LN (pLN), spleen, liver, ileum, jejunum was
0.59%, 1.23%, 1.15%, 3.02%, 2.45% and 0.65%, respectively, in
MAC and 0.53%, 0.32%, 0.79%, 3.62%, 4.11% and 3%,
respectively, in AGM. After SIV infection, we observed an
increase in CD32+CD4+ T cells in all lymphoid tissues (pLN,
spleen, ileum and jejunum) of SIVmac-infected MAC, the average
levels varying between 4.5% and 19% (Figure 1B). During SIVagm
infection, a significant increase in CD32+CD4+ T cells was seen in
the jejunum but not in LN (Figure 1B). Of note, the frequencies of
CD32+CD4+ T cells were not increased in blood for neither MAC
nor AGM, although we cannot exclude modest increases in some
MAC. Altogether, these results showed that CD32+CD4+ T cells
increased more in lymphoid tissues than in blood during SIV
infection. CD32+CD4+ T cells were increased in both SLT and
gut during SIVmac infection, but only in gut during chronic
SIVagm infection.

Increases in Viremia of SIV-Infected
African Green Monkeys Are Associated
With Increases in Tissue CD32+ CD4+

T Cell Frequencies
We wondered whether the lower increase of CD32+CD4+ T cells
in SLT of AGM could be related to the strong control of SIV
replication in SLT. To address this question, we investigated the
levels of CD32+CD4+ T cells in NK-cell depleted AGMs infected
with SIV. We and others have previously shown that anti-IL-15
treatment efficiently depletes NK cells in vivo in NHP (38, 48).
Such NK cell depletion in chronically infected AGM increased
both viremia as well as ca-viral DNA and RNA in SLT (38). We
retrospectively monitored the frequency of CD32+CD4+ T cells
from blood and LN of anti-IL15-treated and non-treated
chronically infected AGM. There was an increase at day 42
post-anti-IL-15 of CD32+CD4+ T cells in blood and LN after NK
cell depletion when compared to the frequency of these cells
before anti IL-15 treatment (Figures 1C, D). We also compared
the frequencies before and after NK cell depletion in other tissues
(spleen, ileum, jejunum and in liver) (Figures 1E, F). There was a
trend toward an increase in CD32+CD4+ T cells in the lymphoid
tissues, such as ileum, but not in the liver (Figure 1F). The
frequencies of CD32+CD4+ T cells in blood at day 42 post-anti-
IL-15 correlated with viremia levels and there may be a trend
toward correlation of CD32+CD4+ T cells with ca-viral DNA in
the LN (Figures 1G, H). Taken together, these results show that
CD32+CD4+ T cell frequencies increased in chronically infected
AGMs in blood and LN, concomitant with an experimentally
induced increase in viremia.

CD32+CD4+ T Cells Are Enriched for SIV
RNA in Secondary Lymphoid Tissues
and Intestine
We next determined the level of viral replication in CD32+CD4+

T cells in tissues. We quantified ca-SIV RNA in CD32+CD4+ T
cells from SLT (spleen) and intestinal mucosa (jejunum) of
chronically infected MAC and AGM. The CD32+ and CD32-
June 2021 | Volume 12 | Article 695148
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FIGURE 1 | Quantification of CD4+ T cells expressing CD32 and/or viral RNA in tissues during pathogenic and natural host SIV infections. (A) Representative gating
strategy for CD32+CD4+ T cells. A representative example from the spleen of a chronically infected cynomolgus macaque (MAC) (upper part), and a chronically
infected AGM (lower part) are shown. The position of the CD32+ gate on CD4+ T cells was chosen according to the level of CD32 expression on myeloid cells (overlaid
red population) in SIV-negative monkeys. In red is indicated the percentage of the gated population in both SIV- and SIV+ monkeys. (B) Graphs showing the frequency
of CD32+CD4+ T cells in six tissues in SIV-uninfected, SIV acutely infected (day 9 p.i.) and SIV chronically infected MAC (orange) and AGM (blue). Values indicate the
percentage of CD32+CD4+ T cells among total CD4+ T cells. Each individual monkey is represented by a square (MAC) or a triangle (AGM). The number of animals
analyzed varied from three to six, depending on the compartment and time point studied. Time points or tissues with only three animals corresponding to liver and
acute infection in gut were not included in the statistical comparisons. (C, D) Dynamics of CD32+CD4+CD3+ cells in blood and pLN of chronically SIV-infected AGM
before, during and after anti-IL-15 administration. CD4+T cells were analyzed in blood and pLN before and at days 21 and 42 after initiation of anti-IL-15 treatment.
The anti-IL-15 treatment of the chronically infected AGM (n=5 animals) has been previously reported (38). Violin plots showing the frequency of CD32+ CD4+T cells
among CD45+ cells in blood (C) and pLN (D) in non-treated and anti-IL-15 treated chronically SIV-infected AGM. (E, F) Comparison of CD32+CD4+ T cells in tissues
at necropsy, between chronically infected AGM treated or not with anti-IL-15. Violin plots show the distribution of CD32+CD4+CD3+ cells among CD45+ cells from
chronically infected AGM (black) and anti-IL-15 treated chronically infected AGM (red) in the indicated tissue. (G) Frequencies of CD32+CD4+ T cells in PBMC of
treated animals (day 42 post-anti-IL15) were plotted against viremia levels. (H) The frequencies of CD32+CD4+ T cells of treated animals (day 42 post-anti-IL15) were
plotted against ca-viral DNA in LN. In (B), statistical differences were assessed by ANOVA with Tukey adjustment for multiple comparisons. In (C–F), a Kruskal-Wallis
test was applied. Asterisks indicate p-values < 0.05. Each symbol represents a single animal.
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CD4+ T cell fractions were isolated by cell sorting. Cells were
gated as Lin-CD45+CD3+CD4+CD32+/- (Figure S1). We
detected viral RNA in each cellular fraction in all monkeys and
all tissues analyzed. With the exception of the spleen of one
chronically infected MAC, SIV RNA levels in the CD32+CD4+ T
cell fraction were always higher compared to the CD32-CD4+ T
cell fraction (Figures 2A, B). In the spleen, the fold change
difference (median) of SIV ca-RNA was 12.4 and 3.9 in MAC and
AGM, respectively, whereas in the jejunum it was 11.9 and 10.3
in MAC and AGM, respectively. Thus, CD32+CD4+T cells
displayed higher levels of actively transcribed SIV RNA than
CD32-CD4+T cells in SLT and gut in both SIVmac and SIVagm
chronic infection. In SIVagm infection, the difference was less
pronounced in SLT than in gut, consistent with lower viral
replication levels in SLT of AGM.

CD32+CD4+ T Cells in Secondary Lymphoid
Tissues Express Markers of Activation and
Preferential SIV Infection
We next assessed the phenotype of CD32+CD4+ T cells in SLT
and gut. In a first step, we compared differentiation, homing,
and exhaustion markers by multiparameter flow cytometry on
CD32+ versus CD32-CD4+ T cells from blood, peripheral LN,
spleen, ileum, and jejunum of chronically infected MAC and
AGM. CD32+CD4+ T cells in blood and SLT were frequently
PD-1+ compared to the respective CD32- population in both
species (Figure 3A). In SLT, CD32+CD4+ T cells also expressed
more often CXCR5 and also more often CXCR3 in the spleen
than CD32-CD4+ T cells in both MAC and AGM. In the gut,
CD32+CD4+ T cells were also more often PD-1+, CXCR5+ and/
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or CXCR3+ than respective CD32- cells in AGM. Given the
common markers between TFH and CD32+CD4+ T cells, we
analyzed if there is a correlation between these two cell
populations. The TFH cell frequency correlated positively
with the frequency CD32+CD4+ T cells in the pLN (Figure
S2). Allover, CD32+CD4+ T cells expressed more frequently
markers that were described to be often expressed on HIV-
infected and/or HIV-reservoir cells in lymphoid tissues (i.e.
PD-1 and CXCR5 in blood and SLT; CXCR3 in blood, SLT and
mucosa) (8, 12, 14, 18–21).

We next turned our attention to the main co-receptors of SIV
(CXCR4, CCR5), as well as markers known as evidence of
activation (CD25), IFN-stimulation (CD83, CD86, MHC-E)
and regulation (CD25, CD39, CD83, and TIM-3), with a focus
on SLT (spleen and pLN) (Figures 3B, C). Strikingly, the
differences between CD32+ and CD32-CD4+ T cells for all
these 8 markers were generally the same for both species,
indicating that the differences were not random. For instance,
the frequencies of CD32+CD4+ T cells positive for CD25, CD39,
CD83, CD86, and MHC-E were higher as for CD32-CD4+ T cells
in both pLN and spleen of MAC and AGM. The CCR5+CD4+ T
cells were also more frequent in the spleen within the
CD32+ than the CD32- fraction in both species. Most of the
CD32+CD4+ T cells also expressed CXCR4, although not to
higher levels than the CD32- cells because CXCR4 expression
was already frequent among the latter. TIM-3 was most often
increased in the CD32+ fraction of SLT as well (Figure 3C). All
these markers were thus either similar or more frequent within
the CD32+CD4+ T cells when compared to the CD32- cells.
CD25 is well known to be up-regulated upon CD4+ T cell
A

B

FIGURE 2 | Quantification of ca-SIV RNA in CD32+ and CD32- CD4+ T cells. Cells were isolated from (A) spleen and (B) jejunum of chronically infected MAC and
AGM. Graphs show the ca-SIV RNA amount relative to 18sRNA (left graph) and the fold change in ca-SIV RNA in CD32+ cells compared to CD32- CD4+ T cells
(right graph) for each species. The amount of RNA in CD32- cells of each respective tissue was arbitrarily set to 1. Orange symbols refer to MAC and blue symbols
to AGM. Each symbol represents a single animal. Statistical difference was assessed by a Mann-Whitney U-test. Asterisks indicate p-values < 0.05.
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activation and can be expressed at high levels on Treg. TIM-3 is
known to be expressed by a subset of activated or exhausted
CD4+ T cells and by polarized Th1 cells (49). CD39 is known to
be found on activated CD4+ T cells with signs of metabolic
Frontiers in Immunology | www.frontiersin.org 8103
stress (50, 51). There is increasing evidence that CD83 regulates
CD4+ T cell development and peripheral activation (52–54).
Altogether, these results suggest that CD32+CD4+ T cells are in
a more activated state than CD32-CD4+T cells.
A

B

C

FIGURE 3 | Phenotypic characterization of CD32+CD4+ T cells in tissues during SIV infection. (A) Frequencies of the indicated marker on CD32- (empty symbols)
and CD32+ (full symbols) for CD4+ T cells from different tissues during chronic SIV infection in MAC (orange) and AGM (blue). (B, C) Frequency of CD32- and
CD32+CD4+ T cells expressing a given marker in (B) peripheral LN (pLN) and (C) spleen during chronic SIV infection in MAC (orange) and AGM (blue). Each symbol
represents a single animal (N=5 animals for each species). In (A), two-way ANOVA with Sidak test for multiple comparisons was performed. In (B, C), statistical
difference was assessed by a Mann-Whitney U-test. Asterisks indicate p-values < 0.05.
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CD32+CD4+CD3+ Cells Show Up-
Regulated Expression of Genes
Associated With B Cell Function
To investigate on a global scale, using a non-hypothesis-driven
approach, the markers that distinguish CD32+ from CD32-CD4+ T
cells in lymphoid tissues during SIV infection, we determined their
genome-wide transcriptomic signature. CD32+CD4+ and
CD32-CD4+ T cells were isolated as described above
(Figure 1A and Figure S1). Cells were isolated from the
spleen of three chronically SIVmac-infected MAC and three
chronically SIVagm-infected AGM. CD32+ CD4+ and CD32-

CD4+ T cells clustered separately (Figure 4A) in both MAC
and AGM. There were 881 and 1665 differentially expressed
genes in CD32+ compared to CD32-CD4+ T cells for MAC and
AGM, respectively (Figure 4A and Table S2). The genes that
showed the highest expression in CD32+CD4+ T cells included
T cell receptors (TRAV, CD3), but also many genes related to
the B cell receptor rearrangement and other B cell markers,
such as BANK1, a B cell transcription factor (Figure 4B). We
also found upregulation of TBC1D9, a key regulator of TBK1.
We did not found genes specifically related to the myeloid
lineage, with one exception. Indeed, we observed an up-
regulation of CD68 mRNA expression in CD32+ T cells of
AGM (Table S2). However, any other classical monocyte-
related gene, such as CD14, was not up-regulated. It has been
shown that low levels of CD68 can be expressed in lymphoid
cells such as CD19+ B lymphocytes and CD4+ T lymphocytes
(55). Moreover, in vitro stimulation with T-cell mitogen or
recombinant interleukin-2 (rIL-2) induced expression of
CD68 antigen in activated CD4+ and CD8+ T lymphocytes (56).
Thus, higher expression of CD68 in the CD32+ T cells is in
agreement with CD32+ T cells harboring a higher state of
activation than their CD32- counterpart.

To analyze the activation state of the cells, we assessed the
level of major histocompatibility complex II (MHC II) receptor
expression in CD32+CD4+ T cells. The level of HLA-DR
transcripts in CD32+CD4+ T cells was higher compared with
CD32-CD4+ T cells. Moreover, CD32+CD4+ T cells also
expressed higher levels of MHC class II-transcripts encoding
HLA-DP, -DQ, -DO, and -DM (Figure 4C).

We next analyzed in more detail all surface markers that were
up- or down-regulated on the CD32+ cells compared to the
CD32- fraction (Figure 4D). Ninety-four genes encoding surface
markers were differentially modulated in MAC and AGM
together, out of which 38 genes were common between MAC
and AGM (Figure S3). Many of these common genes that were
up-regulated in the CD32+ cells are normally attributed to the B
cell lineage, such asMS4A1 (CD20), CD22, CD40, CD72, CD79b,
CD83 and CD74, whereas transcripts encoding the CD4+ T cell
lineage (i.e., CD4, CD3e, CD3D, CD28, ICOS, CD5, IL7r, CTLA-4,
and IL2RB) were less expressed in CD32+ cells compared to
CD32-CD4+ T cells (Figure 4D and Figure S2). Down-
regulation of CD3 chains and CD4 mRNA is typical for
activated CD4+ T cells (57–59). Both isoforms of CD32 were
expressed, the CD32a isoform being less frequent than the
CD32b isoform.
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Cell types are also defined by transcription factors. We
focused on the transcription factors that were commonly up-
or down-regulated by CD32+CD4+ T cells in both MAC and
AGM when compared to the CD32- fraction (Figure 4E). Fifty-
five genes encoding transcription factors were differentially
modulated between the CD32+ and CD32- fractions in AGM
and MAC (Figure S4). The CD32+ fraction expressed a high
number of transcription factors linked to the B cell lineage, such
as PAX5, whereas some key transcription factors for the T cell
lineage were less expressed than in the CD32-CD4+ fraction (i.e.
BCL11B, GATA3, Notch1).

We next attempted to understand the interferon-stimulated
gene (ISG) expression profiles in the CD32+CD4+ T cells when
compared to the CD32-CD4+ T cells. Many ISGs are known, and
we included in particular those ISGs which are considered to
have an antiviral function (60). The number of ISGs that were
expressed to higher levels in CD32+ compared to CD32-CD4+ T
cells was moderate: only 11 and 2 ISGs out of 41 ISGs analysed
in, respectively, AGM and MAC (Figure S5). CD74 was the only
ISG among those analysed that was commonly up-regulated in
the CD32+ CD4+ T cells in both MAC and AGM.

To decipher the major functional pathways activated in the
CD32+ and CD32- fractions, a Gene Ontology (GO) enrichment
analysis was performed (Figure S6A and Tables S3, S4). Most of
the pathways that were up-regulated both in MAC and AGM
during SIV infection belonged to B cell receptor signaling
pathways, while the pathways that were often down-regulated
in both MAC and AGM in the CD32+CD4+ T cells as compared
to the CD32- fraction belonged to pathways involved in TCR
signaling, T cell activation and differentiation (Figure S6A and
Tables S3, S4). This was particularly true for CD32+ CD4+ T cells
from MAC compared to AGM (Figure S6B and Table S5).
Overall, this shows that the CD32+ cell fraction expressed many
genes and pathways specific for B cells.

CD32+CD4+CD3+ Cells Shared Phenotypic
and Functional Aspects of B Cells
The genome wide RNAseq thus revealed the expression of many
genes associated with B cell function in the CD32+CD4+ T cells.
This presence of a strong B cell signature within CD4+ T cells is
generally unusual. We controlled for potential cell doublets. We
coated freshly sorted spleen CD4+ T cells from chronically
infected MAC and AGM and stained them for expression of
CD4, CD20 and CD32. Confocal microscopy revealed the
existence of cells co-stained positive for the three markers
(Figures 5A, B). Most of the cells were CD3+CD4+CD32-

CD20- (>1.5 log more frequent than CD3+CD4+CD32+CD20-

cells). The CD20- and CD20+ frequencies among CD32+CD4+ T
cells were comparable. Cells staining positive for CD20 were also
observed within the CD32- fraction but represented 1 log fewer
cells than within CD32+ cells. This distribution was similar in
MAC and AGM.

We then compared such CD32+ CD4+ T cells expressing
CD20 to other immune cell subsets in the spleen. We performed
a force-directed clustering analysis of total spleen cells isolated
from chronically SIV-infected MAC and AGM based on the
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FIGURE 4 | Genome-wide transcriptome analysis of CD4+ T cell subsets according to CD32 expression from spleen during pathogenic and non-pathogenic SIV
infection. (A) Heatmaps of transcript signatures in CD32+ and CD32-CD4+ splenic T cells from chronically SIV-infected MAC and AGM. (B) Volcano plots of gene
regulation between CD32+ and CD32- CD4+ T cells. Red dots represent highly differentially regulated genes. Many of them are associated with the B cell lineage.
(C, E) Heatmaps showing (C) MHC-II molecules (D) cluster of differentiation transcripts and (E) transcription factors mRNA levels on CD4+ T cell subsets according
to CD32+ expression. In each panel, subsets were organized based on the overall similarity in gene expression patterns by an unsupervised hierarchical clustering
algorithm of variable genes. A dendrogram, in which the pattern of branch length reflects the comparative difference in gene expression profiles between samples is
shown. A p-value adjustment was performed to account for multiple comparisons and control the false positive rate to a chosen level. Transcriptome similarity
between clusters of spleen sample was evaluated by the Euclidean distance and visualized via heatmap. Each row represents a variable gene among clusters, and
each column represents one subset per monkey. Deep sequencing results were deposited in the Gene Expression Omnibus database; the accession number is
GSE169736.
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expression of eight markers. Individual flow cytometry standard
files were concatenated into single flow cytometry standard files
from which spatially distinct populations were obtained. To help
identifying cell populations, traditional biaxial gating strategies
Frontiers in Immunology | www.frontiersin.org 11106
based on surface markers were used as follows: CD4+ T cells
(TCRb+CD4+), CD8+ T cells (TCRb+CD8+), B cells (CD20+),
NK cells (NKG2A+). We overlaid immune cell populations
identified by traditional gating strategies on viSNE plots and
A B
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G H

C

FIGURE 5 | Analyses of CD32+CD4+CD3+ cells expressing CD20 in the spleen of SIV-infected animals. (A, B) Confocal images of CD4+ T cells according to CD4,
CD20, and CD32 staining. Staining was performed on CD4+CD3+ cells isolated from chronically SIV-infected MAC (A) and AGM (B). Graphs with cell numbers per
field are shown on the right. The experiment was performed with samples from three monkeys per species and eight fields were counted per monkey. (C, D) viSNE
map representing concatenated spleen cells from 6 MAC (D) and 6 AGM (C). Cells were stained with 9 markers and measured by flow cytometry. viSNE analysis
was performed on 60000 live CD45+ single cells per sample using all 8 surface markers. viSNE map shows concatenated flow cytometry standard files for all (C)
MAC and (D) AGM samples. Overlay of 6 manually gated cell populations on viSNE plots, defined as: CD8+T cells (live, CD45+CD3+CD8+), NK cells (live, CD45+
CD3-NKG2a+), B cells (live, CD45+CD3-CD20+), CD32+CD4+ T cells (live, CD45+CD3+CD4+ CD32+), CD32-CD4+ T cells (live, CD45+CD3+CD4+CD32-).
Intensity of CD3, CD32, CD4, CD20, is shown for all samples, overlaid on the viSNE map. White arrows indicate CD32+CD4+ T cells. Cells not identified by such
biaxial gating within CD45+ cells in the viSNE plots are shown in white. (E, F) Percentage of CD20+ cells within CD32+ CD4+ and CD32- CD4+ according to their
expression of IgM and IgG in MAC (orange) and AGM (blue). In Figure cells from distinct tissues of chronically infected (E) MAC and (F) AGM. (G) Frequency of IgM
and IgG on CD4+CD20+CD32+ T cells in the spleen of chronically infected MAC (upper part) and AGM (lower part). (H) Distribution of CD32+CD20+CD4+ T cells
according to their expression of IgM and IgG in MAC (orange) and AGM (blue). In Figures 4A, B, a Friedman test was applied. In Figures 4C, D, statistical
differences were assessed by ANOVA with Tukey adjustment for multiple comparisons. Asterisks indicate p-values < 0.05.
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compared them to viSNE heat maps (Figures 5C, D). This
allowed to easily identify spatially distinct populations
corresponding to B cells, CD8+ T cells, CD32- CD4+ T cells
and NK cells in both species (Figures 5C, D). CD8+ T cells and
NK cells showed some overlapping which is expected since
some but not all NK cells express CD8 in tissues (61). The
CD32+CD4+ cells (red) of MAC clustered in a unique, spatially
distinct population expressing CD3, CD4, CD20 and CD32
markers. In AGM, the very low numbers of this population in
spleen did not allow to define such clusters.

We next used the same technique to compare the frequency
of CD32+CD4+ and CD32-CD4+ T cells expressing CD20 in
distinct body compartments. We analyzed four tissues
(spleen, LN, jejunum, ileum) and blood from MAC and AGM
during chronic infection. In all lymphoid tissues analyzed, a high
frequency of CD20+ cells was detected in the CD32+CD4+CD3+

population whereas a very low amount of CD32-CD4+CD3+ cells
expressed this marker (Figures 5E, F). This differed from blood,
where CD20 expression was also rare within CD32+CD4+T cells
and not higher than for CD32- cells. The frequencies of the
CD20+CD32+CD4+CD3+ cells were thus much higher in SLT
and gut than in blood.

To further confirm the sharing with B cell properties of the
CD32+CD4+T cells, we analyzed functional markers of B cells in
these cells. We determined the single and co-expression of IgM
and IgG on CD32+CD20+CD4+ T cells from the spleen
(Figure 5G). There was an absence of staining for both IgG
and IgM antibodies on NK cells, CD3+CD4- T cells, and CD4+

CD32- T cells, whereas a high frequency of B cells as well
as CD32+CD4+ T cells expressed those markers (Figure S7).
The CD32+CD20+CD4+ T cells generally expressed either IgM or
IgG, or none of them. Thus, >25% of the CD32+CD4+CD20+ T
cells expressed IgM and not IgG, while some expressed IgG and
no IgM (Figure 5H). About half of the CD32+CD4+ CD20+ T
cells expressed neither IgG nor IgM.
DISCUSSION

The knowledge and understanding of the characteristics of CD4+

T cell subsets preferentially infected by HIV has considerably
increased in the last years (62–64). Recent studies also provided
information on major reservoir cells in tissues (12, 16, 65). Cell
types are generally defined by specific markers. It is not unusual
for some markers classically attributed to one type of cells to also
be shared by a subfraction of other cell types For instance,
mature CD8+ T cells, when activated, can co-express CD4 (66).
Previous studies have identified CD4+ T cells expressing CD32a
(25, 67–69). CD32a is an FcgR and is known to be primarily
expressed on cell types such as myeloid cells, granulocytes, B cells
and NK cells. Little is known about the function and biology of
CD32+CD4+ T cells. Here, we analyzed CD32+CD4+ T cells in
different tissues from two NHP models frequently used in
biomedical research: AGM and cynomolgus MAC and
investigated their dynamics in response to a viral infection. To
this end, we studied these cells in healthy animals and during
Frontiers in Immunology | www.frontiersin.org 12107
acute and chronic SIV infection. We performed tissue-level
phenotypic and/or transcriptomic characterization at different
stages of infection in lymphoid and non-lymphoid tissues. In
addition, we characterized CD32+CD4+ T cells in the natural
courses of SIV infection in AGM and compared these cells in
tissues with well controlled (SLT) and not efficiently controlled
(jejunum) SIV replication.

Our results show that CD32+CD4+ T cells were relatively rare
in healthy NHP, similar to humans. The frequency of these cells
strongly increased after SIV infection. The increase was
compartment-specific, as the increase was very strong in
lymphoid tissues (SLT, intestine) but not in blood, nor liver,
during SIVmac infection. Some studies in humans also showed
no significant differences in CD32+CD4+T cell frequencies in
blood between HIV-1 negative, viremic and ART-treated
individuals (31). Similar to MAC, an increase in CD32+CD4+T
cells in the natural host was found in tissues and not in blood
after SIV infection. However, the increases were pronounced
only in the jejunum but not in LN. Natural hosts exhibit high
viral replication in intestinal tissues, in contrast to SLT, where the
viral replication is well controlled (37, 39, 70–73). Depletion of
NK cells leads to loss of viral control in SLT in SIVagm infection
(38). We show here that NK cell depleted SIVagm-infected AGM
increase their CD32+CD4+T cells in SLT and that CD32+CD4+ T
cell frequencies correlate with viremia levels. Altogether this
shows that CD32+CD4+ T cells were preferentially increased in
tissues with ongoing high-level viral replication.

Our genome-wide transcriptome analysis coupled with the
phenotypic data indicated that CD32+CD4+ T cells were in a
more activated state than CD32-CD4+T cells. In line with this,
CD32high CD4 T cells from blood of treated PLH have been
described to express higher levels of HLA-DR and CD69 than
other subsets (22). Other studies also suggested that CD32 marks
highly activated/exhausted memory CD4+ T-cell subsets (74).
The increased expression of CD32, which is an Fcg receptor
(FcgRIIa), could also make CD4+ T cells more susceptible to
activation by IgG immune complexes.

CD32 expression might increase on CD4+ T cells as a direct
consequence of the virus, either through viral infection and/or
antigenic stimulation (25). Indeed, stimulation of CD4+ T cells
with anti-CD3/CD28 antibodies has been described to induce
CD32 co-expression (75). The CD32+CD4+ T cell profiles in SLT
and gut upon SIVagm infection suggest such a direct effect of the
virus. However, the inflammatory environment induced by
chronic viral replication might also favor the emergence of
such cells. External factors, such as IL-2, IL-7 and PHA, have
been shown to induce CD32 expression on CD4+ T cells in vitro
(75). The experimental NK cell depletion in AGM was induced
by anti-IL-15. While most NK cell populations collapse in the
absence of IL-15, effector memory CD4+ T cells can be
maintained in the face of IL-15 inhibition by the activity of
other homeostatic regulators, such as IL-7 (48). Interestingly IL-
7 is known to maintain B cell potential in common lymphoid
progenitors (76). Anti-IL15 treatment was associated with an
increase in CD32+CD4+ T cells. Therefore, it cannot be excluded
that the anti-IL-15 treatment, by inducing IL-7 as a homeostatic
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response, promoted the appearance of CD32+CD4+ T cells
through a bystander effect in anti-IL-15 treated animals. IL-7
can also be increased in HIV-1 and SIVmac infection as a
consequence of CD4+ T cell depletion, as shown during
primary infection in the blood and intestine (77–79). Thus, the
increase in CD32+ CD4+ T cells might be a mixture of factors
directly and indirectly related to HIV/SIV replication.

The higher activation state of CD32+CD4+ T cells may
explain the higher frequency of HIV RNA transcription that
we observed compared to the other CD4+ T cells. The CD32 in
splenic CD4+ T cells marked highly transcriptionally active CD4
T cells. Our data are in agreement with other studies reporting
transcriptionally active virus in these cells in blood (29, 31, 80),
and with data on LN from HIV-infected individuals showing
HIV RNA in CD32+ cells inside B cell follicles (31, 81, 82). We
also observed an up-regulation of CD74, an ISG known to be up-
regulated in activated infected cells (83, 84) and known to be
involved in the formation and transport of MHC class II peptide
complexes for the generation of CD4+ T cell responses. The viral
DNA has not been measured here and future studies will need to
address if CD32+CD4 T cells from tissues contain more SIV
DNA than CD32-CD4+ T cells and if the frequency CD32+CD4
T cells in tissues correlates with ca-SIV DNA. Altogether,
CD32+CD4+ T cells displayed higher levels of actively
transcribed SIV RNA than CD32-CD4+ T cells in SLT and gut
during both SIVmac and SIVagm chronic infection.

We also show that CD32+CD4+ T cells from the spleen
expressed more often CCR5 than the other CD4+ T cells.
CD32highCD4 T cells from the blood of treated PLH have
indeed been described in other studies to express higher levels
of HIV co-receptor expression than other subsets (22). Our data
are therefore compatible with a phenotype of these CD32+ CD4+

T cells being particularly susceptible to HIV/SIV infection.
The CD32+CD4+ T cells often expressed PD-1 and CXCR5.

This could have several explanations. It has been suggested that
they resemble TFH cells (81). We show here that approximately
90% of CD32+CD4+ T cells from LN were MHC-E positive. We
have previously reported that TFH cells in SLT express MHC-E
more frequently than any other CD4+ T cell subset (85). This is
an additional argument for CD32+ T cells exhibiting TFH cell
characteristics. However, it could also be that CXCR5 and PD-1
expression is associated with the B cell phenotypical characteristics
of these cells. In the lymphoid tissues, but not in the blood, about
half of the CD32+ CD4+ T cells in the SIV-infected NHPs also
expressed the B lymphocyte antigen CD20 at the cell surface. The
observation that CD20+CD4+CXCR4+ T cells can be infected with
HIV-1 in vitro was reported many years ago (68). More
recently, Serra-Peinado et al. described that CD20+CD4+ T
cells from blood and LN of patients on antiretroviral therapy
(ART) were significantly enriched in HIV transcripts (23). Our
study supports that CD20 can be expressed on target cells of
HIV in vivo. Here, we provide an in-depth analysis of the
molecular properties of CD32+CD20+CD4+ T cells. We
combined distinct genomic, immunological and imaging
methods to confirm the existence of this peculiar cellular
subset. The high content of mRNA encoding transcription
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factors and surface markers usually attributed to the B cell
lineage in the transcriptome analysis of CD32+ CD4+ T cells
made the presence of contaminating cells unlikely.
Furthermore, mRNA expression excluded the possibility of an
acquisition of surface molecules attributed to the B cell lineage
by trogocytosis as previously proposed (26, 29). Previous
reports also have proposed that T-cell–B-cell conjugates may
be the source of CD32 and CD4 co-expression (26). The
imaging analyzes performed here on total CD4 T isolated
from infected monkeys confirmed the existence of cells co-
expressing CD32, CD4, and CD20. However, it is difficult to
completely exclude the possibility of doublets contributing to
this signal in some of the FACS based experiments. Of note,
several reports have shown that B cells exclusively express the
CD32b isoform (29, 86). Here, we found that the CD32 a
isoform was present in all sorted CD32+ CD4+ T cell fractions
of SIV-infected monkeys. This also demonstrates that CD32 co-
expression on the CD4+ T cells cannot be solely explained by
eventual doublets. Our results are in agreement with other
studies showing that many of the CD32high CD4+ T cells from
HIV-1+ patients, and from healthy donors, co-express multiple
B cell markers (22, 23, 29). Of note, we show here that CD20
expression was frequent on CD32+CD4+ T cells from gut and
SLT but not for blood CD32+CD4+ T cells during SIV infection,
underlining tissue-dependent distribution.

In the present study, genome-wide transcriptome analysis
revealed that the CD32+CD4+ T cells detected here expressed low
levels of GATA-3, BCL11b and Notch1, but high levels of IRF8
compared with the CD32-CD4+ cell fraction. Previous studies
showed that IRF8 could play a role in the earliest stages of B-cell
development (87). Notch induces T cell factor 1 (Tcf1), which is
the first T cell-specific protein in the thymus, leading to the
activation of two major target genes, Gata3 and Bcl11b. GATA-3
is known to critically suppress a latent B-cell potential in pro–T
cells (88–90). BCL11B also supports the maintenance of T-cell
fate by continuously suppressing epigenetic changes in the B-
lineage-specific gene program (91). Thus, the expression pattern
indicates the presence of transcription factors down-regulating T
cell pathways in favor of the B cell lineage. Overall, the
differential expression of checkpoint molecules of the T and B
cell lineage fates suggests the presence of regulatory mechanisms
of the early T and B cell differentiation pathways in this
CD32+CD4+ T cell subset.

Recent data provided strong evidence that compartmentalization
of T and other cells, such as B cells, is not absolute: violators of this
paradigm can indeed be generated under specific conditions
(92–95). CD20-expressing T cell populations have been found in
healthy individuals as well as in a variety of non-malignant disease
states (92, 94, 96–100). CD20+ inflammatory T-cells have been
described in blood and brain of multiple sclerosis patients (94, 101,
102). Murayama and colleagues reported significant increase of
CD3+CD4+CD20+ T cells in lymph nodes and not in blood during
SIV infection in MAC at the stage of lymphadenopathy (103).

Thus, under conditions where the tissue microenvironment is
modified, such as during chronic HIV/SIV infection in lymphoid
tissues, modifications in cell differentiation could be favored.
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Whether CD32+CD20+ T cells have a specific function or are
only a byproduct remains to be clarified. In the case of HIV/SIV
infection, the expansion of such cells might be harmful as they
seem highly susceptible to infection. The fact that they increase
already in acute infection, as shown here, raises the question of
their contribution to the viral reservoir that is established early
on after HIV/SIV infection. It is not excluded though, that these
CD32+CD20+CD4+ T cells also have a beneficial role in viral or
immunological diseases. This question needs to be addressed in
future studies.

Altogether, we show that CD32+CD4+ T cells had an activated
profile, more frequently expressed markers associated with HIV
infected and/or reservoir cells (CCR5, PD-1, CXCR5, CXCR3) and
displayed higher levels of actively transcribed SIV RNA than
CD32-CD4+T cells. We show that CD4+ T cells expressing
CD32 were rare in healthy animals but strongly increased after
SIV infection in tissues exhibiting higher replication and immune
activation. These CD32+CD4+ T cells in tissues also often
expressed B cell markers. Genome-wide transcriptome revealed
a coordinated regulation of T and B cell fate checkpoint molecules.
Our results suggest that the tissue microenvironment associated
with viral replication in gut and SLT drives the differentiation
of a functionally not well-described subpopulation of activated
CD4+ T cells with enhanced susceptibility to HIV infection in
lymphoid tissues.
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Supplementary Figure 1 | Gating strategy used to identify and isolate
CD32+CD4+ T cells in tissues from uninfected and SIV-infected AGM and
MAC. (A) Example of the gating strategy used to isolate CD32+CD4+ T
cells from healthy MAC. The red square highlights the dot plot showing
CD3+CD20+ cells (B) Example of dot plot showing CD3+CD20+ cells
obtained during FACS sorting from chronically infected MAC and healthy or
chronically infected AGM.

Supplementary Figure 2 | Gating strategy used to identify TFH cells in pLN from
uninfected and SIV-infected MAC and AGM. Graph showing Spearman’s
correlation between TFH and CD32+CD4+ T cell frequencies. Each dot represents an
individual from acutely (day 9 Pi; purple dot) or chronically infected animals (black dot).
The Spearman correlation is shown, and r and p values are indicated in each graph.

Supplementary Figure 3 | Venn diagrams generated by the intersection of
transcripts encoding clusters of differentiation (CD) with a p-adj <0.05 when CD32+
CD4+ are compared with CD32-CD4+ fraction in the spleen of chronically SIV-
infected MAC (orange circle) and AGM (blue circle). Up-regulated clusters of
differentiation (CD) are shown in the top of the figure and down-regulated clusters of
differentiation (CD) are shown in the bottom part. The number of differentially
regulated genes is indicated in each circle, and the list of each gene is below
the circles.
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Supplementary Figure 4 | Venn diagrams generated by the intersection of
transcripts encoding transcription factors (TFs) with a p-adj <0.05 when
CD32+CD4+ T cells are compared with CD32- CD4+ T cell fraction isolated
from the spleen of chronically SIV-infected MAC (orange circle) and AGM
(blue circle). Up-regulated TFs are shown in the top of the figure and down-
regulated TFs are shown in the bottom parts. The number of genes is
indicated in each circle, and the list of each gene is provided below.

Supplementary Figure 5 | Interferon-stimulated-genes (ISGs) differentially
expressed within CD32+CD4+ T cells. The Venn diagram was generated by the
intersection of all differentially expressed transcripts with a p-adj <0.05 found in
CD32+CD4+ T cells from the spleen of chronically SIV-infected MAC (red circle),
AGM (green circle) and ISG genes (blue circle). The ISG genes are as reported by
Schoggins and Rice (60). In AGM, Eleven ISG genes were found to be differentially
expressed within CD32+CD4+ T cells (i.e, OAS, GBP1, OAS2, SLC15A3,
MAP3K14, ZC3HAV1, DDX60, MOV10, IFI6, IFI44L, DDX58), whereas two ISG
genes were found to be differentially expressed in MAC (i.e, SSBP3, ISG20). Only
CD74 is found to be differentially expressed within CD32+CD4+ T cells in both MAC
and AGM.

Supplementary Figure 6 | (A) Pie chart showing the up- and down-regulated
signaling pathways in CD32+CD4+ T cells isolated from the spleen of chronically
SIV-infected MAC and AGM. (B) Pie chart showing the up- and down-regulated
common signaling pathways in CD32+CD4+ T cells isolated from the spleen of
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chronically SIV-infected MAC and AGM. Common signaling pathways between
AGM andMAC were defined by using common up- and down-regulated transcripts
in the CD32+CD4+ T cell subsets when compared to the CD32-CD4+ T cells.

Supplementary Figure 7 | Gating strategy used to determine the frequency of
CD32+CD4+ T cells expressing IgG and/or IgM from the spleen of chronically SIV-
infected AGM (A) and MAC (B).

Supplementary Table 1 | Table showing the characteristics of the monkeys used
in this study.

Supplementary Table 2 | List of genes up- and down-regulated in CD32+CD4+
T cells when compared to CD32-CD4+T cells.

Supplementary Table 3 | Pathway up- and down-regulated in CD32+CD4+ T
cells when compared to CD32-CD4+T cells in chronically infected MAC.

Supplementary Table 4 | Pathway up- and down-regulated in CD32+CD4+ T
cells when compared to CD32-CD4+T cells in chronically infected AGM.

Supplementary Table 5 | Common pathways up- or down-regulated in AGM
and MAC between CD32+CD4+ T cells when compared to CD32-CD4+T cells.
Pathway analysis was performed using all common transcripts with a p-adj <0.05 found
in CD32+CD4+ T cells from the spleen of chronically SIV-infected MAC and AGM.
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CD4+ T-cell depletion is pathognomonic for AIDS in both HIV and simian
immunodeficiency virus (SIV) infections. It occurs early, is massive at mucosal sites, and
is not entirely reverted by antiretroviral therapy (ART), particularly if initiated when T-cell
functions are compromised. HIV/SIV infect and kill activated CCR5-expressing memory
and effector CD4+ T-cells from the intestinal lamina propria. Acute CD4+ T-cell depletion is
substantial in progressive, nonprogressive and controlled infections. Clinical outcome is
predicted by the mucosal CD4+ T-cell recovery during chronic infection, with no recovery
occurring in rapid progressors, and partial, transient recovery, the degree of which
depends on the virus control, in normal and long-term progressors. The
nonprogressive infection of African nonhuman primate SIV hosts is characterized by
partial mucosal CD4+ T-cell restoration, despite high viral replication. Complete, albeit very
slow, recovery of mucosal CD4+ T-cells occurs in controllers. Early ART does not prevent
acute mucosal CD4+ T-cell depletion, yet it greatly improves their restoration, sometimes
to preinfection levels. Comparative studies of the different models of SIV infection support
a critical role of immune activation/inflammation (IA/INFL), in addition to viral replication, in
CD4+ T-cell depletion, with immune restoration occurring only when these parameters are
kept at bay. CD4+ T-cell depletion is persistent, and the recovery is very slow, even when
both the virus and IA/INFL are completely controlled. Nevertheless, partial mucosal CD4+

T-cell recovery is sufficient for a healthy life in natural hosts. Cell death and loss of CD4+ T-
cell subsets critical for gut health contribute to mucosal inflammation and enteropathy,
which weaken the mucosal barrier, leading to microbial translocation, a major driver of IA/
INFL. In turn, IA/INFL trigger CD4+ T-cells to become either viral targets or apoptotic,
fueling their loss. CD4+ T-cell depletion also drives opportunistic infections, cancers, and
org July 2021 | Volume 12 | Article 6956741114
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comorbidities. It is thus critical to preserve CD4+ T cells (through early ART) during HIV/SIV
infection. Even in early-treated subjects, residual IA/INFL can persist, preventing/delaying
CD4+ T-cell restoration. New therapeutic strategies limiting mucosal pathology, microbial
translocation and IA/INFL, to improve CD4+ T-cell recovery and the overall HIV prognosis
are needed, and SIV models are extensively used to this goal.
Keywords: human immunodeficiency virus, simian immunodeficiency virus (SIV), AIDS, microbial translocation,
immune activation (IA), inflammation, CD4+ T cells
INTRODUCTION

Even before HIV was formally established as the cause of AIDS,
CD4+ T-cell depletion was identified as a key feature of HIV
infection. Indeed, lymphocytopenia was among the first
biological findings described in the early days of the AIDS
pandemic (1). Lymphocytopenia was notably due to a
depletion of CD4+ T cells and, in addition to their decrease in
absolute number and percentage of total T cells, residual CD4+ T
cells were dysfunctional in AIDS patients (1). Later, CD4 was
identified as HIV/SIV receptor (2, 3), and CD4+ T cell counts in
peripheral blood were reported to predict the risk of progression
to AIDS (4).

However, the notions of CD4+ T-cell depletion and
restoration encompass processes that are vastly different for
different CD4+ T-cell subsets and according to their tissue
location (5–8). As longitudinal studies cannot access and
sample all body compartments, reasonable knowledge on
CD4+ T-cell dynamics during HIV infection was obtained
from descriptive studies of cohorts of HIV-1 infected patients
and experimental studies of simian immunodeficiency virus
(SIV) infection in nonhuman primates (NHP). Depending on
whether or not an NHP is a natural host of SIV (9), the infection
will be nonpathogenic or pathogenic, respectively, and CD4+ T-
cell dynamics will also vary accordingly.

Here, we will review the general features of the depletion of
the different CD4+ T-cell subsets and their restoration during
pathogenic and nonpathogenic HIV/SIV infections, as well as the
consequences of CD4+ T-cell depletion, and the potential
approaches that could help reverse CD4+ T-cell depletion and
prevent its deleterious consequences.
CD4+ T-CELL SUBSETS

Different CD4+ T-cell subsets are defined, according to their
differentiation status or phenotype. CD4+ T cells from humans
and NHP are classified as naïve (CD45RA+ CCR7+ CD28+

CD95neg) or memory T cells (CD45RO+ CD95+) (10, 11).
Memory T cells are subdivided into stem cell memory (Tscm;
CD45RA+ CCR7+ CD28+ CD95+) (12, 13), central memory (Tcm;
CD45RAneg CCR7+ CD62L+) (11), transitional memory
(Ttm; CD45RAneg CCR7neg CD95+ CD62L+), effector memory
(Tem; CD45RAneg CCR7neg CD95+ CD28neg CD62Lneg) (14),
terminal effector (Tte; CD45RA+ CCR7neg CD95+ CD28neg
org 2115
CD62Lneg) (14) and resident memory (Trm; CD45RAneg

CCR7neg CD69+ ± CD103+) (15) T cells. Meanwhile, based
on their functional status, CD4+ T cells can be classified as Th1
(IFN-g producing; transcription factor: T-bet), Th2 (IL-4
producing; GATA3), Th17 (IL-17 producing; RORgt),
regulatory T cells (Tregs) (suppressive function; FoxP3) and
follicular helper T cells (Tfh) (IL-21 producing; Bcl6).

Additional phenotypic markers can be used to differentiate
CD4+ T cells, notably CCR5, the main coreceptor of HIV/SIV
(16–18), and markers of cell proliferation (Ki-67, BrdU),
activation (HLA-DR, CD38, CD69), exhaustion (PD-1, CTLA-
4, Tim-3) or senescence (CD57, KLRG-1) (19).

Finally, CD4+ T cells can also be subdivided according to their
metabolic status, with memory cells tending to have higher
metabolic activities, notably glycolysis and oxidative
phosphorylation (20).

The multiple CD4+ T cell populations defined using any of
these features are differentially infected, depleted, and restored.
Note that during the course of the HIV/SIV infection other
immune cells (CD4+CD8+ T cells, gdTCR T cells, innate
lymphoid cells type 2 and 3, circulating dendritic cells) (21–26)
can be depleted and restored, but their dynamics will not be
detailed in this review.
CD4+ T-CELL DEPLETION IN
PATHOGENIC HIV/SIV INFECTIONS

Circulation and Lymph Nodes
When CD4+ T-cell depletion was first investigated in people with
HIV (PWH), research focused on CD4+ T cells dynamics in
blood and superficial LNs, notably tonsils, as they were more
accessible. Circulating CD4+ T cells are moderately depleted
during acute HIV or SIV infection (21, 27, 28). A slight increase
in the CD4+ T cell counts occurs as a consequence of the
postacute partial control of viral replication and establishment
of the steady-state set-points (27, 29). During chronic HIV/SIV
infection, a slow and continuous decline of circulating CD4+ T
cells is observed, eventually leading to severe lymphopenia,
rendering persons living with HIV susceptible to opportunistic
infections and eventually leading to AIDS (30). Annual rate of
CD4+ T cell decline in circulation in untreated patients is
correlated to plasma viral loads, and was found to be higher in
persons living with HIV-1 than with HIV-2 (-15.9% vs. -4.1% per
year, respectively), due to major differences in the levels of viral
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replication between these two infections (31). Meanwhile, in the
superficial and mesenteric lymph nodes, CD4+ T-cell depletion is
minimal during acute HIV or SIV infection (32–35). However,
during the very advanced stages of HIV/SIV infection, CD4+ T-
cell depletion may occur even in lymph nodes and is associated
with lymphadenopathy and fibrosis (34, 36, 37).

With the discovery that HIV-1, HIV-2, and most of the SIV
use the chemokine receptor CCR5 as a coreceptor (16–18), and
therefore preferentially infect memory T cells (38, 39), numerous
studies then aimed at describing the dynamics of the different
CD4+ T-cell subsets in PWH and SIV-infected NHPs. In young,
uninfected humans, most CD4+ T cells in peripheral circulation
and the lymph nodes are naïve, while the fraction of naïve CD4+

T cells declines in older individuals (40). Naïve T cells also
represent the majority of CD4+ T cells in blood and lymph nodes
of young (less than 4 years) rhesus macaques (RMs), the animal
model of reference for HIV infection (11, 30). In Indian RMs, it
has been estimated that, on average, less than 15% of CD4+ T
cells from circulation and the lymph nodes express CCR5 (30, 32,
41), while over 75% of them express CXCR4. In both humans
and macaques, the vast majority of CCR5+ CD4+ T cells are
memory T cells (30, 42, 43). As a result, the majority of
circulating CD4+ T cells are not direct targets for HIV and
SIV, as emphasized by the low fraction of circulating CD4+ T
cells that are HIV-infected (44). This could explain why the loss
of peripheral CD4+ T cells is limited to 50-60% in most patients
during acute HIV infection, with a median nadir of CD4+ T cells
ranging between 340 and 510/mm3 (27, 45, 46). Similar decline
in circulating CD4+ T cells is also observed in SIV-infected NHP
during acute pathogenic (21), non-pathogenic (47) and
controlled SIV infections (48). In addition to this total CD4+

T-cell depletion, a preferential depletion of the memory CD4+ T
cells, especially those expressing CCR5, can be seen as early as 7-
14 days postinfection (dpi) in the lymph nodes and periphery,
whereas naïve T cells are preserved (6, 28, 32, 49).

Once the strategies for the detailed characterization of the
different memory CD4+ T-cell subsets, notably Tcm, Ttm, Tem,
became available, studies were performed on sorted CD4+ T-cell
subsets to assess the frequency of infection, in addition to
monitoring the evolution of each of those subsets throughout
HIV/SIV infection. These studies established that, in blood,
Tcms represent the major cellular reservoir in HIV-1 infected
individuals (50), while Ttms and/or Tems form the bulk of the
reservoir in HIV-1 long term nonprogressors, SIVsmm-infected
sooty mangabeys (a prototypic nonpathogenic infection) and
HIV-2-infected individuals (51–53). In pathogenic hosts of SIV,
the frequency of HIV/SIV infected cells is also high in the
recently described Tscm subset, which expresses high levels of
CCR5 (5, 54). In patients with progressive infection, as a result of
a prolonged and continuous depletion of the target Tcm and
Tem cells, due to cell death and reduced proliferation of Tcm, the
majority of the remaining CD4+ T cells are naïve (5, 6).

Dynamics of the CD4+ T cells with specific functions have
also been probed. Both HIV and SIV preferentially infect Th1
and Th17 cells (55). As a result, HIV and SIV infections are
characterized by a switch from Th1 to Th2 phenotype (56), and a
Frontiers in Immunology | www.frontiersin.org 3116
significant depletion of Th17 cells is observed among circulating
lymphocytes throughout the infection (7). HIV-1 can also infect
Tregs (57), and, although reduced (7, 58–60), stable, and
increased (61, 62) absolute circulating Treg counts have all
been reported during chronic infections, a decreased Th17/
Treg ratio is commonly observed in pathogenic infections and
was linked to immune activation and disease progression (7, 62).
Furthermore, a selective depletion of circulating CD4+ T cells
with gut homing potential (i.e., expressing the a4b7 integrin)
preferentially occurs in untreated PWH (63) and in SIV-infected
RMs in which those cells are selectively infected in the first days
of infection (8). Most CD4+ T cells expressing a4b7 integrin are
Tcm with a Th17 phenotype, and their dynamics in blood reflects
the evolution of intestinal CD4+ T cells in jejunum (8, 64).

A subset of CD4+ T cells T follicular helper (Tfh), identified
based on the expression of the surface markers CXCR5+ PD-
1high, and preferentially found in B follicles in lymph nodes and
spleen, can also be infected by HIV/SIV and is slightly depleted
during acute infection, before accumulating during chronic
infection (65–68). This chronic accumulation of Tfh might be
due to a lack of regulation by the local Tregs, the follicular
regulatory T cells (Tfr), as suggested by the decreased Tfr/Tfh
ratio (69). Tfh cells are depleted during the AIDS stage (65).
Signals provided by Tfh cells are crucial for the development of
memory B cells, and the expansion of Tfh cells has been
associated with B cell dysregulation, notably a reduced number
of antigen-specific memory B cells, increased germinal center B
cells, hypergammaglobulinemia, and lower Env-specific
antibody titers (67, 70).

Finally, in vivo, CD4+ T cells can be also selectively infected
according to their metabolic status (71). HIV-1 tends to infect
CD4+ T cells with high oxidative phosphorylation and glycolysis,
two metabolic activities more frequently enhanced in memory
CD4+ T cells (71). The dynamics of CD4+ T cells during HIV/
SIV infection according to their metabolic activities remain to
be determined.

Gastrointestinal (GI) Tract
While the circulating lymphocytes only account for 2 to 5% of
the total lymphocytes, intestinal lymphocytes represent a
tremendous fraction of total lymphocytes (over 60%) in both
humans and NHPs. In the GI tract, lymphocytes exist in three
major forms: (i) intraepithelial lymphocytes (IEL), (ii) lamina
propria lymphocytes (LPL), and iii) lymphocytes organized in
lymphoid formations (i.e., the Peyer’s patches and the solitary
lymphoid follicles). There are strong similarities between human
and NHPs’ gut-associated lymphoid tissue (GALT) regarding the
distribution of the immune cells, with the CD4/CD8 ratios being
about 1:2 and 1:1 in IEL and LPL, respectively (72).

In the years following the identification of AIDS, prompted
partly by the high frequency of enteropathies in PWH (73),
histological studies identified a loss of CD4+ T cells in
gastrointestinal biopsies of PWH (74–79). Lim and colleagues
also proved that, similar to circulation, memory CD4+ T cells
were the preferentially depleted cell subset in the gut during HIV
infection (80). However, results were sometimes contradictory,
July 2021 | Volume 12 | Article 695674
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some studies reported that CD4+ T-cell depletion only affected
the LPLs, while others described CD4+ T-cell depletion as
impacting both LPLs and IELs (77, 81). Furthermore, almost
all intestinal biopsies were obtained from clinically indicated
procedures in patients presenting with AIDS or late-stage
disease, limiting the insights on the dynamics of CD4+ T-cell
depletion at this site (75).

It was only a decade later that, due to research performed in
SIV-infected RMs, the early dynamics of CD4+ T-cell depletion
in GI tissues were described (21, 33, 82). These studies reported
that a massive CD4+ T-cell depletion occurs as early as 7 dpi in
SIVmac-infected RMs, leading to more than 90% of intestinal
CD4+ T cells being lost at 14-21 dpi (21, 33, 83) (Figure 1). SIV-
infected cells can be detected within 7 dpi in the gut (21, 33, 93).
The peak of viral replication in the gut occurs approximately 10
dpi and the vast majority of the SIV-infected cells during the
acute infection are found within the lamina propria, the
remaining infected cells being mainly detected in organized
lymphoid tissues and macrophages (33, 77, 94). CD4+ T-cell
depletion occurs earlier in the jejunum than in the ileum and
colon, and affects mostly LPL (33), probably because most of the
lymphocytes in jejunum are found within the lamina propria,
while organized lymphoid tissues are more common to the ileum
and colon. The first studies reporting this massive and rapid
Frontiers in Immunology | www.frontiersin.org 4117
CD4+ T-cell depletion in the gut were performed on animals
intravenously inoculated, but later the same pathogenic features
were confirmed in studies in which animals were infected either
intrarectally or intravaginally (83, 94).

Phenotypic analyses of the intestinal CD4+ T cells enabled
further characterization of the CD4+ T-cell subsets that were
preferentially depleted in the gut. Contrary to circulating
lymphocytes, most of the CD4+ T LPL have an activated
(HLA-DR+ CD25+) and memory (CD45RAneg CD95+)
phenotype (49, 95). Activated, CCR5-expressing memory
CD4+ T cells, which are the preferential targets of HIV and
SIV, are frequent in the gut (30, 49, 96). The predominance of
this activated, memory CD4+ T cell phenotype at the mucosal
sites is common to both humans and macaques, being observed
even in the newborns (95), and likely occurs as a consequence of
exposure to antigens in utero. Interestingly, mucosal CD4+ T
cells of humans and NHPs that are not natural hosts of SIV
express higher levels of CCR5 compared to African natural host
species (30, 41, 47, 84). At 14 dpi, virtually all memory CCR5+

CD4+ T cells are lost in the lamina propria and effector sites of
the gut of SIV-infected RMs, with the spared intestinal
CCR5+CD4+ T cells being naïve T cells (30). This swift
depletion of CD4+ T cells has been confirmed to occur as well
during acute HIV-1 infections (35, 97–99), and intestinal CD4+
FIGURE 1 | Comparative dynamics of intestinal CD4+ T-cell depletion, plasma viral loads and immune activation/inflammation in untreated HIV and SIV infections.
Schematic representation of intestinal CD4+ T-cell depletion, viral replication and immune activation is inferred from data reported in references (21, 33, 48, 84–91).
Longitudinal data are presented, with the X axis representing days (D), months (M) and years (Y) postinfection. The Y axis illustrates the magnitude of lamina propria
CD4+ T-cell depletion (upper panels, blue), viral replication (middle panels, green), and the levels of T-cell activation (lower panels, yellow). Intestinal CD4+ T-cell
depletion is illustrated as the index of lamina propria CD4+ T cells (i.e., percentage of CD4+ T cell fraction within the CD3+ T cell population, divided by this
percentage at baseline). Viral replication is represented as plasma viral loads. From the plethora of biomarkers of immune activation/inflammation, we selected the
fold-change of HLA-DR+ CD8+ T cells in SIV-infected NHPs, compared to the baseline preinfection levels, except for persons living with HIV, for which the fold-
changes of HLA-DR+ CD38+ CD8+ T cells were used. Note that in other primate models of rapid progressors, T-cell activation might be more blunted (92). AGM,
African green monkeys; PTM, Pigtailed macaques; RM, Rhesus macaques.
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T-cell depletion persists through the course of the disease in
untreated PWH (35) (Figure 1).

As described for the circulating CD4+ T cells, several
experiments have shown that the initial CD4+ T-cell depletion
in the gut is driven by the coreceptor usage of the virus. NHP
infection with X4-tropic viruses resulted in a rapid, profound
depletion of the naïve CXCR4+ CD4+ T cells from the circulation
and the lymph nodes, instead of the canonical depletion of
memory CD4+ T cells in the GALT, typical of the R5-tropic
viruses (100–102).

Furthermore, mucosal CD4+ T-cell depletion in the gut
directly affects cell subsets that are involved in the
maintenance of the mucosal barrier. As such, HIV/SIV
infection can disrupt the production of IL-17 and IL-22, two
cytokines that are essential for maintaining the tight epithelial
barrier of the GI tract and gut integrity, by selectively depleting
the lymphocytes producing those cytokines. Indeed, while Th1
and Th17 cell subsets are equally depleted in peripheral blood
and they did not differ in frequency of infected cells, Th17
memory CD4+ T cells are selectively depleted from the lamina
propria and effector sites of the GI tract of PWH and SIV-
infected RMs, as early as 2 weeks postinfection (55, 62, 85, 103).
lL-22 producing lymphocytes are also depleted during SIV (104,
105) and HIV infections (85). Other IL-17 and/or IL-22
producing cells exist in the GI tract, but for most of them a
preferential depletion and/or a reduced IL-17 production has
been reported during SIV infection (25, 105–107). Moreover, IL-
21-producing CD4+ T lymphocytes are also depleted during SIV
infection, thus limiting Th17 differentiation pathways, which are
controlled by IL-21 in vivo (108).

Despite being susceptible to HIV and SIV infections,
intestinal Tregs are increased during chronic infections, leading
to a decreased Th17/Treg ratio (60, 62, 109). This could be due to
limited productive infection and reduced cell death in the Tregs,
as well as to an increased differentiation of naïve CD4+ T cells
into Tregs in the GI tract (109–112).

Note that, in addition to CD4+ T-cell loss, RMs infected with
SIVmac were reported to suffer a massive loss of the “double
positive” (CD4+ CD8+) T cells, which express high levels of
CCR5 and are highly activated (113), within days following SIV
infection (30, 62).

Other Organs
CD4+ T-cell depletion is not limited to the GI tract, lymph nodes,
or circulation. It also occurs in the spleen and in the liver of
NHP, within 21 dpi in the spleen and during the AIDS stage in
the liver (67, 114, 115). In the bone marrow, the reduction of the
pool of CD4+ T cells reflects decreases in circulating CD4+ T
cells, with the loss affecting mainly memory cells (116).
Meanwhile, CD4+ T cell counts in the bronchoalveolar lavages
(BAL) have been used as a proxy for the CD4+ T cell counts in
the lung parenchyma. Most CD4+ T cells in the lung are of
memory phenotype and express CCR5. A nearly complete loss of
the CD4+ T cells was observed in the BAL by 3 weeks
postinfection (114), while other teams reported that both
memory CCR5+ CD4+ T cells and Th17 cell subsets were
maintained in the lungs (55, 117). Recently, a study in
Frontiers in Immunology | www.frontiersin.org 5118
humanized mice demonstrated that SIV and HIV infections
lead to a rapid loss of resident-memory CD4+ T cells from the
lung interstitium in the first weeks postinfection, which could
participate in the increased susceptibility to pulmonary
infections (118).

Finally, CD4+ T-cell depletion can also be detected in the
genital tract. As for CD4+ T cells in the GI tract, most of the
CD4+ T cells found in the vaginal mucosa display an activated,
memory phenotype (119). Differently from the intestinal CD4+ T
cells, almost all CD4+ T cells from the vaginal mucosa express
CXCR4, while CCR5 is expressed by only half of them. Within 14
dpi, depletion of CD4+ T cells, particularly those with CCR5+

expression, occurs in the vaginal mucosa of SIV-infected RMs,
and lasts throughout the follow-up, until progression to AIDS
(119). In HIV-infected women, vaginal CD4+ T-cell depletion is
strongly correlated to the depletion of circulating CD4+ T cells
(120). Regarding the male genital tract, CD4+ T cells are depleted
in the semen of PWH (121) and of SIV-infected cynomolgus
macaques during acute and chronic infections (122).
CD4+ T-CELL DYNAMICS DURING THE
NONPATHOGENIC AND CONTROLLED
SIV INFECTIONS

CD4+ T-cell dynamics during nonpathogenic and controlled SIV
infections have been extensively studied. Acute SIV infection
induces a slight decline in the CD4+ T cell counts from the lymph
nodes and circulation in natural hosts (e.g., sooty mangabeys,
African green monkeys, mandrills etc.), which is followed by a
return to virtually preinfection levels at both sites within the first
year (47, 123). As a result, the levels of circulating CD4+ T cells
are virtually normal in chronically SIV-infected African NHPs
(124–127). Meanwhile, acute SIV infection induces a massive
CD4+ T-cell depletion at the mucosal sites, which largely exceeds
the number of CCR5-expressing CD4+ T cells that is particularly
low at the mucosal sites in the natural hosts of SIVs (47, 84). This
excess of CD4+ T-cell depletion is not due to a different
coreceptor usage by SIVs compared to HIV-1, as most SIV use
CCR5 (128). The exceptions are strains of SIVsab that naturally
infect sabaeus AGMs in West Africa and SIVmnd-1 that infects
mandrills, which were reported to also use CXCR4 and/or
CXCR6 (129–131), and SIVrcm that naturally infects red-
capped mangabeys in West-Central African that was reported
to exclusively use CCR2 (132–134). However, in vivo, SIVsab was
shown to use CCR5 and preferentially deplete CCR5-expressing
CD4+ T cells (84).

Thus, severe acute CD4+ T-cell depletion in GALT is not
specific to pathogenic infection, nor is it predictive of the
virulence of a retroviral infection, as shown by Pandrea et al.,
who proposed that the magnitude of the CD4+ T-cell restoration
was a better predictor of disease progression (84). This
conclusion was also supported by studies in rhesus macaques
(6). Interestingly, when cross-species infections of rhesus
macaques with SIVsmm (47) and SIVagm (48) were
performed, they resulted in pathogenic and controlled
July 2021 | Volume 12 | Article 695674
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infections, respectively. Yet, despite these completely opposite
outcomes, in both instances, a severe mucosal CD4+ T-cell
depletion occurred during acute and early chronic infection
(47, 48) (Figure 1). However, later on in the follow-up, a
nearly complete restoration to baseline levels was observed in
SIVagm-infected rhesus macaques (48), similarly to long-term
nonprogressors (135), while SIVsmm-infected rhesus macaques
experienced a progressive loss of intestinal CD4+ T cells (47)
(Figure 1). The SIVsmm-infected rhesus macaques eventually
progressed to AIDS (47), and were classified as slow progressors,
in comparison to rapid progressors (86, 136) and normal
progressors (21, 33). In Figure 1, the rapidly progressive and
normal progressive SIV infections are illustrated by the dynamics
observed in SIVagm-infected pigtailed macaques and
SIVmac-infected rhesus macaques, respectively. Note that such
different patterns of disease progression can be observed in
multiple species.

The presentation of SIV infection in natural hosts is
intermediate between the two extreme patterns described above
(i.e., pathogenic and controlled infections), consisting of a massive
intestinal CD4+ T-cell depletion during acute infection followed
by a partial CD4+ T-cell restoration during chronic SIV infection
(Figure 1). This pattern is characteristic to SIVsmm infection of
sooty mangabeys, SIVagm infection of African green monkeys
and patas monkeys, and SIVmnd infection of mandrills (47, 84,
126, 137, 138). A relatively limited impact of the SIV infection on
the mucosal CD4+ T cells can also be observed in a subset of
animals with pathogenic infections, the long-term nonprogressors
which restore intestinal CD4+ T lymphocytes and CCR5+

memory T cells to higher values than normal progressors (97,
139), as long as viral replication is limited (Figure 1).

The relatively robust mucosal CD4+ T-cell restoration occurs
in natural hosts of SIV in the context of the control of chronic T-
cell activation and inflammation. Thus, while T-cell activation
and inflammation transiently increase during acute SIV
infection, immune activation and inflammation are resolved
during the transition between acute and chronic SIV infection,
in spite of a relatively sustained, robust viral replication (47, 84,
123, 126, 140). This supports a paradigm in which acute CD4+ T-
cell depletion is driven in natural hosts of SIV by both viral
replication and increased inflammation and immune activation,
while partial recovery of intestinal CD4+ T cells during chronic
infection is enabled by the control of immune activation and
inflammation, with the remaining mucosal CD4+ T-cell loss
being due to the persistent viral replication.

Two important lessons can be drawn from nonpathogenic
and controlled SIV infections. First, nonpathogenic SIV
infections highlight that a moderate mucosal CD4+ T-cell
depletion has no discernible pathogenic consequences if
immune activation and inflammation are kept at bay. Second,
when immune activation, inflammation and viral replication are
entirely contained, such as in the controlled SIV infections, total
recovery of intestinal CD4+ T cells is achievable, although it
might take years to reach the preinfection levels (48) (Figure 1).

In the natural hosts, the control of the deleterious
consequences of SIV infection (which include a moderate
Frontiers in Immunology | www.frontiersin.org 6119
chronic CD4+ T-cell depletion) resulted from multiple host
adaptations that occurred over millions of years of host
coevolution with their species-specific viruses (141). One of the
keys to this exquisite control of the deleterious consequences of
SIV infection in natural hosts of SIVs is the maintenance of the
epithelial gut integrity via enhanced repair mechanisms (142,
143) and the absence of consequent microbial translocation,
which is the main trigger of chronic T-cell activation in
pathogenic infections (144). Some of the other host
adaptations to elude SIV pathogenicity involve protection from
CD4+ T-cell depletion, either by preserving the pool of
precursors, or by limiting the number of target cells.
Interestingly, species which are natural SIV hosts usually
present a reduced expression of CCR5 on circulating and
mucosal CD4+ T cells (41). It has also been reported that Tcm
from sooty mangabeys were less frequently infected, potentially
due to their lower CCR5 expression (52). By sparing Tcm
precursors, as well as Tscm, sooty mangabeys might preserve
their capacity to restore the pool of intestinal CD4+ T cells (5,
52). Furthermore, lower levels of immune activation and
apoptosis of the CD4+ T cells from the LNs and circulation
may help protect the immune system of the natural SIV hosts
from the immune exhaustion described in the late-stage diseases
of pathogenic HIV/SIV infections (92, 140, 145). This might be
partly due to difference in the dynamics of type 1 interferons.
Type 1 interferons are beneficial in the control of SIV infection
during acute infection (146, 147), but persistent, dysregulated
production is known to contribute to immune activation (147,
148), to induce the expression of proapoptotic markers in
uninfected cells (149), and to be associated with disease
progression (146). Interestingly, during chronic SIV infection,
type 1 interferon response returns to preinfection levels in
natural SIV hosts, while it remains elevated during pathogenic
infections (62, 150, 151). Thus, the early control of type 1
interferon production in natural SV hosts might also play a
role in preventing disease progression, by limiting immune
activation and apoptosis of nearby uninfected CD4+ T cells.

Additionally, limited CD4+ T cell proliferation was described
in AGMs, sooty mangabeys, and mandrills, notably among Tcm,
with limited to no increase in proliferating CD4+ T cells after
acute infection (137, 152–156). Additionally, during SIV
infection, CCR5 expression is not upregulated on memory
CD4+ T cells in sooty mangabeys, limiting new rounds of
infection (52). By limiting bystander apoptosis, controlling cell
proliferation after acute infection, and by limiting upregulation
of CCR5 expression on the surface of the CD4+ T cells, natural
hosts of SIVs limit the production of new susceptible cells which
might slow down the pace of CD4+ T cell destruction.

Another consequence of the limited expression of CCR5 on
the surface of target cells at the mucosal sites is the reduction in
the virus ability to initiate mucosal infection (157). Limited
expression of CCR5 by the CD4+ T cells in the GI mucosa
may also significantly impact the rates of maternal-to-infant
transmission. CCR5 expression on the CD4+ T cells is extremely
low at birth and increases with age in both pathogenic and
nonpathogenic hosts (156). However, this increase is delayed in
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natural hosts of SIVs, and memory CD4+ T cells from the
newborns express lower percentages of CCR5+ compared to
non-natural SIV hosts, which creates the premise for a reduced
rate of maternal-to-infant transmission rates of SIV in natural
hosts (about 5%, compared to 20-25% in HIV-1, prior to
antiretroviral therapy) (9, 158).

Another significant particularity of several African NHP
species is their ability to downregulate CD4 receptor
expression at the surface of their CD4+ T cells when they enter
in the memory pool, rendering them resistant to SIV infection
(137, 159, 160).

Through these mechanisms, natural hosts of SIVs spare
specific CD4+ T-cell subsets, which could contribute to the
control of inflammation and maintenance of gut integrity,
despite high viral replication during chronic nonpathogenic
infections. Multiple immune cell populations are involved in
these processes. As an anti-inflammatory milieu, notably
containing TGFb, is rapidly established, this enhances Treg
production, thus preventing the chronic immune activation
(87). Furthermore, Th17 cells are spared in both gut and blood
of SIVsmm-infected SMs and SIVagm-infected AGMs (55, 62,
104). The Th17/Treg ratio remains stable during SIV infection in
natural SIV hosts, while it correlates with disease progression in
pathogenic infections (62). Similarly, Th17 cells, as well as b7hi

CD4+ T cells, are maintained in the blood and in the colon of
HIV-1 long-term nonprogressors (135). Moreover, the CD4neg
Frontiers in Immunology | www.frontiersin.org 7120
CD8adim T cells and the CD4neg CD8neg (DN) T cells are able to
retain some of the helper T cells functions in the African NHPs
that are natural hosts of SIV (34, 160, 161).
MECHANISMS OF CD4+

T-CELL DEPLETION

The loss of CD4+ T cells is caused by different intertwined
mechanisms (162). Viral replication significantly contributes at
least to the initial CD4+ T cell loss, which occurs rapidly in
infected individuals and animal models during the acute stage of
infection and mirror that of the dynamics of viral replication.
Several mechanisms of cell death are directly induced by the
infection of those cells by the virus: (i) cytolysis due to increased
permeability of cell membrane after viral budding and/or
syncytium formation (163), (ii) targeting by HIV/SIV-specific
cytotoxic T lymphocytes (164, 165), and (iii) programmed cell
death of cells undergoing productive infection, due to caspase-3
and/or Bax activation (166–168) (Figure 2). Antibody-
dependent or complement-mediated mechanisms are also
involved in the destruction of HIV/SIV-infected cells
[antibody-dependent cellular cytotoxicity (ADCC) (169),
antibody-dependent phagocytosis (170), complement-mediated
phagocytosis and lysis (171)], although escape mechanisms have
been described for HIV and SIV (172–174).
FIGURE 2 | Mechanisms of CD4+ T-cell depletion. Schematic representation of different mechanisms involved in CD4+ T-cell depletion during HIV and SIV
infections. AICD, Activation-induced cell death; CTL, Cytotoxic T lymphocytes; IDO-1, Indoleamine 2,3-dioxygenase 1; NETs, Neutrophil extracellular traps.
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There are several lines of evidence to support this direct
impact of viral replication on CD4+ T-cell depletion. First, there
is a clear temporal association between viral loads and CD4+ T-
cell depletion, with the most prominent depletion in the gut
closely following the peak of viral replication, which occurs circa
one to two weeks postinfection (33, 83, 175) (Figure 1).
Moreover, there is a clear correlation between the levels of
viral replication during acute infection and the magnitude of
the CD4+ T-cell depletion, particularly in the gut (94). Studies
have shown that mucosal depletion is minimal if peak viral loads
are below 106 vRNA copies/ml of plasma (48, 137). Furthermore,
despite their exquisite ability to finely tune inflammation and T-
cell immune activation, NHP species that are natural hosts of
SIVs also experience a residual CD4+ T-cell depletion during
chronic infection when inflammation and immune activation are
controlled (47, 84), highlighting the role of viral replication in the
persistence of intestinal CD4+ T-cell depletion.

Despite this proven impact of viral replication on CD4+ T
cells at every stage of HIV/SIV infection, the extent of CD4+ T-
cell loss during the acute infection far exceeds the number of
infected lymphocytes (32, 94). Multiple mechanisms have been
proposed to explain this excess of CD4+ T-cell depletion in HIV
infection and pathogenic SIV infections (Figure 2): (i) Bystander
apoptosis (140, 176), due to viral proteins promoting apoptosis
of nearby cells, notably HIV-1 gp120 after its interactions with
CD4 and CCR5 or CXCR4 coreceptor (177, 178),; note that in
natural hosts of SIVs the levels of bystander apoptosis are kept at
bay (84, 140, 145); (ii) Activation-Induced Cell Death (AICD)
due to immune activation which induces FasL production and
Fas (CD95) expression in nearby, uninfected CD4+ T cells,
shortening their lifespan and increasing their sensibility to
AICD (179–182); interestingly, plasma FasL expression does
not significantly increase in animals with nonpathogenic SIV
infections (148, 183, 184) (iii) Abortive infection leading to
pyroptosis through the caspase-1 pathway, due to an
accumulation of incomplete reverse transcripts and induction
of antiviral and inflammatory responses (185); (iv) Trapping of
immune cells in neutrophil extracellular traps (NETs) induced
by SIV infection, followed by an induction of apoptosis or
lysis of those trapped CD4+ T cells, as recently described
(186) (Figure 2).

In addition to these general mechanisms involved in total
CD4+ T-cell depletion, preferential depletion of Th17 cells could
be partly due to the induction of indoleamine 2,3-dioxygenase
(IDO-1), caused by sustained microbial translocation and
immune activation in pathogenic infections (110, 187)
(Figure 2). Catabolites produced by the degradation of
tryptophan by IDO-1 enhance Treg and deplete Th17 cells
(110). As adaptive Tregs can produce IL-10 that inhibits T cell
proliferation (188) and increases susceptibility to AICD (180,
189), accumulation of Tregs during chronic HIV/SIV infection
could also exacerbate CD4+ T-cell depletion.

Furthermore, in late stages of HIV/SIV infection, immune
exhaustion plays a role in total CD4+ T-cell depletion. During
chronic infection, increased expression of PD-1 and other
immune check-point inhibitors is observed on CD8+ T cells,
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but also on CD4+ T cells. Exhausted HIV/SIV-specific CD4+ T
cells, which are associated with high plasma viremia, have a
decreased proliferative capacity and reduced polyfunctional
cytokine response, including decreased production of IL-2
(190–192). This fuels gradual CD4+ T-cell depletion, in
combination with the reduced production of naïve T cells by
the thymus (193) and TGF-b-driven fibrosis of lymphoid
tissues (194, 195) that are observed during HIV and SIV
infections (Figure 2).
CONSEQUENCES OF THE CD4+

T-CELL DEPLETION

The consequences of CD4+ T-cell depletion have been widely
scrutinized, highlighting the critical roles of this cell subset for
disease progression and development of comorbidities during
pathogenic infections (4, 196–198). The first observation made in
patients and NHPs with low peripheral CD4+ T-cell counts
(<200/mm3) was their extreme susceptibility to opportunistic
infections (notably fungal infections including Pneumocystis
j iroveci i pneumonia, mycobacterial infect ions, and
cytomegalovirus disease) (199, 200). In addition, PWH with a
lower nadir of CD4+ T-cell count are also at higher risk of
developing AIDS-defining cancers (non-Hodgkin lymphoma,
cervical cancer, and Kaposi sarcoma) (201, 202).

However, it was reported that the profound, but transient,
CD4+ T-cell depletion observed during acute nonpathogenic SIV
infections and the residual mucosal CD4+ T-cell depletion
persisting during chronic nonpathogenic SIV infections were
not sufficient to trigger disease progression (203). As such, a new
paradigm emerged in which the combination of CD4+ T-cell
depletion (notably Th17 cells), inflammation and immune
activation in the GI tract drive the deleterious consequences of
HIV infection. During HIV/SIV infection, CD4+ T cells but also
myeloid cells are killed, releasing inflammatory cytokines (204,
205), including IL-1b, thus creating an inflammatory
environment (185, 206). Combined with the loss of IL-17 and
IL-22-producing cells that are involved in epithelial integrity
maintenance and homeostasis, as well as in antimicrobial defense
(25, 104, 207), this leads to damage of the gut epithelial integrity,
enteropathy and microbial translocation (83, 93, 144). The role
of impaired epithelial integrity in driving microbial translocation
was confirmed by the demonstration of the leakage of microbial
products occurring near breaks in the epithelial lining (144).
Microbial translocation can be detected in mucosal tissues
(lamina propria, gut-associated lymphoid tissue, mesenteric
lymph nodes), but also in distant lymph nodes and circulation
(144, 208, 209). These microbial products fuel local and systemic
inflammation, and macrophage activation (144, 210). Sustained
inflammation and immune activation trigger a vicious cycle by
attracting new CD4+ T cells, increasing the number of
susceptible cells, and by reactivating proviruses in latently-
infected cells (206). Newly produced viral proteins and viruses
can in turn boost inflammation, tissue damage, and
microbial translocation.
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The importance of the maintenance of the integrity of the
intestinal epithelium was demonstrated recently (209). DSS-
induced colitis in SIV-infected AGMs disrupted the intestinal
epithelium integrity, recapitulating the characteristics of a
pathogenic SIV infection, i.e. increased local inflammation and
immune activation, detection of microbial products in lymphoid
tissues and increased viral replication (209). Meanwhile, in the
inflammatory bowel diseases (IBD), mucosal inflammation is
associated with loss of intestinal epithelial integrity and massive
infiltration of immune cells, including T cells, in the lamina
propria. In response to their exposure to microbial antigens,
these T cells produce inflammatory cytokines (IFNg, TNFa)
which disrupt tight-junctions function and worsen intestinal
epithelial integrity. However, unlike during HIV/SIV infection,
local inflammation does not lead to CD4+ T-cell depletion in
patients with IBD; on the contrary, most IBD patients present
with increased numbers of intestinal CD4+ T cells, including
Th17 cells (211). As such, comparison with IBD demonstrates
that inflammation per se, in the absence of the viral trigger, can
damage the gut integrity, but it is not sufficient to deplete
intestinal CD4+ T cells. However, in the context of HIV/SIV
infection, inflammation drives T-cell activation (209) and
eventually leads to T cell loss through increased viral
replication and/or activation-induced cell death (AICD). It is
possible that the persistent expression of high levels of type 1
interferons during chronic, pathogenic HIV/SIV infections play
a role in this T cell loss, as type 1 interferons are known to induce
AICD. Conversely, treatment with type 1 interferons had been
evaluated in IBD (212), due to their ability to inhibit Th17 cell
differentiation (213).

Chronic inflammation has been linked to numerous non-
AIDS comorbidities, notably cardiovascular diseases, liver
fibrosis and thromboembolism (214–216). Inflammation and
immune activation also promote a procoagulant state in
infected animals (217), and they are positively correlated with
disease progression (217).
RESTORATION OF CD4+ T CELLS
DURING ART

Assessment of the extent of CD4+ T-cell restoration in the GI
tract that can be expected in patients initiating ART during acute
or chronic HIV infection is complex, as most studies focused
on the total CD4+ T cell counts and only few investigated
specific CD4+ T-cell subsets, such as memory or Th17 cells.
Furthermore, the replenishment of mucosal CD4+ T cells can
take time, requiring long follow-up of PWH or NHP.

However, there is a general consensus in the field that the
efficacy of the CD4+ T-cell restoration on ART vastly depends on
the stage of the infection and the degree of immunosuppression
at the time of treatment initiation. Guadalupe et al., reported that
when ART was initiated at 6 weeks post-HIV infection and was
maintained for 14 months, the levels of mucosal CD4+ T cells
were close to values observed in uninfected individuals (97).
Further studies have found that, when ART was initiated in the
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first weeks postinfection, and viral replication was suppressed in
plasma and decreased by 1,000-fold in the GALT, a significant,
albeit incomplete, restoration of mucosal CD4+ T cells was
observed in all humans and macaques (88, 99, 218) (Figure 3).
In rhesus macaques in which ART was initiated prior to the acute
mucosal CD4+ T-cell depletion (i.e., 7 days post-SIVmac251
infection), ART failed to prevent CD4+ T-cell depletion in the
GALT, but enabled a virtually complete CD4+ T-cell restoration
by 6 months postinfection, particularly through a significant
increase in the Tcm levels (88). Meanwhile, while early ART
initiation at 3 to 4 days postinfection did not prevent the
establishment of the SIV reservoir in lymph nodes (222), it
prevented Th17 depletion in the lymphoid tissues (61). Similarly,
early treatment of acutely HIV-infected individuals (Fiebig stage
I or II) could not halt mucosal CD4+ T-cell depletion in the first
weeks post-treatment but generated a strong restoration of CD4+

T cells in the lamina propria at 96 weeks post-treatment
(99) (Figure 3).

Meanwhile, most data on patients which initiated ART
during chronic HIV/SIV infection suggest a modest CD4+ T-
cell restoration in the GI tract (97, 98, 219), at least when
considering the relative CD4+ T cell counts (223). Finally, in
patients in which ART was initiated during the AIDS stage, the
immune restoration was minimal and occurred very slowly
(224) (Figure 3).

In patients on ART, a more robust restoration of mucosal
CD4+ T cells was observed in patients with higher frequency of
Tcm in the lamina propria of the jejunum, suggesting that the
maintenance and/or the restoration of this subset is critical for an
important restoration of intestinal CD4+ T cells (219).
Furthermore, Th17 cells were also restored in patients
receiving ART, especially in those in which therapy was
initiated very early in infection (85). However, Th17/Treg ratio
remained reduced, as Treg cell counts in lymph nodes and in
GALT did not return to baseline levels in PWH receiving ART
(60, 61), which might be due to the residual viral replication and
immune activation in the GALT of those patients (219).

Overall, as a near-total restoration of mucosal CD4+ T cells is
observed only in early ART-treated patients, this is a strong
incentive for a generalization of early antiretroviral treatment in
all PWH.
OTHER TYPES OF CD4+

T-CELL DEPLETION

Important insight on the impact of CD4+ T-cell depletion on
HIV pathogenesis has been gained by directly depleting the
CD4+ T cells with monoclonal antibodies, or by using knock-
out models in different animal species, as well as through the
study of genetic diseases in humans.

Experimental CD4+ T-Cell Depletions
Total CD4+ T-Cell Depletion
The first studies on CD4+ cell depletion in SIV-infected and SIV-
uninfected NHP, performed with anti-CD4 monoclonal
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antibodies, were published over a decade ago (225–228), and
reported that, despite an increased percentage of proliferating
(Ki-67+) CD4+ T cells, reconstitution of CD4+ T cell population
was slower than what was reported for CD8+ T cells in CD8-
depleted animals, regardless of SIV infection status (226, 227).
Interestingly, CD4+ T-cell restoration postexperimental
depletion did not differ between natural and non-natural SIV
hosts (227), reinforcing the previous finding that the higher
restoration of intestinal CD4+ T cells in natural hosts of SIV was
not due to a higher cell proliferation.

In CD4-depleted, SIV-infected NHPs, plasma viral loads
decreased, in relation with the low number of CD4+ T cells
(225). However, when CD4+ T-cell depletion was induced prior
to SIV inoculation, this led to persisting high plasma viral loads
in CD4+ T-cell-depleted monkeys, with no postpeak decline of
viremia, and accelerated disease progression (229, 230).

Interestingly, microbial translocation was not increased in
SIV-uninfected CD4-depleted animals (227), and CD4+ T-cell
depletion was not sufficient to reactivate viral replication in CD4-
depleted, ART-treated NHPs (228). This limited clinical impact
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of experimentally-induced CD4+ T-cell depletion might be
explained by the limited CD4+ T-cell depletion at the mucosal
effector sites, notably in the GI tract (<50%), in those studies
during which anti-CD4 monoclonal antibodies were
administered over a short period of time.

Selective Treg Depletion
Since Treg are usually accumulating throughout chronic HIV/
SIV infection, are frequently infected and suppress HIV/SIV-
specific cytotoxic T cell responses (231), different Treg-specific
depletion strategies, targeting either CD25 (IL-2 receptor
subunit) (232–234) or CCR4 (234, 235), have been
investigated. Despite achieving only partial Treg depletion with
maximal effect in blood and lymph nodes, and minimal
depletion in GI tract, this usually led to increased SIV-specific
T cell responses (232, 234), and increased immune activation
(232–234). Another strategy aimed at blocking CTLA-4 also
resulted in increased SIV-specific T cell responses (236). Viral
reactivation occurred in most NHPs in which Treg functions
were blocked by anti-CTLA-4 monoclonal antibodies, or in
FIGURE 3 | Comparative dynamics of intestinal CD4+ T-cell depletion, plasma viral load and immune activation/inflammation in treated HIV infections, according to the
timing of initiation of antiretroviral therapy ART. Schematic representation of intestinal CD4+ T-cell depletion, viral replication and immune activation is inferred from data
reported in references (85, 90, 91, 99, 219–221). Longitudinal data are presented, with the X axis representing days (D), months (M) and years (Y) postinfection. The Y
axis illustrates the magnitude of mucosal CD4+ T-cell depletion (upper panels), viral replication (middle panels), and the levels of immune activation/inflammation (lower
panels). Intestinal CD4+ T-cell depletion is illustrated as the index of CD4+ T cells (i.e., percentage of CD4+ T cell fraction within the CD3+ T cell population, divided by
this percentage at baseline). Viral replication is represented as plasma viral loads. From the plethora of biomarkers of immune activation/inflammation, we selected the
fold-change of HLA-DR+ CD38+ CD8+ T cells in persons living with HIV, compared to uninfected individuals. ART, Antiretroviral therapy.
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which Treg were depleted (232–234, 237, 238). Higher viral loads
in mucosal tissues and greater loss of CCR5+ CD4+ T cells in the
rectal mucosa have been reported to occur in the NHPs receiving
an anti-CTLA-4 blocking monoclonal antibody (237).

Knock-Out Models
Numerous CD4 knock-out mice models have been developed
(239–241). In these mice, the TCRab+ gd- CD4neg CD8neg

(double negative, or DN) T-cell subset is expanded (239). The
TCR repertoire of those DN T cells is more polyclonal than in
wild-type mice, and these cells are able to maintain part of the
helper T cell functions, similarly to natural hosts of SIV (240,
241). However, it was reported that memory cytotoxic CD8+ T
lymphocytes could be reduced in CD4-deficient mice (242).

Idiopathic CD4 Lymphopenia
In the late 1980s, a severe lymphopenia, preferentially impacting
CD4+ T cells, was identified in HIV-uninfected patients with no
other condition or treatment known to induce lymphocytopenia
(243). This condition was termed idiopathic CD4 lymphopenia
(ICL) (244). This disease is rare, with less than 0.5% of blood
donors in the United States meeting the definition criteria (245,
246). Due to their low levels of circulating CD4+ T cells, ICL
patients develop opportunistic infections, some similar to AIDS
patients, notably fungal, nontuberculosis mycobacterial and HPV-
associated infections (247, 248). A recent work suggests that ICL
could have an autoimmune component linked to the production
of auto-antibodies directed against CD4+ T lymphocytes (249). In
some cases, genetic mutations have also been linked to ICL (250).

In addition to CD4+ T-cell lymphopenia, an increase in
circulating Treg was observed and, in some patients, decreases
in CD8+ T cells and/or CD19+ B cells and/or NK cell counts were
also reported (247, 248). Furthermore, CD4+ T cells are more
activated and proliferating in ICL patients than in controls (247,
251). No specific depletion of CD4+ T- cell subsets (Th1, Th2,
Th17) was observed in peripheral blood, but a reduction of the
percentage of naïve CD4+ T cells was seen, compared to controls
and PWH (251). Monitoring the CD4+ T-cell counts in the
mucosal tissues of ICL patients also identified a profound CD4+

T-cell loss, although less severe than in PWH, as only a 3-fold
reduction in the number of intestinal CD4+ T cells was observed
(252). This CD4+ T-cell loss did not affect the functionality of
mucosal Th1 and Th17 cells (252). While an initial study on 10
ICL patients reported a slight increase in microbial translocation
(251), a more recent study of 46 ICL patients found normal levels
of LPS, and only slight increases of sCD14 (252). We can
hypothesize that, similarly to natural hosts of SIV, despite
CD4+ T cell loss, the maintained functionality of remaining
Th17 cells and/or other IL-17 producing cells such as mucosa-
associated immune T cells (MAIT) might be sufficient to
preserve gut epithelial integrity and limit microbial
translocation in ICL patients (253).

Genetic Mutations
Absolute CD4+ T-Cell Depletion
Genetic mutations leading to absolute CD4+ T-cell depletion
have been reported in two patients, one 22-year-old female with
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a mutation in the translation initiation codon of the CD4 gene
(254) and a 45-year-old female with a mutation in a splice
acceptor site leading to the expression of a CD4 protein
lacking its anchoring domain to the cellular membrane (255).
In the first case, neither CD4 expression on cell membrane, nor
soluble CD4 were detected, whereas for the second patient, only
CD4 expression on cell membrane was abrogated, while soluble
CD4 could still be detected in plasma (254, 255). The first patient
was hospitalized for severe viral respiratory infection which led
to the discovery of her primary immunodeficiency. Both patients
presented numerous HPV-associated warts. However, in both
cases, immunodeficiencies were only detected when patients
were adults, later than most other primary cellular
immunodeficiencies. Interestingly, in both cases, it was shown
that helper T cell functions could be performed by DN T cells
and/or CD8+ T cells (254, 255), similarly to what has been
described in in natural hosts of SIV (160, 161) and in CD4
knock-out models in mice (240, 241). The DN T-cell subset was
also expanded, similarly to CD4 KO mice. These two reports
illustrate that this rescue mechanism can also be found in
humans. This absence of CD4+ T cells has also been reported
in one patas monkey with near-complete loss of peripheral and
mucosal CD4+ T cells, which protected it from productive SIV
infection when intravenously-inoculated with SIVsab (137).

Depletion of the Th17 Subset of CD4+ T Cells
Patients with hyper-IgE syndromes present with elevated IgE
serum levels, decreased Th17 cells, and higher susceptibility to
Staphylococcus aureus pulmonary, skin infections and Candida
infections (256, 257). Multiple genetic mutations have been
associated with this syndrome, and patients with DOCK8
mutation also present with HPV-associated warts, cutaneous
manifestations of Molluscum contagiosum and/or Herpes
simplex virus infections (258, 259). These studies highlight the
importance of Th17 cells in the protection of the organism from
bacterial and fungal infections, notably through the maintenance
of the integrity of the intestinal barrier, as also emphasized by the
increased microbial translocation observed during HIV and SIV
pathogenic infections in which Th17 cells are depleted and the
intestinal barrier is damaged, with visible breaches in the
intestinal epithelium.
PERSPECTIVES FOR THERAPEUTIC
APPROACHES AIMED AT PREVENTING
OR LIMITING CD4+ T-CELL DEPLETION
AND ITS CONSEQUENCES

The most effective treatment currently available for preventing or
limiting CD4+ T-cell depletion is the early initiation of ART,
ideally during Fiebig stages I or II. This is the only treatment
which has proved a high efficacy in restoring intestinal CD4+ T
cell in PWH and can have additional positive impact on limiting
size of viral reservoirs (Figure 3). However, as there is persistent
immune activation in PWH on ART, which could cause a limited
CD4+ T cell loss, early ART might not be sufficient to entirely
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restore mucosal CD4+ T cells in all patients. It should also be
acknowledged that, even when viral replication is suppressed,
restoration can take time, as evidenced in elite controllers
SIVagm-infected RMs, in which complete recovery of intestinal
CD4+ T cells was only observed after 4 years of absence of viral
replication in plasma and tissues (48) (Figure 1). Thus, complete
recovery of intestinal CD4+ T cells in PWH could take even
longer, especially if the treatment could not be initiated early in
the infection.

As the crucial role of IL-17 and IL-22 producing T cells in
preserving the mucosal integrity emerged recently, it has been
hypothesized that treatments aiming at maintaining or restoring
those cell subsets could limit the deleterious impact of CD4+

T-cell depletion in HIV/SIV-infected NHPs, i.e., microbial
translocation, inflammation, and immune activation. As
pointed out, a long follow-up of PWH receiving those
treatments will probably be necessary before being able to
definitively rule on their efficacy.

IL-21
IL-21 has been described to enhance several immune functions,
including long-term maintenance of CD8+ T cells, differentiation
of memory B cells and differentiation of naïve CD4+ T cells into
Th17 cells (108, 260–262). Several studies have explored its
potential to limit Th17 depletion in SIV-infected NHPs. In a
preliminary study, Micci et al., observed that, after 5 weekly doses
of recombinant IL-21, the frequency of circulating Th17 cells
increased in chronically SIVmac-infected macaques (108).
Paiardini et al., confirmed these findings in a subsequent study
in rhesus macaques treated with IL-21 between weeks 2 and 6
postinfection (263). They observed no difference with respect to
the total CD4+ T cell counts in circulation, lymph nodes and the
GI tract, but intestinal Th17 cells were maintained at week 6
postinfection in IL-21-treated macaques, while a severe depletion
was observed in controls (263). This preservation of the Th17 cell
subset was associated with lower intestinal inflammation and
microbial translocation, as expected (263). Unfortunately, this
protective effect on Th17 depletion faded away and intestinal
Th17 cell loss was similar in both groups 23 weeks postinfection
(263). Similarly, in ART-treated SIV-infected macaques,
treatment with IL-21 did not enhance total CD4+ T-cell
restoration in the circulation, lymph nodes and GI tract, but
both intestinal Th17 and IL-22- producing CD4+ T cells were
restored to near-baseline levels (264). Th17 cells were more
frequently polyfunctional in IL-21-treated macaques, and this
effect was more robust in jejunum than in rectal biopsies (265).
This was sufficient to limit neutrophil infiltration in intestinal
tissues, as well as T cell activation and proliferation. However,
these positive effects were also blunted over time (264, 265).
Conversely, one recent study reported a reduction in immune
activation and T-cell exhaustion in IL-21 treated rhesus
macaques, but did not see any impact on Th17 CD4+ T cells (266).

IL-7
IL-7 was among the first cytokines investigated, as it was shown
to boost CD4+ T-cell regeneration (267–269). In SIV-infected
rhesus macaques on ART, rsIL-7 induced a transient increase in
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CD4+ and CD8+ T-cell counts (270). Similarly, in virologically-
suppressed PWH on ART, rhIL-7 increased CD4+ T-cell counts
in circulation and in the gut (268, 271, 272). Although transient
viral reactivations were detected, mainly in patients receiving
high rhIL-7 doses (268, 271), and a slight increase in viral
reservoir was reported (273), those preliminary results were
promising for restoring T cells but clinical trials investigating
IL-7 were interrupted due to the appearance of neutralizing
antibodies in IL-7-treated patients and production issues.

IDO-1 Inhibitors
Metabolites generated by the catabolism of tryptophan by IDO-1
(kynurenine pathway) can lead to an increase in the number of
Treg while depleting Th17 CD4+ T cells (110), Specific IDO-1
inhibitors have been used in oncology, but none has been tested
in PWH and only one in SIV-infected RMs (274, 275). Until
now, in the HIV/SIV field, in order to reduce IDO-1 expression,
most studies focused on altering gut microbiota. A recent study
by Vujkovic-Cvijn and colleagues showed that dysbiosis caused
by acute SIV infection, notably loss of Lactobacillus spp,
increased IDO-1 activity and was correlated with Th17
depletion in peripheral blood (187). Interestingly, enhanced
IDO-1 activity due to SIV infection could be thwarted by
supplementing SIV-infected macaques with Lactobacillus (187).
The addition of IL-21 did not further lower IDO-1 activity (187,
265). However, the beneficial effect of those probiotic treatments
on Th17 cell restoration still has to be demonstrated.

Alterations of intestinal microbiota in PWH and in SIV-
infected NHPs have been extensively described (276). In
pigtailed macaques (PTM), prebiotics/probiotics improved
intestinal CD4+ T cell counts, enhanced functionality of
colonic Th17 and Th1 CD4+ T cells, but did not prevent
systemic microbial translocation as shown by the presence of
microbial products in peripheral lymph nodes (277). Clinical
trials have suggested a potential beneficial effect of probiotics on
circulating CD4+ T-cell counts or intestinal Th17 cells (278–
280). However, the varying compositions of probiotic
supplements hindered comparisons between studies, and most
of these studies were underpowered due to a low number of
included patients. Moreover, other confounding factors
complicated the evaluation of those strategies: both HIV-1 and
LPS induce IDO-1 expression (112, 281), and thus ART itself
could reduce IDO-1 activity in PWH (282).

Another inhibitor of the kynurenine pathway has been
recently evaluated in NHPs, a kynurenine 3-monooxygenase
inhibitor which increased circulating CD4+ T cells but failed to
increase intestinal Th17 cell restoration and to prevent microbial
translocation (283). Recently, one work reported increased Th17
and Th22 populations among circulating CD4+ T cells in ART-
treated, SIV-infected rhesus macaques that received a fecal
microbial transplantation (284). This restoration of Th17 and
Th22 subsets in the blood needs to be confirmed in intestinal
tissues in further studies.

Others
Other strategies have been suggested. One of them consists of
targeting CD4+ T cells expressing a4b7 integrin, which is a gut-
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homing signal (285), using an anti-a4b7 monoclonal antibody,
to reduce the number of susceptible cells in mucosal tissues and
preserve CD4+ T cells in the GALT (286). In preliminary works,
SIV-infected NHPs receiving anti-a4b7 monoclonal antibody
had higher CD4+ T cell counts than controls in both peripheral
blood and in intestinal tissues (286, 287). However, in PWH,
despite a slight increase in the circulating CD4+ T cell counts at
10 weeks postinfusion, this increase was not sustained (288).
Furthermore, even though gut homing was limited, treatment
with anti-a4b7 monoclonal antibody did not prevent HIV or
SIV infection, viral reservoir seeding, nor it delayed viral rebound
post-treatment interruption (288, 289). Recently, an anti-caspase
inhibitor administered to RMs in the first days following SIVmac
infection has been shown to reduce T cell death and maintenance
of CD4/CD8 T cell ratios (290). Furthermore, memory CD4+ T
cells were preserved after the early administration of this
inhibitor (290).
CONCLUSION

In his literary masterpiece “The Restaurant at the End of the
Universe”, Douglas Adams states that “It is a curious fact, and
one to which no-one knows quite how much importance to
attach, that something like 85 percent of all known worlds in the
Galaxy, be they primitive or highly advanced, have invented a
drink called jynnan tonyx, or gee-N’N-T’N-ix, or jinond-o-nicks,
[… ] ‘chinanto/mnigs,’ [… ] ‘tzjin-anthony-ks’”. Similarly, acute
mucosal CD4+ T-cell depletion is a common feature of all HIV
and SIV infections, be they pathogenic, nonpathogenic, or
controlled. However, as clearly demonstrated by the data
presented here, acute CD4+ T-cell depletion is only the spark
that can ignite the wildfire in the woods, while chronic
inflammation and immune act ivat ion that lead to
comorbidities and disease progression, and the ability of the
host to manage these features associated with HIV/SIV infection,
are driving the prognosis.

The natural hosts of SIV seem to be also a good example of
convergent evolution to develop strategies to thwart retroviral
infections. These NHP species are able to constrain this fire to a
limited timing by: (i) spacing the trees, i.e. limiting the number of
target cells by having a reduced number of CD4+ T cells
expressing CCR5 and/or down-regulating CCR5 expression
when entering the memory pool, (ii) limiting the propagation
of fire to unburnt trees, i.e. hampering by-stander apoptosis that
is the main driver of cell death in HIV/SIV infections, (iii)
preserving specific trees that protects the soil, i.e., Th17 cells
that are crucial in the maintenance of gut integrity and protecting
Frontiers in Immunology | www.frontiersin.org 13126
from bacterial and fungal infections, or trees that will help the
regrowth of the forest, i.e. sparing Tcm cells, that have a higher
expansion potential, and (iv) growing fire-resistant trees that are
able to maintain wild-life in the absence of the other trees, i.e.
CD3+ CD4neg CD8neg T cells that exhibit some of the helper T
cell functions and that are frequent in most natural hosts of SIV.
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Nearly 2.3 million individuals worldwide are coinfected with human immunodeficiency virus
(HIV) and hepatitis C virus (HCV). Odds of HCV infection are six times higher in people
living with HIV (PLWH) compared to their HIV-negative counterparts, with the highest
prevalence among people who inject drugs (PWID) and men who have sex with men
(MSM). HIV coinfection has a detrimental impact on the natural history of HCV, including
higher rates of HCV persistence following acute infection, higher viral loads, and
accelerated progression of liver fibrosis and development of end-stage liver disease
compared to HCV monoinfection. Similarly, it has been reported that HCV coinfection
impacts HIV disease progression in PLWH receiving anti-retroviral therapies (ART) where
HCV coinfection negatively affects the homeostasis of CD4+ T cell counts and facilitates
HIV replication and viral reservoir persistence. While ART does not cure HIV, direct acting
antivirals (DAA) can now achieve HCV cure in nearly 95% of coinfected individuals.
However, little is known about how HCV cure and the subsequent resolution of liver
inflammation influence systemic immune activation, immune reconstitution and the latent
HIV reservoir. In this review, we will summarize the current knowledge regarding the
pathogenesis of HIV/HCV coinfection, the effects of HCV coinfection on HIV disease
progression in the context of ART, the impact of HIV on HCV-associated liver morbidity,
and the consequences of DAA-mediated HCV cure on immune reconstitution and HIV
reservoir persistence in coinfected patients.

Keywords: human immunodeficiency virus, hepatitis C, coinfection (HIV infection), direct acting antiviral, anti retro
viral therapy, liver fibrosis, CD4 T cell
INTRODUCTION

Hepatitis C virus (HCV) and human immunodeficiency virus type 1 (HIV-1) are two chronic viral
infections that affect millions worldwide. They share similar routes of transmission through
percutaneous exposure to infected blood, sexual activity and vertical transmission from infected
mother-to-child. HCV is transmitted 10-times more efficiently than HIV through percutaneous
exposure resulting in a high rate of HCV/HIV coinfection among people who inject drugs (PWID) (1).
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HIV infection on the other hand increases the risk of HCV
acquisition through sexual contact, as demonstrated by recent
outbreaks of HCV among men who have sex with men (MSM) (2,
3). Similarly, HIV infection increases the risk of vertical
transmission of HCV from a mother to her infant (4, 5). Finally,
people living in resource-limited countries with reduced access to
diagnosis and medical care are at higher risk of being infected with
both viruses (6). In absence of an effective vaccine against neither
HCV nor HIV, coinfection is a seriously growing public health
problem, with 2.3 million individuals affected, of whom 1.3million
are PWID (7).

The immunopathology of HCV/HIV coinfection is more
deleterious than each infection separately. HIV accelerates the
development of HCV-related liver disease including advanced
liver fibrosis, cirrhosis, hepatocellular carcinoma (HCC) and
death (8). Similarly, HCV coinfection is a major cause of non-
AIDS-related morbidity and mortality in people living with HIV
(PLWH) as it is associated with reduced or slower CD4+ T cell
reconstitution after antiretroviral therapy (ART) (9). In addition,
recent studies have reported that direct acting antiviral (DAA)-
mediated HCV cure leads to an increase in cell-associated HIV-
DNA in the blood of ART-treated PLWH who had low viral
reservoirs at baseline, likely as a consequence of viral reservoir
mobilization from tissues (10, 11). Whether DAA-mediated cure
of HCV represents an obstacle to HIV reservoir elimination in
coinfected subjects remains an important question to address.

In this review, we will discuss the interplay between HIV and
HCV during coinfection. Specifically, how HIV influences HCV
infectious outcome and liver disease progression and how HCV
coinfection modulates the HIV latent reservoir and immune
reconstitution following DAA-mediated cure and relevance to
clinical management of coinfected patients.
HCV MONOINFECTION

Epidemiology
HCV is transmitted primarily through exposure to contaminated
blood. Sexual transmission and vertical transmission from an
infected mother to her infant are low, but both transmissions
increase in the context of HIV coinfection (3–5). It is estimated
that 71 million individuals are chronically infected with HCV
globally (12). Injection drug use is the main source of HCV
infection in high income countries, while unsafe medical
injections/procedures are the main source in the developing
world (13). The opioid crisis in the USA, has led to doubling
the national incidence of HCV infection between 2010 and 2014
and the numbers continue to rise (14). Globally, drug use
accounts for ~23% of new HCV infections (15).

Viral Replication Cycle
The HCV genome consists of an uncapped positive single
stranded RNA of approximately 9.6 kb-pairs [reviewed in
(16)]. The genome represents an uninterrupted open reading
frame (17), encoding a polyprotein precursor of approximately
3,000 amino acids including three structural proteins (Core,
Frontiers in Immunology | www.frontiersin.org 2137
envelope glycoproteins E1, and E2) and seven non-structural
(NS) proteins (P7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
(16). HCV replicates primarily in human hepatocytes. Although
HCV uses multiple receptors for entry into host cells, it is
dependent on four main receptors on the surface of
hepatocytes: CD81, a cell membrane tetraspanin protein, the
scavenger receptor class B type I (SR-BI), and the tight junction
proteins claudin-1 (CLDN1) and occludin (OCLN) (16, 18). The
viral envelope glycoproteins fuse with the cellular membrane by
clathrin-mediated endocytosis then the viral genome is released
into the cytosol (16). This is followed by translation of the open
reading frame of the HCV genome generating a large polyprotein
that is later processed into mature structural and non-structural
proteins (16). Junctions between structural proteins are
processed by host signal peptidases while the non-structural
proteins are processed by the NS2/3 autoprotease and the NS3/
4A serine protease. Replication of the HCV RNA takes place
within endoplasmic reticulum derived structures known as the
membranous web through a negative strand intermediate in a
replication complex (16). This is mediated by the viral NS5B
protein that acts as an RNA-dependent RNA polymerase and
regulated by the NS5A protein that plays many pleiotropic
functions during HCV replication and assembly (19). The
progeny virion is assembled into a nucleocapsid built from the
structural core proteins around the viral RNA. This is followed
by virion release with a surrounding membrane derived from the
human cell with embedded heterodimers of the envelope
glycoproteins E1 and E2 (16).

Natural History, Pathogenesis, and
Immune Responses
The acute phase of HCV is empirically defined as the first 6
months post infection. Acute HCV is asymptomatic in the
majority of infected subjects. Approximately 20–30% of
infected subjects are able to clear the virus spontaneously
during the acute phase while 70–80% develop persistent
infection (20). As the virus continues to replicate in
hepatocytes, it elicits persistent inflammation with increased
expression of pro-inflammatory cytokines and chemokines
from hepatocytes, the liver resident macrophages known as
Kupffer cells, and other immune cells such as monocyte
derived macrophages, natural killer (NK) cells and dendritic
cells (DCs) that are recruited to the liver. Virus replication in
hepatocytes also triggers hepatocyte damage with production of
reactive oxygen species (ROS), damage associated molecular
patterns (DAMPs) and some apoptosis. Altogether these
mediators trigger the fibrogenic process (21). Hepatic stellate
cells (HSCs), the main mediators of fibrosis, are activated by
these different inflammatory signals and the cytokine TGF-b and
start to express alpha-smooth muscle actin (aSMA) and collagen
type I. Persistent inflammation leads to continued deposition of
matrix proteins and imbalance in their degradation through
increased expression of tissue inhibitors of metalloproteases
(TIMPs) leading to liver stiffness and gradual loss of function
(22). This chronic liver damage can progress to different stages of
fibrosis, cirrhosis and HCC over 5-30 years (20). Multiple host
August 2021 | Volume 12 | Article 726419

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gobran et al. Immunopathology of HCV/HIV Coinfection
factors including age, male sex, alcohol consumption and/or
coinfection with HIV can accelerate progression to end-stage
liver disease (23, 24).

HCV infection of hepatocytes triggers innate immune
responses that are reviewed extensively elsewhere (25). Briefly,
the cytosolic RIG-I-like receptor (RLR), retinoic acid-inducible
gene-I (RIG-I), recognizes 5′-triphosphate double-stranded
RNA (dsRNA) replicative intermediate and/or polyuridine
(poly(U)) motifs within the HCV RNA. RIG-I then
translocates to the mitochondria where it interacts with the
mitochondrial antiviral-signaling protein (MAVS) to activate
the downstream transcription factors IRF-3 and NF-kB,
resulting in the induction of type I and type III interferons
(IFNs) (25). HCV dsRNA is also sensed by the toll-like receptor 3
(TLR3) resulting in innate immune signaling through the
adaptor molecule TRIF. HCV is able to evade innate immune
responses by virtue of its NS3/4A protease that cleaves MAVS
and inactivates its downstream signaling effect(s) (25) and by
blocking the TLR3-mediated interferon signaling via NS4B-
induced TRIF degradation (26). Finally, infected hepatocytes
also shed exosomes carrying HCV RNA that are taken up by liver
infiltrating plasmacytoid DCs (pDCs) that are then activated to
produce type I and type III IFNs in the liver microenvironment
(27). This IFN response is reflected as increased levels of
interferon-induced genes (ISG), chemokines and inflammatory
mediators in the liver thus activating liver resident inflammatory
cells (28, 29). This response is also detectable in the peripheral
blood. One notable ISG is CXCL-10 or interferon-gamma-
inducible protein-10 (IP-10) that is elevated in plasma during
acute HCV where high levels can predict failure to spontaneously
resolve HCV (30). Levels of ISG induction correlate with single
nucleotide polymorphisms in the IFN-lambda 3 (IFNl3)/IFNl4
region that are also associated with acute infection outcome
[reviewed in (31)]. Following spontaneous resolution, ISG and
inflammatory mediators return to normal levels but remain
elevated in those who develop chronic infection (32). Natural
killer (NK) cells are also activated during acute infection
irrespective of infectious outcome and exhibit reduced
production of cytokines and enhanced cytotoxic functions in
chronic infection [reviewed in (33)].

A broad, polyfunctional and sustained virus-specific CD4+

and CD8+ T cell response is essential for spontaneous viral
clearance [reviewed in (34)] where CD127+ virus-specific
memory T cells develop (35–38). The abrupt disappearance of
HCV-specific CD4+ helper T cell responses compromises CD8+

T cell function(s) and facilitates emergence of viral escape
mutants (39–42) resulting in chronic infection. In chronic
HCV, CD8+ T cells become exhausted and express different
levels of exhaustion markers like programmed death-1 (PD-1), T
cell immunoglobulin and mucin domain-containing protein 3
(Tim-3), and others [reviewed in (34, 43)], and lose effector
functions (34). This is associated with downregulation of the
transcription factor T-bet and different levels of expression of the
nuclear factors T cell factor 1 (TCF1), Eomesodermin (Eomes),
and thymocyte selection-associated high mobility group box
protein (TOX) that distinguish different subsets of exhausted
Frontiers in Immunology | www.frontiersin.org 3138
CD8+ T cells (44–46). TCF1+CD127+PD1+T-betlo HCV-specific
CD8+ T cells expressing both exhaustion and memory markers
and of limited functionality were described in HCV chronically
infected subjects and termed “memory-like” or “stem-like” T
cells (47, 48). While PD-1hiEomeshiTOXhiCD127- were reported
to be a terminally exhausted subset (49). Recent single cell
RNA sequencing (scRNA-seq) analysis revealed that
TCF1+CD127+PD1+ memory-like cells are likely the
progenitors of the PD-1hiEomeshiTOXhiCD127- terminally
exhausted cells (49). Finally, escape mutations that occur in
epitopes targeted by CD8+ T cells influence their phenotype as
they can no longer see their cognate antigen despite persistent
viremia. CD8+ T cells targeting epitopes that have escaped,
express fewer exhaustion markers and revert to a memory
phenotype where they express the memory marker CD127 and
acquire transcriptomic and functional signatures that partly
resemble memory CD8+ T cells generated following
spontaneous HCV clearance (50–52).

Increasing evidence suggest an important role for antibodies
(Abs) against the HCV glycoproteins E1 and E2 in spontaneous
clearance (53, 54). Development of neutralizing Abs (NAbs) is
generally delayed during acute infection (55–57). Although Ab
responses are short lived in resolvers (58), they appeared early
during acute resolving infection(s) in some subjects following
expansion of activated circulating T follicular helper cells (cTfh)
expressing IL-21 that help expansion of HCV-specific B cells
(59). Generation of NAbs correlated with spontaneous resolution
in other studies (17, 60). Preincubation of virus inoculum with
anti-HCV Abs or passive immunization resulted in reduced viral
loads and/or sterilizing immunity in animal models (61–65).
Broadly neutralizing Abs (bNAbs) neutralizing multiple HCV
genotypes, blocked infection in humanized mice (66–68) and
were isolated from spontaneous HCV resolvers (69)
underscoring their protective role.

Spontaneous HCV clearance generates long-lived memory T
cells with enhanced protective immunity upon reinfection (58,
70). Subsequent HCV reinfections are typically of lower viral
loads, shorter viremia and higher clearance rate (80-50% vs 25%)
(71–74). In contrast, correlates of long-term protective immunity
upon repeated HCV exposures are not well understood.
Depletion studies in chimpanzees underscored the essential
and complementary protective roles of CD4+ and CD8+

memory T cells in preventing HCV persistence (42, 70).
Protection in PWID was associated with increased magnitude,
breadth and, polyfunctionality of HCV-specific memory T cells
(71, 72) and NAbs (71). Altogether, these results suggest that
long-term protective immunity against HCV is possible and
effective and provide strong rationale for vaccine development.

Treatments for HCV
For nearly 30 years, interferon-based therapeutic regimens were
the only option for treatment of chronic hepatitis C. These
regimens were long (lasting nearly a year), had numerous side-
effects, and were successful in only 50% of the treated individuals.
Direct acting antivirals (DAA), targeting several key steps in the
HCV replication cycle, have become increasingly available in
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recent years (75). Currently approved DAA primarily target the
NS3/4A protease, the NS5B polymerase and NS5A and are
usually given in different combinations (76). DAA has
substantially changed the management of chronic HCV, as
HCV cure is achieved in >95% of cases (76). Nevertheless,
DAA regimens are costly and access to diagnosis and
treatment remains limited especially among the highest risk
groups like PWID and MSM. Furthermore, DAA-mediated
cure does not protect against HCV reinfection (77). Hence, the
development of an effective prophylactic anti-HCV vaccine
remains a priority to achieve HCV elimination.
HIV MONOINFECTION

Epidemiology
HIV-1 is transmitted by sexual contact across mucosal surfaces,
by vertical transmission through maternal-infant exposure, and
by percutaneous exposure (78). It is estimated that 37.9 million
people are infected with HIV worldwide (79). HIV incidence
continues to rise among PWID through sharing HIV-
contaminated materials. In addition, unprotected sex is
another important HIV risk factor among PWID, female sex
workers, and MSM (80). HIV-infected PWID transmit HIV
sexually to non-injectors, and through vertical transmission
(81). Whereas overall, 10% of HIV-infected persons are
coinfected with HCV, among PWID, HCV coinfection rates
range from 50% to >90% (81). Other factors are associated with
higher rates of HIV-1 acquisition such as high number of recent
sexual partners, anal sex, concurrent sexually transmitted
diseases, as well as the viral load and the clinical stage of the
transmitting partner (82, 83). Access of PLWH to ART increased
from 2.98 million in 2006 to 21.8 million in 2017 and was
accompanied by a 51% reduction in HIV-associated mortality
from 1.95 million in 2006 to 0.95 million in 2017. However, the
annual incidence of new HIV infections decreased only by 17%.
The combination of decreased mortality associated with ART
implementation and only a small decrease in the incidence of
new HIV infection has led to an overall important increase in the
number of PLWH world-wide from 8.74 million in 1990 to 36.82
million in 2017 (84).

Viral Replication Cycle
HIV belongs to the genus Lentivirus within the Retroviridae
family, with a virion containing two copies of positive single
stranded RNA. The HIV genome of 9.2 Kb contains 9 genes
encoding for multiple structural (gag, pol, env), regulatory (tat,
rev), and accessory (nef, vpr, vif, vpu) proteins. The env gene
encodes for the envelope glycoprotein gp160, that is further
processed into gp120 and gp41. gp120 mediates HIV entry into
target cells (e.g. CD4+ T cells and macrophages) through
interaction with the CD4 molecule, which is the main receptor
for the virus (85), as well as the chemokine receptors CCR5 and/
or CXCR4, which are the main HIV coreceptors (86, 87). The
molecular tropism of HIV, dictated by the capacity of specific
viral strains to use CCR5 and/or CXCR4 for entry led to
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classification of HIV into CCR5-tropic (R5), CXCR4-tropic
(X4) or dual-tropic (R5/X4) strains (87). Once gp120 binds to
CD4, the envelope undergoes conformational changes, exposing
the chemokine receptor binding domains of gp120 and allowing
its interaction with the coreceptors (88). This leads to further
conformational changes allowing gp41 to expose its fusion
peptide, which penetrates the cell membrane to deliver the
viral capsid inside the target cells (89). The HIV reverse
transcriptase (RT) encoded by the pol gene initiates the process
of reverse transcription by copying the positive-sense single-
stranded RNA genome into a complementary DNA (cDNA)
(90). The cDNA and its complement form a double-stranded
viral DNA, which is then integrated into the host cell’s genome
by the viral integrase (IN) encoded by the pol gene as well (91,
92). HIV integration is followed either by active viral
transcription and production of new virion progeny or viral
latency, with integrated proviral DNA persisting in many cells
and tissues as latent HIV reservoirs (90, 93). The persistence of
latent reservoirs despite viral-suppressive ART represents a
major barrier to HIV cure (94, 95).

Natural History, Pathogenesis, and
Immune Responses
The course of HIV infection includes three phases: acute,
chronic, and Acquired Immunodeficiency Syndrome (AIDS)
(96, 97). The acute HIV infection phase, between the time of
HIV acquisition to seroconversion, can be further subdivided in
four Fiebig stages (I-IV), based on the sequential detection of
HIV RNA, proteins, and antibodies (98). The acute phase is
associated with high levels of viremia and wide HIV
dissemination into lymphoid organs (99), where the virus
encounters its main targets: CD4+ T cells, macrophages and
dendritic cells (100–102). The concurrent HIV-specific
immunity initiated during the acute phase is associated with a
dramatic decline in viremia (96, 97). However, this immunity is
inadequate to suppress viral replication completely, with HIV
replication persisting in lymph nodes even when plasma viremia
is undetectable (96, 99). After the acute phase, most patients have
a period of viral latency, in which the viral genome is stably
integrated in the host cell genome (96, 99). While CD4 counts
normalize in the peripheral blood at the end of the acute phase,
alterations in CD4+ T cell homeostasis were documented in the
gut-associated lymphoid tissue very early upon infection and
persist during the chronic phase (96, 99, 103). These alterations
are at the core of HIV pathogenesis, with a “leaky gut” being the
source of microbial translocation, chronic immune activation,
systemic inflammation and disease progression (104, 105).
During the chronic phase, the state of viral latency is reversed
upon activation of latently infected CD4+ T cells upon
interaction with their cognate pathogens leading to productive
infection (93) and massive depletion of central memory CD4+ T
cells, which are the “self-renewing” source for tissue effector
memory CD4+ T cells (97). The HIV-dependent depletion of
CD4+ T cells is mediated through pyroptosis (106), apoptosis of
uninfected bystander cells (107), and CD8+ cytotoxic T cell
killing (108). When CD4+ T cell counts decline below the limit
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of 200 cells/ml of blood (109), cell-mediated immunity is severely
compromised, resulting in AIDS, a fatal complication
characterized by life-threatening opportunistic infections and
cancers (97).

In the absence of ART, the duration of the chronic phase is
highly variable and can last for several years. While the majority
of PLWH progress rapidly to AIDS, a minority remain immune
competent (long-term non-progressors, LTNP) and a subset of
those efficiently control HIV replication (elite controllers, EC)
(110). LTNP are often asymptomatic for 10–20 years with CD4+

T cell counts maintained within the normal range (>500 cells/ml)
and plasma viral loads between 5,000 and 15,000 RNA copies/ml
(111, 112). On the other hand, EC represent a small subset of the
HIV-positive population (< 1%) who are able to control HIV
viremia below the limit of detection in the absence of ART (113).
Nevertheless, disease progression occurs as well in LTNP and
EC, thus justifying the current recommendations of early ART
initiation (114, 115). The natural control of HIV infection is
achieved via multiple mechanisms including the expression of
intrinsic restriction factors that limit HIV replication, the
development of efficient cellular immune responses (116) in
association with specific protective HLA class I alleles (117)
and humoral immune responses. Furthermore, natural resistance
to HIV acquisition was described in sex workers in Africa and
represents a reference for studying correlates of HIV mucosal
immunity (118). Finally, early treatment initiation renders a
fraction of PLWH able to control HIV infection following
treatment interruption (119), thus supporting the concept of
“functional HIV cure” (120). However, about 10 to 40% of ART-
treated individuals are immunological non-responders (INRs)
(121, 122); these PLWH fail to reconstitute their CD4+ T cell
frequencies and functions despite controlled viremia under ART
(123). This is due to the incapacity of ART to clear HIV
reservoirs and diminish inflammation (124). This sub-group is
at higher risk for developing AIDS and non-AIDs related
morbidity and mortality (124–127).

HIV-specific CD8+ T cells are also key determinants of the
course of natural HIV infection. Almost all HIV infected
individuals mount a strong virus-specific CD8+ T cell response
during the acute phase and the polyfunctionality of these CD8+ T
cells is key to long-term control of viremia and limiting disease
progression [reviewed in (128)]. Many of the evasion
mechanisms employed by HCV are also used by HIV
including escape mutations in targeted epitopes and CD8+ T
cell exhaustion and are detailed elsewhere (128). High-
dimensional functional and phenotypic analysis revealed
phenotypic heterogeneity among HIV-specific CD8+ T cells as
well as common exhaustion signatures and pathways that are
shared not only among chronic viral infections like HCV, HIV
and LCMV but also in cancer (49, 129). These include increased
expression of Eomes and TOX as key features of exhausted T
cells associated with disease severity in HIV infection while
CD8+ T cells expressing lower levels of inhibitory receptors
like PD-1 and higher levels of CD127, TCF1 and/or CXCR5
were associated with higher functionality, proliferation and
better control of viral replication (129–131). Moreover,
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CXCR5+CD8+ T cells express less inhibitory receptors levels
with higher cytotoxicity (132), which could contribute to
improved control of viral reservoirs in lymph nodes
particularly since lymphoid tissue resident memory CD8+ T
cells were shown to express higher levels of in CXCR5,
compared with blood memory CD8+ T cells (133) and that
higher frequencies of follicular CXCR5+ CD8+ T cells correlated
with lower rates of peripheral viremia (134).

HIV Treatment
ART transformed HIV infection into a manageable chronic disease
(78). Multiple antiviral drugs are now available that target different
steps of the HIV replication cycle including, in order of discovery,
reverse transcription, protease-mediated virion maturation, entry,
fusion, and integration (78). However, ART does not eradicate HIV
and viral rebound occurs rapidly upon treatment interruption due
to the persistence of latent HIV reservoirs in long-lived memory
CD4+ T cells (94). To date, HIV cure was achieved in only two
people who received bone marrow transplantation to treat cancer
using donor cells carrying the delta 32 mutation in the ccr5 gene
(CCR5d32/d32) (135), a mutation known to confer resistance to
CCR5-tropic HIV infection (86).

ART is also important as a preventative measure. Early
initiation of ART reduces sexual transmission of HIV-1 (136),
particularly in genetically linked HIV-1 infections among
serodiscordant couples (137). Pre-exposure prophylaxis (PrEP)
using daily oral doses of the combined nucleoside reverse
transcriptase inhibitors, tenofovir and emtricitabine, conferred
higher protection against HIV than placebo in controlled trials
(138–140). Furthermore, an injectable, long-acting integrase
inhibitor, cabotegravir, is safe and well-tolerated and two large
efficacy trials are underway in uninfected high-risk individuals
(140, 141). In the past ten years, broadly neutralizing antibodies
(bNAbs) targeting different HIV-1 envelope epitopes isolated
from PLWHwith slow disease progression were engineered (142,
143) and are currently being tested for both efficacy and safety as
a potential alternative or adjuvant for ART (144).
HCV/HIV CO-INFECTION

Epidemiology
Approximately 6.2% of PLWH are also co-infected with HCV.
The odds of HCV infection are six times higher in PLWH than in
the HIV-negative population, with the highest prevalence among
PWID and MSM, consistent with shared routes of transmission
(7). Although parenteral transmission remains the principal
route of HCV transmission in PWID (7), sexual transmission
of HCV occurs among HIV-positive MSM (3, 145, 146).

Natural History, Pathogenesis, and
Immune Responses
Multiple factors shape the natural history of coinfection
including genotype/subgroup of both viruses, host factors and
socioeconomic factors including access to screening and
treatment services (147). As reviewed above, virus-specific
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CD8+ T cell responses are essential for spontaneous resolution of
acute HCV infection. The magnitude, breadth and
polyfunctionality of the HCV-specific CD8+ T cells are key
determinants of infectious outcome. These functions are
dependent on CD4+ T cell help (34), and virus persistence
during acute HCV is temporally associated with abrupt loss
and/or dysfunction of virus-specific CD4+ helper T cells (148).
As demonstrated in CD4+ T cell depletion studies in the
chimpanzee model of HCV, loss of CD4+ T cells function was
associated with decline in frequency of virus-specific CD8+ T
cells and their cytokine production resulting in accumulation of
escape mutations in the targeted CD8 epitopes with impairment
of HCV-specific immune responses (42). CD4+ helper T cells are
also essential for optimal B cell function and production of
neutralizing antibodies. Specifically, antigen-specific B cell
affinity maturation, isotype class switching and differentiation
into antibody-secreting plasma cells in germinal centers are
regulated by direct contact with CD4+ Tfh cells (59, 149).

Given the central role of CD4+ T cells in coordinating antiviral
immune responses, it is not surprising that the immune response to
HCV in the context of an HCV/HIV coinfection is compromised.
HIV infection impairs the immune response to HCV, including in
people who have cleared HCV infection (150). HIV-1-infected
individuals with spontaneous control of HCV remain at
significant risk for a second episode of HCV viremia (150). The
breadth and magnitude of HCV-specific CD8+ T cells correlated
with CD4+ T cell count (151). Similarly, coinfection and CD4+ T-
cell counts <350/mm3 was associated with a global decline in the
anti-HCV envelope antibody response, including binding antibody
titers, NAb titers, and NAb breadth (152). These immunological
factors are the likely cause of the observed lower rate of spontaneous
clearance of acute HCV in HIV coinfected subjects (5-10%), as
compared to HCV monoinfection (20-30%) (153), especially in
patients with low CD4+ T cell counts (154, 155). Furthermore, the
overall reduction in CD4+ T cells, microbial translocation, and
systemic immune activation have deleterious effects on the liver
with accelerated progression of liver fibrosis, early onset of cirrhosis
and HCC, as compared to monoinfection (8)(discussed in the
next section).
LIVER DISEASE IN HCV/HIV COINFECTED
INDIVIDUALS

HCV/HIV co-infected individuals are at a higher risk of
progressive liver disease, with accelerated progression to liver
cirrhosis and higher rates of HCC, even when HIV is controlled
by ART (24, 155, 156). HIV coinfection accelerates HCV-
mediated fibrosis through both direct and indirect mechanisms
that will be discussed in this section and are summarized
in Figure 1.

Direct Effect of HIV on Liver
Disease Progression
HIV gp120 interacts with CXCR4 and CCR5 on the surface of
hepatocytes and HSCs, respectively (157, 175). This interaction
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activates HSCs and promotes ROS accumulation through an NF-
kB-dependent mechanism, resulting in enhancement of the
fibrogenic process (158, 159). Co-culture experiments in the
presence of HCV, HIV or both HIV and HCV demonstrated an
additive effect of HIV on the profibrogenic program in
hepatocyte and HSC lines through ROS, NF-kB, and TGF-b1
up-regulation; resulting in increased expression of the
extracellular matrix protein collagen I, and TIMP1 (176).

It was also reported that HIV can infect HSCs in a CD4/
chemokine coreceptor-independent manner. HIV infection
promoted HSC collagen I expression and secretion of the
proinflammatory chemokine monocyte chemoattractant
protein-1 (MCP-1) (162). HIV was also shown to infect
Kupffer cells, the liver resident macrophages that orchestrates
the intrahepatic inflammatory response. Kupffer cells express the
HIV receptor CD4 and both coreceptors CCR5 and CXCR4
[reviewed in (163)]. In vitro infection of Kupffer cells by HIV led
to their sensitization to lipopolysaccharide (LPS) treatment by
increasing cell surface expression of CD14 and TLR4, resulting in
increased secretion of TNF-a and IL-6. This effect was
maintained even after suppression of HIV replication using
antiretroviral drugs (164). Activation of macrophages/Kupffer
cells is mirrored by increased levels of the soluble macrophage
activation marker CD163 in serum of HIV/HCV coinfected
subjects accompanied by periportal CD163+ macrophage
accumulation during fibrosis progression but not in established
cirrhosis suggesting that soluble CD163 is probably a marker of
active fibrogenesis rather than accumulated fibrosis (165).

HIV also enhances apoptosis of hepatocytes, another
accelerator of the fibrogenic process. This effect is mediated by
TNF–related apoptosis-inducing ligand (TRAIL) signaling and
upregulation of TRAIL receptor 1 (DR4), and 2 (DR5) (160). The
TRAIL-dependent hepatocyte apoptosis in HCV infected
individuals is aggravated by HIV coinfection (161). In
addition, HIV gp120 and HCV-E2 protein, can collaboratively
elicit hepatocyte apoptosis in vitro through upregulation of Fas
ligand expression and dephosphorylation of the anti-apoptotic
molecule AKT (161, 177).

Indirect Effect of HIV on Liver
Disease Progression
The principal mechanism through which HIV indirectly accelerates
liver disease progression is increased microbial translocation. HIV
infection induces severe depletion of the gastrointestinal lymphoid
tissue, impairing the gastrointenstinal tract epithelial integrity and
allowing bacterial LPS to translocate from the gut to the systemic
circulation and through the liver (105). LPS binds to TLR4 on the
surface of quiescent HSCs, leading to upregulated chemokine
secretion and chemotaxis of Kupffer cells. Concurrently, this
interaction induces downregulation of the TGF-b pseudoreceptor
Bambi to sensitize HSCs to TGF-b-induced signals from Kupffer
cells (166). Activation of HSCs is further aggravated by HIV-
mediated depletion of Kupffer cells that are responsible for LPS
phagocytosis (163, 178).

Elevated levels of microbial translocation markers (e.g. LPS,
LPS binding protein, soluble CD14) were reported in HCV-
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infected subjects upon HIV acquisition and compared to HIV
uninfected subjects (179). In addition, decreased levels of
endotoxin-core antibodies (EndoCAb IgM) and increased
levels of IgG, specific for a heterophilic (alpha-galactose)
epitope, which has previously been associated with stage of
liver disease (180), were observed in HIV-infected compared to
uninfected subjects (179). All these measures were strongly
associated with HCV-related liver disease progression to
cirrhosis (179).

Other indirect mechanisms include the enhancement of HCV
RNA replication via the HIV accessory proteins Vpr (167) and
Nef (168); the accumulation in the liver of HIV-specific CD8+ T
cells creating a state of inflammation and tissue damage in co-
infected patients (181, 182); and functional alterations of HCV-
specific immune responses in the presence of HIV coinfection
(150, 169). Also, the CD4/CD8 functional imbalance seen during
HIV infection modifies the hepatic cytokine milieu, in favor of a
profibrotic state in the liver (155, 183). Finally, HIV induces
upregulation of the Triggering Receptor Expressed on Myeloid
cells 1 (TREM1) on Kupffer cells and induces extracellular
Frontiers in Immunology | www.frontiersin.org 7142
signal-regulated protein kinases 1 and 2 (ERK1/2) cascade
leading to increased macrophage inflammatory response (184).

The effect of ART on liver injury in co-infected patients is
controversial. Early studies suggested that nucleoside reverse
transcriptase inhibitors (NRTIs) and protease inhibitors may
affect mitochondrial function leading to increased insulin
resistance (170, 171), and development of liver fibrosis (174).
This effect is mainly mediated by polymerase-gamma
suppression, a DNA polymerase necessary for mitochondrial
DNA replication (185). Another proposed mechanism for ART-
induced mitochondrial insufficiency is the inhibition of
mitochondrial adenylate kinase and adenosine nucleotide
translocator (186, 187). Studies using hepatocyte cell lines have
demonstrated that non-nucleoside reverse transcriptase
inhibitors (NNRTIs) can interfere with mitochondrial function
leading to increase intracellular lipid accumulation which can
further enhance liver damage (172, 173). In contrast, other
reports suggested that ART enhances HCV-specific T cell
responses with a significant decline in HCV-RNA levels (188)
and reduction in the rate of hepatic decompensation events and
A

B

FIGURE 1 | Mechanisms underlying acceleration of liver disease progression by HIV in HCV/HIV coinfection. (A) Direct Mechanisms: gp120 binds to HIV
coreceptors (CXCR4 and CCR5) on hepatocytes surface (157) leading to accumulation of ROS which triggers an NF-kb mediated oxidative stress (158, 159). HIV
also activates TNF–related apoptosis-inducing ligand (TRAIL)-mediated apoptosis via upregulation of TRAIL receptor 1 (DR4), and 2 (DR5) (160), aggravating HCV
fibrotic complications (161). HIV promotes hepatic stellate cells (HSC) collagen I expression and secretion of the proinflammatory cytokine monocyte chemoattractant
protein-1 (MCP-1) inducing inflammation and fibrogenesis (162). HIV sensitizes Kupffer cells to lipopolysaccharide (LPS) via gp120 binding to CXCR4 and CCR5
(163) increasing cell surface expression of CD14 and TLR4, resulting in increased secretion of TNF-a and IL-6 (164). This is accompanied by shedding of CD163 in
serum (165). (B) Indirect Mechanisms: HIV indirectly augments fibrosis mainly by microbial translocation: LPS translocate through impaired gut epithelium (105) and
binds to Toll-like receptor 4 TLR4 on HSCs, leading to upregulated chemokine secretion and Kupffer cells chemotaxis (166). HIV accessory proteins Vpr (167) and
Nef (168) enhance HCV RNA replication creating a state of inflammation and tissue damage. HIV causes functional alterations of HCV-specific immune responses
with more HCV replication and hepatic inflammation (150, 169). ART elicits insulin resistance by altering mitochondrial function (170, 171) and increased intracellular
lipid accumulation (172, 173) leading to enhanced development of liver fibrosis (174). Created with Biorender.com.
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liver fibrosis (189, 190). Additional studies are needed to evaluate
the effect new regimens of ART on liver functions.
EFFECT OF HCV INFECTION ON HIV
DISEASE PROGRESSION

HCV infection impacts the natural history of HIV with increased
risk of developing AIDS defining illness like HIV-related
bacterial and mycotic infections in coinfected subjects (191).
HCV likely contributes to increased immune activation in
chronic HCV/HIV coinfection resulting in impaired immune
responses and rapid progression to AIDS (192). The different
effects of HCV on HIV disease progression are presented in this
section and summarized in Table 1.

Impact of HCV on CD4+ and CD8+ T Cells
HCV seroconversion of HIV-infected subjects is associated with
reduced CD4+ T cell counts during the first few years and their
reduced recovery after ART (204, 205). This deficit could be
attributed to the nature of the liver as a lymphoid organ essential
for maintaining T cell homeostasis, where hepatic inflammation
induced by HCV infection leads to altered T cell homeostasis
(193). Similarly, persistent liver inflammation may contribute to
enhanced immune activation and generalized exhaustion of
CD8+ T cells with the upregulation of various exhaustion
molecule like PD-1, Tim-3 and CD39 on total and virus-
specific CD8+ T cells (195–197).

Modulation of HIV Replication by HCV
HCV proteins may modulate HIV replication through multiple
mechanisms [reviewed in (206)]. The HCV non-structural
protein NS3/4A can activate HIV transcription through its
LTR by enhancing DNA binding of the transcription factor
AP-1 (199). The NS3/4A effect on HIV transcription was
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facilitated by the HIV protein Vpu, which mediates
ubiquitination and subsequent degradation of NS4A allowing
the destabilization of the NS3/4A complex and the nuclear
translocation of NS3 (200). Other studies demonstrated that
both, HCV core protein and HIV Nef can bind directly to the
tumor necrosis factor receptor-associated factor (TRAF) 2,
TRAF5, and TRAF6 and initiate the NF-kB signaling cascade
thus enhancing HIV replication in monocyte-derived
macrophages (201). Another in vitro study demonstrated that
HCV core potentiates HIV‐1 replication in macrophages via
upregulation of TNF‐a and IL‐6 via TLR2, JNK, and MEK1/2‐
dependent pathways. Furthermore, TNF‐a and IL‐6 secreted
from HCV core‐treated macrophages reactivated pro-viral HIV-
1 DNA in the latently infected monocytic U1 cell lines (207). In
contrast, another study, using the HepG2 hepatocyte cell line,
demonstrated that Tat-induced LTR activation was suppressed
by HCV core protein restricting HIV-1 transcription and
replication. This core mediated LTR inhibition was unchanged
when NS3/4A protein was added to the culture. However, LTR
activation and gene transcription were enhanced by infectious
HCV virions suggesting the involvement of other viral or cellular
proteins in this process (208).

HIV Reservoirs in HCV Coinfected
Subjects
Few studies to date explored the effect of HCV coinfection on
the HIV reservoir size (7). A recent study has demonstrated a
larger HIV reservoir size in resting CD4+ T cells in ART-treated
HCV/HIV coinfected individuals with chronic HCV or who have
spontaneously resolved HCV as compared to HIV mono-
infected subjects (209). This increased HIV reservoir size
represents a major obstacle to HIV elimination in those co-
infected subjects and can be explained by several theories. First,
increased immune activation during HCV coinfection, where
persistently activated HCV-specific and non-specific CD4+ T-
TABLE 1 | Impact of HCV on HIV disease progression.

HCV-mediated immunological
and virological alterations in
PLWH

Proposed Mechanism Effect/Reversal upon DAA
treatment

Compromised restoration of CD4+

T cell frequency during ART
HCV induced hepatic inflammation and immune activation lead to altered T cell homeostasis (193) Partial restoration of T cell

compartment and memory
profile (194)

Deterioration of CD8+ T cell
function

Persistent liver inflammation contributes to generalized exhaustion of CD8+ T cells with
upregulation of exhaustion molecules like PD-1, Tim-3 and CD39 on total and virus-specific CD8+

T cells (195–197)

Partial reversal of CD8+ T cell
exhaustion (49, 198)

Augmentation of HIV replication. NS3/4A: activates binding of AP-1 to LTR, facilitated by Vpu leading to increased HIV RNA
reverse transcription into cDNA to be integrated in the host genome (199, 200).

Unknown

Core protein: binds to TRAF2, TRAF5 and TRAF6, aided by Nef, initiating NFKB cascade ending
in LTR stimulation (201).

Unknown

Higher HIV reservoirs size during
ART

Immune activation: immune activated CD4+ T cells provide targets for seeding of HIV reservoir
(202)

Partial reversal of hepatic
inflammation (11)

Impaired HIV-specific cell mediated immunity responsible for clearance of HIV infected cells with
high frequency of T-regs and IL-10 (203)

Unknown

Permissiveness of HCV specific CD4+ T cells to HIV infection (unproven) Unknown

Increased risk of developing AIDS
defining conditions

Increased immune activation in chronic HCV/HIV co-infection resulting in impaired immune
responses (191, 192)

Unknown
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cells provide new targets for HIV infection and latency, as
previously observed with herpesviruses (202). This T cell
activation may facilitate de novo infection, especially since the
concentrations of antiretroviral drugs reaching lymphoid tissues
are low (210). Another theory is the possibility that impaired
HIV-specific cell-mediated immunity, responsible for clearance
of HIV-infected cells, contributes to HIV reservoir persistence.
This immune suppression may be a consequence of chronic
HCV coinfection where higher frequencies of peripheral
regulatory T cells (Tregs) and IL-10 producing cells were
detected as compared to HIV monoinfected subjects (203).
Finally, whether HCV-specific CD4+ T cells represent HIV
infection targets and sites of HIV reservoir persistence remains
to be investigated. Previous studies reveled that in addition to
HIV-specific CD4+ T cells (211), increased HIV infection occurs
in mycobacterium tuberculosis (MTb)-specific CD4+ T cells,
while cytomegalovirus (CMV)-specific CD4+ T cells showed
impaired permissiveness to HIV (212). Recently, several groups
characterized the antigenic specificity of CD4+ T cells carrying
HIV reservoirs, in an effort to therapeutically prevent HIV
reservoir seeding in pathogen-specific cells or to target their
specific elimination in HIV cure strategies (213, 214). We have
recently demonstrated that integrative HIV infection in
Staphylococcus aureus-reactive CD4+ T cells can be promoted
by DCs in a retinoic acid-dependent manner (215) and the liver
is an organ rich in retinoic acid (216). The liver is also an organ
rich in Th7 cells (217), a subset of CD4+ T cells transcriptionally
programmed to be HIV infection targets (218), with a
considerable fraction of HCV-specific CD4+ T cells bearing the
phenotypic and functional characteristics of Th17 cells (219).
Therefore, it is tempting to speculate that HIV infection and viral
reservoir persistence in HCV-specific CD4+ T cells may explain
differences observed between HIV monoinfected and HIV/HCV
coinfected individuals in terms of HIV reservoir size. The clonal
expansion of HIV infected memory CD4+ T cells is a well-known
mechanism, by which HIV latent reservoir is maintained and
expanded (214, 220). A similar mechanism may be at play during
concomitant HCV infection, potentially conferring preferential
susceptibility of HCV-specific CD4+ T cells to HIV infection and
reservoir expansion.
EFFECT OF DAA-MEDIATED CURE OF
HCV IN COINFECTED SUBJECTS

Before the DAA era, HCV treatment and cure in HCV/HIV
coinfected subjects was a complex problem since long IFN-based
therapeutic regimens had multiple side effects and the rate of
sustained viral response (SVR) was much lower than in
monoinfected subjects. IFN-free DAA regimens that are widely
available now have been a major game changer given their
relative short treatment duration, reduced side effects and a
response rate of >95%. In the context of HIV/HCV coinfection
however, early studies suggested a lower SVR rate to DAA
(86.3%) as compared to monoinfection (94.9%) (221).
Nevertheless, most recent studies reported response rates to
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DAA in HIV/HCV coinfection as comparable to those in
HCV-monoinfected individuals (222). Predictors of failure to
achieve SVR under DAA in coinfected individuals are not
different from those observed in monoinfected people and
include sex, immune status, HCV RNA load, severity of liver
disease, and the use of suboptimal DAA-based regimens (129).
Given these promising results, HCV/HIV coinfected subjects are
no longer considered difficult to reach an HCV cure.
Nevertheless, specific consideration should be given to negative
predictors of SVR and barriers to treatment that may be more
common in the coinfected population (223). Data from several
cohorts have identified a clear benefit of HCV cure in limiting
liver disease progression and reducing the risk of developing
HCC in PLWH, especially if they are treated at an early fibrosis
stage (224, 225). In this section, we will discuss the impact of
DAA-mediated cure of HCV on liver disease progression,
immune reconstitution and the HIV reservoir in coinfected
subjects. These points are also summarized in Table 1.

Immune Reconstitution in HCV/HIV
Coinfected Subjects Following DAA
DAA-mediated cure of HCV induces rapid decrease in serum
levels of sCD163, a marker of inflammatory macrophage activity,
and is associated with reduced histological inflammation in the
liver (226). DAA therapy was also accompanied by a rapid
decline in ISG expression in the liver and peripheral blood
(227). Multianalyte profiling of 50 plasma proteins pre- and
post DAA-mediated clearance in a cohort of 28 subjects with
chronic HCV infection, including two HIV coinfected subjects,
demonstrated that the elevated plasma cytokines and
chemokines improve but do not completely normalize up to 8
months post cure (228). Interestingly, CXCL10/IP-10, an IFN
induced chemokine, is usually elevated during chronic HCV
infection and it rapidly decreased upon starting DAA therapy in
line with reduced IFN-a signaling in the liver (228, 229). This
was also associated with the normalization of NK cell phenotype
and function (cytotoxicity and cytokine expression) (229)

The analysis of peripheral blood lymphocytes early during
DAA therapy reported an increase in total CD4+ and CD8+ T
cells but not NK cells or monocytes (230). At the same time, a
reduction in activated (HLA-DR+ and CD38+) CD4+ and CD8+

T cells was observed in both monoinfected and coinfected
subjects (230), with this effect being sustained up to one year
post-SVR (231). Furthermore, there was an increase in the
frequency of T cells expressing CXCR3, the CXCL10/IP-10
receptor (230), indicative of T cell redistribution in the
periphery upon DAA treatment. Indeed, a reduction in liver
inflammation may theoretically cause an efflux of lymphocytes
from the liver and draining lymph nodes in the peripheral blood.

In HCV monoinfection, DAA treatment was associated
with restoration of the proliferative capacity of HCV-specific
CD8+ T cells (198). However, selective maintenance of
TCF1+CD127+PD1+ memory like HCV-specific CD8+ T cells
was observed following cessation of therapy (47), as well as a
limited impact of DAA on the functional and mitochondrial
impairment of HCV-specific CD8+ T cell responses (232).
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In contrast, Barili et al. reported partial improvement of the
mitochondrial metabolic functions of HCV-specific CD8+ T cells
following DAA treatment (233). However, they used in vitro
stimulated PBMCs which may have affected mitochondrial
function (233). Bulk RNA-seq and scRNA-seq analysis of
HCV-specific CD8+ T cells identified an antigen-dependent
core exhaustion signature, with memory-like CD8+ T cells
targeting variant epitopes exhibiting a less pronounced
exhaustion signature (49, 52). HCV-specific memory-like T
cells harbored the same transcriptomic signatures before and
after DAA treatment suggesting a permanent “exhaustion scar”
that could not be reversed by DAA-mediated HCV cure (49).
Only one study examined HCV-specific CD4+ T cells in subjects
undergoing DAA treatment. In this study, the frequency of
HCV-specific CD4+ T cells increased 2 weeks after starting
DAA, with downregulation of the exhaustion and activation
markers (CD38, CD39, ICOS, OX40 and PD-1) and upregulation
of the memory-T cell markers (CD127 and CCR7) without
complete normalization (234). As with total CD4+ T cells, this
transient increase in HCV-specific CD4+ T cells early after
starting DAA therapy is likely due to decreased liver
inflammation and emigration of HCV-specific CD4+ T cells
from the liver. It is noteworthy that HCV-specific CD4+ T cells
with a Tfh phenotype and transcriptional signature were
preferentially maintained following DAA-mediated HCV
cure (234).

Conflicting results were reported in the setting of DAA
therapy in HCV/HIV coinfection. One study reported a
reduction in total activated (HLA-DR+ and CD38+) CD4+ and
CD8+ T cells up to one year post-SVR (231). Another study did
not observe any change in T cell activation at 12 weeks after DAA
compared to baseline (235) but observed an increase in the
frequency of total CD4+ and CD8+ T cells producing IFN-g, IL-
17, and IL-22 (235).

The frequency of Foxp3+CD25+CD4+ Tregs is usually
elevated in chronic HCV infection and contribute to the
immune suppressive and anti-inflammatory immune response
in the liver. However, DAA-mediated clearance of HCV does not
completely normalize frequency of Tregs in neither
monoinfected (236) nor coinfected subjects (237). Similarly,
the frequency of HLA-DR-CD33+ CD11b+ myeloid-derived
suppressor cells (MDSC) are expanded in HCV monoinfected
(238) and coinfected subjects (237). MDSC play a crucial role in
immune suppression via production of arginase‐1, inducible
NOS, TGF-b and IL-10 that inhibit T cell functions (239). The
frequency of MDSC remains elevated post-DAA therapy in
HCV/HIV co-infected subjects and may contribute to
generalized immune suppression (237).

In summary, studies examining DAA-mediated cure of HCV,
mostly in monoinfected subjects, suggest only partial
reconstitution of immune functions and persistence of immune
suppressive cells like Tregs and MDSC. This immune
suppressive environment may contribute to reduced immune
response to vaccinations, limited immune surveillance against
cancer, and increased reactivation of latent or occult infections of
herpesviruses and hepatitis B virus, respectively (240, 241).
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Finally, this incomplete reconstitution of HCV-specific CD4+

and CD8+ T cells may increase the risk of HCV persistence upon
re-exposure and reinfection in high-risk populations like PWID
and MSM. Additional studies examining immune reconstitution
post DAA-mediated cure in HCV/HIV coinfected subjects
are warranted.

Liver Disease in HCV/HIV Coinfected
Subjects Post DAA-Mediated Cure
As discussed above, DAA-mediated cure of HCV causes an
improvement in liver fibrosis markers in both HCV
monoinfected and HCV/HIV coinfected subjects (225, 242,
243). Furthermore, recent cohort studies suggest that HCV/
HIV coinfected subjects with cirrhosis are no longer at higher
risk for developing HCC or end-stage liver disease as compared
to HCV monoinfection (225). However, the risk of developing
HCC is not completely eliminated upon HCV cure and remains
high in subjects with advanced fibrosis or cirrhosis pointing to an
irreversible liver damage. Molecular studies using HCV-infected
hepatocytes, as well as studies using liver biopsy samples from
infected patients, have revealed that chronic HCV infection
induces epigenetic and gene expression alterations associated
with risk for HCC, alterations that persist after HCV cure
(244, 245).

Other factors may contribute to continued risk of developing
end-stage liver disease and HCC in HCV/HIV coinfected
subjects. First, metabolic abnormalities including insulin
resistance are quite common in HIV-infected individuals and
result in hepatic steatosis with accumulation of triglycerides in
hepatocytes, and can accelerate liver damage and increase risk of
developing HCC irrespective of HCV status [reviewed in (246)].
Second, gut dysbiosis and intestinal damage are hallmarks of
HIV infection that are not restored by ART [reviewed in (247)].
Considering the fact that DAA-mediated HCV clearance does
not impact gut dysbiosis in cirrhotic HCV-monoinfected
subjects (248), dysbiosis is highly likely to remain a prominent
risk of liver damage in the context of HCV/HIV coinfection after
DAA-mediated cure. Thus, new therapeutic interventions may
be needed to normalize the metabolic status and restore
intestinal health in DAA-treated HCV/HIV coinfected subjects.

Impact of DAA Treatment on
HIV Reservoir
The HIV reservoir levels have been intensively studied in ART-
treated HIV infected subjects (249, 250), but little is known about
HIV persistence in the context of HIV/HCV coinfection,
especially following DAA treatment. A study performed on
PBMCs revealed that DAA-mediated HCV clearance did not
induce a decrease in HIV reservoirs but rather an increase in
integrated HIV-DNA levels, mainly in patients with low versus
undetectable levels of HIV viremia before DAA (251). Similarly,
Rozera et al. observed a significant rise in HIV-DNA levels in the
peripheral blood of some successfully ART-treated HIV/HCV
co-infected patients at the end of DAA treatment, which
correlated with lower cellular HIV reservoir at baseline (10).
Most recently, a study of 97 ART-treated subjects reported that
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HCV/HIV coinfected subjects with chronic HCV infection, as
well as HCV/HIV coinfected subjects who have spontaneously
cleared HCV, showed higher levels of HIV-DNA in resting CD4+

T cells (CD25-CD69-HLADR-) compared to HIV monoinfected
individuals (209). This increase in HIV reservoir size following
DAA therapy may be explained by the mobilization of cells
carrying HIV reservoirs from lymph nodes, liver and other
tissues into the peripheral blood in response to DAA-mediated
reduction of HCV-elicited immune activation and hepatic
inflammation (10, 252). This is mirrored by the rapid decline
of CXCL10 levels in response to DAA therapy, similar to plasma
HCV RNA levels (253). In contrast, a new study demonstrated
that although all three forms of HIV DNA (total, integrated, and
episomal) remained stable during DAA treatment, cell-
associated unspliced HIV-RNA levels (giving rise to the
progeny virions) were significantly increased 12 months after
the end of DAA therapy, suggesting an increased HIV
transcriptional activity in reservoir cells (11). This may be
explained by a decrease in IFN-mediated antiviral immunity as
reflected by the observed reduction in ISG signals (227) and
normalization of the expression levels of IFN-b, IFI44, and
CXCL10 in the peripheral blood following DAA therapy (254).
In addition, as reported by Meissner et al, liver biopsies from
patients who achieved SVR showed that HCV cure was
accompanied by decreased expression of type II and III IFNs,
but higher expression of type I IFNs compared to pre-treatment
baseline (227). Recently, diverse and opposing effects of the type I
IFNa on HIV latency were described. IFNa inhibits the
establishment of latency. However, once latency is established,
IFNa is able to reverse it through binding to its receptor on
CD4+ T cells and triggering phosphorylation of STAT1, 3, and 5
proteins (255). It is well-established that STAT5 can activate HIV
transcription via its binding to the HIV long terminal
repeat (256).

Altogether, the limited data available so far suggest that the
HIV reservoirs are higher in HCV/HIV coinfected compared to
HIV monoinfected subjects and that DAA-mediated HCV cure
does not reduce HIV persistence. However, several limitations
prevent the generalization of these findings because some studies
used purified memory CD4+ T cells while others used total
PBMCs to quantify HIV DNA (10, 11). Another issue is the
extensive use of PCR-based techniques to assess the integrated
HIV-DNA. These techniques tend to overestimate the size of the
reservoir due to the high prevalence of defective proviruses (257).
Other confounding factors include the pre-ART HIV viral load,
host genetic factors and liver condition. Additional studies with
well-defined cohorts and extended follow-up after DAA-
mediated cure of HCV are essential to accurately evaluate the
long-term effects of DAA therapy on the HIV reservoir.
CONCLUSION

Since the discovery of HIV and HCV, tremendous advances were
made in understanding the molecular steps of the viral
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replication cycle, natural infection, pathogenesis and immune
responses. Studies also documented mechanisms by which HCV
and HIV reciprocally influence their pathogenesis, thus leading
to exacerbated alterations of immune competence as a
consequence of impaired liver functions and altered intestinal
barrier integrity. Despite the absence of efficient vaccines, DAA
currently cures HCV infection, while ART controls viral
replication at undetectable levels, thus improving the life
quality of co-infected individuals. However, DAA treatment
does not completely normalize immune and liver functions.
Also, ART does not eradicate HIV reservoirs, which persist in
long lived memory CD4+ T cells with various antigenic
specificities, potentially including HCV-specific CD4+ T cells.
FUTURE DIRECTIONS

New longitudinal studies should address the effect of DAA on HIV
reservoir persistence in ART-treated HCV/HIV coinfected
individuals in relation to age, sex, metabolic status, liver damage,
drug and alcohol use, and other comorbidities. Given the fact that
the pool of HCV-specific CD4+ T cells contracts but still persists
upon DAA, studies are also needed to evaluate whether these cells
contribute to the pool of latent HIV reservoirs in ART-treated
individuals and whether HCV re-exposure and/or reinfection in
high-risk groups may promote HIV reservoir expansion. Finally,
additional therapeutic interventions may be needed to restore
immune competence and control residual HIV transcription in
ART-treated individuals after DAA-mediated HCV cure.
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Martıńez-Alfaro E, Barberá JR, et al. Does Fibrosis Really Regress in HIV/
hepatitis C Virus Co-Infected Patients After Treatment With Direct Antiviral
Agents? Aids (2020) 34:427–32. doi: 10.1097/QAD.0000000000002433

244. Hamdane N, Jühling F, Crouchet E, El Saghire H, Thumann C, Oudot MA,
et al. HCV-Induced Epigenetic Changes Associated With Liver Cancer Risk
Persist After Sustained Virologic Response. Gastroenterology (2019)
156:2313–2329.e7. doi: 10.1053/j.gastro.2019.02.038

245. Perez S, Kaspi A, Domovitz T, Davidovich A, Lavi-Itzkovitz A, Meirson T,
et al. Hepatitis C Virus Leaves an Epigenetic Signature Post Cure of Infection
by Direct-Acting Antivirals. PloS Genet (2019) 15:e1008181. doi: 10.1371/
journal.pgen.1008181
Frontiers in Immunology | www.frontiersin.org 18153
246. Jeyarajan AJ, Chung RT. Insights Into the Pathophysiology of Liver Disease
in HCV/HIV: Does it End With HCV Cure? J Infect Dis (2020) 222:S802–
s813. doi: 10.1093/infdis/jiaa279

247. Mudd JC, Brenchley JM. Gut Mucosal Barrier Dysfunction, Microbial
Dysbiosis, and Their Role in HIV-1 Disease Progression. J Infect Dis
(2016) 214:S58–66. doi: 10.1093/infdis/jiw258

248. Bajaj JS, Sterling RK, Betrapally NS, Nixon DE, Fuchs M, Daita K, et al. HCV
Eradication Does Not Impact Gut Dysbiosis or Systemic Inflammation in
Cirrhotic Patients. Aliment Pharmacol Ther (2016) 44:638–43. doi: 10.1111/
apt.13732

249. Hong FF, Mellors JW. Changes in HIV Reservoirs During Long-Term
Antiretroviral Therapy. Curr Opin HIV AIDS (2015) 10:43–8. doi:
10.1097/COH.0000000000000119

250. Pardons M, Baxter AE, Massanella M, Pagliuzza A, Fromentin R, Dufour C,
et al. Single-Cell Characterization and Quantification of Translation-
Competent Viral Reservoirs in Treated and Untreated HIV Infection. PloS
Pathog (2019) 15:e1007619. doi: 10.1371/journal.ppat.1007619

251. Parisi SG, Andreis S, Basso M, Cavinato S, Scaggiante R, Franzetti M, et al.
Time Course of Cellular HIV-DNA and Low-Level HIV Viremia in HIV-
HCV Co-Infected Patients Whose HCV Infection had Been Successfully
Treated With Directly Acting Antivirals. Med Microbiol Immunol (2017)
206:419–28. doi: 10.1007/s00430-017-0518-x

252. Schaefer CJ, Kossen K, Lim SR, Lin JH, Pan L, Bradford W, et al. Danoprevir
Monotherapy Decreases Inflammatory Markers in Patients With Chronic
Hepatitis C Virus Infection. Antimicrob Agents Chemother (2011) 55:3125–
32. doi: 10.1128/AAC.00131-11

253. Balagopal A, Smeaton LM, Quinn J, Venuto CS, Morse GD, Vu V, et al.
Intrahepatic Viral Kinetics During Direct-Acting Antivirals for Hepatitis C
in HIV Co-Infection:The ACTG A5335S Substudy. J Infect Dis (2020) 222
(4):601–10. doi: 10.1093/infdis/jiaa126

254. Sung PS, Lee EB, Park DJ, Lozada A, Jang JW, Bae SH, et al. Interferon-Free
Treatment for Hepatitis C Virus Infection Induces Normalization of
Extrahepatic Type I Interferon Signaling. Clin Mol Hepatol (2018) 24:302–
10. doi: 10.3350/cmh.2017.0074

255. Van der Sluis RM, Zerbato JM, Rhodes JW, Pascoe RD, Solomon A, Kumar
NA, et al. Diverse Effects of Interferon Alpha on the Establishment and
Reversal of HIV Latency. PloS Pathog (2020) 16:e1008151. doi: 10.1371/
journal.ppat.1008151

256. Selliah N, Zhang M, DeSimone D, Kim H, Brunner M, Ittenbach RF, et al.
The Gammac-Cytokine Regulated Transcription Factor, STAT5, Increases
HIV-1 Production in Primary CD4 T Cells. Virology (2006) 344:283–91. doi:
10.1016/j.virol.2005.09.063

257. Bruner KM, Murray AJ, Pollack RA, Soliman MG, Laskey SB, Capoferri AA,
et al. Defective Proviruses Rapidly Accumulate During Acute HIV-1
Infection. Nat Med (2016) 22:1043–9. doi: 10.1038/nm.4156

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Gobran, Ancuta and Shoukry. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
August 2021 | Volume 12 | Article 726419

https://doi.org/10.1002/hep4.1074
https://doi.org/10.1007/s12072-019-09941-8
https://doi.org/10.1007/s12072-019-09941-8
https://doi.org/10.1016/j.jhep.2019.06.025
https://doi.org/10.1038/s41467-019-14137-7
https://doi.org/10.1172/JCI129642
https://doi.org/10.1016/j.clinre.2017.11.006
https://doi.org/10.1016/j.jhep.2016.12.019
https://doi.org/10.1016/j.jhep.2017.03.036
https://doi.org/10.1007/s10875-012-9861-2
https://doi.org/10.1007/s10875-012-9861-2
https://doi.org/10.1172/JCI80005
https://doi.org/10.1111/jvh.13003
https://doi.org/10.1186/s12879-017-2287-y
https://doi.org/10.1111/liv.13256
https://doi.org/10.1097/QAD.0000000000002433
https://doi.org/10.1053/j.gastro.2019.02.038
https://doi.org/10.1371/journal.pgen.1008181
https://doi.org/10.1371/journal.pgen.1008181
https://doi.org/10.1093/infdis/jiaa279
https://doi.org/10.1093/infdis/jiw258
https://doi.org/10.1111/apt.13732
https://doi.org/10.1111/apt.13732
https://doi.org/10.1097/COH.0000000000000119
https://doi.org/10.1371/journal.ppat.1007619
https://doi.org/10.1007/s00430-017-0518-x
https://doi.org/10.1128/AAC.00131-11
https://doi.org/10.1093/infdis/jiaa126
https://doi.org/10.3350/cmh.2017.0074
https://doi.org/10.1371/journal.ppat.1008151
https://doi.org/10.1371/journal.ppat.1008151
https://doi.org/10.1016/j.virol.2005.09.063
https://doi.org/10.1038/nm.4156
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Sunil Kannanganat Sidharthan,

Baylor College of Medicine,
United States

Reviewed by:
Shetty Ravi Dyavar,

University of Nebraska Medical Center,
United States

Sivasankaran M. Ponnan,
Indian Institute of Science (IISc), India

*Correspondence:
Savita Pahwa

spahwa@med.miami.edu

Specialty section:
This article was submitted to

Viral Immunology,
a section of the journal

Frontiers in Immunology

Received: 04 June 2021
Accepted: 13 August 2021
Published: 31 August 2021

Citation:
de Armas LR, Gavegnano C,
Pallikkuth S, Rinaldi S, Pan L,

Battivelli E, Verdin E, Younis RT,
Pahwa R, Williams SL, Schinazi RF
and Pahwa S (2021) The Effect of
JAK1/2 Inhibitors on HIV Reservoir

Using Primary Lymphoid
Cell Model of HIV Latency.

Front. Immunol. 12:720697.
doi: 10.3389/fimmu.2021.720697

ORIGINAL RESEARCH
published: 31 August 2021

doi: 10.3389/fimmu.2021.720697
The Effect of JAK1/2 Inhibitors on
HIV Reservoir Using Primary
Lymphoid Cell Model of HIV Latency
Lesley R. de Armas1, Christina Gavegnano2,3,4, Suresh Pallikkuth1, Stefano Rinaldi1,
Li Pan1, Emilie Battivelli 5,6,7, Eric Verdin5,6,7, Ramzi T. Younis8, Rajendra Pahwa1,
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HIV eradication is hindered by the existence of latent HIV reservoirs in CD4+ T cells.
Therapeutic strategies targeting latent cells are required to achieve a functional cure,
however the study of latently infected cells from HIV infected persons is extremely
challenging due to the lack of biomarkers that uniquely characterize them. In this study,
the dual reporter virus HIVGKO was used to investigate latency establishment and
maintenance in lymphoid-derived CD4+ T cells. Single cell technologies to evaluate
protein expression, host gene expression, and HIV transcript expression were
integrated to identify and analyze latently infected cells. FDA-approved, JAK1/2
inhibitors were tested in this system as a potential therapeutic strategy to target the
latent reservoir. Latent and productively infected tonsillar CD4+ T cells displayed similar
activation profiles as measured by expression of CD69, CD25, and HLADR, however
latent cells showed higher CXCR5 expression 3 days post-infection. Single cell analysis
revealed a small set of genes, including HIST1-related genes and the inflammatory
cytokine, IL32, that were upregulated in latent compared to uninfected and productively
infected cells suggesting a role for these molecular pathways in persistent HIV infection.
In vitro treatment of HIV-infected CD4+ T cells with physiological concentrations of JAK1/2
inhibitors, ruxolitinib and baricitinib, used in clinical settings to target inflammation,
reduced latent and productive infection events when added 24 hr after infection and
blocked HIV reactivation from latent cells. Our methods using an established model of HIV
latency and lymphoid-derived cells shed light on the biology of latency in a crucial
anatomical site for HIV persistence and provides key insights about repurposing
baricitinib or ruxolitinib to target the HIV reservoir.

Keywords: HIV, latency, tonsil, scRNAseq, JAK-STAT signaling pathway, LRA (latency reversing agent)
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INTRODUCTION

The latent HIV reservoir is defined as cells carrying integrated,
replication-competent provirus that do not express viral
transcripts or proteins (1). CD4+ T cells are recognized as the
predominant cellular refuge for the latent HIV reservoir;
specifically resting memory cells have been shown to be
enriched in HIV provirus compared to other CD4+ T cell
subsets, however cells from the myeloid lineage can also be
infected by HIV and contribute to persistence of latency (2–4).
Studies of antiretroviral therapy (ART) initiation during acute
infection in humans and non-human primates (NHP) have
shown that the latent reservoir is established very early
following HIV infection (5, 6). This is likely due to the ability
of latently infected cells to distribute throughout the tissues with
a higher viral burden detected in the gut, lymph nodes, and CNS
relative to peripheral blood (7–9).

The persistence of latent HIV reservoirs despite effective ART
remains the largest barrier to the cure of HIV/AIDS (10–12).
Many technical challenges contribute to the difficulties in
studying latent HIV infection. First, in patients under ART
suppression latently infected cells are present at very low
frequencies in the blood with estimates at 1-1,000 per million
CD4+ T cells (13, 14). Second, despite this being an area of
intense research that has generated several candidate markers
including CD32a, CD30, PD-1, Lag-3, Tigit, and CD127 (15–21),
there are no validated phenotypic biomarkers to distinguish
latently infected from uninfected cells. Third, the majority of
latent HIV genomes detected in ART-treated subjects are
defective and will not produce infectious virions upon viral
reactivation (i.e., transcription) (22). Finally, the two methods
generally accepted for quantifying the replication-competent
HIV reservoir, quantitative viral outgrowth assay (QVOA) (22)
and intact proviral DNA assay (IPDA) (13), do not allow for
direct interrogation of latently-infected cells and thereby hinder
the discovery of biomarkers and the study of mechanisms
governing latency. These stringencies limit our ability to apply
mechanistic pharmacological intervention studies, with a goal of
understanding the direct impact of an agent on the replication
competent reservoir, which is sentinel towards informed
translational research that can be applied towards human
studies in the cure space.

To overcome the hurdle of trying to study extremely rare
latently infected CD4+ T cells in vivo, in vitro models have been
generated (23–25). Primary CD4+ T cell models are especially
useful and easily established using cells from HIV negative
donors. A widely used model for HIV latency involves
selection of resting CD4+ T cells (negative for expression of T
cell activation markers CD69, HLADR, CD25) that have been
stimulated with CCR7 ligands to support viral integration with
limited viral replication (24, 26–28). Primary cell models use in
vitro infection with HIV viruses of varying subtypes (e.g. B or C)
and envelope tropism (29) and assess infection efficiency through
the use of Gag p24 detection or fluorescent reporter expression
indicating productive infection. Unfortunately, latently infected
cells are still undetectable using these techniques and the
approach given this limitation is to allow confirmed infected
Frontiers in Immunology | www.frontiersin.org 2155
cells (e.g., GFP+) ample time in culture (2-8 weeks) to silence
HIV transcription and convert from productive to latent (25, 30).

On the other hand, dual reporter viral constructs allow for
direct and simultaneous detection of HIV infected cells at
different stages (i.e., latent and productive). HIVGKO is a
second-generation dual reporter virus and features eGFP
marker under the control of the HIV LTR promoter and a
Kusabira Orange 2 (mKO2) fluorescent marker under the
control of the host elongation factor 1a (EF1a) promoter (31–
35). Given the propensity for HIV infected cells to be recovered
from lymphoid tissues (7, 36–38), we used HIVGKO to investigate
latency establishment and maintenance in lymphoid-derived,
tonsillar CD4+ T cells. Using this system, we were able to
integrate datasets from single cell technologies to evaluate
protein expression, host gene expression, and HIV transcript
expression to characterize latently infected cells.

Finally, we used this tool to test reactivation of latency and
FDA-approved JAK1/2 inhibitors as a therapeutic intervention
for silencing HIV transcription. The FDA-approved JAK1/2
inhibitor ruxolitinib was recently evaluated in an AIDS
Clinical Trial Group multi-site Phase 2a study (A5336), and
demonstrated safety and efficacy in virally suppressed people
living with HIV, including a significant decrease in key markers
associated with HIV persistence including HLA-DR/CD38,
CD25, and sCD14, as well as cellular/reservoir lifespan marker
Bcl-2 (39). Baricitinib is a second-generation orally bioavailable
JAK1/2 inhibitor that has an improved safety profile versus
ruxolitinib, is approved for chronic long-term use in adults
and children as young as two years of age (Olumiant.com). In
vitro, ruxolitinib treatment of HIV-infected CD4+ T cells inhibits
virus production, STAT5 phosphorylation, homeostatic
proliferation, and Bcl-2 downregulation (40). These findings
prompted us to explore the ability of the second-generation
JAK1/2 inhibitor baricitinib to target the latent reservoir directly.
METHODS

Specimen Collection
Tonsil samples were obtained from HIV-negative children and
adolescents during elective tonsillectomy for sleep apnea at
University of Miami Hospitals with informed consent. Single
cell suspensions of mononuclear cells were isolated from tonsil
tissue by mechanical separation and then filtered through a 70-
micron filter in RPMI 1640 (Gibco) as described previously (41).
Mononuclear cells were cryopreserved in FBS containing 20%
DMSO and stored in liquid nitrogen freezers.

Virus Production
Plasmid DNA for the dual reporter viral construct, HIVGKO, was
obtained from Eric Verdin and Emilie Battivelli (Gladstone
Institute, UCSF) and the dual tropic envelope construct was
obtained through the NIH HIV Reagent Program, Division of
AIDS, NIAID, NIH: Plasmid pSVIII Expressing HIV-1
92HT593.1 gp160, ARP-3077, contributed by Dr. Beatrice
Hahn. Plasmids were transformed in chemically competent
August 2021 | Volume 12 | Article 720697
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E. coli and plasmid DNA was expanded and isolated using Maxi-
Prep (Qiagen) reagent according to manufacturer’s instructions.
293FT cell lines (Invitrogen) were used to produce virus particles
and were cultured in DMEM (containing 4,500 mg/L D-glucose
no L-glutamine or sodium pyruvate) supplemented with 10%
(v/v) FBS, 4 mM of L-glutamine, 110 mg/L (1mM) sodium
pyruvate and 1% penicillin/streptomycin. Cells were transfected
with both plasmids when culture flasks showed 90-95%
confluency. 24 hours before transfection the culture media was
changed for antibiotic-free media. Briefly, plasmid DNA was
diluted in Opti-Mem media (Invitrogen) at a ratio of 1.8:1
(HIVGKO: pSVIII) before mixing with Lipofectamine 2000
Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. The day after transfection (32-36
hr post-transfection) the supernatant was removed and replaced
with fresh antibiotic-free media. The following morning, viral
supernatants were harvested into 50ml tubes and centrifuged at
1000g for 4 min to remove cellular debris. The supernatants were
filtered through a 0.45µM low protein binding filter and loaded
into ultracentrifuge tubes. Virus was concentrated by
ultracentrifugation (27,000g at 4C for 2.3 hr), resuspended by
trituration in antibiotic-free DMEM medium, aliquoted, and
stored at -80°C. Viral titers were quantified using p24 ELISA
kits (Perkin Elmer).

In Vitro Infection With HIVGKO
Cryopreserved tonsil mononuclear cells were thawed and
cul tured in comple te medium RPMI (Inv i t rogen)
supplemented with 10% FBS, L-glutamine, and Penicillin/
Streptomycin overnight. CD4+ T cells were purified using
EasySep™ Human CD4+ T cell enrichment kit (StemCell
Technologies) by negative selection. Purified CD4+ T cells were
Frontiers in Immunology | www.frontiersin.org 3156
cultured at a concentration of 2-5 million/mL of complete
medium and activated using soluble anti-CD3 (1 µg/mL) and
anti-CD28 (1ug/ml) antibodies for 3 days in a 37°C, 5%CO2

incubator. Activated CD4+ T cells were infected with HIVGKO

(100 ng p24/million cells) by spinoculation at 1,200g for 2.2 hr.
Cell pellets were resuspended in complete medium containing
IL-2 (30 U/mL, Peprotech) and cultured until further analysis.

Flow Cytometry Acquisition and Sorting
For phenotypic analysis of HIVGKO infected cells by flow
cytometry, cells were labeled using fluorochrome-conjugated
monoclonal antibodies against CD4, CD45RO, CD69, HLADR,
CD25, PD-1, and CXCR5 as previously described (42) (see
Supplemental Table 1 for Ab details). Cells were also labeled
with violet live/dead stain (VIVID, Molecular Probes) for dead
cell exclusion and acquired on LSRII (Becton Dickinson) or
SH800 Sorter (Sony). Flow cytometry data was analyzed using
FlowJo (Version 10.7.1, TreeStar). Gating for productive and
latent cell populations were based off of mock-infected sample
(as shown in Figure 1C). Gating for cell surface markers were
determined using unstained control samples to define negative
gates. At the time of panel validation, FMO (fluorescence minus
one) controls were used to define compensation parameters and
compatibility of the different markers. Additionally, all
antibodies were titrated for optimal concentration for labeling.

Single Cell 3’ Whole Transcriptome
Amplification by BD Precise Assay
Single cell sorting was performed using the Sony SH800
instrument and ‘single cell’ sorting mode and 100uM chip.
Individual cells were sorted into each well of BD Precise Assay
96 well plates based on gating for productive, latent,
A B

D E
C

FIGURE 1 | HIVGKO infection in tonsil derived CD4+ T cells. (A) HIVGKO viral construct showing mutated env gene, nef gene replaced by an eGFP reporter, and
insertion of EF1a promoter directly upstream of mKO2 reporter. (B) Schematic showing experimental design for activation and infection with HIVGKO of purified
tonsillar CD4+ T cells. (C) Representative flow plot showing expression of dual fluorescent reporters from HIVGKO on day 3 post-infection. (D) Summary data from 6
tonsil donors with frequency of productive and latent infected cells based on gating shown in panel (C). (E) Mean fluorescent intensity of cell surface protein
expression for CD4 on cells infected with HIVGKO on day 3 post-infection. Red data points in panels D and E indicate the individual donor used for single cell
analyses in single cell RNA Seq experiments. Paired t test was performed to compare Uninfected, Latent, and Productive cell populations, *p < 0.05, **p < 0.01.
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or uninfected cells as shown in Figure 1A. Immediately after
sorting the plate was centrifuged at 1,000g for 5 min and
stored at -80°C until library preparation was performed.
Next-generation sequencing (NGS) library preparation was
performed according to manufacturer’s instructions for BD
Precise Assays for patented BD™ Molecular Indexing (MI)
technology with Sample Index (SI) to label individual mRNA
transcripts. Briefly, during reverse transcription, the BD Precise
assay applies a non-depleting pool of 65,536 barcodes termed
molecular indexes (MI) for stochastic and unique labeling of
mRNA transcripts. In addition to MI, a second set of barcodes
(sample index, SI) are employed to identify the sample origin of
each transcript according to the well position in the 96-well plate.
Barcoded primers are then used to label polyadenylated RNA
transcripts in each of the 96 wells, followed by a pooling step into
a single tube. The resulting library was then input onto Illumina
MiSeq sequencer using the appropriate sequencing kits. Each of
the sequencing reads were processed to identify the MI, SI and
target gene using BD primary analysis pipeline. To mitigate the
effect of over-estimation of molecules from PCR and sequencing
errors, the BD analysis pipeline contains Molecular Identifier (MI)
adjustment algorithms recursive substitution error correction
(RSEC) and distribution-based error correction (DBEC). A gene
is subjected to DBEC if it meets a certain threshold for sequencing
depth. If a gene passes the threshold for DBEC, the status is pass.
If a gene does not pass, the status is low depth. If a gene has
zero counts across all cells, the status is not detected. The MI
counts detected in each plate showed comparable and similar
distribution of Pass and Low Depth (see Methods) transcripts
(Supplemental Figure 1). scRNA Seq data was also analyzed
based on fluorescent classifications of infection status and
showed comparable MI counts. Blank wells generated at the
time of sorting had low MI counts compared to cell-containing
wells recognizing a couple hundred genes (compared to ~17,000
for cell-containing wells) across 15 blank wells but with very low
read counts per gene ≤ 3.

RT-PCR for IL32 Expression
Bulk sorting of productive, latent, and uninfected cells were
sorted according to gating shown in Figure 1C. Cells (500) were
sorted directly into CellsDirect one-step qRT-PCR reagents
(Invitrogen) including primers for IL32 and GAPDH (Taqman
Assay 1:100, ABI), 2x CellsDirect reaction mix, water, and
SuperScript® III Reverse Transcriptase and Platinum® Taq
DNA Polymerase. Eighteen cycles of pre-amplification were
performed as previously described (43). The resulting cDNA
was analyzed in standard Taqman qRT-PCR to assess gene
transcript levels for IL32 and GAPDH. Relative quantification
was performed by calculating ddCT values.

Cell Sorting and HIV Reactivation Assay
Purified CD4+ T cells were infected with HIVGKO as described
above. On day 5 post-infection, cells were labeled with live/dead
(VIVID) stain and GFP negative, latent cell-enriched gated
population was sorted in purity mode using Sony SH800
sorter. The sorting gate contained ~10% of latent cells by
fluorescent reporter expression (mKO2+GFP-) and the rest
Frontiers in Immunology | www.frontiersin.org 4157
were uninfected (GFP-). Cells were collected in complete
medium (R10), centrifuged, and resuspended in fresh medium
and divided equally into 4 wells of a 96 well plate with
approximately 104 cells/well in 150ul of R10. The cells rested
overnight in presence or absence of physiologically relevant
concentrations of (0.1, 1, and 10 µM) baricitinib (Selleck
chemicals) before addition of LRA (1 µg/mL each of anti-CD3
and anti-CD28). Two days after LRA treatment, cells were
stained for live/dead (VIVID) and acquired on Sony SH800
sorter to assess GFP and mKO2 expression for at least 25,000
cells (events). Flow cytometric data were analyzed using FlowJo
version 10.7.1.

Statistical Analysis
Single cell gene expression analysis was performed using R
fluidigmSC package from SINGuLAR™ Analysis Toolset
which is designed specifically for single-cell studies of gene
expression profiles. Pathway analysis was performed using
QIAGEN Ingenuity Pathway Analysis, foldchange cutoff is 1.5,
p value cutoff 0.05.

Study Approval
This study was approved by the Institutional Review Boards of
University of Miami and was conducted in accordance with
approved guidelines (IRB# 20140200/CR00004416). Voluntary
signed informed consent was obtained from every participant
prior to participating in the study.
RESULTS

Latency Is Established Early Following
HIVGKO Infection of Tonsil-Derived
CD4+ T Cells
To identify and study latently infected lymphoid-derived cells, we
performed in vitro infection of tonsillar CD4+ T cells from HIV
negative donors using the lentiviral vector HIVGKO (Figure 1A),
pseudo-typed with an X4/R5 dual tropic HIV-1 envelope subtype
B. In this model, purified CD4+ T cells are TCR-activated prior to
infection with HIVGKO and evaluated 3 days after infection by flow
cytometry to assess frequencies of productive and latent infected
cells (Figure 1B). GFP and mKO2 expression were used to
distinguish between the different populations compared to a
mock-infected control (Figure 1C). mKO2 expression driven by
the host-derived EF1a promoter activity in the cell nucleus signals
the presence of an integrated viral genome in the cell, thus mKO2
expression in the absence of GFP expression defines the latently
infected cell population in this system. GFP-expressing cells were
considered productively infected though expression of mKO2 was
variable, due to fluctuating expression of the EF1a promoter (44).
HIVGKO infection consistently established latent infection
(GFP-mKO2+) in purified CD4+ T cells from different tonsil
donors (Figure 1D). However, latent infection was always
established at lower frequencies compared to productive
infection (GFP+) (mean 0.83% vs 5.5%, respectively). Productive
cells infected with HIVGKO also exhibited reduced CD4 expression
August 2021 | Volume 12 | Article 720697
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compared to latent and uninfected cells (Figure 1E) (mean CD4
MFI: productive 4,533 vs 11,747 and 9,633 for latent and
uninfected, respectively).

CD4+ T Cells With Latent Infection Can
Exhibit Similar Activation Profiles as
Productive Infected Cells
To characterize the cells harboring latent virus in lymphoid
CD4+ T cells generated in the HIVGKO model, surface expression
of memory and activation markers 3 days after infection were
assessed by flow cytometry. Productive, Latent, and uninfected
cells were assessed for expression of CD45RO, CD69, HLADR,
and CD25. Infected cells were enriched in the CD45RO+ fraction
compared to total cells, though a small fraction of infected cells
were CD45RO negative (Figure 2A and Supplemental Table 2).
To test the hypothesis that latent infection was the result of a
transition from activated to resting state (23, 33, 45) we reasoned
that productive-infected cells should have higher expression of
activation markers compared to latent. However, expression of
activation markers was variable on infected cells with no
apparent enrichment or preference for expression of a
particular marker on productive vs. latent cells (Figure 2B).
T follicular helper cells (Tfh) have been shown to harbor
replication competent virus in lymph nodes (8, 46), thus we
assessed markers for Tfh phenotype, CXCR5 and PD-1 to
determine if there was any preference for latency establishment
within this subset. There was donor variation in the infection
efficiency within the Tfh population (CXCR5hiPD-1hi), however
Frontiers in Immunology | www.frontiersin.org 5158
evaluation of MFI of each marker individually showed that latent
infected cells had higher CXCR5 MFI compared to productive
and uninfected (p < 0.05) (Figure 2C). This association was not
observed for PD-1.

Using Single-Cell RNASeq to Discover
Potential Biomarkers of Latency
An important advantage of the HIVGKO is that using FACS
sorting, mKO2+ cells can be isolated without the need for virus
reactivation providing a rich source of unperturbed latent cells to
study gene expression and identify potential biomarkers of
latency. For single cell gene expression studies, we selected one
tonsil donor for downstream single cell RNA Seq analysis (donor
highlighted in red datapoints in Figures 1D, E) in an effort to
eliminate donor variation in the subsequent gene expression
data. To generate RNA Seq data, we employed a plate-based
platform for scRNA Seq (BD™ Precise assay) to the HIVGKO

latency model and performed whole transcriptome amplification
(WTA) from a total of 462 cells from five 96-well plates across
three independent experiments using a single tonsil donor. Each
plate contained equal numbers of productive, latent, and
uninfected cells as determined by gating using expression of
the fluorescent reporters, GFP and mKO2 (index sorting data
shown in Supplemental Figure 2). GFP+ cells had varying
expression of mKO2, suggesting differential activity of the
EF1a promoter in this model, therefore, to exclude effects
related to EF1a activity only productive cells with mKO2
expression matching that of latent cells were sorted.
A

B

C

FIGURE 2 | Cellular activation and differentiation marker expression on productive and latent infected CD4+ T cells. (A) Measurement of memory marker CD45RO
expression on productive (P, GFP+, green), Latent (L, GFP-mKO+, red), and total (T, light gray) CD4+ T cells 3 days post-infection with HIVGKO. (B) Representative plots
showing expression of activation markers (CD69, HLADR, CD25) and CD45RO expression on productive, latent, and total cells. (C) Representative plot showing
expression of TFH markers, CXCR5 and PD-1 on productive, latent, and total cells. CXCR5hiPD-1hi cells define TFH population. Box and whisker plots show data from
3-5 independent experiments (individual tonsil donors). Paired t-test analysis was performed to determine differences between the groups, *p < 0.05, ns, not significant.
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We first evaluated specific genes related to T cell activation
and T helper subset differentiation within each of the sorted
populations (Supplemental Figure 3). Transcripts for CD69 and
HLADR proteins had higher expression in productive cells and
expression decreased with the level of HIV transcript expression
(i.e. productive>latent>uninfected). Genes related to cytokine
and transcription factor expression for Th1 (TBX21, IFNG) and
Th2 (GATA3, IL13) type cells did not show enrichment for either
sorted population, however the Th17 transcription factor RORC
was increased in productive compared to uninfected cells
with a trend toward increased expression with greater HIV
transcript expression.

To confirm the presence (or absence) of HIV transcription in
the HIVGKO infected cells, we aligned scRNA Seq data against the
HIVGKO sequence to assess expression of open reading frames
(ORF) for gag, pol, tat, rev, vpr, and env genes in sorted single
cells (Figure 3A). Productive cells expressed highest HIV
transcripts per cell (median 38.5) as expected by high levels of
LTR-driven GFP reporter expression (Figure 3A). Latent infected
cells had a median of 1.5 HIV transcripts per cell, however, we
observed a fraction of cells with HIV transcript levels matching
GFP+ population (22.7% with >6MI/cell). Overall, the majority of
uninfected and latent cells exhibited HIV transcript levels below
the cutoff established by analysis of blank wells (no sorted cell).
Desiring to have pure populations of uninfected, latent, and
productive cells for gene expression analysis, we re-classified
Frontiers in Immunology | www.frontiersin.org 6159
and grouped single cells on the basis of fluorescent reporter
expression and HIV transcript levels (Figure 3B).

We performed differential gene expression analysis between
1) Uninfected HIV transcript negative (U-neg) and Latent HIV
transcript negative (L-neg), 2) L-neg and Latent HIV transcript
low+ (L+), 3) L-neg and Productive HIV transcript++ (P++),
and 4) L+ and P++ (Figure 3C). The number of DEGs was
highest in the comparisons of latent populations (L-neg and L+)
vs productive with 164 and 203 DEGs respectively, while 110
DEGS from each comparison were overlapping (Supplemental
Data 1). However, pathway analysis demonstrated that despite
having several unique DEGs, the pathways involved were similar
when comparing latent vs productive (Figure 3D and
Supplemental Data 2). Enriched pathways included Sirtuin
Signaling, Oxidative Phosphorylation, Mitochondrial
Dysfunction, and EIF2 Signaling. In line with this observation,
the contrast of gene expression between L-neg and L+ resulted in
only 15 DEGs, exhibiting the high degree of similarity between
the two populations (Figure 3C).

Gene Profiles in Latent Infected
Lymphoid CD4+ T Cells
We were specifically interested in the latent-infected cells and
identifying a gene signature that could discriminate them from
uninfected cells. To this end, we identified 24 genes with
differential expression in latent vs uninfected cells, all of which
A B

D
E

C

FIGURE 3 | Single cell RNA Seq in HIVGKO model of latency. (A) HIV transcript MI counts per cell in each sorted cell type. Dotted line is cutoff for background levels
of transcript expression based on blank control wells in which no cells were sorted. Solid lines indicate significant difference between productive cells and all other
groups using ANOVA one-way test with multiple comparisons (p < 0.05). (B) Schematic showing cell characterization based on fluorescent reporter and HIV
transcript expression. (C) Venn diagram showing number of differentially expressed genes between the cell populations defined in (B). (D) Heatmap showing shared
enriched pathways between Latent cell populations and productive cells. Colored boxes indicate significant pathways p < 0.01, * indicates pathways with p < 0.05
and > 0.01. (E) Bar graph showing the difference in average expression of each DEG between Latent and Uninfected cells with p values from ANOVA analysis
shown as a super-imposed line graph (blue).
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were upregulated in L-neg (Figure 3E). The genes were involved
in protein folding (HSPA8, TUBA1C, TUBB4B, PFDN5),
protein targeting/viral gene expression (RPS19, RPL18A,
RPL31, RPL39), and respiratory electron transport chain
(UCP2, UCP3, MT-CO2, MT-CO3) (Supplemental Figure 4,
Genemania network analysis). We interrogated this short list of
DEGs to identify 11/24 genes that exhibited enriched expression
in latent cells relative to both uninfected and productive
populations, indicating a potential biomarker of latency
(Figure 4A). As a control we evaluated gene expression for
EF1a (EEF1A) in each of the populations and confirmed there
were no significant differences in the groups. Co-expression
analysis showed strong correlation coefficients between most of
the genes indicating a common pathway involving histone
modification and electron transport, however HSP8 and
especially IL32 showed low co-expression with the other genes
suggesting these two genes were not related to the common
pathway (Figure 4B, Supplemental Figure 5). We confirmed by
RT-PCR in sorted populations (uninfected, latent, productive)
that IL32 was upregulated in latent compared to uninfected
cells (Figure 4C).
Frontiers in Immunology | www.frontiersin.org 7160
Reactivation of Latency in HIVGKO Infected
Cells and Therapeutic Intervention With
JAK1/2 Inhibitors
In addition to biomarker discovery, the major utility of a primary
HIV latency model is to test therapeutic strategies targeting the
latent reservoir, such as JAK1/2 inhibitors. Exogenous addition
of ruxolitinib or baricitinib, to HIVGKO infected cells reduced
frequencies of productive (GFP+) and latent (GFP-mKO2+)
infected cells in a dose-dependent manner with the strongest
effects observed at the 10 µM concentration (Figures 5A, B).
Molecular JAK1/2 inhibition also resulted in dose-dependent
downregulation of activation markers on CD4+ T cells
(Figure 5C). CD25 expression was reduced by >80% at the
highest concentration of ruxolitinib and baricitinib, while
HLADR and CD69 exhibited a reduction of 60% and 50%,
respectively, with both drugs (Figure 5D).

The approved dose for chronic long-term use of baricitinib is
2 mg (USA), or 2 and 4 mg (Japan, other non USA jurisdictions),
and 4 mg is approved for hospitalized COVID-19 patients
(OLUMIANT.COM, covid19treatmentguidelines.nih.gov). The
plasma concentrations for both doses of baricitinib fall within
A

B C

FIGURE 4 | Unique gene signature in latent cells. (A) Individual graphs showing mean (error bars indicate 95% Confidence Interval) expression of each of the genes
identified in Differentially Expressed Gene analysis between Latent cells and other infected populations (from Figures 3B, C). EEF1A1 expression (gray box, top left)
was used as a control for EF1a promoter activity in cells. (B) Correlation matrix showing the co-expression of each of the genes from (A) on a single cell level. Color
intensity is associated with the spearman correlation coefficient and the size of circle is related to the p value (larger circle, smaller p value). (C) Validation of IL32
expression in bulk sort-purified cells from 2 donors by RT-PCR.
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the range to effectively block both productive and latent infection
in our single round replication HIVGKO model (Figure 6A).
Ruxolitinib is not approved for chronic long-term use, but
approved doses range within 10-25 mg (Figure 6B). Only the
higher dose of ruxolitinib fell within plasma concentration
ranges to block both productive and latent infection.
Baricitinib demonstrates ~ half a log greater potency for both
assays versus ruxolitinib (summarized in Figure 6C).

Finally, we designed an experiment to evaluate reactivation
from latency using HIVGKO infected cells as shown in Figure 7A.
At day 3 post infection, GFP negative cells were sorted
(Figure 7B) and cultured with or without baricitinib at
different concentrations for 24 hours prior to TCR stimulation
as a latency reversing agent (LRA). In the absence of drug and
TCR stimulus via anti-CD3/anti-CD28, spontaneous
reactivation was observed indicated by the presence of GFP+

cells. HIV reactivation above the level of spontaneous
reactivation was observed in the presence of LRA, however
pretreatment of cells with baricitinib abrogated the response
Frontiers in Immunology | www.frontiersin.org 8161
with the greatest effect occurring at the highest concentration of
drug (Figures 7C, D).
DISCUSSION

Primary models of HIV latency are important to enable research
into mechanisms of HIV establishment and maintenance. The
use of the dual reporter virus HIVGKO in our study and others
(31, 34, 35, 47) have validated that this model recapitulates
multiple aspects of latent HIV infection. The decision to infect
primary CD4+ T cells from tonsils rather than blood was made in
order to shed light on latency establishment and maintenance in
lymphoid derived cells which are critical for HIV reservoir
establishment and persistence (9, 46, 48, 49). T follicular helper
(Tfh) cells within lymph nodes and their counterpart in the
blood peripheral Tfh (pTfh) represent a preferred cellular site of
HIV reservoir (8, 50). Tfh harboring latent HIV may achieve
protection from CTL recognition by hiding in follicles where
A

B

D

C

FIGURE 5 | Effect of JAK1/2 inhibitors on productive and latent infection. (A) Schematic showing experimental design for activation and infection with HIVGKO of
purified tonsillar CD4+ T cells. Bar graphs showing average frequency of (B) GFP+ (productive) cells and (C) mKO+GFP- (latent) cells on day 4 post-infection in
presence of JAK1/2 inhibitors at different concentrations. Error bars represent standard error of the mean (SEM), students t test was used to compare all conditions
against the no drug control (black bar), *p < 0.05, **p < 0.01. (D) Bar graphs showing average frequency of cells expressing activation markers on day 4 post-
infection in presence of JAK1/2 inhibitors at different concentrations. Results shown represent 3 independent experiments.
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CD8+ T cells either cannot enter due to low levels of the
chemokine receptor, CXCR5 expression or are not effective at
killing virus-infected cells (51, 52). Our results showed that early
in the establishment of latency, tonsil CD4+ T cells upregulated
surface expression of CXCR5 which would allow them to enter
the GC follicle. These results support a mechanism of lymph
node homing as a means for HIV reservoir persistence.

An advantage of the HIVGKO dual reporter system is the
ability to assess uninfected and infected cells from the same
Frontiers in Immunology | www.frontiersin.org 9162
treatment conditions, thereby reducing ‘noise’ in the data.
Primary cell HIV latency models tend to be long-term
experiments taking 2-12 weeks to obtain a pool of latently
infected cells for analysis. On the other hand, we were able to
isolate and analyze latent cells in a relatively short period of time
(7 days). Multiple studies have shown that latently infected cells
isolated from HIV-infected patients and NHP on long-term ART
are enriched for expression of immune checkpoint molecules
such as PD-1, CTLA-4, LAG-3 and TIGIT (17, 20, 21, 53).
A B

C

FIGURE 6 | The EC50 for blocking seeding of productive and latent infection with baricitinib and ruxolitinib. The approved dose for chronic long-term use of baricitinib is
2 mg (USA), or 2 and 4 mg (Japan, other non-USA jurisdictions), and 4 mg is approved for hospitalized COVID-19 patients. The plasma concentrations for both doses of
baricitinib fall within the range to effectively block both productive and latent infection in our single cycle model (A). Ruxolitinib is not approved for chronic long-term use,
but approved doses range within 10-25 mg (B). Only the higher dose of ruxolitinib fell within plasma concentration ranges to block both productive and latent infection in
our single cycle model (B). Baricitinib demonstrates ~ half a log greater potency for both assays versus ruxolitinib (summarized in C).
A B

DC

FIGURE 7 | Baricitinib inhibits viral reactivation in latent HIVGKO infected CD4+ T cells. (A) Schematic showing experimental design for sorting and re-activation of
HIVGKO in purified tonsillar CD4+ T cells. (B) Representative flow plot showing expression of dual fluorescent reporters from HIVGKO on day 3 post-infection and the
sorting gate for reactivation experiments. (C) Dot plots showing expression of dual fluorescent reporters from HIVGKO on day 2 following in vitro reactivation.
(D) Summary bar graph showing average frequency of GFP+ (productive) cells on day 2 post-LRA treatment in presence of Baricitinib at different concentrations.
Error bars represent standard error of the mean (SEM), students t test was used to compare all conditions against the no drug control (white bar), *p < 0.05. Results
shown represent 3 independent experiments.
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We did not find such enrichment in latently infected cells in our
model. One possible explanation for this is that in our system
cells are not reactivated in order to identify latently infected cells.
Most of the studies that have identified PD-1 expression as a
marker of latency are stimulating in vitro with a strong stimulus
(e.g. PMA and Ionomycin) for up to 40 hours to induce HIV
gene and protein expression which will have drastic effects on cell
phenotype and function. An alternative explanation is that the
short-term nature of our study is not capturing these observed
effects of latent HIV infection.

Our model consists of tonsil CD4+ T cells which are more
efficiently infected ex vivo by HIV strains than those from
primary human peripheral blood lymphocytes (54) and we
reasoned that they would allow for a larger pool of infected
cells for down-stream analysis. Latent cells are often defined as
‘quiescent’ suggesting that the absence of cellular activity is a
requirement. However, cellular activation markers are expressed
at higher levels on T cells residing in tissues compared to
circulating cells (55, 56) and multiple studies have shown a de-
coupling between activation marker expression and productive
HIV infection (57, 58), which was confirmed by our results as
well. This suggests that surveillance of classical activation
markers may not be sufficient to comprehend the cellular
activation status as it relates to HIV transcriptional activity in
the context of reactivation.

Given the difficulty of studying extremely rare and latent
HIV-infected cell populations, especially in the context of viral
suppression on ART, single cell analyses have allowed for
enhanced resolution of in vitro and ex vivo studies (25, 30, 59).
While frequencies of infected cells were low using the HIVGKO

system for this study, it was more robust than using patient-
derived cells (1/100 vs. 1/million). We applied a plate-based
approach to combine single cell sorting, flow cytometric
phenotyping, and host and HIV gene transcript analyses to
strictly define latently infected cells. Differential gene
expression analysis revealed that latent cells expressed higher
levels of the histone genes (HIST1H1D, HIST1H4C) confirming
that chromatin modification is playing a role in latency
establishment as was shown previously using this model (34).
Histone modification controls transcription for host genes and
integrated HIV (45, 60). The histone-related genes were
significantly co-expressed on a single cell level with tubulin
genes, mitochondrial-encoded cytochrome oxidase genes, and
actin genes suggesting a connection between latency
establishment and chemotaxis as reported previously in an
alternative primary cell model of latency (28). Overall, these
findings support the use of single cell analysis in studying HIV
latency especially using technologies with advanced throughput
such as 10X and Drop-seq. Identification of gene pathways in the
HIVGKO model that have been reported in the literature such as
Sirtuin signaling (61) and upregulation of survival genes (25, 35)
in latent infection reinforces the utility of this model to study the
biology of and potential disruption of latent HIV infection.

We found IL32 gene expression to be enriched in latent cells,
but this transcript did not show co-expression with the histone-
related genes suggesting it may be an additional molecular
Frontiers in Immunology | www.frontiersin.org 10163
pathway involved in latency establishment. IL32 is a cytokine
expressed by T cells and to a lower extent in B cells and
monocytes (62). The multiple isoforms of IL-32 have divergent
properties and expression profiles whereby IL-32b is the most
predominant and exhibits anti-inflammatory properties (along
with IL-32a) and IL-32g is pro-inflammatory (62). Compared to
HIV-negative controls, all IL-32 isoforms are increased in plasma
from HIV-infected individuals (62, 63). Ex vivo addition of IL-32
to CD4+ T cells from virally suppressed HIV+ individuals has
shown conflicting results with regards to induction or
suppression of HIV replication which may depend in part on
the isoform used (62, 64, 65). Our results demonstrated an
increase of IL32 transcript in latent cells compared to
uninfected or productively infected cells support a mechanism
of transcriptional suppression of HIV as a way to establish and
maintain latent infection and thus point to IL-32 as a potential
target for latency reactivation.

The proposed mechanism of JAK1/2 inhibition on HIV
replication is due to its effects on lowering cellular activation
and increasing the pro-apoptotic protein Bcl-2, thereby reducing
the lifespan of the reservoir-harboring cell while simultaneously
blocking HIV-induced activation, which promotes HIV
persistence and reservoir reseeding (40, 66–68). Collectively
due to these tandem mechanisms, it is not surprising that
baricitinib and ruxolitinib confer blockade of key events
driving reservoir establishment and maintenance in this
system. HIVGKO is a single-round, replication deficient HIV,
therefore, we cannot evaluate virus spreading in this model
though it has been shown previously that ruxolitinib inhibits
viral spreading in vitro with wild-type HIV infected cells (40),
and has demonstrated efficacy towards blocking of HIV
persistence markers and reservoir lifespan marker Bcl-2 in the
A5336 study (39). Baricitinib (Olumiant.com) is cleared through
the kidneys, significantly reducing potential for drug-drug
interactions with co-administered agents that are cleared in the
liver, which is a property of ruxolitinib (Jakafi.com). Further,
baricitinib demonstrates a more favorable pharmacokinetic
profile and efficacy in humans, at 2-4 mg once per day dosing
for baricitinib versus 10-25 mg twice a day dosing for ruxolitinib.
Recent reports have also shown that baricitinib can block key
events associated with reservoir seeding and persistence in a
murine model of HIV and across primary in vitro systems,
further validating that baricitinib confers anti-HIV effects
across systems within physiologically relevant concentrations
found in humans (69).

Baricitinib has been shown able to block type 1 IFN-induced
signaling (PMID: 30002661) in a concentration dependent
manner. We also know from human studies in the COVID
setting that baricitinib blocks virus induced IFN signaling in
hepatocytes which correlates well with favorable clinical
outcomes (PMID: 33187978). While there is nothing in the
literature yet about baricitinib in the HIV space, these findings
suggest that JAK1/2 inhibition by baricitinib may also block
HIV-induced IFN and lead to reduction in reservoir. As
baricitinib represents a next-in class JAK1/2 inhibitor with an
improved safety and efficacy profile versus ruxolitinib, it is also
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promising that our data demonstrate an increased efficacy profile
compared to ruxolitnib. Together, the data reported provide a
key foundation towards establishing that JAK1/2 inhibition, and
in particular baricitinib, represent a potential modality towards
reservoir reduction in key cells. Further, our findings
demonstrate for the first time that physiologically relevant
concentrations of baricitinib can reduce the HIV reservoir in
lymphoid tissue derived cells. These data coupled with the body
of work with this class of agents including humans (A5336), will
provide an informed, robust, and mechanistic framework from
which to build additional human studies with baricitinib for the
indication of HIV cure.
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Cytotoxic CD4+ T cells (CD4+ CTLs) limit HIV pathogenesis, as evidenced in elite
controllers (a subset of individuals who suppress the virus without the need for therapy).
CD4+ CTLs have also been shown to kill HIV-infected macrophages. However, little is
known about their contribution towards HIV persistence, how they are affected following
exposure to immune modulators like morphine, and what factors maintain their frequencies
and function. Further, the lack of robust markers to identify CD4+ CTLs in various animal
models limits understanding of their role in HIV pathogenesis. We utilized various PBMC
samples obtained from SIV infected and cART treated rhesus macaques exposed to
morphine or saline and subjected to flow cytometry evaluations. Thereafter, we compared
and correlated the expression of CD4+ CTL-specific markers to viral load and viral reservoir
estimations in total CD4+ T cells. We found that CD29 could be reliably used as a marker to
identify CD4+ CTLs in rhesus macaques since CD29hi CD4+ T cells secrete higher
cytotoxic and proinflammatory cytokines following PMA/ionomycin or gag stimulation. In
addition, this immune cell subset was depleted during untreated SIV infection. Strikingly,
we also observed that early initiation of cART reconstitutes depleted CD29hi CD4+ T cells
and restores their function. Furthermore, we noted that morphine exposure reduced the
secretion of proinflammatory cytokines/cytotoxic molecules in CD29hi CD4+ T cells. Lastly,
increased functionality of CD29hi CD4+ T cells as depicted by elevated levels of either IL-21
or granzyme B hi T Bet+ gag specific responses were linked to limiting the size of the
replication-competent reservoir during cART treatment. Collectively, our data suggest that
CD4+ CTLs are crucial in limiting SIV pathogenesis and persistence.
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Olwenyi et al. Peripheral Loss of CD29 hi Cytotoxic CD4+ T Cells Favors SIV Pathogenesis
INTRODUCTION

The proposed excision of latently infected HIV cells in a second
person with HIV infection offers renewed optimism towards a
cure that would usher an end to the AIDS crisis (1, 2). Although
great strides have been undertaken, the cellular responses
associated with sustaining persistence versus viral eradication
remain poorly understood (3–5). HIV-infected individuals
worldwide live different lifestyles stemming from varied
cultural and sexual practices, co-exposures to other pathogens,
and comorbid substance abuse not limited to the illicit use of
drugs like morphine, cocaine, and heroin (6–11). Collectively,
these behaviors differentially impact the body’s immune
response, alter disease pathogenesis and need to be considered
during the development of a universal HIV cure (6, 12).

The body’s immune system is built around the activities of
CD4+ T cells (13). CD4+ T cells are a significant immune cell
subset, which coordinates the immune system and also aid diverse
immune (B, CD8+ T, and NK) cell function (14–16). In addition,
they are crucial in generating prompt and protective memory
responses against recalled pathogens (17, 18). CD4+ T cells are
highly plastic and exist as numerous phenotypes like T helper (Th)
1, Th 2, and Th 17, cytotoxic (CD4+ CTL), T follicular helper
(Tfh), and T regulatory (T regs) (19). These diverse CD4+ T cell
phenotypes express different transcriptional profiles during health
and disease, have distinct fates, and carry various functions,
including immune regulation (CD+ T regs) (20). Beyond the
simplistic provision of help, CD4+ T cells have also been shown to
play other roles like regulation of immune responses (CD4+ T
regs). They could also directly target infected cells through CD4+
CTLs (13). In supercentenarians, it was suggested that CD4+ CTLs
were crucial in healthy aging, where they were found to be
expanded while offering long-lasting protection (21).

The hallmark of HIV infection is the progressive loss of total
CD4+ T cells and dysregulation of homeostasis, later
culminating in acquired immune deficiency syndrome (AIDS)
(22, 23). Early during infection, HIV causes massive gut damage
accompanied by leakage of microbial biproducts into the
periphery (24, 25). Synchronously, gut dysbiosis occurs as the
landscape of the gut microbiome shifts towards more pro-
inflammatory and pathogenic bacterial communities such as
Prevotella and Enterobacteriaceae (26–28). As a result of
microbial translocation and gut dysbiosis, chronic immune
activation and systemic inflammation later ensue (29, 30).

Progressively, enhanced CD4+ T cell activation leads to
immense CD4+ T cell loss by apoptosis and exaggerated viral
cytolysis (31, 32). Following combined antiretroviral therapy
(cART) initiation, the recovery of absolute CD4+ T-cell counts
is often viewed as the benchmark for the immune system
reconstitution (33, 34). However, ongoing dysregulation of
cellular function limits the implementation of robust antiviral
responses (35). Furthermore, specific CD4+ T-cell lineages like
Tfh have been extensively reported to harbor viral reservoirs
within the periphery and lymphoid tissues (36, 37). Although
CD4+ T cells are targeted during virus replication and
persistence, considerable evidence supports a crucial role of
cytotoxic CD4+ T-cell phenotypes in HIV control and slowing
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disease progression (38, 39). During acute HIV infection, a robust
HIV-specific CD4+CTL response comprised of elevated granzyme
A, interferon-gamma (IFN g+), andCD40 ligand (CD40L) has been
documented to lower viral load set points (40). Johnson et al.
also made similar observations and noticed that CD4+ CTLs
predominantly expressed perforin, granzyme B, and Eomes
during acute HIV infection (38). Subsequently, HIV Nef-specific
CD4+ CTLS has been documented to suppress viral replication in
macrophages ex-vivo (41).

The lack of a specific CD4+ CTL surface biomarker with
consensus across different animal models limits the proper
follow-up and interrogation of these cells. Recently, studies by
Johnson et al., and Phetsouphanh et al., together used CD57 to
identify and track this cell phenotype in different HIV-1
infection conditions (38, 44). Despite this, the lack of cross-
reactive antibodies raised against the CD57 carbohydrate epitope
in non-human primate (NHP) models limits its use (45, 46).
However, recently, in a pre-print article, Nicolet et al. suggested
that CD29 enriches human CD4+ CTLs (47). Nonetheless, the
utility of this biomarker as a surface marker for CD4+ CTLs
remains to be evaluated in NHPmodels. Although various efforts
have been undertaken to explore the effects of CD4+ CTL with
HIV disease progression (39, 48), the impact of virus-specific
functionality of this cell phenotype on the size of replication-
competent reservoirs remains to be studied. Moreover, the
modulation of this cell lineage following exposure to substance
abuse such as morphine remains unevaluated.

To address some of above-mentioned questions, we utilized
samples obtained from SIV-infected rhesus macaques that were
exposed to either morphine or saline. Of these animals, a subset
was also treated with cART to suppress viral replication. We found
that enhanced CD29+ expression on the surface of CD4+ T cells
could be used to identify CD4+ CTLs. Thus, CD29hi CD4+ T cells
express higher cytotoxic molecules like CD107a and granzyme B
plus proinflammatory cytokines like IFN-g and TNF-a compared
to their CD29lo counterparts. In addition, increased gag-
specific secretion of cytokines like IL-21 and granzyme B was
accompanied by smaller sizes of replication-competent viral
reservoirs suggesting that CD4+ CTLs contribute towards
limiting SIV persistence in cART-treated rhesus macaques.
MATERIALS AND METHODS

Ethics Statement
This study was approved by the University of Nebraska Medical
Center (UNMC) Institutional Animal Care and Use Committee
(IACUC) as designated by assigned protocol numbers. For this
study, we used: (1) 16-073-07-FC named “The Effect of cART and
Drugs of Abuse and the Establishment of CNS Viral Reservoirs”.
(2) 15-113-01-FC referred to as “The Combinatorial effects of
Opiates and Promoter Variant Strains of HIV-1 subtype C on
Neuropathogenesis and Latency”.

Rhesus Macaques Used for This Study
For protocol 16-073-07-FC, 6 animals were escalated to 6mg/kg
twice daily injections of morphine alongside five rhesus macaques
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exposed to saline (controls). Following this, all the animals were
infected with 200 TCID50 of SIVmac251 and later treated with a
cART regimen comprising of 40 mg/ml emtricitabine (FTC), 20
mg/ml tenofovir (TFV), and 2.5 mg/ml dolutegravir (DTG).
Alternatively, protocol 15-113-01-FC involved 8 rhesus
macaques separately exposed to equivalent doses of either
morphine (n = 4) or saline (n = 4). Similarly, this was followed
with SIVmac251infection at an equivalent dose. However, no
subsequent cART was administered. All animal characteristics
and treatment regimen details were previously described (10). The
experimental schema utilized for the study included a total of 19
rhesus macaques. Briefly, in the untreated group of eight animals,
6-mg/kg intramuscular (i.m.) injections of morphine were
administered twice daily for 2 weeks to four rhesus macaques.
Then, continued morphine dosing was maintained for 7 weeks
while the remaining four animals received normal saline (control
group). After 9 weeks, 200 TCID50 of SIVmac251 was
intravenously administered to the rhesus macaques and
continued with morphine/saline treatments until the end of the
study. (B) In the separate group of 11 animals exposed to cART,
six were given intramuscular morphine for a total of 9 weeks while
five received equal doses of saline (control group). After 9 weeks,
200 TCID50 of SIVmac251 was intravenously administered to all
animals. Five weeks later, cART was initiated and given daily at
1 ml/kg body weight up to the termination end of the study. Saline
was given to the controls at a similar dose. Lastly, to evaluate the
effects of cART on CD29hi CD4+ T cells, we utilized eight rhesus
macaques exposed to either four drugs (FTC, tenofovir
alafenamide (TAF), DTG and maraviroc (MVC); n = 4) or two
drugs (DTG and FTC; n = 4) that were treated four weeks post
SIV inoculation (protocol #16-001-02-FC, Assessment of
Antiretroviral Pharmacology in Lymphoid Tissues using the SIV
Macaque Model).

Isolation and Cryopreservation of PBMCs
Femoral blood, collected in K2-EDTA vacutainer tubes (BD,
367841), was layered above Lymphoprep™ Density Gradient
Medium from STEMCELL Technologies following plasma
separation. PBMCs were then later isolated using the density
gradient centrifugal separation method described previously (49).

Phenotype Analysis of Immune Cells
(Flow Cytometry)
Cryopreserved PBMCs processed from the blood of rhesus
macaques included in this study were utilized for flow cytometry.
Post-thaw viabilities of greater than 80% were considered for
further experimentation. Briefly, this involved a brief 12-18h rest,
and surface staining protocols proceeded at this step. First, Zombie
Aqua fixable viability dye was added to discriminate dead cells.
After that, all surface markers included in the lineage and integrin/
chemokine receptor panels (Supplementary Table 1) were added
at previously titrated volumes. Fixation was then performed using
2% PFA and samples acquired using the Becton Dickson Fortessa
X450 flow cytometer. Intracellular staining protocols involved
stimulation of SIV mac239 gag peptide mix spanning 15-mers
with 11-aa overlap (ARP-6204) obtained through the NIH HIV
Reagent Program, Division of AIDS, NIAID, NIH: Peptide Array,
Frontiers in Immunology | www.frontiersin.org 3169
Simian Immunodeficiency Virus (SIV)mac239 Gag Protein,
ARP-6204, contributed by DAIDS/NIAID) and PMA (Phorbol
myristate acetate)/ionomycin (20 ng/ml and 0.5 mg/ml)
respectively dissolved in 10% complete media. Simultaneously,
Golgi plug containing Brefeldin A and the Golgi transport
inhibitor monensin was added to inhibit the release of cytokines
and cytotoxic granules into the supernatant. After 6 hours of
stimulation, 20 mM EDTA solution was added. After that, live/
dead exclusion was performed, and surface staining for CD29
PercpCy5.5 was carried out. For the cytotoxicity panel
(Supplementary Table 1) involving Eomes and T-bet
transcription factors, the fix/perm solution (Tonbo Biosciences)
was used for fixation and permeabilization. The remaining
antibody cocktail was dissolved in FoxP3 transcription factor
buffer (Tonbo biosciences) and added following permeabilization.
Alternatively, in the cytokine secretion panel (Supplementary
Table 1), 2% PFA was added for fixation, followed by
permeabilization using BD perm wash buffer. Then, cells were
incubated with a previously prepared cocktail of antibodies.
Following incubation and later washes, the acquisition was
performed on the Becton Dickson Fortessa X450 flow cytometer,
and analysis was carried out using Flowjo version 10.6 (Trees Star
Inc., Ashland, Oregon, USA). For ICS quantification, all values
were reported following background subtraction.

Quantification of Plasma Viral Load in
Peripheral Blood
Quantitative real-time PCR (qRT-PCR) was utilized to estimate
levels of SIV RNA in EDTA plasma (50). Briefly, RNA was
extracted from EDTA plasma using a QIA amp viral RNA mini
kit (Qiagen, Germantown, MD, USA; Cat no: 52906). Additional
information on primers and probes with details of PCR
conditions were described previously (10).

Quantitative Viral Outgrowth Assay (QVOA)
CD4+ T cells were enriched from PBMCs using the non-human
primate microbead CD4+ T cell isolation kit, (STEMCELL
Technologies Inc, Seattle, WA, USA) and later resuspended in
complete media (RPMI1640, 10% FBS, 2 mM glutamine,
Penstrep (100 U/mL penicillin and 100 mg/mL streptomycin)),
10 U/mL IL-2 and 300 nM efavirenz (EFV; NIH AIDS Reagent
Program). The resultant purified CD4+ T cells were then
co-stimulated with CD3/CD28 beads (Dynabeads, Life
Technologies, Waltham, MA, USA) and 10-fold limiting
dilutions ranging from 102 to 105 cells/mL were generated.
Following 72 h of incubation, 105 CEMx174 cells were added
to aid in viral expansion. This time point was noted as day 0 of
incubation and was later prospectively followed for 21 days. SIV
RNA measures were then performed using qRT-PCR. Levels of
replication-competent viruses were denoted as infectious units
per million (IUPM) and were estimated using the IUPMStats
v1.0 infection frequency calculator (10, 51).

Statistical Analysis
Prism V9.0 (GraphPad Software) was used for Spearman’s rank
correlation and paired non-parametric tests with the aid of the
Wilcoxon test. In addition, comparisons between morphine and
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saline groups were also performed using the Mann Whitney U
test. Using R version 3.4.3, a correlation matrix was generated
following multiple correlations. Resultant P values were then
corrected for type 1 error with the aid of Holm’s correction.
Lastly, following Boolean gating in FlowJo, combinatorial
expression of multiple cytokines was evaluated and graphed
using SPICE (“Simplified Presentation of Incredibly Complex
Evaluations”) (52).
RESULTS

Loss of CD29hi CD4+ T Cells Is Positively
Interrelated to Declining Immune Status
and Increasing Viral Loads During
SIV Infection
To gain insight into cellular and virological interactions of the
peripheral immune system, changes in CD29hi CD4+ T cells
alongside viral load and various immune cell subsets during
baseline, acute (Day 14), and chronic (Day 245) phases of SIV
disease progression (Supplementary Figure 1). Following SIV
infection, viral load levels peaked during the acute phase and were
maintained through the chronic time point (Figure 1A).
Compared to baseline, there was a progressive loss in %CD4+
T cell frequencies across the acute phase of infection (P = 0.0078)
and the latter chronic phase of infection (P = 0.0003) (Figure 1B).
Subsequently, this was accompanied by an expansion of CD8+ T
cells during both the acute (P = 0.0078) and chronic (P = 0.0002)
phases of untreated SIV infection (Figure 1C). Unsurprisingly,
there was a progressive loss in the CD4/CD8 ratio across the acute
(P = 0.0156) and chronic (P = 0.0156) phases of infection
(Figure 1D). The frequencies of %CD29hi CD4+ T cells were
reduced during the acute (P = 0.0469) and chronic (P = 0.0078)
phases of untreated infection (Figure 1E). Similar trends were
observed with absolute CD29hi CD4+ T cells (Supplementary
Figure 2A) and absolute CD4+ T cells (Supplementary
Figure 2B), while absolute CD8+ T cells were elevated during
SIV progression (Supplementary Figure 2C). Remarkably, %
CD8+/CD29+ T cells remained stabilized during the acute and
chronic phases of untreated SIV infection despite the concurrent
expansion of CD8+ T cells (Figure 1F). The percent of both
CD29hi CD4+ T cells and CD29+/CD8+ T cells exhibited an
increase in activation shown by increased expression of HLA-DR
(P < 0.05) (Figures 1G, H). No changes were observed in innate-
like CD8+ T cells that express CD16 (Figure 1I). A progressive
non-significant reduction of NK cells occurs through the acute to
chronic phases of untreated SIV infection (Figure 1J). However,
NK cell subset analysis revealed that there was a reduction in %
CD16+CD56- NK cells, (P = 0.024) (Figure 1K) together with
concurrent expansions of %CD16-CD56+ NK cells, (P = 0.039)
(Figure 1L) and %CD16-CD56- NK cells (P = 0.039) that are later
maintained during chronic infection (Figure 1M). Multiple
Spearman rank correlation analysis revealed that reduced %
CD29hi CD4+ T cells were positively associated with
expanding %CD8+ T cells (rho = -0.532, P = 0.0044), CD16-
CD56+ NK cells (rho = -0.647, P = 0.0006) while a positive
Frontiers in Immunology | www.frontiersin.org 4170
correlation was seen with improved immune status (CD4/CD8
ratio) (rho = 0.42, P = 0.044). Additionally, negative associations
were noticed with CD16-CD56- NK cells (rho = -0.7278374) and
CD16-CD56+ NK cells (rho = -0.3928776), (all P < 0.05)
(Figure 1N). Furthermore, CD16+CD56- NK cells were
positively correlated with absolute CD29hi CD4+ T cells (rho =
0.7510 and P = 0.00001) and absolute CD4+ T cells (rho = 0.7206
and P = 0.0002) respectively (Supplementary Figures 2D, G). In
turn, CD16-CD56+ NK cells were associated with loss of CD29 hi
CD4+ T cells (Supplementary Figure 2E) and declining absolute
CD4+ T cells (Supplementary Figure 2H) during SIV disease
progression. Similarly, CD16-CD56- NK cells were also associated
with loss of CD29hi CD4+ T cells (Supplementary Figure 2F) and
reduced absolute CD4+ T cells (Supplementary Figure 2I) during
infection. Lastly, percent and absolute CD29hi CD4+ T cells were
seen to negatively associate with viral loads [(rho = -0.57 and P =
0.0037) and (rho = -0.7136 and P = 0.0001)] (Figures 1O, P).

Early Initiation of cART (4 Weeks Post-
Infection) Supports Percent CD29hi CD4+
T Cells Restoration and Rescued
Polyfunctionality Within the Periphery
In a separate set of rhesus macaques (n = 8), early cART was
initiated to test whether depleted peripheral CD29hi CD4+ T cells
could be reconstituted. In addition, retrospective time course
evaluations were carried out to evaluate how different stages of
SIV disease progression and therapy affect the functionality of this
cell subset. Representative gating of CD29hi CD4+ T cell subset
reveals CD95+, IFN-g+ and TNF a+ cytokine secretion following
PMA/ionomycin stimulation (Figures 2A and Supplementary
Figure 3). Changes in %CD29hi CD4+ T cells, %CD95 CD29hi
CD4+ T cells, IFN-g+ CD29hi CD4+ T cells and TNF-a + CD29hi
CD4+ T cells showed that six weeks post untreated SIV infection, a
progressive loss CD29hi CD4+ T cells in conjunction with
inflammatory cytokines occurred. CD95+ cell expression was
elevated during acute SIV infection and remained steadily
maintained post-therapy. In contrast, IFN-g+ and TNF-a +
cytokine levels diminished before ART but recovered after
therapy (Figures 2B, E). Finally, early initiation of cART
restored lost polyfunctionality of CD29hi CD4+ T cells (%
(CD95+, IFN-g+ and TNF a+) and [% CD95+, IFN-g- and
TNF a+)], (Figures 2F).

CD29hi CD4+ T Cells Express Elevated
Levels of Pro-Inflammatory and Cytolytic
Mediators in Rhesus Macaques Exposed
to cART and Morphine During
Chronic Infection
Upon noticing that CD29hi CTLs were depleted during
progressive untreated SIV infection, we next turned our efforts
to characterizing these cells. Utilizing PBMCs collected from
cART treated rhesus macaques, we assessed the extent to which
CD4+ CD29hi T cells express diverse integrins (CD11a and
CD11b) and the chemokine receptor CX3CR1 (Supplementary
Figure 4). In addition, after PMA/ionomycin stimulation, we
assessed transcription factors T bet and Eomes, the cytotoxic
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mediators granzyme B and CD107a, IL-21, T helper (Th) 1
cytokines TNF-a and IFN-g plus the Th2 cytokine IL-4
(Supplementary Figure 5). Surprisingly, there were no
significant differences between CD11a expression in CD29hi
vs. CD29lo CD4+ T cell subsets (Figure 3A). However, we
noticed a three-fold increment of surface CD11b expression on
CD29hi versus CD29lo CD4+ T cells (P = 0.0020) (Figure 3B).
Similarly, we observed a close to two-fold elevation in the
expression of CX3CR1 in CD29hi CD4+ T cells (P = 0.0010)
(Figure 3C). Unexpectedly, the CD29hi CD4+ T cell subset had
lower levels of Eomes (P = 0.0020) (Figure 3D) while expressing
over two-fold levels of T bet in comparison to the CD29lo CD4+
T cell subset (P = 0.0020) (Figure 3E). Moreover, elevated
Frontiers in Immunology | www.frontiersin.org 5171
granzyme B expression was observed in the CD29hi CD4+ T
cell subset versus the CD29lo CD4+ T cell subset (Figure 3F).
Similarly, the level of granzyme B+ hi expression was elevated in
the CD29hi CD4+ T cell subset (P = 0.0010) (Figure 3G), which
remained augmented even after testing for co-expression of
granzyme B hi and Tbet+ (P = 0.0010) (Figure 3H). The level of
IL-4 was similar between CD29hi vs CD29lo CD4+ T cells
(Figure 3I) whilst elevated expression of diverse cytokines such
as: CD107a (P = 0.0010) (Figure 3J), IL-21 (P = 0.0010)
(Figure 3K), IFN-g (P = 0.0010) (Figure 3L) and TNF-a (P =
0.0010) (Figure 3M) were observed. Similarly, there were higher
frequencies of % IFN-g+ and TNF-a + co-expressing CD29hi
CD4+ T cells in comparison to CD29lo CD4+ T cells (P = 0.0087)
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FIGURE 1 | Loss of CD29 hi CD4+ T cells are associated with increased viral loads, declining immune status, and dysregulated NK cell subsets in SIV infected rhesus
macaques exposed to either morphine or saline. Viral loads at baseline (day 0), acute (day 14), and chronic (day 245) during untreated SIV infection (A). Changes in
percent CD4+ T cells (B), percent CD8+ T cells (C), CD4/CD8 ratio (D), percent CD29+ CD4+ T cells (E), percent CD29+ CD8+ T cells (F), percent CD29+/CD4+/
HLA-DR+ (G), percent CD29+/CD8+/HLA-DR+ (H) and CD8+/CD16+ T cells (I) at the three studied time points (day 0, day 14 and day 245) post infection. Evaluating
NK cells and comprising subsets that include changes in total NK cells (J), CD16+CD56- NK cells (K), CD16-CD56+ NK cells (L), and CD16-CD56- NK cells (M) at
day 0, day 14, and day 245 post infection. (N) Correlogram showing correlations between various immune cell subsets and percent CD29+ CD4+ T cells.. Relationship
between either (O) percent CD29+ CD4+ T cells or (P) absolute CD29+ CD4+ T cells and viral load. * shows p < 0.05, ** indicates p < 0.01 while *** denotes p < 0.001
resulting from Wilcoxon matched pairs signed rank tests between paired groups of the different comparisons. ns represents non significant. Per visit comparisons
between morphine and saline were also performed using the Mann Whitney U test (non- significant).
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(Figure 3N). Likewise, IL-21+ and IFN g+ co-expressing cells are
elevated in CD29hi CD4+ T cells in comparison to CD29lo CD4+ T
cells (P = 0.0010) (Figure 3O). Next, we observed that morphine
causes downregulation of cytokine secretion ranging from IL-21,
TNF-a, IFN-g, IFN-g, and TNF-a dual positive plus IL-21 and IFN-
g co-expressing CD29hi CD4+ T cells (all P < 0.01) (Figures 3P–U).
Morphine treatment was also observed to similarly downmodulate
the expression of inflammatory cytokines and cytotoxic molecules
in the CD29lo CD4+ T cell subset (Supplementary Figure 6). By
evaluating polyfunctionality of CD29hi CD4+ T cells revealed that
the majority of cytokine-producing cells were mainly TNF-a + cells
and demonstrated greater frequencies of multiple cytokines
secreting cells such as combinations with TNF-a + and CD107a
Frontiers in Immunology | www.frontiersin.org 6172
cells, TNF-a + and IL-21 and TNF-a + and IFN-g+ co-expressing
cells, (all P <0.05) (Figure 3V).
CD29hi Gag Specific CD4+ T Cells Also
Express Elevated Levels of Pro-
Inflammatory and Cytolytic Mediators in
Rhesus Macaques Exposed to cART
and Morphine
In synchrony with earlier observations seen in Figure 2, CD29 hi
CD4+ T cells expressed higher levels of IFN-g (Figure 4A),
CD107a (Figure 4B), IL-21 (Figure 4C), TNF-a (Figure 4D)
(all P<0.05) (Supplementary Figure 6). The same trend was seen
C

A
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FIGURE 2 | Early cART initiation (4 weeks) restores the loss of CD29hi CD4+ T cells and restores polyfunctionality. (A) Representative gating used to obtain CD4+
CD29 hi T cells used for changes in cytokine secretion at different stages of SIV progression. Briefly, CD4+ T cells were obtained from gated CD3+ T cells/
lymphocytes/live cells/singlets/Time vs FSC-A populations. Thereafter, CD29 hi populations were then gated out from CD4+ T cells and the extent of CD95
expression and IFN-g/TNF-a secretion. Following this, the changes of (B) %CD29hi CD4+ T cells (C) %CD95+ CD29hi CD4+ T cells (D) IFN-g+ CD29 hi CD4+ T
cells (E) TNF-a+ CD29hi CD4+ T cells evaluated at baseline, week 2, week 7 and week 22 post SIV infection. (F) Polyfunctionality profiles of CD29hi CD4+ T cells
stimulated with PMA/ionomycin. Included pie charts/bar graphs represent time course changes in CD29hi poly functionality based on IFN-g, TNF-a and CD95
expression (n = 8). Bar graphs show the median percent cytokine expressing cells. All paired comparisons across the different timepoints were performed using the
non-parametric Wilcoxon test. * shows p < 0.05 while ** indicates p < 0.01.
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with TNF-a+ and CD107a- co-expressing cells (Figure 4F),
IFN-g-, TNF-a+ and CD107a+ co-expressing cells (Figure 4G),
percent and MFI granzyme B hi cytolytic molecules (Figures 4H,
I) and granzyme B hi and T Bet+ co-expressing cells (Figure 4J)
in comparison to CD29lo CD4+ T cells, (all P<0.05). Notably, no
significant differences were observed with levels of IL-4
(Figure 4E), (P > 0.05). In congruence with earlier
observations noticed, morphine similarly led to downregulation
of various gag-specific cytokines such as IL-21, TNF-a, and
granzyme B hi T Bet+ in CD29hi CD4+ T cells (all P < 0.05)
(Figures 4K–O). Next, we investigated whether there was a
relationship between either IL-21 or granzyme B hi T Bet+ gag
specific release on CD29hi CD4+ T cells with the size of the
Frontiers in Immunology | www.frontiersin.org 7173
replication-competent viral reservoir as measured by quantitative
viral outgrowth assay (QVOA) (Figure 4P). Negative
correlations were observed between QVOA and either IL-21
gag specific CD4+/CD29+T cells or granzyme B hi T bet+ gag
specific CD29 hi CD4+ T cells. The association between
granzyme B hi T Bet+ CD29hi CD4+ (Figures 4Q, R).
DISCUSSION

CD4+ CTLs are crucial in limiting the pathogenesis and
mediating protection against HIV/SIV infection. It was
previously documented that elite controllers, a unique group of
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FIGURE 3 | CD29hi CD4+ T cells identify cytotoxic CD4+ T cells (CD4+ CTLs) with superior cytotoxicity, expression of inflammatory surface molecules and cytokines
following stimulation with PMA/ionomycin in cART treated rhesus macaques exposed to saline or morphine during chronic infection. The expression percent CD11a (A),
percent CD11b (B), the chemokine receptor CX3CR1 (C), percent Eomes (D) and percent T bet (E) was evaluated and compared between CD29lo vs. CD29hi T cells.
Similarly, cytotoxicity was evaluated based on percent granzyme B (F), percent Granzyme B hi (G), and Granzyme B hi and T bet co-expression (H). In addition, the
expression of percent IL-4 (I), percent CD107a (J), percent IL-21 (K), percent IFN-g (L), percent TNF-a (M), dual co-expression of IFN-g and TNF-a (N) and IL-21 and
IFN-g co-expression (O) was evaluated. The changes in the secretion of cytokines and cytotoxic molecules IL-21 (P), CD107a (Q), TNF-a (R), IFN-g (S), IFN-g and
TNF-a (T) and IL-21 and IFN-g (U) within CD29 hi CD4+ T cells following morphine exposure were evaluated using ICS. Representative gating of CD29 hi versus CD29
lo cells expressing multiple cytokines such as IL-21, CD107a, TNF-a and IFN-g (V). Polyfunctional profile of CD29hi vs CD29lo CD4+ T cells responding to PMA/
ionomycin. (I) Representative manual gating of CD29hi vs CD29lo CD4+ T cells used to analyze polyfunctionality. (II) and (III) Pie charts and the bar plots show the
frequency of CD29+ or CD29- CD4+ T cells expressing different combinations of cytokines (TNF-a, IFN-g, IL-21, IL-4 and CD107a) in n=11 rhesus macaques. Paired
comparisons between CD29lo and CD29hi CD4+ T cells were performed using the non-parametric Wilcoxon test. Comparisons between morphine and saline were
also performed in CD29+ CD4+ T cells using the Mann Whitney U test. For SPICE analyses, pie charts showing cytokine secretion patterns together with arc plots
show the predominant cytokine being secreted. Bar graphs denote median cytokine expressing cells. Simultaneously, the extent of cytokine polyfunctionality was
compared within CD29lo vs CD29 hi CD4+ T cell subsets with aid of the Wilcoxon test. For all comparisons, * shows p < 0.05, ** indicates p < 0.01 while *** denotes
p < 0.001. ns represents non significant. Red dots denote morphine treated while blue dots represent rhesus macaques exposed to saline.
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individuals capable of suppressing HIV without therapy, possess
greater frequencies of circulating virus-specific CD4+ CTLs (44).
Remarkedly, the development of CD4+ CTL escape SIV mutants
is accompanied by loss of elite control in rhesus macaques (53).
Thus, there is no surprise that declining immune status occurred
simultaneously with the loss of proposed CD4+ CTLs and
increased viral loads suggesting this cell subset is crucial in
limiting HIV pathogenesis.

Similarly, the loss of HIV-specific CD4+ CTL function has
been reported in chronic progressors (44). Predictably, during
progressive infection, CD29hi CD4+ T cells exhibited increased
HLA-DR activation levels, hinting that this cell phenotype could
be targeted and depleted by the virus (54). Furthermore, the
expansion of cytokine secreting (CD16-CD56+) and double
negative CD16-CD56- NK cells are crucial for limiting viremia
Frontiers in Immunology | www.frontiersin.org 8174
post-peak viral loads (55, 56). However, the loss of CD16
expression on prevailing NK cell subsets followed by the
decrease of both CD29hi CD4+ T cells and absolute CD4+ T
cells further highlights SIV-induced NK cell and CD4+ CTL
dysfunction during disease progression (57).

During our time course studies, our observation that timely
initiation of therapy reconstitutes peripheral CD29hi CD4+ T cells
and restores IFN-g, TNF-a, and CD95 polyfunctionality, in turn,
supports findings from other groups who have reported that early
ART preserves T cell function (58, 59). Following gag and PMA/
ionomycin stimulation, CD29hi CD4+ T cells display cytotoxic
properties through elevated secretion of proinflammatory
cytokines such as IFN-g, TNF-a, and IL-21 or cytolytic
molecules such as granzyme and CD107a (60). In turn,
increased expression of T bet dually favors IFN-g and TNF-a
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FIGURE 4 | CD29 hi CD4+ T cells express elevated inflammatory cytokines and cytotoxic molecules following stimulation with gag peptides in cART treated rhesus
macaques exposed to saline or morphine during chronic infection. Comparative expression of inflammatory cytokines and cytotoxic molecules between CD29 hi vs
CD29 lo CD4+ T cells was performed as depicted by percent IFN-g (A), percent CD107a (B), percent IL21 (C), percent TNF-a (D), percent IL-4 (E), percent IFN-g+
TNF-a + and CD107a- (F), percent IFN-g- TNF-a + and CD107a+ (G), Granzyme B hi (H), MFI of Granzyme B+ hi (I), Granzyme B+ hi T bet+ (J) gag specific CD4+
T cells. Immune modulation by morphine on CD29 hi CD4+ CTLS was analyzed for the expression of various cytokines such as percent IFN-g (K) percent IL21 (L)
percent CD107a (M), percent TNF-a (N), percent Granzyme B+ hi T bet+ cells (O). Scheme for correlation analysis between gag specific IL-21 or Granzyme B hi T
bet+ CD29 hi CD4+ T cells and QVOA measures of replication competent reservoirs in total CD4+ T cells (P). Correlation between gag-specific IL-21+ CD29hi CD4+
T cell frequencies and QVOA (Q). Correlation between gag specific Granzyme B+ hi T bet+ CD29hi CD4+ T cell frequencies and QVOA (R). Paired comparisons
between CD29 lo and CD29 hi CD4+ T cells were performed using the non-parametric Wilcoxon test. Comparisons between morphine and saline were also
performed in CD29+ CD4+ T cells using the Mann Whitney U test. For all comparisons, * shows p < 0.05, ** indicates p < 0.01 while *** denotes p < 0.001. ns
signifies non significant. Red dots denote morphine treated while blue dots represent rhesus macaques exposed to saline.
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secretion while supporting cytotoxicity by binding to downstream
promoters of granzyme B and perforin genes (61).

Similarly, augmented expression of CX3CR1 also tends to favor
CD4+ CTL transmigration into inflamed tissue, as exemplified in
Dengue, where virus-specific CX3CR1 CD4+CTLs mediate
protective cytotoxicity (62). Similarly, Chen et al. showed that a
cytomegalovirus-driven CD57hi CD4+ CTL phenotype uses
CX3CR1 to facilitate vascular trafficking by attaching to the
fractalkine receptor on the endothelium during HIV infection (63).

Since CD29hi CD4+ T cells exhibit greater polyfunctionality
as demonstrated by a distinct functional profile typified by
elevated secretion of multiple inflammatory cytokines and
cytotoxic molecules, they could serve as robust antiviral
mediators that directly target virus-infected cells (59). In
agreement with this, we noted that increased ex-vivo secretion
of IL-21 in response to gag was negatively associated with the size
of the replication-competent viral reservoir within the periphery.
In a separate study, IL-21 secretion by CD4+ T cells was noted to
support CD8+ cytotoxic T cell responses in chronic progressors,
even during the late-stage infection, leading to diminished virus
replication (64). Furthermore, therapeutic administration of IL-
21 has been documented to reduce the size of viral reservoirs in
rhesus macaques (64, 65).

The association between granzyme B hi T Bet+ CD29hi CD4+
T cells and diminished replication-competent viral reservoirs
mirrors earlier findings by a separate study group found that
HIV specific granzyme B and not IFN-g CD8 CTLs were linked
to reduced HIV reservoirs during acute HIV infection (42). In
addition, increased inflammation, as noted by elevated levels of
pro inflammatory cytokines such as IL-18 (data not shown), has
been linked to development of AIDS (43, 66). The observation
that elevated CD29hi CD4+ CTLs were negatively associated
with proinflammatory plasma IL-18 during untreated SIV
infection, data not shown, corroborates the importance of
these cells in fostering better disease outcomes.

The observation that morphine downmodulated the secretion
of virus-specific proinflammatory cytokines and the release of
granzyme B by CD4+ CD29hi CTLs coincides with several
reports that suggest that this drug inhibits CD4+ T cell release
of Th1 cytokines (IFN g, TNF-a) while causing a shift towards
Th2 phenotypes (67, 68). However, future studies are needed to
evaluate the mechanisms by which morphine causes immune
modulation of this cell subset. Further, larger sample sizes and
studies using sorted CD29hi CD4+ CTLs are necessary for
further validation of the contribution of this cell phenotype
towards targeting persistence.

Additional future strategies aimed at improving the CD4+
CTL functionality, such as utilizing chimeric engineering
strategies could reinvigorate CD4+ CTLs fostering improved
disease outcomes (69, 70). Further, the unexpected
transcription profile of lower Eomes expression in CD29hi
CD4+ T cells while harnessing augmented levels of Tbet
warrants further research in understanding how regulation of
transcription factors affects CD4+ CTL functionality and
differentiation. In their CD8+ T cell counterparts, Smith et al.,
revealed that cells expressing Tbet hi and Eomes lo profiles are
more efficient in recognizing major histocompatibility complex
Frontiers in Immunology | www.frontiersin.org 9175
(MHC) peptides (71). Finally, there is a need to track changes in
this cell lineage in body compartments such as lymph nodes,
central nervous system, and the gut that provide safe niches for
low-level virus replication, evolution, and persistence following
effective cART (72).

In conclusion, we demonstrate that CD29 could be reliably
used to identify CD4+ CTLs in rhesus macaques. Furthermore,
CD29hi CD4+ CTLs are beneficial towards limiting SIV
pathogenesis by limiting virus replication and secreting crucial
cytokines associated with reducing the size of the viral reservoir
within the periphery.
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Supplementary Figure 1 | Longitudinal Changes In Diverse Lymphocyte
Subsets During Progressive Untreated Siv Infection. Gating strategy based on a
representative sample used for delineation of lymphocyte subpopulations within
PBMCs obtained from untreated SIV rhesus macaques. Lymphocytes were gated
out based on size and complexity (FSC-a vs. SSC-a). NKG2A vs. CD3+ was used to
exclude CD3+ T cells, NKT cells, and NK cells. CD3+ T cells were later differentiated
based on CD4+ and CD8+ markers and expression of CD29 was used to mark
cytotoxicity in either subset. HLA-DR levelswere then used to identify activation levels in
either CD4+ or CD8+ T cells. MAIT cells were also studied based on CD161 and
Va7.2Ja co-expression. CD16+ CD8+ T cells (innate like CD8+ T cells) were also
evaluated.NK cell subsets based onCD16 andCD56expressionwere also studied for
maturity based on CD27 and activation based on HLA-DR expression.

Supplementary Figure 2 | Relationship between absolute t cell subsets and
percent frequnencies of nk cell subsets during untreated siv disease progression.
Changes in absolute: (A) CD29hi CD4+ T cells (B) CD4+ T cells (C) CD8+ T cells
during baseline (day 0), day 14 and day 245 past SIV infection. Correlation between
absolute CD29hi CD4+ T cells and: (D)%CD16+CD56- NK cells (E)%CD16-CD56+
NK cells (F)%CD16-CD56- NK cells. Additional correlations were also performed that
included the association between absolute CD4+ T cells and: (G)%CD16+CD56- NK
cells (H)%CD16-CD56+ NK cells (I)%CD16-CD56- NK cells. For (A-C), ** indicates
p < 0.001 while *** denotes p < 0.0001 resulting fromWilcoxon matched pairs signed
rank tests between paired groups of the different comparisons. Per visit comparisons
between morphine and saline were also performed using the Mann Whitney U test
(non- significant).

Supplementary Figure 3 | Representative Gating Of Time Course Changes In
Cd29hi Cd4+ T Cells Across The Various Studied Time Points (Baseline, Week 2,
Week 7 And Week 22). Representative gating for rhesus macaque CF42 indicating
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changes in CD95 expression, IFN-g and TNF-a secretion across CD29hi CD4+ T
cells within the studied time points. FMO controls also included for the accurate
placement of gates.

Supplementary Figure 4 | Determination Of Integrin (Cd11a And Cd11b) And
Chemokine Receptor Expression (Cx3cr1) On Cd29hi Vs Cd29lo Cd4 T Cells
During Art Treated Chronic Siv Infection. To achieve this, a time vs FSC-A gate was
used to obtain a steady stream of cells during cell acquisition that is devoid of
interruptions caused by micro bubbles, clogs or air. The FSC-A vs FSC-H gate and
SSC-A vs SSC-H was used to obtain single cells. Dead cells were excluded using
positive zombie aqua live dead staining. Lymphocytes were then segregated based
on FSC-A vs SSC-A gate based on size and complexity and T cells later gated off
using the CD3+marker. CD4+ T cells were then further gated followed by the extent
of their expression of CD29. Comparisons of CD29hi vs CD29lo CD4+ T cells were
then carried out to evaluate the expression of CD11a and CD11B integrins together
with the chemokine receptor CX3CR1. Fluorescent minus one (FMO) controls were
included to set a background for gate placement.

Supplementary Figure 5 | Evaluation Of Cytokine Expression In Cart Treated Siv
Infected Macaues Exposed To Morphine Or Saline. Cells were excluded based on
the FSC-a vs. time to obtain cells in a single stream. Doublets were excluded using
FSC-A vs. FSC-H/SSC-A vs. SSC-H. Live cells were then excluded based on Live
Dead Zombie expression. CD3+ T cells were then identified and CD4+ or CD8+ T
cells further profiled. CD29 expression in CD4+ T cells was then profiled and various
cytokines such as IFN-g, CD107a, IL21, TNF-a and IL-4 in CD29 lo vs CD29 hi
CD4+ T cells unstimulated, gag and PMA/ionomycin conditions.

Supplementary Figure 6 | evaluation of cytokine secretion and cytotoxic
molecule expression in cd29lo cd4+ t cells of cart treated siv infected macaques
exposed to morphine or saline. Levels of (A) ifn-g (B) il-4 (C) tnf-a (D) cd107a (E)mfi

of granzyme b (F) granzyme b hi (G) ifn-g and tnf-a (H) il-21 and ifn-g expression in
cd29lo cd4+ t cells.

Supplementary Figure 7 | evaluation of cytotoxic molecules, transcription
factors in cart treated siv infected macaues exposed to morphine or saline. Cd3+
t cells were identified from live cells. Cd4+ t cells were then gated out followed by
testing for cd29 expression. In unstimulated, gag or pma/ionomycin conditions,
percent expression of: the cytotoxic molecule granzyme together with transcription
factors like t bet or eomes were evaluated in cd29 hi vs cd29 lo subsets.

Supplementary Table 1 | various antibody panels used for the study. Exhaustive
list of monoclonal antibodies with insights into specificity, fluorochrome tagged, ab
clone, vendor/source together with volumes/test used.
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Introduction: Acetylsalicylic acid (ASA) is a well-known and safe anti-inflammatory. At
low-dose, it is prescribed to prevent secondary cardiovascular events in those with pre-
existing conditions and to prevent preeclampsia. Little is known about how low-dose ASA
affects the immune response. In this study, we followed women to assess how ASA use
modifies T cells immune phenotypes in the blood and at the genital tract.

Methods: HIV uninfected women from Kenya were enrolled in this study and followed for
one month to assess baseline responses including systemic/mucosal baseline immune
activation. Participants then received 81mg of ASA daily for 6 weeks to assess changes to
T cell immune activation (systemic and mucosal) relative to baseline levels.

Results: The concentration of ASA measured in the blood was 58% higher than the level
measured at the female genital tract. In the blood, the level of ASA was inversely correlated
with the following: the proportion of Th17 expressing HLA-DR (p=0.04), the proportion of
effector CD4+ T cells expressing CCR5 (p=0.03) and the proportion of CD8+Tc17
expressing CCR5 (p=0.04). At the genital tract, ASA use correlated with a decreased of
activated CD4+T cells [CD4+CCR5+CD161+ (p=0.02) and CD4+CCR5+CD95+ (p=0.001)].

Conclusion: This study shows that ASA use impacts the immune response in both the
systemic and genital tract compartments. This could have major implications for the
prevention of infectious diseases such as HIV, in which the virus targets activated T cells to
establish an infection. This could inform guidelines on ASA use in women.

Clinical Trial Registration: ClinicalTrials.gov, identifier NCT02079077.
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INTRODUCTION

Acetylsalicylic acid (ASA) belongs to the non-steroidal anti-
inflammatory drug (NSAID) category. Since its discovery, it
has been used for the treatment of pain and fever (1).
Currently, daily low dose ASA is prescribed for prevention of
secondary cardiovascular events and stroke in patients with pre-
existing conditions (2). Furthermore, USA guidelines were
recently modified to include the use of low-dose ASA to
reduce the risk of preeclampsia (3).

At low doses, ASA acts as an anticoagulation drug, which
blocks the normal function of the cyclooxygenase (COX)-1 and -2
enzymes (4). By blocking the function of the COX enzymes, ASA
prevents the synthesis of the pro-inflammatory lipids
thromboxane (5) and some prostaglandins (6) while inducing
the synthesis of the anti-inflammatory 15-epi-lipoxin (7).
Furthermore, ASA inhibits the activation of NF-kB thereby
blocking transcription of pro-inflammatory mediators (8)
resulting in decreased infiltration of immune cells into tissues (9).

Immune activation and inflammation are risk factors for HIV
infection. Recently, the CAPRISA 004 study, which compared a
placebo control group to a 1% Tenofovir vaginal gel, showed the
gel had significant protection from HIV infection (adjusted odds
ratio 7.15 p=0.48) (10). However, it was also shown that
regardless of the study arm they were in, participants with
higher baseline of immune activation were more likely to
acquire HIV (adjusted odds ratio 11.27 p=.009) where as an
“innate immune quiescence” phenotype was protective (adjusted
odds ratio 0.06 p=0.001) (10). Importantly, the presence of
genital inflammation completely abrogated the protective effect
of the Tenofovir gel demonstrating that inflammation can negate
the protective effects of anti-viral agents (11). On the other hand,
natural protection to HIV infection has been associated with an
immune phenotype of reduced inflammation which our group
has called “immune quiescence”. This phenotype is characterized
by a lower baseline level in T cell activation and lower expression
of pro-inflammatory chemokines (CXCL9 and CXCL10) (12).
Together these studies show that genital inflammation impacts
susceptibility to HIV infection and reducing inflammation is
associated with protection from infection.

As inflammation is a major driver of disease progression
among those infected with HIV, two clinical trials were
conducted to determine if ASA could decrease inflammation in
HIV-positive individuals. While one study showed ASA
decreased the proportion of activated T cells (13), the second
study showed no reduction in systemic inflammation or
monocyte activation (14) suggesting that the tremendous
immune activation caused by active HIV infection was not
reversible with ASA. The impact of ASA use in the context of
HIV infection remains debatable.

Until now, to our knowledge, no study looked at ASA to
prevent HIV infection. Recently, we reported preliminary
findings demonstrating that low-dose ASA treatment (81mg/
day) decreased the proportion of HIV target cells at the female
genital tract in HIV uninfected women and induced an immune
quiescence phenotype similar to that observed in HIV-exposed
Frontiers in Immunology | www.frontiersin.org 2180
seronegative (HESN) (15). Herein, we are reporting a detailed
follow-up analysis to assess the immunological effects of how
low-dose ASA altered the T cell compartment toward a less
activated immune response which would have implications for a
novel HIV prevention tool.
METHODS

Study Design and Participants
As described previously, the Inducing Immune Quiescence (IIQ)
study was a randomized pilot, open-label study conducted at the
Pumwani maternity and Baba Dogo community clinics located in
Nairobi, Kenya (15). Thirty-eight HIV uninfected non-sex worker
women were randomized into the ASA arm and were given 81mg of
ASA (Bayer Canada, Mississauga, ON) per day for six weeks. The
second arm consisted of 39 women treated with 200 mg of
hydroxychloroquine (HCQ). As the focus of this analysis is on the
mechanism of the ASA effect, the HCQ arm will not be discussed in
this paper (15). Briefly, enrolment criteria were age greater than 18
and less than 55 years, not self-declaring as sex workers, presence of
the uterus and cervix, willing to take the study drugs for 6 weeks, in
general good health, no recent pregnancy, not breastfeeding, not
currently taking anti-inflammatory or immune-suppressors, being
HIV uninfected and having no history of cardiovascular diseases.
Exclusion criteria included being pregnant in the last 12 months, the
presence of a sexual transmissible disease (STI) at enrolment or at
any time during the course of the study, menopause, taking
medication that counteracts with ASA, being allergic to the study
drug, having history of heartburn, stomach pain, stomach ulcers,
anomia, haemophilia, kidney or liver diseases, cardiovascular
diseases, or being currently involved in another clinical trial. Both
the University of Nairobi/Kenyatta National Hospital and the
University of Manitoba research ethic boards approved this study.
The study was registered on ClinicalTrials.gov (NCT02079077).

Enrolment Procedures
Community consultative meetings were held prior to starting the
study and served to introduce and discuss the study with
community members, as well as assess their acceptance of the
drugs, well before enrolment started. Eligible participants were
screened and within two weeks were enrolled and randomized.
All participants discussed the study with the study nurse and
signed a consent form. Enrolled participants were followed for a
3-month period. As the immune system is known to vary during
the menstrual cycle, vaginal sampling among women with a
regular menstrual cycle was scheduled 5-8 days after the end of
their menses. This study was designed without a placebo arm and
each participant’s pre-drug baseline served as her own control.
At visit 1 (pre-drug baseline) and visit 3 (final day of ASA, 6
weeks post initiation of drug) blood and cervical samples were
taken for the assessment of systemic and mucosal immune
activation. ASA was stopped at 6 weeks and an 8-week follow-
up sample was collected to assess liver/kidney function and
thromboxane levels.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lajoie et al. Low-Dose ASA Reduces T-Cell Activation
Sample Collection and Processing
Vaginal and blood samples were collected at each visit. A
vulvovaginal swab was collected to assess for the presence of
candida pseudohyphae and bacterial vaginosis by microscopy as
well as Trichomonas vaginalis, which was diagnosed by In-Pouch
kit (Biomed Diagnostics, USA). Urine samples were collected for
detection of Neisseria gonorrhea and Chlamydia trachomatis
(Roche Amplicor kits, USA). HIV serology using a rapid test
(Determine, Inverness Medical, Japan) was performed at the first
and last visit (there were no HIV seroconversions during or 6
months following the study). A questionnaire was completed at
each visit. At the end of the study, to confirm adherence to the
study protocol, plasma and cervico-vaginal lavage (CVL) were
shipped to Winnipeg, Canada for ASA-level and cytokine and
chemokine measurements (16).

Cervical cytobrushes and CVL were collected and processed
according to the procedure detailed in Juno et al. (17). Blood was
collected with venipuncture using heparin, and peripheral
blood mononuclear cells (PBMC) were isolated by Ficoll
density gradient.

PBMC and CMC Flow Cytometry
Peripheral blood mononuclear cells (PBMC) (106) and cervical
mononuclear cells (CMC) were washed with 2% FBS-1x PBS and
stained with PE.Cy5-CD3, FITC-CD4, V500-CD8, PE-CD95,
APC.H7-HLA-DR, APC-CD161, Alexa700-CD45RA, V450-
CCR5, PE.Cy7-CD69, PE-CF594-CCR7 (BD Biosciences,
USA), or Far Red-Live Dead discriminant (Invitrogen, USA).
Staining was done on fresh cells. Data were acquired on an LSRII
flow cytometer (BD System, USA) and analysed using FlowJo
v10.0.8r1 (TreeStar, USA). Gating strategy was to gate first on
singlet, followed by lymphocytes gating and then gate on live
dead and CD3+. Viable CD3+ cells were separated according to
the CD4+ and CD8+ staining. For CMC, if fewer than 100 live
cells were captured, the samples were excluded from the analyses.
PBMCs not stained with the above panel were frozen and
shipped to Winnipeg, Canada where two additional T cell
phenotyping panels were used. For both assays, cells were
thawed and rested overnight, 106 PBMCs were washed with
2% FBS-1x PBS and for the first panel, targeted at T cell
trafficking, stained with APC-fire-CD3, BV605-CD4, BV650-
CD8, BV421-CD161, Alexa700-CD29, Pe-Dazzle-CXCR3,
PerCP-Cy5.5-Va7.2 (BD Biosciences, USA), PE-CD103, Pe-
Cy7-CD25, BB515-CCR5, APC-CCR6 (Biolegend, USA), and
Aqua Vivid Dead discriminant (ThermoFisher, USA). Cells were
gated first on singlets, followed by lymphocytes and then on live
dead. Live cells were gated on CD3+ and then separated into
CD4+ and CD8+ subsets. Off the CD4+ group Th17 cells were
gated as CD161+CCR6+. From the CD8+ group Tc17 cells were
gated as CD161+Va7.2-. MAIT cells were gated off the CD3
population then CD4- followed by CD161++Va7.2+. All
trafficking markers were then gated off each subset. For the
second panel, for T regulatory (Treg) identification, cells were
and stained following a modified intracellular (nuclear antigen)
protocol from ThermoFisher Scientific (3). Antibodies used were
as follows, PeCy7-CD3, BV605-CD4, BV650-CD8, Alexa488-
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CD25, Alexa700-CD127, Pe-Dazzle-TIGIT, APC-Fire-CD69,
BV711-HLA-DR, PerCp-Cy5.5-CTLA-4 (Biolegend, USA), PE-
FoxP3, eFlour450-Helios (eBiosciences, USA), and Aqua Vivid
Dead discriminant (ThermoFisher, USA). Gating strategy
consisted of gating on singlets followed by lymphocytes and
then live cells. From there CD3+ cells were selected and then
CD4+ cells. Tregs were defined off the CD4+ population as
CD25+FoxP3+ and markers of activation and function were
gated of the Treg population. To account for potential
cytometer variability overtime 8 peak rainbow calibration
particles (BD Biosciences, USA) were ran monthly and
Fluorescent minus one controls were ran weekly using sample
PBMCs. Median Fluorescence Intensity (MFI) of markers
expressed on a per cell bases is described is utilized to describe
“expression” of markers on a given cell.

ASA Detection
ASA levels were compared between Visit 1 (baseline) and Visit 3
(6 weeks of ASA). ASA in plasma and CVL samples were
quantitated using reversed phase high-performance liquid
chromatography (RP-HPLC) following previously described
methods (18) with slight modifications. Briefly, HPLC analysis
was performed using a Symmetry® C18 column (300Å, 3.5 µm
4.6 mm x 75 mm; Waters) with a Symmetry® C18 guard column
(300Å, 5 µm, 3.9 mm x 20 mm; Waters), fitted to a Waters®

Alliance® HPLC system equipped with Waters® 2690
Separations module and Waters® 996 Photodiode Array
detector. The mobile phase is comprised of water, acetonitrile
and orthophosphoric acid at a ratio of 74:18:0.9 (v/v, pH 2.5).
Each injection (100µL) was run for 10 min at 1 mL/min with a
detection wavelength set at 234 nm. The retention time for the
internal standard simvastatin (SIM) and ASA were 0.97 min and
5.09 min, respectively. Plasma samples (200µL) were combined
with an equivalent volume of internal standard solution. The pH
of the entire solution was adjusted to 2.7 by the addition of
orthophosphoric acid and the analyte was extracted using 400 µL
of acetonitrile. The supernatant was then transferred into a
microcentrifuge tube containing 100-120 mg of sodium
chloride, vortexed and centrifuged. The upper organic phase
(100 µL) was injected for HPLC analysis. CVL samples were
extracted similarly except the resulting supernatant was collected
and evaporated under nitrogen gas. Following the addition of
100 µL of 0.01 M hydrochloric acid into the vial for
reconstitution, the entire solution was injected into the HPLC
machine. For ASA, the lower limits of quantitation (LLOQ) for
CVL was 39 ng/mL and for plasma was 78 ng/mL with an
extraction efficiency of 92.16 ± 0.64% for CVL and 86.45 ± 1.31%
(mean ± SD) for plasma. A value of half the LLOQ was assigned
to participants below the LLOQ, 19.5 ng/mL for CVL and 39 ng/
mL for plasma.

TXB2 Level
Thromboxane B2 (TXB2) levels were detected in the plasma
using an enzyme-linked immunosorbent assay or ELISA at a 1:5
dilution as per the protocol provided by manufacturer (Abcam,
Toronto, Canada) and ran on the Spectra Max Plus plate reader
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at 405nm with correction at 590 nm. Data was analysed using
Wilcoxon matched-pairs signed rank on pg/mL raw data and
visualized on a logarithmic scale for clearer visualization of
the data.

Cytokine and Chemokine Detection
Cytokines and chemokines were assessed using Milliplex MAP
multiplex kits microbead assays (Millipore, Burlington, USA)
and run using the Bio-Plex 200 (BioRad, Hercules, USA).
Plasmas were incubated for 2 hours and room temperature
and CVLs were incubated overnight at 4°C as per
manufacturers protocol. Cytokine and chemokines and their
lower limit of detection ran were as follows: 0.8 pg/mL for
IFN-g, 1.1pg/mL for IL-10, 0.6 pg/mL for IL-12(p70), 5.1 pg/
mL for sCD40L, 0.7 pg/mL for IL-17A, 9.4 pg/mL for IL-1a, 0.8
pg/mL for IL-1b, 1 pg/mL for IL-2, 0.4 pg/mL for IL-8, 8.6 pg/mL
for IP-10, 1.9 pg/mL for MCP-1, 2.9 pg/mL for MIP-1a, 3 pg/mL
for MIP-1b, 0.7 pg/mL for TNF-a, 8.3 pg/mL for IL-1RA, 10.3
pg/mL for MIG, 1.6 pg/mL for MIP-3a and 6 pg/mL for IL-2RA.
It should be noted that for samples below the limit of detection
an assigned value of half the manufacturers specified limit of
detection was used. For CVL sample 12 cytokines and
chemokines were detected in enough abundance to be used in
downstream analysis.

Statistical Analysis
This was a pilot study to assess the impact of ASA on T cell
immune activation. An intention to treat analysis was performed.
Chi Squared (X2) was used to assess the significance of the
associations between categorical variable using Prism 6.0f
(GraphPad Software, La Jolla, CA, USA) and Gaussian
distribution was tested by Shapiro-Wilk normality test and
normality plot using SPSS (NY, USA). To compare baseline to
visit 3 two-tailed paired T test (for normally distributed data) or
Wilcoxon matched-pair signed-rank test (for data not following
normality distribution) were performed using Prism 6.0f
(GraphPad Software, La Jolla, CA, USA) or STATA v15.0
(StataCorp LLC, USA). Using SSPS, multivariate regressions
were performed to assess the impact of DMPA usage and age
on the change score (Visit 3-baseline). To understand the
dynamics of the immune system between systemic and musical
compartments we performed correlations between plasma and
CVL ASA levels were run against data from both the PBMCs and
CMCs. Pearson correlation or Spearman’s rank test were used for
correlations between continuous variables (GraphPad Software,
La Jolla, CA, USA). A p-value of <0.05 was considered as
significant correction for multiple comparisons was not
performed. Participants who were discontinued from the study
were excluded from the analysis.
RESULTS

Sociodemographics Information
Table 1 describes the sociodemographic and clinical information
about the participants. The majority of participants in this study
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practised vaginal douching, used depot medoxyprogesterone
acetate (DMPA) as a family planning method and were in a
relationship. Because age and use of DMPA are two factors
known to modify the immune responses (19, 20), they were
considered as confounders and entered in the multivariate
regression model.

TXB2 and Immune Response
To ensure adherence to the study protocol, ASA concentration
was measured at baseline and visit 3 (V3, six weeks after
beginning of 81 mg ASA treatment). As suspected at baseline,
we could not detect ASA in the blood or CVL of any of the
participants (data not shown). At V3, ASA was detected in 94%
of the participant blood and in 80% of the CVL. The
concentration of ASA measured in the blood was 58% higher
than the level measured at the female genital tract (Figure 1).

The use of low-dose ASA correlated with a reduction in the
formation of thromboxane B2 (TXB2). TXB2 is the metabolite of
TXA2 a vasoconstrictor and a platelet coagulant (21) and
therefore a direct measure of the pharmacological effect of
ASA. TXB2 measurements allow determination of an
individual responsiveness to ASA (22). In our study, the level
of TXB2 dropped by 40% after six weeks on ASA, when
compared to baseline level (p=0.004) and increased by 20%
two weeks after the end of the treatment (Figure 2). The
systemic level of TXB2 did not correlate with the concentration
of ASA measured at the systemic and mucosal compartment
(data not shown). At visit 3, the level of TXB2 did not correlate
with cytokine/chemokine expression in the plasma but positively
correlated with the level of IL-1b (p=0.0001) and IP-10
(p<0.0001) in the CVL (Figure 3A). TXB2 level also positively
correlated with the mucosal proportion of CD4+HLA-DR+
TABLE 1 | Sociodemographics information about the participants in this study.

ASA group n = 38

Age (mean (SD)) Range (20-45)
32 (8)

Practicing vaginal douching 21
Hormonal contraception
No HC 12
Progesterone based 21
Oral pill 2
Other or not disclosed 3

BV status at visit 1
Normal 20
Intermediate 14
Positive 4

Regular partner
Yes 30
No 4
Not disclosed 4

TXB2 level (pg/ml) (mean (SD)) Range (32.4 – 27673)
Visit 1 (Baseline) 3279 (4314)
Visit 3 2287 (4740)

ASA level (ng/ml) at visit 3 (mean (SD)) Range (19.5 – 616)
Plasma 111.3 (134.7)
Cervico-vaginal lavage 46.14 (29.79)
November 2021 | Volum
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T cells (p=0.0004). In the blood the proportion of central
memory (p=0 .04) , e ffec tor memory CD4+ T ce l l s
(CD4+CD45RA-CCR7-) expressing CD69+ (p=0.0007)
(Figure 3B) and the proportion of MAIT cells (CD4-CD161+
+Va7.2+) expressing CCR6 (p=0.0344) (Figure 3D) positively
Frontiers in Immunology | www.frontiersin.org 5183
correlated with the level of TXB2. In addition, the density of HIV
entry co-receptor CCR5 on systemic effector memory CD4+T
cells (p=0.007) (Figure 3B) and the proportion of MAIT cells
expressing CXCR3 (p=0.0203) was inversely correlated with the
TXB2 level (Figure 3D). Furthermore, the proportion of CD8+T
cells expressing CXCR3 (p=0.0099) and proportion of effector
memory CD8+ expressing CCR5 was inversely correlated with
TXB2 (p=0.02) (Figure 3C). Finally, the expression of CD161 on
Tc17 (CD8+CD161+) and the proportion of Tc17 cells expressing
CXCR3 (p=0.0058) was inversely correlated with the level of
plasma TXB2 (Figure 3D).

Effect of ASA on Systemic Immune
Activation in the Blood
Using flow cytometry on frozen PBMCs, we assessed how low-
dose ASA modifies T cell activation. The data presented herein are
new and build on those data presented in our previous paper
characterizing CD4+CCR5+ HIV target cells (15). After
multivariate analysis, on bulk CD4 T cells from PBMCs, we
observed a decrease in the proportion of CXCR3+CD4+T cells
and CCR6+CD4+ (p<0.001 and p=0.009, respectively) (Figure 4A).

The proportion of central memory CD4+T cel ls
(CD4+CCR7+CD45RA-) expressing CD69 (p=0.02) was also
lower at V3 and the density of CCR5 expression was decreased
on bulk central memory CD4+T cells (p=0.03). The proportion
of naïve T cells (CD4+CD45RA+CCR7+) expressing the
activation markers CD69 or HLA-DR was lower after six
weeks of ASA regimen (p=0.049 and p=0.002 respectively).
However, expression of these two markers increased on naïve
CD4+T cells at V3 (p=0.01 and p=0.001 respectively), indicating
that while there is less activation of CD4+ naïve T cells in the
blood at V3 compared to the baseline each cell expressed higher
quantity of CD69 or HLA-DR. Furthermore, we measured a
lower proportion of activated effector CD4+ T cells
(CD4+CD45RA+CCR7-) expressing the activation markers
CD69, CD95 or HLA-DR after six weeks on ASA (p=0.02,
p=0.005, p=0.01 respectively) as well as a decrease in the
expression of CCR5 on bulk effector CD4+T cells (p=0.017).
Finally, the proportion of effector memory T cells
(CD4+CD45RA-CCR7-) expressing HLA-DR+ was decreased
after ASA regimen (p=0.01) (Figure 4A). In our multivariate
regression model, none of those associations were affected by the
age or use of hormonal contraception (data not shown).

In addition, we also observed a decreased proportion of Th17
(defined as CD4+ CD161+) (p=0.009) and the proportion of
Th17 expressing HLA-DR (CD4+CD161+HLA-DR+) (p=0.01)
after use of ASA. The per cell intensity of expression of CCR6 on
Th17 cells was also decreased (p=0.008) following 6 weeks on
ASA (Figure 4A). The percent of Th17 cells positive for CD103
increased following 6 weeks ASA and the expression of
inhibitory molecule TIGIT on T regs decreased following 6
weeks ASA in the univariate analysis (data not shown)
although the changes of both populations did not remain
significant in our multivariate model adjusting for age and
method of contraception.

ASA use correlated with alterations in the CD8+ population in
the blood. The proportion of CD8+T cells (p=0.0001) and Tc17
FIGURE 1 | Concentration of ASA in ng/ml measured in the systemic
(plasma) and female genital tract (CVL) compartment measured at visit 3 (six
weeks after starting daily ASA 81mg regimen). CVL cervico-vaginal lavage.
p values < 0.05 were considered significant. The lower limits of quantitation
(LLOQ) for CVL was 39 ng/mL indicated by the dotted line and for plasma
was 78 ng/mL indicated by the dashed line.
FIGURE 2 | Effect of ASA uptake on TXB2 level between baseline (Visit 1),
Visit 3 (after 6 weeks on 81mg ASA drug regimen) and at follow-up (two
weeks after ending ASA regimen) in the systemic compartment (plasma).
Data was analyzed using Wilcoxon matched-pairs signed rank test.
p values < 0.05 were considered significant, NS, non-significant. Median [IQR]
values for visit 1 and visit 3 can be found in Supplementary Table S1.
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(defined as CD8+CD161+) expressing CCR5 (p=0.02) was lower
at V3 compared to the baseline. The proportion of Tc17
expressing HLA-DR+ was increased after six weeks of ASA
treatment (p=0.048). By measuring the expression of CD161 on
CD8+T cells, we were able to assess the proportion and immune
activation state of MAIT cells (defined as CD8+CD161++). MAIT
cell proportion was increased at V3 (p=0.04), however, among
the MAIT population the intensity of expression of CCR5 and
Frontiers in Immunology | www.frontiersin.org 6184
the proportion of MAIT cells expressing CD95 were reduced
(p=0.003 and p=0.001 respectively) (Figure 4B). Neither age nor
use of DMPA affected the outcome observed following
multivariate analysis.

When assessing at the concentration effect of ASA on the
immune response, we observed that the expression of CD161 on
CD4+T cells was positively correlated with the concentration of
ASA measured in the blood(p=0.02). However, a negative
A

B

C

D

FIGURE 3 | Correlation between the level of TXB2 in the plasma and immune activation at the mucosal and systemic compartment at visit 3 (six weeks after
starting daily ASA 81mg regimen). (A) correlations between cytokines and chemokine and TXB2. (B) correlations between CD4+Tcell activation status and TXB2.
(C) correlations between CD8+Tcell activation status and TXB2. (D) correlations between MAIT and Tc17 activation status and TXB2. Data was analyzed using
Pearson correlation or Spearman’s rank test depending on normality of the data. p values<0.05 were considered significant. CVL, cervico-vaginal lavage; CMC,
cervical mononuclear cells; PBMCs, peripheral blood mononuclear cells; CM, central memory cells; EM, effector memory cells; MFI, median fluorescent intensity
indicates marker expression on a per cell bases.
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FIGURE 4 | T cell blood proportion and immune activation status measured by flow cytometry. (A) systemic CD4+T cell activation changes between Visit 1
(baseline) and Visit 3 (after 6 weeks daily uptake of 81mg ASA). (B) systemic CD8+T cell activation changes between Visit 1 and Visit 3. (C) correlation between
systemic T cell activation and blood concentration of ASA (ng/mL) at Visit 3. (D) correlation between systemic T cell activation and CVL concentration of ASA (ng/mL)
at Visit 3. Data for (A, B) was analyzed using Wilcoxon matched-pairs signed rank test, multivariate regression was performed to control for the effect of DMPA and
age on immune activation changes. Median [IQR] values for visit 1 and visit 3 can be found in Supplementary Table S1. Data for (C, D) was analyzed using
Pearson correlation or Spearman’s rank test depending on normality of the data. p values<0.05 were considered significant. CM, central memory cells; MFI, median
fluorescent intensity indicates marker expression on a per cell bases.
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correlation between the concentration of ASA was also
observed with the proportion of effector CCR5+CD4+Tcells
(p=0.03) and with the proportion of long-term activated
HLA-DR+Th17 cells (p=0.04). The proportion of CCR5+Tc17
(p=0.04), and the proportion of CCR6+CD8 T cells (p=0.014)
also exhibited a negative correlation with plasma ASA levels
(Figure 4C). We also observed negative correlations between
the CVL concentration of ASA and the proportion of
CCR5+CD161+CD8+T cells (p=0.014), CD95+CD4+CD45RA+

effector memory T cells (p=0.008), the proportion of central
memory CD4+T cells (p=0.029), and the expression of CD25 on
Th17 cells (p=0.025) (Figure 4D).

Effect of ASA on Mucosal Immune
Activation in the FGT
Fresh cervico-mononuclear cells were also analysed by flow
cytometry. We observed that at the female genital tract
compartment, use of ASA led to a decrease in the proportion
of CD3+T cells (p=0.01). The proportion of CD4+HLA-DR+

increased between baseline and visit 3 (p=0.02). Activated double
positive CD4+CCR5+CD161+ (p=0.02) and CD4+CCR5+CD95+

(p=0.001) decreased with ASA use while the proportion of
the double negative CD4+CCR5-CD161- (p=0.0004) and
CD4+CCR5-CD95- (p=0.0004) increased (Figure 5A). All these
associations remained significant when controlled for age and
DMPA use in the multivariate analysis (data not shown).
CD4+CCR5+ HIV target cells were characterized in a previous
paper (15).

For the CD8+T cell population, we observed a reduced level of
CD8+CCR5+T cells (p=0.02). The expression of CCR5 on CD8+T
cells and Tc17 was also decreased (p=0.001 and p=0.04
respectively). The density of CD69 on Tc17 was, however,
increased from baseline to visit 3 (p=0.05). In the population
of CD8+T cells not expressing CD161, the proportion of those
carrying CCR5 was slightly decreased (p=0.04). Furthermore, the
expression of CCR5 on those cells (CD8+CD161-) was also lower
after ASA use (p=0.0003). The proportion of CD8+CD161-HLA-
DR+ was increased between baseline and visit 3 (p=0.03). Finally,
the proportion of double positive CD8+CCR5+CD95+ and
CD8+CD69+HLA-DR+ was reduced between baseline and the
end of ASA regimen (p=0.001 and p=0.03 respectively)
(Figure 5B). None of those associations were affected by age or
DMPA use.

Finally, the expression of CCR5 on CD8+T cells positively
correlated with the concentration of ASA measured in the blood
(p=0.02) (Figure 5C). The concentration of ASA measured in
the CVL did not correlate with any T cell populations. However,
we did observe a negative correlation between the CVL
concentration of ASA and IL-10 (p=0.018) (Figure 5D).
DISCUSSION

ASA is readily available worldwide. It has been used for decades
for the treatment of pain and in more recent years to prevent
Frontiers in Immunology | www.frontiersin.org 8186
heart diseases as well as pre-eclampsia (2, 21). In this study, we
assessed how ASA use modifies the T cell immune response. We
observed that six weeks of ASA treatment decreased T cell
immune activation in HIV negative women.

Previous studies showed that about 50-70% of the initial dose
of ASA passes into the systemic circulation (23). In our study, we
observed that ASA can also pass the mucosal barrier and be
detected at the female genital tract. To our knowledge, this is the
first study showing that ASA can be measured in vaginal
secretion. We also measured the level of TXB2, which is
inhibited by ASA and a direct measure of ASA activity.
Herein, we observed a significant decrease in the level of TXB2
after six weeks of ASA use. The level of ASA and TXB2 measured
indicates that the participants were highly adherent to the
protocol and responded to the treatment.

In this study, we build upon our observations in HIV target
cells (15) and observed that the proportion of chronically
activated CD4+T cells (CD4+HLA-DR+) was inversely
correlated with the level of ASA measured in the blood. This
was also the case for the relation between ASA level and the
proportion of effector CD4+T cells and Tc17 expressing HIV
coreceptor CCR5. We previously reported that the mucosal level
of ASA negatively correlated with the proportion of HIV target
cells at the genital tract (15) and expand on our previous findings
here demonstrating that the mucosal level of ASA negatively
correlates with the proportion of CD161+CD8+T cells positive
for CCR5 and the expression of activation marker CD25 on Th17
cells in the blood (24). Together, these results indicate that an
increase concentration of ASA correlates with reduced
inflammatory immune markers both in the blood and in the
genital compartment.

It has been previously shown that ASA can impair T cell
tissue recruitment by disrupting the integrin- and L-selectin-
mediated binding of the T cells to the endothelium (25). In this
study, we observed a lower proportion of CD3+ lymphocytes at
the genital tract after ASA regimen compared to the baseline. We
also observed a lower proportion of systemic central memory,
naïve and effector CD4+T cells expressing CD69 as well as lower
proportion of mucosal CD8+CD69+HLA-DR+T cells during
ASA treatment. CD69 is an acute activation marker and a
marker of resident T cells (26). The reduced proportion of T
cells expressing CD69 may indicate that there are more
circulating T cells and a lower proportion of those T cells
remain resident in the genital tract. In addition to lower levels
of CD69, we found that following ASA treatment the proportion
of CD4+T cells expressing trafficking markers CCR6 and CXCR3
decreased as well as a decrease in the expression of CCR6 on
Th17 cells. A decrease in CCR6 suggests ASA reduces the
migration of these cells to mucosal tissues such as the intestine
and colon (27), whereas decreases in CXCR3 indicate a reduction
in lung and lymphoid tissue trafficking (28). We also found the
concentration of ASA or TXB2 in the blood had a predominantly
inverse relationship with these same trafficking markers on
several T cell subsets. Together, our data corroborates with the
study conducted by Gerli et al. (25) and suggest ASA affects
lymphocytes trafficking.
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FIGURE 5 | T cell mucosal proportion and immune activation status measured by flow cytometry on cervical mononuclear cells. (A) mucosal CD4+T cell activation
changes between Visit 1 (baseline) and Visit 3 (after 6 weeks daily uptake of 81mg ASA). (B) mucosal CD8+T cell activation changes between Visit 1 and Visit 3.
(C) correlation between mucosal T cell activation and blood concentration of ASA (ng/mL) at Visit 3. (C) correlation between mucosal T cell activation and CVL
concentration of ASA (ng/mL) at Visit 3. Data for (A, B) was analyzed using Wilcoxon matched-pairs signed rank test, multivariate regression was performed to
control for the effect of DMPA and age on immune activation changes. Median [IQR] values for visit 1 and visit 3 can be found in Supplementary Table S1. Data for
(C, D) was analyzed using Pearson correlation or Spearman’s rank test depending on normality of the data. p values<0.05 were considered significant. MFI, median
fluorescent intensity indicates marker expression on a per cell bases.
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T lymphocytes play a major role in the regulation of the
adaptive immune response against pathogens. In the context of
HIV infection, they are the main target cells for the virus. It has
been shown that HIV can infect activated T cells 1000 times
more efficiently than quiescent T cells (29). While on bulk CD4 T
cells we observed an increase in the proportion of cells positive
for HLA-DR at the female genital tract, on HIV target cells at
the female genital tract the proportion of activated T cells
CD4+CCR5+CD161+ and CD4+CCR5+CD95+ reduced with
ASA. treatment Decreasing baseline immune activation in
high-risk individuals could help increase the efficiency of other
biomedical preventive methods such as microbicides affected by
local inflammation as seen in the CARPRISA004 study.

Limitations of this study include the difficulty of recovering a
sufficient number of CMCs for robust analyses for all markers
tested. Other limitations include the limited sample size of 38
participants, only 6 weeks on therapy, and a single dose of ASA
tested. As this was a discovery and hypothesis generating study,
we did not perform corrections for multiple comparisons. To
confirm these initial findings, follow up studies should be
performed which narrow the focus of cytokine analysis to only
a core set of cytokines thereby minimizing the comparisons to
only those factors that would be hypothesized to be altered.
Strengths of this study include paired systemic and mucosal
sample analysis, in depth phenotypic characterization of multiple
immune phenotypes, and the ability to correlate findings with
tissue and systemic drug levels.

This study offers new insights into the immunological effects
of how ASA affects inflammation. It also suggests a new
approach in preventing HIV infection that could be combined
with other prevention approaches to provide a wider selection of
HIV prevention tools (29). We showed that ASA decreases T cell
immune activation both at the systemic and female genital tract
compartment. This is the first study that looks into how ASA
impacts the immune response at the genital tract immune
environment. In the context of HIV, this study shows that it is
possible to modify to the female genital tract environment
toward a less pro-inflammatory more immune quiescent
milieu thereby potentially reducing HIV risk.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
Frontiers in Immunology | www.frontiersin.org 10188
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the University of Nairobi/Kenyatta National
Hospital and the University of Manitoba research ethic boards
approved this study. The study was registered on ClinicalTrials.gov
(NCT02079077). The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

All authors participated in interpretation of data and critical
review of the manuscript. JL participated in the study design, was
the co-study coordinator, and wrote part of the article. MMK
conducted the in vitro experiments and wrote part of the article.
LM conducted many of the ex vivo experiments. GB-L was the
field study coordinator and performed technical analyses. JO
provided overall supervision of the Nairobi-based study. CY and
EH performed ASA tissue concentrations. MK was the clinical
officer and collected clinical samples. JK managed the clinical
cohort. KF was the principal investigator of the study, obtained
funding for the study and wrote the article.
FUNDING

Funding support was provided by the Canadian Institutes of
Health Research (CIHR) OCH # 126275 (KF, JL), CIHR HB3-
164065 (KF, JL, JO, JK), Grand Challenge Canada S5 386-01 (JL)
and CIHR PJT166153 (EH).
ACKNOWLEDGMENTS

The authors wish to thank Julianna Cheruiyot for assistance with
participant recruitment and specimen collection. They also
thank all the participants of the IIQ study as well as the female
sex workers from the Pumwani cohort in Nairobi, Kenya for
their support.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.778455/
full#supplementary-material
REFERENCES
1. Lanas A, McCarthy D, Voelker M, Brueckner A, Senn S, Baron JA. Short-

Term Acetylsalicylic Acid (Aspirin) Use for Pain, Fever, or Colds -
Gastrointestinal Adverse Effects: A Meta-Analysis of Randomized Clinical
Trials. Drugs R D (2011) 11:277–88. doi: 10.2165/11593880-000000000-00000

2. Raber I, McCarthy CP, VaduganathanM, Bhatt DL,Wood DA, Cleland JGF, et al.
Review The Rise and Fall of Aspirin in the Primary Prevention of Cardiovascular
Disease. Lancet (2019) 393:2155–67. doi: 10.1016/S0140-6736(19)30541-0
3. U.S. Preventive Services Task Force. Low-Dose Aspirin Use for the Prevention
of Morbidity and Mortality From Preeclampsia: Preventive Medication (2017).
Available at: https://www.uspreventiveservicestaskforce.org/Page/Document/
RecommendationStatementFinal/low-dose-aspirin-use-for-the-prevention-
of-morbidity-and-mortality-from-preeclampsia-preventive-medication
(Accessed July 17, 2020).

4. Saxena A, Balaramnavar VM, Hohlfeld T, Saxena AK. Drug/drug Interaction
of Common NSAIDs With Antiplatelet Effect of Aspirin in Human Platelets.
Eur J Pharmacol (2013) 721:215–24. doi: 10.1016/j.ejphar.2013.09.032
November 2021 | Volume 12 | Article 778455

https://www.frontiersin.org/articles/10.3389/fimmu.2021.778455/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.778455/full#supplementary-material
https://doi.org/10.2165/11593880-000000000-00000
https://doi.org/10.1016/S0140-6736(19)30541-0
https://www.uspreventiveservicestaskforce.org/Page/Document/RecommendationStatementFinal/low-dose-aspirin-use-for-the-prevention-of-morbidity-and-mortality-from-preeclampsia-preventive-medication
https://www.uspreventiveservicestaskforce.org/Page/Document/RecommendationStatementFinal/low-dose-aspirin-use-for-the-prevention-of-morbidity-and-mortality-from-preeclampsia-preventive-medication
https://www.uspreventiveservicestaskforce.org/Page/Document/RecommendationStatementFinal/low-dose-aspirin-use-for-the-prevention-of-morbidity-and-mortality-from-preeclampsia-preventive-medication
https://doi.org/10.1016/j.ejphar.2013.09.032
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lajoie et al. Low-Dose ASA Reduces T-Cell Activation
5. Loprete L, Leuratti C, Scarsi C, Radicioni M. Pharmacodynamics and
Pharmacokinetics of a Novel, Low-Dose, Soft-Gel Capsule of Acetylsalicylic
Acid in ComparisonWith an Oral Solution After Single-Dose Administration
to Healthy Volunteers: A Phase I, Two-Way Crossover Study. Clin Drug
Investig (2014) 34:19–25. doi: 10.1007/s40261-013-0145-2

6. Esquivias P, Cebrián C, Morandeira A, Santander S, Ortego J, Garcıá-
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Induce a Dysfunctional Glycolytic
CD4+ T-Cell Profile
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1 Mucosal Entry of HIV and Mucosal Immunity, Institut Cochin, Université de Paris, Paris, France, 2 Institut National de la
Santé et de la Recherche Médicale (INSERM) U1016, Paris, France, 3 Centre National de la Recherche Scientifique (CNRS)
UMR8104, Paris, France, 4 Service d’Hématologie, Hôpital Ambroise Paré (AP-HP), Boulogne-Billancourt, France,
5 Université Versailles Saint Quentin-en-Yvelines (UVSQ), Université Paris Saclay, Versailles, France, 6 Service d’Infectiologie,
Hôpital Raymond Poincaré (AP-HP), Garches, France

Immunological non-responders (InRs) are HIV-infected individuals in whom the
administration of combination antiretroviral therapy (cART), although successful in
suppressing viral replication, cannot properly reconstitute patient circulating CD4+ T-cell
number to immunocompetent levels. The causes for this immunological failure remain
elusive, and no therapeutic strategy is available to restore a proper CD4+ T-cell immune
response in these individuals. We have recently demonstrated that platelets harboring
infectious HIV are a hallmark of InR, and we now report on a causal connection between
HIV-containing platelets and T-cell dysfunctions. We show here that in vivo, platelet–T-cell
conjugates are more frequent among CD4+ T cells in InRs displaying HIV-containing
platelets (<350 CD4+ T cells/ml blood for >1 year) as compared with healthy donors or
immunological responders (IRs; >350 CD4+ T cells/ml). This contact between platelet
containing HIV and T cell in the conjugates is not infectious for CD4+ T cells, as coculture
of platelets from InRs containing HIV with healthy donor CD4+ T cells fails to propagate
infection to CD4+ T cells. In contrast, when macrophages are the target of platelets
containing HIV from InRs, macrophages become infected. Differential transcriptomic
analyses comparing InR and IR CD4+ T cells reveal an upregulation of genes involved in
both aerobic and anaerobic glycolysis in CD4+ T cells from InR vs. IR individuals.
Accordingly, InR platelets containing HIV induce a dysfunctional increase in glycolysis-
mediated energy production in CD4+ T cells as compared with T cells cocultured with IR
platelets devoid of virus. In contrast, macrophage metabolism is not affected by platelet
contact. Altogether, this brief report demonstrates a direct causal link between presence
of HIV in platelets and T-cell dysfunctions typical of InR, contributing to devise a platelet-
targeted therapy for improving immune reconstitution in these individuals.
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INTRODUCTION

Approximately 20% of the overall combination antiretroviral
therapy (cART)-treated patients are immunological non-
responders (InRs) who fail to reconstitute a competent
immune status despite prolonged viral suppression as a result
of proper treatment observance (1). The causes of this
immunological failure remain unclear, and no treatment is
available to improve CD4+ T-cell count restoration and health
of InRs (1), who are at higher risk of AIDS and non-AIDS
morbidity and mortality (2–4).

Using blood obtained from virally suppressed HIV-infected
patients under cART (viral load below detection limit for >1 year
prior to sampling date, here referred to as cART-suppressed
individuals), we have recently shown that platelets from InRs
specifically carry infectious HIV in vivo (5). Hence, platelets from
cART-suppressed individuals carry infectious HIV regardless of
patient viremia and platelet numbers but are significantly
correlated with CD4+ T-cell nadir (<200 cells/ml) and sustained
low blood CD4+ T-cell counts (<350 CD4+ T cells/ml) (5).
Predictive statistical analyses indicated that the chance of
remaining with CD4+ T-cell count <350 CD4+ T cells/ml in the
next 18 months despite cART is >50-fold higher in individuals
with platelets sheltering HIV than in individuals without HIV in
platelets (5). These results indicate that the presence of HIV in
platelets is a characteristic of InRs. However, a direct causal
relationship between the presence of HIV in platelets and
immunological failure remains elusive.

The poor immunological recovery in InR is mainly driven by a
sustained low CD4+ T-cell count that relies on persistent
inflammation and immune activation affecting T-cell population
profiles (6–10). Platelets may have a role in this process. Indeed,
platelet–CD4+ T-cell conjugates have been observed in the
peripheral blood of patients with autoimmune disease,
suggesting that platelets may be involved in regulating
T-cell activation (11). Moreover, platelets form an increased
proportion of conjugates with T cells in peripheral blood from
HIV-infected patients compared to healthy controls (12). Platelets
express adhesive proteins that not only promote platelet
aggregation responsible for primary hemostasis (clotting) but
also mediate interactions with leukocytes such as monocytes/
macrophages or T cells. In particular, platelets can drive
inhibition of proliferation and differentiation of either CD4+ T
cells into regulatory profiles (FoxP3+ Treg) (13) or Th17 in chronic
inflammation (14). As platelet–T-cell conjugates form in the blood
of HIV patients (12), we therefore speculate that HIV-containing
platelets would directly act on CD4+ T cells, causing T-cell
dysfunction. Furthermore, polarization of T cells to activated or
resting states requires changes in metabolism that might be
implicated in InR immunological failure (15).

Here, in this brief report, we approached platelet-mediated
T-cell dysfunction in vitro by characterizing comparatively the
T-cell metabolic changes induced by HIV-containing platelets
from InRs vs. immunological responders (IRs). In contrast with
IR platelets, HIV-containing platelets from InR individuals
induced an increased production of energy via glycolysis in CD4+

T cells, not macrophages. This platelet-mediated glycolytic stimulus
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is not related to a platelet-mediated T cell infection, as HIV-
containing platelets do not infect T cells upon in vitro interaction
in contrast to macrophages. This is to our knowledge the first
evidence of a direct causative action of HIV-containing platelets on
T-cell dysfunctions.
MATERIALS AND METHODS

Ethics Statement
This non-interventional study was approved by the institutional
review board of the “Comité de Protection des Personnes” (CPP)
of Ile-de-France (VIH-PLAQUETTES, ID-RCB: 2020-A00307-
32) and conforms to the principles outlined in the Declaration of
Helsinki. Accordingly, all participants were informed in writing
about the study and allowed not to participate.

Patient Sample Preparation
Platelet-rich plasma (PRP) and peripheral blood mononuclear
cell (PBMC) samples were obtained during routine blood testing
of 32 HIV-infected individuals on cART from the French
Hospital Database on HIV receiving care at the Ambroise Paré
(Boulogne-Billancourt, France) and Raymond Poincaré
(Garches, France) Hospitals. The enrollment criterions for the
French Hospital Database on HIV were confirmed HIV-1 and
cART initiated for at least 1 year before the time of blood
sampling. Human PBMC and PRP samples from healthy HIV-
seronegative donors used as a negative control for all
experiments were obtained from the French blood collection
center [Etablissement Francais du Sang (EFS) Paris, France].
PRP and PBMCs were prepared as previously described (5).

InR subjects were defined as having sustained CD4+ T-cell
counts below 350 cells/ml for more than 6 months during viral
suppression, i.e., plasma viral load copies below limit of detection
(LOD) as detected by the Abbott RealTime HIV-1 assay on an
automated m2000 system. IR subjects were defined as having
sustained CD4+ T-cell counts above 350 cells/ml during
virological suppression during this time. Clinical information
on InR and IR subjects is presented in Table 1.

Flow Cytometry
Peripheral Blood Mononuclear Cell
Multiparametric flow cytometry was performed using frozen
PBMCs collected from InR, IR, and healthy donors. PBMCs
were thawed, washed two times in phosphate buffered saline
(PBS) with 2% fetal bovine serum (FBS), and resuspended in PBS
supplemented with 2% FBS containing antibodies for surface
marker staining at 1:20 v/v concentration each (CD4-PerCP and
CD3-APC from BD Biosciences; CD41/61-PE A2A9/6 clone
from BioLegend) for 15 min at room temperature. Next, cells
were washed in PBS two times, fixed in 4% paraformaldehyde
(PFA; EuroMedex) for 30 min, and washed three times before
proceeding to flow cytometry data acquisition in a GUAVA
12HT system. The gating strategy for assessing CD4+ T cell–
platelet conjugates was performed by selecting cells and not
debris based on forward (FSC) and side scatter (SSC), limited
inclusion of doublets by FSC-area/FSC-height strategy, gating
February 2022 | Volume 12 | Article 781923
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CD4+ T cells by CD4-PerCP+ and CD3-APC+ double-positive
events, and finally gating CD41/61-PEhigh cells among CD4+

T-cell population (Figure 1A).

Platelet-Rich Plasma
InR and IR platelets were tested for the presence of HIV using the
Fluorescence In Situ Hybridisation (FISH)-flow method we
described earlier (5), which comprises double detection of HIV
RNA and HIV p24 capsid protein in CD41/61-positive platelets
quantified by flow cytometry. Briefly, platelets were fixed in PFA
4% for 30 min at room temperature and immunostained for
CD41/61 and p24 before in situ hybridization with HIV Gag
mRNA probes designed with the Stellaris Probe Designer program
(https://www.biosearchtech.com/support/tools/design-software/
stellaris-probe-designer) as we described (5). In our previous study
(5), InR platelet samples in which HIV could not be detected by
this methodology represent 22% of total InR samples, whereas IR
platelets positive for HIV represent 14% of total IR samples. To be
able to evaluate the role of the presence of HIV in platelets in both
IRs and InRs, we thus selected for this study a set of 15 samples
from InRs from which 12 were positive and 3 were negative for
HIV and 12 samples from IRs from which 3 were positive and 9
were negative for HIV. HIV-containing platelets that we refer to
below correspond to the population of platelets in which around
0.1% (5) of platelets do actually contain the virus and not to
platelets that all individually contain HIV, unless otherwise stated.

Platelet–Leukocyte In Vitro Cocultures
Platelet–CD4+ T-Cell Cocultures
CD4+ T-cells from healthy donors were purified by negative
selection from healthy donor’s PBMCs using the EasySep
Negative Human CD4 Kit (STEMCELL Technologies). A pool
of cells from three independent donors were used for each
experiment. CD4+ T cells from healthy donors were cultivated
in RPMI 1640 (Gibco) supplemented with 10% FBS, L-glutamine
(2 mM, Gibco), and penicillin/streptomycin (100 U/ml, Gibco)
at 106 cells/ml and activated by adding 2.5 mg/ml of
Frontiers in Immunology | www.frontiersin.org 3192
phytohemagglutinin-L (PHA-L from Phaseolus vulgaris, Sigma-
Aldrich) for 48 h. After two washes in RPMI 1640, CD4+ T cells
were resuspended in fresh medium without or with platelets
from InRs, IRs, or healthy donors, respectively, and cultivated
overnight at 37°C prior to processing for downstream
experiments. The platelet:T cell ratio employed was 2:1.

Platelet–Macrophage Coculture
Monocytes from healthy donors were purified by negative
selection from PBMCs from healthy donors using the EasySep
Human Monocyte Enrichment Kit (STEMCELL Technologies).
For each experiment, a pool of cells from three independent
donors was used. Monocytes were differentiated into M2-like
macrophages by cultivation in RPMI 1640 supplemented with
10% FBS in the presence of macrophage colony-stimulating
factor (M-CSF; 25 mg/ml, Sigma-Aldrich) for 6 days, followed
by M2-like macrophage polarization using interleukins IL-4 and
IL-13 (20 ng/ml each) for 2 days as described (5). The
macrophages were incubated with platelets from InRs, IRs, or
healthy donors overnight prior to processing for downstream
experiments. To account for the cell size differences between T
cells and macrophages, the platelet:macrophage ratio employed
was 5:1 (5).

Viral Outgrowth Assay
To measure comparatively infectious viral production from
CD4+ T cells and macrophages, we adapted our previously
described VOA using CD4+ T cells from healthy donors as
reporter cells.

HIV Transfer From Platelet to CD4+ T Cells
Healthy donor’s CD4+ T cells were activated by PHA-L (5 mg/ml)
for 48 h and cultured in RPMI medium supplemented with 10%
FBS and IL-2 at 20 U/ml (complete medium) for an additional 48
h before use in the VOA. To evaluate infectious viral production
after platelet–CD4+ T-cell interaction, HIV-containing platelets
from InRs were added to 105 activated healthy donor’s CD4+
TABLE 1 | Clinical data and HIV detection in platelets from InR and IR individuals included in the study.

Individuals information InR IR Statistical test

Total of HIV-infected individuals on cART n = 20 n = 12 -
Biological sex (male/female number) 15/5 10/2 ns, p = 0.304, chi-square
Age [mean years (IQR)] 51 (41–67) 46 (30–51) ns, p = 0.659, Mann–Whitney
Years since HIV diagnosisis [mean years (IQR)] 14 (7–19) 13 (4–22) ns, p = 0.904, Mann–Whitney
Months with confirmed status (responder or non-responder) [mean months (IQR)] 39 (10–56) 39 (31–82) ns, p = 0.794, Mann–Whitney
Months with undetectable viral load [mean months (IQR)] 38 (16–56) 34 (24–78) ns, p = 0.754, Mann–Whitney

Clinical parameters InR IR Statistical test
Platelet count [mean million platelets per ml (IQR)] 209 (148–292) 218 (206–358) ns, p = 0.704, Mann–Whitney
CD4+ T-cell count [mean cells per ml (IQR)] 221 (165–327) 923 (815–1,292) *p < 0.001, Mann–Whitney
Total lymphocyte count [mean million cells per ml (IQR)] 1.54 (1.3–1.9) 2.5 (2.0–2.8) *p < 0.001, Mann–Whitney
HIV+ platelets (FISH-flow) (positive/negative number)* 12/3 3/9 *p = 0.004, chi-square
HIV+ platelets (FISH-flow) [mean per million platelets in positive group (IQR)]** 1,113 (120–1,220) 150 (135–160) *p = 0.003, Mann–Whitney
February 2022
*number of individuals positive or negative for HIV in platelets as detected by FISH-flow method.
**mean number with IQR of HIV+ platelets per million platelets in individuals detected positive for HIV in platelets.
IQR: interquartile ranges showing 25th and 75th percentiles of data.
HIV, human immunodeficiency virus; InR, Immunological non-responders; IR, Immunological responders; cART, combination antiretroviral therapy; FISH-Flow, fluorescent in situ
hybridation; IQR, Interquartile range.
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B C

FIGURE 1 | Platelets from immunological non-responders (InRs) form more conjugates with CD4+ T cells in vivo but do not transfer infectious virus to CD4+ T cells
in vitro. (A) Platelet–CD4+ T-cell conjugates are more frequent in the circulation of InRs in vivo. Flow cytometry analysis of CD4+ T cells (CD3+CD4+) conjugated with
platelets (CD41/61high) circulating in the blood of combination antiretroviral therapy (cART)-treated patients virally suppressed. Left: Gating strategy to assess platelet–
T-cell conjugates. Right: Percentage of platelet–CD4+ T cell (CD3+CD4+CD41/61high) conjugates among CD4+ T cells (CD3+CD4+) as detected in healthy donor (gray)
and HIV-infected patient samples categorized as immunological responder (IR, orange) and InR (blue). Kruskal–Wallis, statistically relevant differences p < 0.05 (*).
(B, C) Upon direct interaction, HIV-containing (HIV+) platelets propagate infection to macrophages (MF), not to CD4+ T cells. (B) In vitro experimental setup. Left: HIV+

platelets are directly incubated with activated CD4+ T cells from healthy donors for a 14-day viral outgrowth assay. Right: MF from heathy donors interacts overnight
with HIV+ platelets. At day 7, MF culture supernatants are collected and tested for their infectious replicative virus content by addition of the same activated CD4+ T
cells from healthy donors as in left for a 14-day viral outgrowth assay. (C) Viral production quantification: HIV-1 is quantified in coculture supernatants after 14 days
of viral outgrowth in CD4+ T cells that were incubated directly with HIV+ platelets in the presence or absence of polybrene (left) or incubated with supernatants of MF
infected upon interaction with HIV+ platelets in the presence or absence of abciximab (right). LOD, limit of detection for the technique. *Statistically significant.
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T cells cultured in complete medium with or without 20 mg/ml
polybrene to facilitate fusion of viral envelope and host cell
membrane (16). The platelet:T cell ratio employed was 2:1. After
7 days of coculture, medium was replaced and freshly prepared
105 healthy donor’s activated CD4+ T cells were added to the T
cells that interacted with HIV-containing platelets to improve
viral propagation for an additional 7 days. At days 0, 3, 7, and 14
of the VOA assay, culture medium was collected and replaced by
fresh medium. Collected media were analyzed by HIV p24 capsid
protein ELISA (Innotest HIV Antigen mAb, FUJIREBIO) to
measure the cumulative viral production.

HIV Transfer From Platelets to Macrophages
In parallel experiments, to quantify viral outgrowth by
macrophages upon interaction with InR platelets, macrophages
were cocultured with HIV-containing platelets from InRs for 7
days in the presence or absence of the anti-platelet agent
abciximab (ReoPro, Janssen Inc.) as described (5). Next, the
macrophage–platelet coculture medium was collected and
centrifuged, the supernatants were added for a 14-day period
to the same pools of healthy donor’s CD4+ T cells used above for
evaluating HIV transfer from platelets to CD4+ T cells, and viral
outgrowth was quantified as above.

Metabolic Profiling
Real-time cell metabolic analysis was carried out by Seahorse
XFp Analyzer using the ATP Rate Assay Kit (Agilent) and
following manufacturer’s instructions. Platelets from InRs, IRs,
or healthy donors were cultivated at 37°C overnight with healthy
donor’s CD4+ T cells or macrophages (pool of three donors, 5 ×
105 cells/well) in 48-well plates or in Seahorse XFp cell culture
plates, respectively. After thorough wash out of unconjugated
platelets, cell metabolism was further analyzed. The platelet:
leukocyte ratio employed was 2:1 and 5:1 for CD4+ T cells and
macrophages, respectively. For CD4+ T cells that had interacted
with platelets, T cells were centrifuged at 300 g for 10 min,
resuspended in Seahorse XF RPMI medium, and placed into
Seahorse XFp cell culture plates pretreated with Cell-Tak
(Corning, Fisher Scientific Inc.) following manufacturer’s
instructions. For macrophages that interacted with platelets
directly in the Seahorse XFp cell culture plates, complete
medium was replaced by Seahorse XF RPMI medium. The
ATP Rate assay protocol established for the Seahorse XFp
Analyzer by the manufacturer provides dynamic information
on the total ATP energy production by mitochondrial respiration
via oxidative phosphorylation (OXPHOS) and/or by glycolysis in
living cells. Basic oxygen consumption rate (OCR), which
indicates aerobic respiration by OXPHOS, and extracellular
acidification rate (ECAR), which indicates glycolysis, were
measured over 1 h at indicated time points before and after
successive addition of OXPHOS inhibitor oligomycin and the
mitochondrial respiratory inhibitors rotenone/antimycin.
Results were analyzed by the Agilent Seahorse Analytics online
software (seahorseanalytics.agilent.com) to assess the levels of
OCR (pmol/min), ECAR (mpH/min), and ATP production rate
(pmol/min). A metabolic cell energy map was built by correlating
OCR vs. ECAR values, displaying data in a spectrum of metabolic
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profiles comprising aerobic (predominant ATP production via
mitochondrial respiration), glycolytic (predominant ATP
production via glycolysis), quiescent (low ATP production rate
by both pathways), or energetic (high ATP production rate by
both pathways). Results were displayed as mean with standard
errors of values obtained from biological replicates of platelet
samples (InR n = 6; IR n = 5; and healthy donors n = 6).

Microarray Data Analysis
The public microarray dataset GSE106792 fromGene Expression
Omnibus (GEO) comparing the gene expression of CD4+ T cells
from InRs, IRs, and healthy donors (17) was reassessed using the
GEO2R tool provided by the GEO website. Datasets were
grouped in InRs, IRs, and healthy donors according to the
Immune Non-Responders, Immune Responders, and Healthy
Donors donor class metadata, respectively, but disregarding the
source name metadata related to CD71 expression. Dimensional
reduction was performed by Uniform Manifold Approximation
and Projection (UMAP) of all individual datasets (from InRs,
IRs, and healthy donors) as provided by GEO2R software.
Confidence ellipses were plotted on UMAP in R software using
UMAP coordinates. Volcano plots were generated in SPSS
software (IBM) using the data output of the volcano plots
comparing InR vs. IR gene expression generated by GEO2R
software. The genes most significantly upregulated in InRs vs.
IRs in the differentially expressed gene (DEG) analysis were
selected based on Log2 fold change >0.5 and the -Log10 p value
>3. The lists of DEG in InRs vs. IRs were used for biological
pathway enrichment analysis and visualization of the biological
processes enriched in InRs vs. IRs as described (18).

These lists were also submitted to g:Pprofiler (https://biit.cs.ut.
ee/gprofiler/gost) (19). The statistical tests were performed by the
g:GOSt functional profiling tool, and p values were calculated as
described in https://biit.cs.ut.ee/gprofiler/page/docs, “section
significance threshold”. Briefly, the tool uses an in-house
algorithm called g:SCS that performs multiple testing corrections
outperforming the commonly used Bonferroni correction (BC) or
Benjamini–Hochberg False Discovery Rate (FDR).

The graphical representation of the pathway enrichment
analysis was performed by applying g:Profiler output into a
Cytoscape Enrichment Map as described (18). Nodes represent
gene sets that participate in a given function, and their size
represents the number of genes composing this functional
cluster. Lines connecting nodes indicate an overlap between
gene sets composing both connected nodes. The line width
represents the number of genes common to both nodes.

Next, the list of DEGs in InRs vs. IRs was submitted to
HumanCyc metabolic map software (20) to visualize the
contribution of DEGs on different metabolic pathways in InRs
vs. IRs.

Statistical Analysis
All statistical analyses were performed using SPSS software
(IBM) and parametric and non-parametric tests for normal
and non-normal data distributions, respectively. Statistical
significance is indicated by asterisks in figures and was
established by p values <0.05.
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RESULTS

In Vivo Platelets from Immunological Non-
Responders (InRs) Form more Conjugates
With CD4+ T Cells as Compared With
Immunological Responder (IR) Ones
To address the immunomodulatory role of platelets on CD4+ T
cells in immunological failure, we first investigated the presence
of platelet–CD4+ T-cell conjugates in PBMCs from InRs, IRs,
and healthy donors by flow cytometry. The median frequency of
platelet–CD4+ T-cell conjugates among CD4+ T cells was 11% in
InRs as compared with 6% in IRs and 3.5% in healthy controls
(Figure 1A), indicating that platelets from InRs form more
conjugates with CD4+ T cells than platelets from IRs in vivo
that could result in deleterious effects to T cell functions.

Platelets from InRs do not Transfer
Infectious Virus to CD4+ T Cells
The InR subjects tested for platelet–CD4+ T-cell conjugates harbor
HIV in platelets as quantified by FISH-flow cytometry (see
Materials and Methods), in contrast to IR subjects whose platelets
were negative for viral components. A consequence of the intimate
contact between HIV-containing platelets from InR and T cells
when conjugates formed could be the transfer of HIV productive
infection from platelet to T cells and in turn in their production of
infectious viruses. To measure these infectious viruses, we
established a viral outgrowth assay (VOA) in which HIV-
containing platelets from InRs were allowed to interact directly
with healthy donor CD4+ T cells or macrophages. Resulting
productive infection of CD4+ T cells or macrophages was then
quantified (Figure 1B). No outgrowth was detected in healthy
donor’s CD4+ T cells (serving also as infection reporter cells) after
interaction with HIV-containing platelets from InRs, even in the
presence of polybrene, a facilitator ofmembrane fusion (Figure 1C,
left). In contrast, we observed that the transfer of HIV sheltered in
InR platelets to macrophages is productive, as infection spreads
replication-competent virus to healthy donor’s reporter CD4+ T
cells (Figure 1C, right). Adding the anti-GPIIbIIIa platelet drug
abciximab to the platelet–macrophage coculture blocked this
platelet-mediated HIV transfer to macrophages in vitro, as we
demonstrated previously (5). Thus, unlike macrophages,
infectious HIV enclosed in InR platelets does not target CD4+ T
cells, although HIV-containing platelets might immunomodulate
CD4+ T-cell functions, in turn triggering the immunological failure
observed in non-responders.

CD4+ T Cells from InR are
More Prone to Aerobic Glycolysis
as Compared with IR Ones
Different studies have demonstrated the role of cellular metabolism
in the innate and adaptive host responses to infection (21),
especially in T-cell immunity (22, 23). To get insight on the CD4+

T cell functional changes induced by InR platelets, we reassessed a
transcriptome dataset obtained by Younes et al. (17), reporting on
different transcriptome signaturespresentedby InR, IR, andhealthy
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donor CD4+ T cells. We now used an improved analytical pipeline
comprising also metabolic pathway networks (18, 20). Our revised
grouping of InR, IR, and healthy donor samples relied only on the
provided metadata of clinical status but discarding the CD71
marker used to substratify InR samples as performed in the
original analysis (17). Transcriptomic data of InR, IR, and healthy
donor as we grouped and compared in a dimensional reduction
strategy showed that differences between the three groups remained
conserved (Figure 2A).

We then thus focused our differential analysis on two major
metabolic pathways implicated in T-cell activated vs. resting states:
OXPHOS and glycolysis (24). Among the genes upregulated in InR
CD4+ T cells as compared with IR counterparts in a DEG analysis, a
significant number was implicated in glycolytic pathways
(Figure 2B). Upregulated genes in InRs included Tyrosyl-DNA
phosphodiesterase 1 (TDP1) that decreases phosphoglycolate
formation, and phosphoglycolate is known to have an effect on
two steps in glycolysis (25); Leucine Rich Repeat Neuronal 3
(LRRN3), a clinically relevant biomarker of immune status in
HIV-1 infection whose upregulation correlates with a less senescent
T-cell phenotype (26), that binds to LEDGF/p75 or LEDGF/p52
involved in HIV-1 integration (27) and associates with glycolysis
canonical gene products ENO2, HK2, PFKFB3; Phosphofructokinase
muscle type (PFKM) that is a subunit of phosphofructokinase
enzyme, a central controller of the mammalian glycolytic pathway
(28); Homeodomain-interacting protein kinase-2 (HIPK-2) that is a
member of a family of proteins upregulated in highly proliferative
tumors whose expression correlates with upregulation of genes
involved in aerobic glycolysis (29); Progesterone Receptor
Membrane Component protein-2 (PGRMC2) that is increased in
glycolysis (30); and finally, STK36 that plays an important role in the
Sonic hedgehog (SHH) pathway that regulates the activity of GLI
transcription factors and drives glucose metabolism (31, 32). When
analyzed together for functional enrichment using g:Profiler (19),
genes specifically upregulated in InRs contributed to two main
biological pathways about metabolism, namely, cellular metabolic
processes (GO:0044237) and macromolecule metabolic pathways
(GO:0043170), whereas those increased in IRs concern
macromolecule catabolic processes (GO:0044265) and mRNA
metabolic processes (GO:0016071) (Figure 2C).

Next, to get a better insight into how these biological pathways
interact together, we built a network of biological processes most
significantly enriched in CD4+ T cells from InRs as compared with
those from IRs. Three main networks of biological processes
emerged: “vesicle mediated localization”, “processing peptide
antigen”, and “regulation metabolic process” (Figure 2D). The
“regulation metabolic process” cluster connects biological pathways
enriched inboth InRand IRCD4+Tcells.However and inagreement
with g:Profiler biological pathway analyses, whereas the nodes
connecting biological pathway in IR CD4+ T cells relate mainly to
mRNA processing, those connecting biological pathways in InR
CD4+ T cells are mainly composed of macromolecule metabolic
processes connected with pathways involved in ATP production. To
better define the genes upregulated in InR CD4+ T cells directly
implicated in ATP production, we submitted the list of DEGs in InR
vs. IR T cells to the HumanCyc database (20) to build a metabolic
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FIGURE 2 | Differential transcriptomic analyses of CD4+ T cells from immunological non-responder (InR) and immunological responder (IR) patients focusing on
genes associated with metabolic pathways. (A) InR, IR, and healthy donor transcriptomes have distinct profiles. Uniform Manifold Approximation and Projection
(UMAP) of transcriptomic data from the GSE106792 dataset based on CD4+ T cells InR, IR, and healthy donors grouping individuals according to blood CD4+ T-cell
counts and assessed by the Gene Expression Omnibus (GEO) constructed at a probability of 0.99. (B) Volcano plot from the differentially expressed gene (DEG)
analysis between InR and IR CD4+ T cells. In the y axis, significance is indicated by red dotted line threshold at -Log10 p value >3 for both InR and IR datasets. In the
x axis, significance is indicated by red dotted line thresholds at Log2 fold change >0.5 for InR and <-0.5 for IR DEGs. (C) Differential biological pathway analysis
activated in InR vs. IR CD4+ T cells using g:Profiler. (D) Network of biological pathways enriched in CD4+ T cells from InR (blue nodes and connectors) or from IR
(orange nodes and connectors) (E) HumanCyC metabolic map showing genes upregulated in CD4+ T cells from InR (blue font) and upregulated in CD4+ T cells from
IR (orange font) implicated in glycolysis, pyruvate oxidation, and TCA cycle biochemical reactions.
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map. This map showed which enzymes that are implicated in
biochemical reactions leading to ATP production would be
differentially regulated in IR and InR CD4+ T cells. Although both
sets of cells harbor differentially upregulated genes for enzymes
involved in glycolysis, pyruvate oxidation, and Tricarboxylic Acid
TCA cycle, InR CD4+ T cells show a remarkable upregulation of
genes coding for enzymes involved in specific reactions of the
glycolytic pathway (Figure 2E). Notably, Hexokinase 2 (HK2) is
responsible for breaking glucose in D-glucopyranose-6-phosphate,
ATP-dependent 6-phosphofructokinase muscle type (PFKM) is
responsible for breaking fructose-6P in fructose-1,6-diphosphate,
and, very importantly, Lactate Dehydrogenase B (LDHB) is
responsible for breaking pyruvate (the end product of glycolysis)
into L-lactate. This last reaction is a hallmark of aerobic glycolysis, a
metabolic reaction performed by activated effector T cells (33). The
upregulationof LDHBgene in InR as comparedwith IRCD4+T cells
indicates that InR CD4+ T cells have increased aerobic glycolysis or
Warburg effect, a characteristic of T-cell activation states (34).
Altogether, the analysis of CD4+ T-cell transcriptomic data
indicates that InR CD4+ T cells are more prone to aerobic
glycolysis than their IR counterparts, but the potential role of
increased platelet–T-cell conjugates we observed in InRs in this
process could not be assessed.

HIV-Containing Platelets from InRs
Stimulate Energy Production in CD4+
T Cells via Glycolysis in CD4+ T Cells,
not in Macrophages
Toapproach thisquestionexperimentally,we cocultured InR, IR, or
healthy donor platelets with healthy donor CD4+ T cells and
evaluated the platelet-induced metabolic profile of these T cells.
Accordingly, glycolysis and mitochondrial respiration in CD4+ T
cells after coculture with platelets were evaluated simultaneously
and in live cells bymeasuringECARandOCR, respectively.CD4+T
cells were sequentially treated with oligomycin (ATP synthase and
OXPHOS inhibitor) and antimycin A/rotenone (mitochondrial
complex III and complex I inhibitors) to functionally assess
OXPHOS and mitochondrial respiration capacities. InR platelets
positive for the presence ofHIV in platelets induced inCD4+T cells
a glycolysis baseline increase compared with InR lacking HIV in
platelets, IR (positive or negative of HIV in platelets), or healthy
donor platelets (Figure 3A, upper graph). No difference was
observed in mitochondrial respiration baseline induced by
platelets from the five studied conditions with the exception of
InR platelets positive for the presence ofHIV in platelets, capable of
inducing an increased baseline mitochondrial respiration
(Figure 3A, lower graph). As expected in this system, when the
mitochondrial inhibitors were added sequentially, the
mitochondrial respiration was drastically inhibited in all groups,
and a compensatory increase in glycolysis was observed in CD4+ T
cells that was remarkable and more prominent after interaction
with InRplateletspositive for thepresenceofHIVas comparedwith
all the other conditions (Figure 3A).

By correlating mitochondrial respiration capacities with the
glycolytic compensatory increase, we built a bioenergetics
phenotype map for CD4+ T cells that interacted with InR or
IR platelets, either positive or negative for HIV in platelets, or
Frontiers in Immunology | www.frontiersin.org 8197
healthy donor platelets. In contrast with InR platelets without
HIV, IR platelets positive or negative for HIV or healthy donor
platelets, in which ATP production relies mostly on
mitochondrial respiration (aerobic profile), InR platelets
positive for HIV induce a more energetic phenotype in CD4+

T cells, in which the ATP production is promoted by both
mitochondrial respiration and glycolysis, indicating aerobic
glycolysis (Figure 3B).

We then compared the contribution of mitochondrial
respiration and glycolysis to ATP production in CD4+ T cells
vs. macrophages after interaction with InR platelets positive for
HIV, IR platelets negative for HIV, or healthy donor platelets
using the same dynamic metabolic measurements. Macrophages
inherently produce more ATP than CD4+ T cells upon
interaction with all platelets tested, with macrophage ATP
being produced mostly by mitochondrial respiration. In
contrast, an augmented ATP production resulting mainly from
an increase in ATP generated by glycolysis was observed in CD4+

T cells that interacted with InR compared with IR or healthy
donor platelets (Figure 3C).

We next compared specifically the ATP production via
glycolysis induced in CD4+ T cells after interaction with InR
or IR platelets, positive or negative for HIV, or healthy donor
platelets. In contrast to the other experimental conditions in
which ATP production via glycolysis is similar whatever the type
of platelets they had interacted with, interaction between InR
platelets positive for HIV and CD4+ T cells resulted in higher
ATP production via glycolysis compared with interaction with
IR platelets, independently of the presence of HIV, or healthy
donor platelets (Figure 3D).
DISCUSSION

Although HIV infection is evolving into a chronic condition with
comparable life expectancy to the uninfected population in patients
treatedwithART (35, 36), an increased risk remains inART-treated
individuals of developing serious non-AIDS complications despite
viral suppression (37–41).However, these non-AIDS comorbidities
are associatedwith lowCD4+T-cell levels (42) andare thus frequent
in InRs—unable to restore proper CD4+ T-cell levels—that
represent 20% of HIV-infected individuals (1, 3, 8, 43). There are
currently no available treatments to improve InR immune recovery
(8, 44). Chronic immune activation could be in part responsible of
these non-AIDS comorbidities, but the exact mechanism of this
phenomenon is not totally elucidated (11, 45, 46). It is thus
important to define parameters associated with immunological
failure inCD4+T cells from InRs at the cellular andmolecular level.

We have recently shown that platelets from InRs can shelter
HIV in direct correlation with immune failure (5), but the
mechanism behind this correlation remains unclear.
Accumulating evidence indicates that platelets can modulate
lymphocyte functions (47). Indeed, besides hemostasis, human
platelets also carry important immunological functions (48).
Thus, platelets can participate in the pathology of the disease
during chronic inflammatory conditions such as atherosclerosis,
sepsis, and rheumatoid arthritis (49–51).
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FIGURE 3 | Metabolic profiling of CD4+ T cells after interaction with immunological non-responder (InR), immunological responder (IR), or healthy donor platelets,
sheltering or not HIV in platelets. (A) Oxygen consumption rate (OCR; upper) and extracellular acidification rate (ECAR; lower) obtained throughout 1 h of data
acquisition from live CD4+ T cells that interacted with InR (blue), IR (orange), or healthy donor (gray) platelets. Filled or empty circles with the same color code indicate
the presence (HIVpos) or absence (HIVneg) of HIV in platelets, respectively. During the time course of data acquisition, the oxidative phosphorylation (OXPHOS)
inhibitor and mitochondrial respiratory chain blocker oligomycin and rotenone/antimycin were injected at time points indicated by red and purple lines, respectively.
(B) Energy phenotype map of CD4+ T cells that interacted with InR (blue), IR (orange), or healthy donor (gray) platelets. Filled or empty circles with the same color
code indicate the presence (HIVpos) or absence (HIVneg) of HIV in platelets, respectively. (C) ATP production rate from CD4+ T cells (left) or macrophages (right) that
interacted with InR, IR, or healthy donor platelets. The contribution of either glycolysis or mitochondria respiration to ATP production is discriminated in the bar graph
by orange and red, respectively. Asterisks indicate statistically relevant differences established using a threshold of p < 0.05 calculated with a Kruskal–Wallis test on
glycolysis levels (orange). Mitochondrial ATP production does not differ between groups using the same statistical test and significance threshold. (D) ATP production
rate from CD4+ T cells that interacted with healthy donor platelets, IR platelets without HIV (HIVneg) in platelets, IR platelets with HIV (HIVpos) in platelets, InR HIVneg

platelets, and InR HIVpos platelets. The contribution of either glycolysis or mitochondria respiration to ATP production is discriminated in the bar graph by orange and
red, respectively. Asterisks indicate statistically relevant differences established by threshold of p < 0.05 using ANOVA on glycolysis levels (orange). Mitochondrial
ATP production does not differ between groups using the same statistical test and significance threshold.
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We now report that one of the mechanisms by which platelets
contribute to immunological failure might rely on the capacity of
platelets from InRs compared to IRs to form increased conjugate
numbers with CD4+ T cells in vivo, as also observed in the blood
of HIV patients (12). HIV-containing platelet–T-cell conjugates
do not result in HIV transfer to CD4+ T cells, in contrast to
macrophages in which HIV-containing platelets can propagate
infection in vitro (5).

This result contrasts with another study by Simpson et al. (52)
showing that CD4+ T cells are permissive to HIV carried by
platelets. However, the clinical status of patients studied in this
publication differs from our own study, as samples were obtained
from patients before cART administration that were thus viremic
and from patients treated for 3 months by cART with a majority
of patents remaining viremic. Consequently, platelets used in this
publication had the capacity to bind and uptake circulating HIV
and transfer infection to T cells via viruses attached to their
surface. Furthermore, the mean patient CD4+ T-cell counts was
>460 cells/ml, indicating that the majority of samples studied by
Simpson et al. (52) fall outside the group of individuals that most
frequently have HIV in platelets [CD4+ T-cell count of <350
cells/ml as described (5)].

In our study, by contrast, individuals were all cART-treated
for more than 6 months before sampling, sustainedly aviremic
(blood viral load below level of detection) and the InR group had
sustained low CD4 counts of <350 cells/ml for >6 months, similar
to our previous study (5). Accordingly, and as we have shown
previously, the platelets studied here did not harbor cell-free HIV
attached to their surface and the virus is only found inside
platelet intracellular compartments. Furthermore, as no cell-free
virus was circulating in the patients we have studied here, their
platelets did not capture virus at their surface nor endocytosed it
from the blood, as we already demonstrated (5), hampering for
example a platelet-mediated T-cell infection by viruses carried
on the surface of platelets. Thus, the mechanism of virus transfer
from platelets to CD4+ T cells likely occurs only by synaptic-like
transfer during conjugate formation whereby the virus exits
platelet internal compartments to reach and infect T cells.

We cannot exclude that increasing the platelet:T cell ratio in
our in vitro coculture system would effectively promote platelet-
mediated T-cell infection as observed by Simpson et al. (52)
using platelets from viremic patients. However, our results
demonstrate that HIV-containing platelets interacting with T
cells at a low platelet:T cell ratio are sufficient to cause T-cell
dysfunction even if this ratio does not promote CD4+ T infection.

Accordingly, independent of infection, InR platelets containing
HIV can induce a change in CD4+ T-cell metabolism resulting in
augmented glycolysis. This effect is specific to CD4+ T cells
interacting with InR platelets that contain HIV, as we found that
CD4+T cells that interactedwithplatelets from InR lackingHIV, IR
(containing or not HIV), or from healthy donors lack these
capacities, and macrophages are insensitive to platelet-induced
metabolic changes.

The energetic increase in T-cell metabolism induced by InR
platelets we report could participate in chronic immune CD4+

T-cell activation and in turn CD4+ T-cell exhaustion as in other
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pathologies (11, 45, 46). Furthermore, the higher level of T-cell
immune activationduring chronicHIV infection (12)may enhance
the formation of these conjugates and in turn maintain a state of
chronic inflammation by increasing T-cell trafficking through
inflamed tissues harboring HIV replication (12).

Increased glycolysis is a well-defined mark of T-cell activation
(53).We show that platelets from InRs inwhich virus canbe detected
activate CD4+ T cells by increasing CD4+ T cell glycolysis in aerobic
conditions. We hypothesize that the metabolic state of CD4+ T cells
activated upon conjugate formation with HIV-containing platelets
has twomain implications: 1) these CD4+ T cells become exhausted,
inducing an immunosenescence scenario related to immunological
failure; and 2) these CD4+ T cells might reverse pro-viral latency and
stimulate the production of new viral particles despite the ART. This
reactivationwould in turnmaintain an “activeCD4+T-cell reservoir”
(54) producing low-level, but constant, viral mRNA and potentially
persistent viral particles despite ART. Validation of both scenarios
will require further experiments.

The interaction of platelets with lymphocytes results in
inhibition of T-cell proliferation and drives the differentiation of
naive or memory CD4+ T cells toward regulatory profiles (Treg :
FoxP3+) or inflammatory ones like Th17 thus resulting in
immunological failure (13, 55). It is still to be determined whether
this pathway regulates in situ T-cell function, as suggested for
patients with rheumatoid arthritis, leading to inefficient viral
elimination and perpetuating inflammation (11). Along this line,
the pro-inflammatory environment in InR individuals is linked to
circulating Treg/Th17 unbalance accompanied by their functional
dysregulation (17, 56, 57).

Several mechanisms have been proposed to account for
immunomodulation resulting from platelet interaction with
CD4+ T cells. Platelets can directly interact with lymphocytes
by direct contact, inducing their polarization and/or secretion of
cytokines/chemokines (58). Platelets can also shed microvesicles
(ectosomes) that directly contact these lymphocytes (55) as well
as myeloid and epithelial cells (47, 48, 58). Functionally, these
platelet microvesicles could transfer active mRNA and
microRNA (miRNA) to target cells (58, 59) and could promote
Treg differentiation (55).

The platelet–CD4+ T-cell conjugates we quantified here rely
on the identification of platelets by CD41/CD61. We cannot
exclude the possibility that part of, or all of, CD4+ T cells might
have conjugated with platelet microvesicles. Additional
morphological analyses would be required to solve this issue,
at least qualitatively.

Platelet microvesicles can use multiple mechanisms to exert
these effects such as extracellular signaling through receptors
following transient interaction, transfer of surface molecules by
trogocytosis-like mechanism, and delivery of their content
including RNA and miRNA to the target cell cytoplasm (58,
59), thereby promoting platelet-derived mRNA by target T cells.

In particular, platelets contain a repertoire of mainly pro-
inflammatory miRNAs such as miRNA-155 and miRNA-326,
involved in nuclear factor (NF)-kB-mediated inflammatory
macrophage responses (60) and Th17 cell polarization (61–63).
These miRNAs could be differentially expressed in platelets
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containing HIV, and their eventual transfer to target immune
cells could participate in immune cell dysfunction as observed in
InRs (64, 65). Furthermore, aIIb/b3 mRNA is a platelet-specific
transcript conserved in circulating platelets throughout their life
span (66) and can be exploited to track the process of transfer of
mRNA/miRNA of HIV-containing platelets to leukocytes.
Which of these mechanisms is at work in the metabolic
immunomodulation of CD4+ T cells by InR platelets we report
remains to be determined.

Recent evidence indicates that the cellular metabolism
controls both the activation and the differentiation of CD4+ T
cells (24). Cells use two major pathways for energy generation:
glycolysis and OXPHOS. After activation, metabolically
quiescent naive T cells switch from OXPHOS to glycolysis,
providing energy and biosynthetic precursors for cell
proliferation and effector functions. We have shown here that
HIV-containing platelets increased the rates of glycolysis and the
contribution of glycolysis in intracellular ATP production
without affecting mitochondrial respiration in CD4+ T cells
from healthy donors. We thus suggest that platelets from InRs
could impact CD4+ T-cell metabolism thereby promoting
immunological failure in HIV-infected ART-treated patients.
Such metabolism modulation would affect uninfected
bystander CD4+ T cells but also HIV-infected CD4+ T-cell
reservoirs in which viral replication is strongly impaired in
CD4+ T cells in glucose-deprived or glutamine-deprived
conditions (67–69).

The metabolic environment that favors HIV-1 infection
might also contribute to the persistence of the infected cells.
Different reports have indicated that among infected cells, those
cells that prevent aerobic glycolysis and preserve mitochondrial
integrity and function may have a survival advantage and may
better resist virus-induced cell death in vitro (69–71). Moreover,
enhanced glycolytic activity in CD4+ T cells was associated with
T-cell activation in HIV-infected adults (72). Mitochondrial
respiration is also impaired in CD4+ T cells from individuals
positive for HIV-1 (73) and associated with cell death, CD4+

T-cell depletion (74), and dysfunctional Treg (17).
Altogether, the data presented here advocate for a link between

T cells and platelets in immunological failure. This interface may
play an important role in host defense and in chronic
inflammatory diseases associated with HIV infection. Agents
that might inhibit this interaction, as anticipated with
abciximab, may also block the formation of conjugates and
inhibit oxidative metabolism in InR patients with HIV-
containing platelets and thus provide a treatment for InRs, for
whom no clinical treatment is available yet. Then, future
immunotherapies may need to target the metabolic programs of
T cells to enhance their antiviral potential.

In sum, our data demonstrate noticeable differences in the
metabolic profile of T cells cocultured with HIV-containing
platelets compared to T cells cocultured with HIV-negative
platelets and healthy donor platelets, suggesting a shift in the
bioenergetic profile of T lymphocytes toward glycolysis after
contact with HIV-containing platelets and probably linked to
chronic activation.
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CD4 T lymphocytes belong to diverse cellular subsets whose sensitivity or resistance to
HIV-associated killing remains to be defined. Working with lymphoid cells from human
tonsils, we characterized the HIV-associated depletion of various CD4 T cell subsets using
mass cytometry and single-cell RNA-seq. CD4 T cell subsets preferentially killed by HIV
are phenotypically distinct from those resistant to HIV-associated cell death, in a manner
not fully accounted for by their susceptibility to productive infection. Preferentially-killed
subsets express CXCR5 and CXCR4 while preferentially-infected subsets exhibit an
activated and exhausted effector memory cell phenotype. Single-cell RNA-seq analysis
reveals that the subsets of preferentially-killed cells express genes favoring abortive
infection and pyroptosis. These studies emphasize a complex interplay between HIV
and distinct tissue-based CD4 T cell subsets, and the important contribution of abortive
infection and inflammatory programmed cell death to the overall depletion of CD4 T cells
that accompanies untreated HIV infection.

Keywords: human immunodeficiency virus (HIV), cell death, apoptosis, pyroptosis, lymphoid tissues, mass
cytometry, flow cytometry, single-cell RNA-seq
INTRODUCTION

Massive depletion of CD4 T cells by HIV is a hallmark of untreated HIV infection (1–6). The
pernicious depletion of these cells leads to AIDS, characterized by frequent opportunistic infections,
emergence of various cancers, and death (6). Despite decades of study, the underlying mechanism of
CD4 T cell depletion during HIV infection remains incompletely understood.

Multiple mechanisms have been reported to contribute to HIV-associated CD4 T cell depletion (7).
These include autophagy of productively infected CD4 T cells, viral protein induced apoptosis (e.g.
Env, Tat, Nef), and activation-induced cell death (8–13). These mechanisms were mainly
demonstrated in blood-derived CD4 T cells experimentally infected with HIV. However in vivo,
HIV-associated cell death predominantly occurs in lymphoid tissues (14–16). Our group has
identified abortive infection and pyroptotic programmed cell death as a major driver of the cell
org June 2022 | Volume 13 | Article 8834201204
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death occurring in lymphoid tissue-derived but not blood-derived
CD4 T cells (17, 18). Abortive infection and pyroptotic cell death
affect non-permissive CD4 T cells, also called “bystander” T cells,
which die from HIV intrusion even though they do not sustain a
productive infection. Pyroptosis is a highly inflammatory form of
programmed cell death characterized by gasdermin D-induced
pore formation in the plasma membrane followed by cellular
swelling and rupture (19–21). This pyroptotic death was observed
during ex vivo HIV infection of human lymphoid aggregated
cultures (HLAC) formed with either human tonsil or spleen tissue
(22). The signaling pathway leading to activation of this death
pathway entails HIV entry into non-permissive bystander CD4 T
cells, followed by stalling of the infective process during reverse
transcription. The ensuing accumulation of viral DNAs is detected
by the IFI16 sensor, which triggers inflammasome formation and
cell death by caspase 1-mediated pyroptosis. Abortive infection
followed by pyroptotic cell death is the fate of the majority of
HLAC CD4 T cells. By comparison, only a small portion (~ 5%) of
the CD4 T cells in HLAC are able to support productive infection
by HIV (18, 23–25), However, these productively infected cells
provide the source of virus driving abortive infection of bystander
cells, which depends on cell-to-cell viral transmission (24).
Ultimately the productively infected cells die chiefly by caspase
3-mediated apoptosis (18).

While these prior studies have revealed distinct mechanisms
underlying HIV-associated CD4 T cell death in lymphoid tissues,
certain details of the process remain unclear. In particular, it is
unknown whether specific CD4 T cell subsets are preferentially
depleted over others, and if so,what determines the different fates of
these cells. Although preferential killing of memory versus naïve
CD4Thas been reported (26), these studies involved blood-derived
cells. No studies to date have examined whether HIV kills different
CD4 subsets within lymphoid tissues. Furthermore, T cells subsets
are far more complex than just memory and naïve subsets (27).
Indeed, CD4 T cells are highly heterogeneous (27, 28), and with
recent developments in high-parameter cellular phenotyping
including mass cytometry (CyTOF), a more complete view of the
diversity of CD4 T cell subsets has emerged (29). CyTOF, which
involves the use of antibodies coupled to lanthanide metals instead
of the fluorophores used in flow cytometry (FACS), enables
simultaneous quantitation of ~ 40 different protein parameters
uncompromised by spectral overlap (30). Recently, CyTOF has
been used to interrogate the cellular subsets of CD4 T cells
preferentially susceptible to productive infection by HIV (31–34).

CyTOF-mediated high-parameter phenotyping also enables
the implementation of the Predicted Precursor as determined by
SLIDE (PP-SLIDE), a bioinformatics approach that predicts the
original state of cells prior to the remodeling that HIV infection
induces (34). This viral remodeling, which causes the up- or
down-regulation of various cellular proteins, is a prominent
feature of HIV infection (35, 36). Viral remodeling raises a
problem when trying to subset HIV-susceptible cells, because it
may alter expression levels of the antigen used to define a subset.
However, one can overcome this problem by simultaneous
analysis of many antigens, since the collective information
attained in this manner is sufficient to capture the subset
Frontiers in Immunology | www.frontiersin.org 2205
identity of the original cell targeted by the virus. In this
manner, the analysis of CyTOF datasets using PP-SLIDE
allows prediction of the original phenotypes of preferentially-
infected T cell subsets, and such predictions have been validated
in multiple systems including within HIV-infected tonsil cells
(31–34). To date, however, CyTOF and PP-SLIDE have not been
implemented to understand HIV-associated cell death in subsets
of human CD4 T cells present in lymphoid tissue.

In the current study, we combined the HLAC model of HIV-
associated cell death in lymphoid tissues with high-dimensional
single-cell phenotyping by CyTOF paired with PP-SLIDE
analysis, to better understand the mechanisms underlying
HIV-associated T cell depletion occurring in the CD4 T cell
subsets residing in lymphoid tissue. We find that most cell death
does not occur among productively-infected cells but rather
among multiple subsets of bystander CD4 T cells in the
infected cultures. We further identify specific surface markers
of the subsets preferentially lost as bystanders and interrogate
these subsets using single-cell transcriptomics to assess their
mechanism of cell death.
RESULTS

HIV Differentially Depletes CD4 T Cell
Subsets in the HLAC System
To assess whether HIV differentially depletes different subsets of
tissue CD4 T cells, we measured HIV-associated cell depletion in
several discrete T cell subsets using flow cytometry first (Table S1).
FreshHLACwere prepared as previously described (22), eithermock
infected or infected with an X4-tropic HIV.GFP reporter virus, and
cultured for 6 days before analysis (Figure 1A). As previously
reported, we observed a marked loss of CD4 T cells (defined as
CD3+CD8-) in the infected culture (frequency of 6.89%) as
compared to the uninfected control (frequency of 32.1%)
(Figure 1B). In contrast and as expected, CD8 T cell numbers
(defined as CD3+CD8+) did not decrease in infected cultures.
Normalization of the leftover live CD4 T cell counts in the infected
culture to the CD8 T cell counts (details described in Materials and
Methods) confirmed significant depletion of the CD4 T cells
(Figure 1C). Interestingly, HIV-associated CD4 T cell depletion
was more pronounced in the CD4 T memory (Tm) relative to in
the CD4 T naïve (Tn) cells. Furthermore, within the memory
compartment, T follicular helper (Tfh) cells were preferentially
killed over either effector memory (Tem) or central memory (Tcm)
cells (Figures 1C; S1). These FACS results suggest that while HIV
infection is associatedwithTcell depletionbyHIV inmultipleCD4T
subsets, and that the levels of depletion differ within these subsets.

Implementation of CyTOF and PP-SLIDE
for Deep Phenotyping of the HIV-Depleted
HLAC Cells
To study HIV-associated depletion in greater depth, and to take
advantage of the PP-SLIDE bioinformatics approach that corrects
for virus-induced remodeling of cellular phenotypes, we designed a
new 38-parameter CyTOF panel able to distinguish a wide range of
June 2022 | Volume 13 | Article 883420
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T cell phenotypic subsets (Table S2). Even if some parameters are
altered by infection, the high number of CyTOF parameters allows
efficient backtracking to the original cell population via PP-SLIDE.
As recently described (34), PP-SLIDE uses the 40 CyTOF
parameters to match each cell in the infected culture to its “k-
nearest neighbor” (kNN) cell in the uninfected control population
(Figure2A, andMaterials andMethods).HIV infection isknownto
Frontiers in Immunology | www.frontiersin.org 3206
remodel productively-infected cells (“infected”), but non-
productively-infected (“bystander”) cells could also be remodeled
by the inflammatory environment of infected cells. To examine
killing, we infected HLAC cells with HIV-GFP for 6 days followed
by CyTOF and PP-SLIDE analysis. Using CD4 T cell markers and
HIV reporter (GFP) expression, we selected infected (GFP+) and
bystander (GFP-) CD4 T cells in the infected HLAC population, as
well as the CD4 T cells present in the uninfected control
(Figures 2B; S3). We then visualized the phenotypes of CD4 T
cells using t-distributed stochastic neighbor embedding (tSNE), a
dimension reduction visualization method (37) (Figure 2C).
Remodeling of both infected (pink dots) and bystander (purple
dots)CD4T cells from the infected culturewas suggested by the fact
that many of these cells did not map to regions of the tSNE plot
occupied by CD4 T cells from the uninfected sample (gray dots)
(Figure 2C, left panels). In contrast, after application of PP-SLIDE,
their “nearest neighbors” (“kNN infected” and “kNN bystander”)
localized within the regions occupied by the uninfected CD4 T cells
in the tSNE plot (Figure 2C, right panels, aqua, blue and gray dots).
As the kNN infected and kNN bystander cells harbor the predicted
features of the original infected and bystander CD4 T cells, prior to
remodeling, for the remainder of the study we simply refer to these
cells as “infected” and “bystander” cells.

Tissue Memory CD4 T Cells Are
Preferentially Killed and Infected
Compared to Naïve CD4 T Cells
Although our flow cytometry data suggested that HIV-associated
killing occurred preferentially among memory CD4 T cells (Tm
cells), this might have been an artifact due to the remodeling of
the surviving bystander cells into naïve-like CD4 T cells (Tn
cells). To address this possibility, we classified the HLAC cells
into the main immune subsets (B, CD8 T, Tn, and Tm cells) by
applying the FlowSOM clustering approach (38) to the PP-
SLIDE corrected CyTOF data (Figures 3A; S4). We found that
both Tm and Tn cells were killed by HIV but at different levels.
Compared to the uninfected culture, the infected culture had lost
84% of its Tm cells and 68% of its Tn cells (Figure 3A, red and
aqua). The higher loss of Tm over Tn cells was statistically
significant (n=6 donors, Figure 3B), confirming preferential
depletion of memory over naïve CD4 T cells.

Preferential killing of the Tm subset could result from higher
permissivity to productive infection leading to higher viral-
induced cytotoxicity. To test if Tm cells were also preferentially
infected by HIV, we measured the level of productive infection
(% productively infected) in Tm and Tn cells (Figure 3C). We
found a higher proportion of productively-infected cells among
Tm than Tn cells; in fact, the majority of the Tn cells (> 95%)
were resistant to HIV infection. Our observation that Tn cells are
depleted but poorly infected suggests that many Tn cells die as
bystander cells.

Preferentially-Killed and Preferentially-
Infected Tm Subsets Do Not Fully Overlap
As Tm cells were preferentially killed compared to Tn cells, we
focused the rest of our analysis on Tm cells.We characterized killing
within different Tm subsets and investigated whether the higher
A

B

C

FIGURE 1 | Preferential death of CD4 T cells in tonsil HLAC specimens
infected ex vivo with HIV. (A) Schematic of the HLAC collection and ex
vivo infection. Fresh human tonsil cells were mock-treated or infected with
HIV.GFP by spinoculation. Six days later samples were harvested for
analysis by FACS. (B) Gating to identify CD8 T (CD8+CD3+), CD4 T (CD8-
CD3+) in infected cultures (right) and uninfected control culture (left).
Preceding parent gates are indicated at the lower left corner. Numbers
correspond to percentages of cells in the indicated gate. Data for this one
donor is representative of the 6 donors. (C) Quantification of CD4 T Naive
(Tn), CD4 T memory (Tm), and CD4 T memory subsets including central
memory (Tcm), effector memory (Tem), and T follicular helper (Tfh) cells, as
identified by sequential gating (see Figure S1). For each subset, the
percentage of live cells relative to uninfected control (% live) is shown.
Data were normalized to CD8 T cell counts (details described in Materials
and Methods). The data represent mean +SD of an experiment performed
in triplicate. These data represent 6 donors studied in 3 independent
experiments. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; no label: not significant,
p > 0.05. Significance was measured by paired Student’s T test.
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HIV-associated killing of Tm subsets correlated with their
permissivity to productive infection. First, the Tm cells were
subjected to FlowSOM clustering (Figure 4A). Tm subsets that
were preferentially killed (red) and -infected (aqua) were identified
by their higher level of death or infection, respectively, as compared
to those found in total Tm cells (details described in Materials and
Methods, Figure S5). Interestingly, although there was overlap, cells
preferentially killed resided in distinct areas of the tSNE relative to
those preferentially infected, suggesting they represent different
subsets (Figure 4B, dotted circles). Next, we looked into each of
the preferentially-killed Tm subsets (clusters 1, 2, and 3), and
quantitatively assessed their levels of HIV-associated depletion
and infection (Figures 4C–E). Among these three preferentially-
killed clusters, cluster 1 was preferentially depleted but was highly
resistant to productive infection, suggesting that these cells likely
died as bystander cells (Figures 4D, E). In contrast, clusters 2 and 3
were preferentially depleted and were highly permissive to
productive infection, suggesting death in these two clusters might
be attributed at least in part to apoptosis triggered by a productive
infection. In addition to clusters 2 and 3, cluster 4 was also
preferentially infected (Figures 4E, F, H). However, unlike cluster
2 and 3, cluster 4 was not preferentially killed (Figure 4G). Taken
Frontiers in Immunology | www.frontiersin.org 4207
together, these findings suggest that Tm subsets are differentially
depleted by HIV. Among the preferentially-killed Tm subsets, some
are resistant to productive infection (cluster 1) while others are
highly permissive to productive infection (cluster 2, 3). Moreover,
high permissivity to infection is not always associated with high
killing of Tm cells, as exemplified by cluster 4 (Table S3).

Phenotypic Features Associated With
Preferentially-Killed Subsets
To further characterize the phenotypic features of preferentially-
killed and preferentially-infected Tm subsets, we assessed
expression levels of various antigens within our CyTOF panel
(Figure 5). We found that all preferentially-killed subsets
(clusters 1, 2, and 3) expressed high levels of the two
chemokine receptors CXCR5 and CXCR4 (Figure 5A). While
CXCR5 defines Tfh-like cells, CXCR4 is the co-receptor used by
our reporter virus, suggesting that efficient entry of HIV into cells
may underlie preferential HIV-associated cell death. In contrast,
unique features of the preferentially-infected subsets (clusters 2,
3, and 4) included low expression levels of CCR7 and CD62L,
markers of Tcm cells (Figure 5B). These results suggest that Tm
cells with a Tem phenotype (CCR7-CD62L-) (33) are
A B

C

FIGURE 2 | CyTOF and PP-SLIDE analysis of HIV-associated killing in HLAC system. (A) Schematic of CyTOF and PP-SLIDE experimental strategy. HLAC cells
were mock-treated or infected with HIV.GFP for 6 days and then processed for CyTOF analysis. Only cells that are productively infected express GFP. For every
infected cell (in pink), we employed PP-SLIDE to trace it back to the most phenotypically similar cell in the uninfected culture using a k-nearest neighbor (kNN)
approach. This kNN infected cell harbors the predicted phenotype of the infected cell prior to HIV-induced cell remodeling. Similarly, bystander cells in the HIV-
exposed culture (purple) were also mapped to their predicted state prior to infection using PP-SLIDE. The key is shown in the grey inset. (B) Example of manual
gating strategies to identify the following CD4 T subsets: uninfected (CD3+CD8-, uninfected culture, gray gate), infected (CD3+CD8-HIV+, infected culture, pink
gate) and bystander (CD3+CD8-HIV-, infected culture, purple gate). Preceding parent gates are indicated at the lower left corner. Numbers correspond to
percentages for each gate. (C) tSNE plots showing infected (pink dots) and bystander (purple dots) CD4 T cells overlayed onto uninfected CD4 T cells (gray
dots). Both infected and bystander CD4 T cells were remodeled as suggested by their presence in regions of the tSNE not occupied by uninfected CD4 T cells.
Using PP-SLIDE, infected and bystander CD4 T cells were converted to their predicted original states, kNN infected (aqua dots) and kNN bystander (blue dots)
respectively. Preceding parent gates are indicated at the lower left corner.
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preferentially infected. The preferentially-infected clusters also
expressed high levels of the exhaustion markers PD1 and CTLA4
(Figure 5C). As these antigens are also markers of activated cells
(39, 40), we assessed the activation status of the preferentially-
infected subsets. We observed that the early activation marker
CD69 was high on all the preferentially-infected clusters, while
CD25 and HLADR, which are upregulated at later stages of T cell
activation, were preferentially expressed only in cluster
4 (Figure 5D).

Interestingly, cluster 4 was the only subset that was
preferentially infected but spared from HIV-associated killing.
This suggests that preferentially-infected cells resistant to HIV-
induced killing exhibit the following features: 1) low expression of
Frontiers in Immunology | www.frontiersin.org 5208
the CXCR4 co-receptor, 2) a Tem phenotype (CCR7-CD62L-),
and3) high expression of activationmarkers (PD1,CTLA4,CD69,
CD25, andHLADR) (Figures 5A–D). In contrast, among the four
analyzed Tm clusters, cluster 1 was the only one preferentially
susceptible to HIV-associated killing but not productive HIV
infection, suggesting its propensity to be killed by bystander
mechanisms (Figures 4D, E). The phenotypes associated with
cluster 1were: 1) highCXCR4expression, and2) aTcmphenotype
(CCR7+CD62L+), 3) lowexpression of exhaustionmarkers (PD1-
CTLA4-), and 4) low expression of activation markers (CD69-
CD25-HLADR-) (Figures 5A–D).

Further mining of the phenotyping data revealed that various
combinations of CD127, CD25, PD1, CD57, and CXCR5 could be
A

B C

FIGURE 3 | Assessment of preferential killing and infection of main subsets of HLAC cells (B, CD8T, CD4 T memory, and CD4 T naïve cells). (A) tSNE plots of
total HLAC cells from uninfected culture (left panel), and HIV infected culture (right panel). HLAC cells were classified and colored by main subsets including B
(CD19+) (dark blue), CD8 T (CD3+CD8+) (purple), Tm (CD3+CD4+CD45RO+CD45RA-) (red), Tn (CD3+CD4+CD45RO-CD45RA+) (light blue), and Other/
Undefined (CD19-CD3-, gray). These subsets were defined using FlowSOM and cell surface marker expression (Figure S4). Live cell percentage (% live) in each
subset were calculated as described in the Materials and Methods, and are labeled beside each cell subset. Preceding parent gates are indicated at the lower
left corner. (B, C) Proportions of live (B) and infected (C) cells among B, CD8 T, Tm, and Tn cells from 6 donors, calculated as described in Materials and
Methods. Symbols represents technical repeats from 6 donors. Each donor is represented as a shape with technical repeats represented with different type of
fill (details described in Materials and Methods). ***p ≤ 0.001; ****p ≤ 0.0001; no label: not significant, p > 0.05. Significance was measured by one-way ANOVA
with repeated measurements followed by post-hoc tests (n = total paired-wise comparisons). Paired effect between Tm and Tn is shown by estimation plots in
Figure S8.
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used to uniquely define the four subsets (Figure S7; Table S3). In
particular, we found cluster 1, the only cluster preferentially killed
by bystander mechanisms, could be defined as CD127+CD25-
Tm cells. Cluster 4, which was highly permissive but not
Frontiers in Immunology | www.frontiersin.org 6209
preferentially killed, could be defined as CD25+PD1+CD57-
Tm cells. Clusters 2 and 3 were characterized by CD57+PD1+
Tm cells and CXCR5+PD1+CD25-CD57-CD127- Tm cells,
respectively, and both of these subsets were both preferentially
A B

D E

F G H

C

FIGURE 4 | Characterization of HIV-associated killing and infection in FlowSOM-defined Tm subsets. (A) Visualization of HLAC Tm cell clusters by FlowSOM, an algorithm
based on a self-organizing map. Left panel: Example of Tm gating strategy (CD45RO+CD45RA-) (left). Right panel: Example of a tSNE plot colored by FlowSOM clusters (10
total). Preceding parent gates are indicated at the lower left corner. Numbers correspond to percentages for each gate. (B) Left panel: Preferentially-killed clusters colored in
different shades of red (darker red represents a higher level of killing). Right panel: Preferentially-infected clusters colored in different shades of aqua (darker aqua represents a
higher infection rate). Other clusters were colored in gray. Dotted circles on the tSNE plot shows that the preferentially-killed (left) and preferentially-infected (right) subsets do
not completely overlap phenotypically. (C) Location of three preferentially-killed subsets shown on a tSNE plot: cluster 1 (blue), cluster 2 (purple), and cluster 3 (orange). Other
clusters were colored as gray. (D, E) Proportion of live cells (D) and infection rate (E) of each of the 3 preferentially-killed subsets from 6 donors, plotted as box plots.
Symbols represents technical repeats from 6 donors. Each donor is represented as a shape with technical repeats represented with different type of fill (details described in
Materials and Methods). ***p ≤ 0.001; ****p ≤ 0.0001; no label: not significant, p > 0.05. Significance was measured by one-way ANOVA with repeated measurements
followed by post-hoc tests for multiple comparisons correction. (n = total paired-wise comparisons). (F) Location of the three preferentially-infected subsets of Tm cells on the
tSNE plot: cluster 2 (purple), cluster 3 (orange) and cluster 4 (green). Other Tm clusters are colored as gray. Tm (G, H) Proportion of live cells (G) and infection rate (H) in Tm
and in cluster 4 from 6 donors, plotted as box plots. Symbols represents technical repeats from 6 donors. Each donor is represented as a shape with technical repeats
represented with different type of fill (details described in Materials and Methods). ***p ≤ 0.001; n.s., not significant, p > 0.05. Significance was measured by paired Student’s
T test. Paired effect between Tm and each of the 4 clusters was shown by estimation plots in Figure S9.
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killed and infected. These identified markers enable
characterization of preferentially killed/infected subsets without
a need for 40 parameter clustering.

Expression of Viral Restriction Factors and
Cell Death Pathways Distinguish Tm Cells
That Die as Bystander Cells From Tm
Cells That Survive Productive Infection
To refine our understanding of what distinguishes the different Tm
cell subsets, we analyzed their transcriptional profiles. Taking
advantage of our ability to identify preferentially killed/infected
subsets using only a limited number of surface markers, we then
implemented Antibody-Seq, which isolates cells with DNA oligo-
barcoded antibodies directed as their surface antigens and subjects
them to single-cell RNA-seq (41, 42).We focused this analysis on the
Frontiers in Immunology | www.frontiersin.org 7210
two extreme categories: the preferentially-killed but not infected
subset (cluster 1-like), which could be defined as CD127+CD25-
Tm cells; and the preferentially-infected but not killed subset (cluster
4-like), which could be defined as CD25+PD1+CD57- Tm cells.
Consistent with our CyTOF data (Figure 5A), the cluster 1-like cells
expressed high levels of CXCR4 protein (Figure 6A). In contrast, the
cluster 4-like cells expressed lower levels of CXCR4; this level is
presumably sufficient to support productive infection but not viral-
induced killing, as previously suggested (24). In addition, similar to
our CyTOF result (Figure 5D, right), we found cluster 1-like cells
expressed lower levels of HLADR, while cluster 4-like cells expressed
high levels (Figure 6B, left). In addition, the mRNA levels of OX40,
another activation marker, was expressed in a similar pattern of low
expression in cluster 1-like cells and high expression in cluster 4-like
cells (Figure 6B, right).
A B
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C

FIGURE 5 | Deep phenotyping of the preferentially-killed versus preferentially-infected CD4 Tm subsets. (A–D) Expression levels of selected cell markers in clusters 1-4
(identified in Figure 4) relative to the CD4 Tm population (MSI fold vs Tm). For each marker, the mean expression intensity (MSI) of the cluster is compared to the MSI of
the Tm population, according to the following equation: (MSICluster / MSITm) -1. If this value is > 0, the cluster cells expressed a higher level of the selected cell marker on
average than did the total Tm cells. On the x-axes, clusters 1-4 were grouped into 2 categories including preferentially-killed (red line) and preferentially-infected (black
line). The plots combine data from 6 donors. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; no label: not significant, p > 0.05. Significance was measured by one-
way ANOVA with repeated measurements followed by post-hoc tests for multiple comparisons correction. (n = total paired-wise comparisons). (E) Heatmap of the 5 cell
markers that can be used to distinguish cells belonging to clusters 1-4 from other Tm cells. The marker combinations corresponding to the 4 clusters is listed on the
right. All MSI values used in Figure 5 were arcsinh transformed.
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We next delved into transcriptomic features pertinent to HIV
permissivity and cell death. Cluster 1-like cells preferentially
expressed genes for the HIV restriction factors SERINC5,
SAMHD1, APOBEC3G, MX2, TRIM32, ISG15 (43–48), which
may explain their low permissivity to productive infection
(Figure 6C). In contrast, cluster 4-like cells expressed lower
level of these restriction factor genes, which may explain why
these cells allow the virus to complete its life cycle.

Interestingly, cluster 1-like cells highly expressed the genes for
caspase 1, caspase 4, and gasdermin D, which are involved in
inflammatory pyroptosis. The gene for caspase 3, classically
associated with apoptosis but more recently also shown to be
linked to pyroptotic death (49, 50), was also upregulated in these
cells (Figure 6D). The preferential expression of these cell death-
associated genes in cluster 1-like cells over cluster 4-like cells
suggests that these cells are primed for pyroptotic death
(Table S3).

In summary, these transcriptomics data demonstrate that the
killing of bystander Tm cells is associated with high expression of
intracellular restriction factors and cell death factors. In contrast,
cells expressing low levels of viral restriction factors and cell
death factors were more highly permissive to HIV infection but
relatively spared from virus-induced cell death.
DISCUSSION

HIV induces death of tissue CD4 T cells through two principal
mechanisms:1) productive infection of activated cells followed by
Frontiers in Immunology | www.frontiersin.org 8211
non-inflammatory apoptosis and 2) abortive infection of
nonpermissive cells leading to inflammatory pyroptosis (18).
However, little is known about the use of these death pathways
within different subsets of tissue memory T cells. In this study,
we have used a tissue-based HLAC system combined with
extensive phenotyping by CyTOF and single-cell RNA-seq to
examine which subsets of CD4 T cells die in the presence of HIV.
We find that specific subsets of memory CD4 T cells are highly
susceptible to productive viral infection and direct killing. In
contrast, other subsets of memory CD4 T cells, along with naïve
CD4 T cells, appear refractory to productive infection and die as
bystander cells.

One of our most surprising findings is that susceptibility to
productive infection and to death do not necessarily go hand in
hand. For instance, we identified a Tm subset (cluster 4) that is
highly infected but quite resistant to cell death following
productive HIV infection. It is not clear why these cells survive
so well, although it is intriguing that these cells express high
levels of OX40. OX40 is a member of the TNF receptor
superfamily and is implicated in protecting the long-term
viability of memory T cells, particularly cells underdoing clonal
expansion (51). Kuo and colleagues have described how OX40
signaling in HIV-infected cells leads to upregulation of BIRC5
(survivin) (52), a member of the inhibitor of apoptosis (IAP)
family and may act by binding to and inhibiting caspase 3 and
caspase 7 (53). Furthermore, in mucosal tissues, HIV appears to
both preferentially infect cells expressing high BIRC5, and to
further upregulate its expression, perhaps to promote survival
and dissemination of the infected cells (33). However, BIRC5
A B

DC

FIGURE 6 | Proteins and transcripts distinguishing CD4 Tm cells preferentially killed as bystander cells from CD4 Tm cells able to survive productive infection.
(A–D) Histograms of the expression of (A) HIV entry receptors, (B) activation markers, (C) HIV host restriction factors, and (D) cell death related factors in CD127
+CD25- Tm (cluster 1-like, blue), CD25+PD1+CD57- Tm (cluster 4-like, green), and total Tm cells (grey). Names in italics indicate markers identified as transcripts.
The data represented were collected from 2 donors in 2 independent experiments.
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mRNA levels were not convincingly upregulated in cluster 4 Tm
cells relative to Tm cells (data not shown). It will be of interest to
study BIRC5 expression at the protein level in these cells and to
test the effects of a BIRC5 inhibitor such as YM155 on their
ability to survive HIV-induced abortive infection (54).

Reciprocally, being non-permissive to infection does not protect
cells from dying, as previously shown (23). Our analysis shows that
the main subset of memory CD4 T cells in this category (cluster 1)
display a CD127+CD25- phenotype. The high susceptibility of
CD127+CD25- Tm cells to HIV-associated depletion is consistent
with in vivo observations that CD127+ cells are lost in HIV-
infected individuals (55–57). Our studies suggest that this may be
primarily due to bystander mechanisms, since cluster 1 cells were
rarely infected productively. As CD127 encodes the alpha chain of
the IL7 receptor, and is important for T cell homeostasis and
survival, depletion of the CD127+ subset could further enhance T
cell loss in vivo by reducing T cell restoration capacity.

Interestingly, we recently reported that CD127-expressing
memory CD4 T cells are resistant to productive infection by HIV
(58), consistent with our current study. However, those cells were
not preferentially depleted by HIV, but instead became latently
infected. One important difference between this prior study and the
current one is the tropism of the virus employed: a CCR5-tropic
virus was used in the prior study while a CXCR4-tropic virus was
used in the current investigation.We chose towork with a CXCR4-
tropic virus because this viral type is associatedwith extensive T cell
depletion (59), and is an established system for assessing bystander
killing in lymphoid tissue cells (18, 23). A second difference is how
the virus is delivered to the target cell. The studies involving R5-
tropic virus infection entailed primarily cell-free viral infection
whereas the infection in our study is primarily driven by cell-to-cell
transmission, which is critically important for effective bystander
cell killing (24). Indeed, when cells producing R5-tropic HIV are
mixed with CCR5 expressing cells purified from tonsils, pyroptotic
bystander cell death is detectable (18).

We observe that preferentially killed cells express especially
high levels of CXCR4. These results, coupled with our prior
finding that increased levels of viral entry are required for
bystander death (24), suggest that the quantity of X4-HIV
entering into CD127-expressing CD4 Tm cells shapes the
outcome. While the high expressors preferentially undergo
bystander cell death, presumably because high CXCR4 levels
facilitate transfer of virus from productively infected cells, the
low CXCR4 expressors are potentially more prone to undergo
productive infection.

Besides CXCR4, other cellular factors also seem to affect cell
fate after HIV entry. For example, the CD127+CD25- Tm cells
(similar to cluster 1 cells preferentially undergoing bystander cell
death) exhibit an overall resting-like phenotype defined by low
expression of activation markers. In addition, these cells are
distinguished by increased expression of several HIV restriction
factors, which further reinforces their nonpermissive state,
encouraging abortive infection and caspase-1 dependent
pyroptosis (18, 23). Furthermore, these cells appear primed for
bystander cell death as evidenced by increased expression of the
genes for caspase-1, caspase-4 and gasdermin D. Each of these
proteins are important effectors in the pyroptotic pathway, and
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their synchronized upregulation may promote this rapid
death mechanism.

The features we describe of Tm subsets preferentially prone to
undergo productive infection vs. abortive cell death likely will
not hold true in blood. Unstimulated blood CD4 T cells are
highly resistant to abortive infection and pyroptosis unless first
cultured with lymphoid tissue cells under conditions where cell-
to-cell interactions occur (17). These findings underscore the
importance of studying HIV pathogenesis in cells from lymphoid
tissues rather than from PBMCs, because at least some biological
responses are strikingly different.

Of note, the cluster 1 cells also expressed caspase-3 mRNA.
Caspase 3 is generally regarded as an important inducer of
apoptosis rather than pyroptosis. However, recent studies
suggest cross-talk between the apoptotic and pyroptotic
pathways of programmed cell death. For example, activation of
caspase-3 by chemotherapeutic drugs can stimulate pyroptosis. In
this case, caspase-3 cleaves gasdermin E, liberating an active N-
terminal fragment that promotes membrane pore formation (49).
In another example of caspase cross-talk, activated caspase 1 can
activate caspase 3 and 7, inducing an apoptotic form of cell death
as a safeguard to ensure the death of cells that initiate but do not
complete pyroptotic pathway of programmed cell death (50).

In summary, our studies highlight how the response to HIV
infection can sharply differ within different subsets of CD4
memory T cells. Some cell subsets readily undergo productive
infection and survive, while others die after productive infection.
Other subsets mainly die as bystanders as a consequence of
abortive infection and pyroptotic cell death. Bystander death is
favored when infection involves X4-tropic viruses, under such
conditions is associated with higher levels of expression of
CXCR4. Additionally, susceptible bystander cells appear
primed for death by pyroptosis based on increased mRNA
expression of the inflammatory caspases (caspase 1 and
caspase 4) as well as the pyroptotic executioner, gasdermin D.
The nature of the signals underlying this priming remains
unclear but likely results from the unique environment
provided by lymphoid tissues. Effective interdiction of such
signaling could prevent both bystander cell death and the
inflammation it engenders.
MATERIALS AND METHODS

Cells and Media Supplements
Human tonsils were obtained from the Cooperative Human
Tissue Network (CHTN) during routine tonsillectomies, mainly
for sleep disorders. These tissues were processed as previously
described (18). Briefly, HLAC single-cell suspensions were created
by dissection and then by pressing the Tonsil tissue through a 40-
µmmesh. Live lymphocytes were then isolated from the single cell
suspensions by Ficoll density gradient centrifugation. HLAC cells
were cultured in tonsil culture media that consisted of RPMI 1640
supplemented with 15% fetal bovine serum (FBS) (Corning), 100
mg/mL gentamicin (Gibco), 200 mg/mL ampicillin (Sigma-
Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), 1% non-
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essential amino acids (Mediatech), 1% Glutamax (ThermoFisher),
and 1% Fungizone (Invitrogen).

Antibodies and Reagents
Details about the antibodies used in flow cytometry staining are
listed in supplemental table 1 and for CyTOF in supplemental
table 2. All CyTOF antibodies were purchased from Fluidigm.
HLADR Qdot(112Cd) was purchased pre-conjugated. All other
CyTOF antibodies were purchased unconjugated and then
conjugated with elemental isotopes in house using MAXPAR®

X8 Ab Label Kits from Fluidigm.

Virus Preparation
The pNLENG1-IRES-GFP clone was derived from NL4-3 as
previously described (59). The pro-viral expression vector DNA
encoding the pNLENG1-IRES-GFP reporter virus was
transfected into 293T cells using the Promega Fugene HD
transfection reagent (catalog no. E2311) and cultured at 37°C.
Media was replaced after 16 hours. Culture supernatants were
collected 24 and 48 hours post-transfection. Virions were
concentrated by ultracentrifugation at 20,000 rpm (32198 g)
for 2 hours on a Beckman Coulter Optima XE-90. Gag-p24 levels
of the HIV.GFP viral stocks were quantitated by enzyme-linked
immunosorbent assay (ELISA) using the Lenti-X™ p24 Rapid
Titer Kit from Clontech (catalog no. 632200).

HLAC Killing Assay by Spinoculation
One million HLAC cells were mixed with HIV-1.GFP (NLENG1-
IRES-GFP) or mock control (culture media) in 100 µl total volume
and cultured in V-bottom wells of a 96-well plate. To achieve
different levels of T cell depletion, we applied 3 different HIV
amounts (25, 50, and 100 ng p24 gag of HIV) and treated them as
technical repeats in the current study. Cells were centrifuged at 25°
C at 1200 x g for 2 hours and then cultured at 37°C as a pellet (23).
Both infected and uninfected (mock) HLAC cells were collected
and processed for FACS or CyTOF staining followed by calculation
of % live and % infection as described in the following sections. A
total of 6 donors were included in the current study and technical
repeats from each donor with more than of 10% CD4 T cell
depletion were analyzed.

FACS Analysis and Gating Strategy
Cells collected from HLAC cultures were processed for
fluorescence-activated cell sorting (FACS) staining using a live-
dead cell discriminator dye (Zombie Aqua) and stained with
fluorescently labeled antibodies specific for the cell markers in
supplemental table 1. Data were collected on a BD LSRFortessa™

X-20 Cell Analyzer flow cytometer and analyzed with FlowJo
software from BD bioscience. At least 100,000 events per sample
were collected, and at least 50,000 live cells were included in the
subsequent data analysis. Gating strategies for each cell subset
are shown in Supplementary Figure S1 (Cells, Singlet, Live, CD8
T, CD4 T, Tn, Tm, Tem, Tcm, and Tfh).

CyTOF Staining and Data Processing
CyTOF staining was conducted as previously described (32).
Briefly, cells collected from HLAC cultures were first stained for
Frontiers in Immunology | www.frontiersin.org 10213
cell surface markers using antibodies conjugated with elemental
isotopes listed in supplemental table 2. For live-dead staining,
cells were treated with 139In-loaded-maleimide-DOTA
(Macrocyclics) at 5 µg/ml on ice for 30 minutes, and cisplatin
(Sigma-Aldrich) at 25 µM at room temperature for 60 seconds.
Cells were then immediately fixed with 2% paraformaldehyde
overnight at 4°C. Cells from multiple samples were barcoded
using a Cell-ID™ 20-Plex Pd Barcoding Kit from Fluidigm, and
combined before being permeabilized using the eBioscience™

Foxp3/Transcription Factor Staining Buffer Set. Cells were then
stained for intracellular antigens including GFP, Gag, Foxp3,
cleaved caspase-3, CTLA4, SAMHD1, and IFI16. CyTOF data
were collected from a Fluidigm CyTOF2 Helios Mass Cytometer,
normalized, and de-barcoded by CyTOF® Software from
Fluidigm. Expression data for all parameters in each cell were
next analyzed in the form of Flow Cytometry Standard (FCS)
files in FlowJo™ software from BD bioscience. Data were pre-
gated on Cells, Intact cells, Singlets, and Live cells before further
analysis (Figure S2). A range of 10,000-130,000 cells (Live
singlets post-CD8 normalization) per sample were included in
the CyTOF analyses. tSNE and FlowSOM analysis were
conducted in the Cytobank platform from Cytobank, Inc.

PP-SLIDE Analysis
PP-SLIDE was previously introduced and validated as an
approach to trace HIV-remodeled cells back to their original
pre-infected state (31–34). The detailed description and R script
were made available in our previous publication [Neidleman
et al. eLife 2020 (32)]. In the current study, we implemented PP-
SLIDE to predict the pre-infection cell marker expression of all
cells in the HIV-exposed HLAC culture. As an example of the
single-cell analysis using PP-SLIDE, for Infe-cell #1, we
calculated the Euclidian distances between Infe-cell #1 and
each cell from the uninfected culture. The cell in the
uninfected culture found to have the shortest Euclidian
distance with Infe-cell #1 is identified as the predicted
precursor of Infe-cell #1 (kNNInfe-cell #1). The cell marker
expression of the kNN cells was used for phenotyping the
infected and bystander cells in all our CyTOF data.

Measuring the Level of
HIV-Productive Infection
To evaluate the level of productive infection in specific cell
subsets, we first gated on the subset of interest in FlowJo and
then measured the cell number in this subset in uninfected and
infected samples. The level of HIV-productive infection in a
selected subset, for example, subset S1, is calculated by the
equation below:

% infection (S1): percent of productively infected cells in
subset S1

% infection (S1) = number of S1 cells in infected sample/
number of S1 cells in uninfected sample x 100

Similarly, the level of productive HIV infection in the Tm
population is calculated as: number of productively infected cells
in the infected sample/number of Tm cells in the
uninfected sample.
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Tm subsets with a higher proportion of productively infected
cells (% infection) than total Tm cells are referred to as
“preferentially-infected subsets”.

Measuring the Level of
HIV-Associated Killing
To evaluate the level of HIV-associated killing in specific cell
subsets, we first gated on the subset of interest in FlowJo and then
measured the following cell numbers (for example, subset S1):

cNumUnS1: Cell number of S1 subset from uninfected sample
cNumInfeS1: Cell number of S1 subset from infected sample
cNumUnCD8 : Ce l l number o f CD8 T ce l l s f rom

uninfected sample
cNumInfeCD8: Cell number of CD8 T cells from infected sample
The level of HIV-associated killing is indicated by % killing

and is calculated using the following equation:
% killing (S1): percent of HIV-associated killing of cells in

subsets of interest S1 compared to uninfected sample and
normalized with CD8 T cell number.

% killing (S1) = (cNumInfeS1 ÷ cNumUnS1) X (cNumUnCD8 ÷
cNumInfeCD8) X100

Tm subsets with a higher level of HIV-associated killing than
that of total Tm cells are defined as “preferentially-killed subsets”.

Single-cell RNA sequencing
T cells were isolated from HLAC using Immunomagnetic
negative selection (StemCell Technologies), and dead cells were
removed using a dead cells removal kit (Miltenyi Biotec). The
cells were stained with a panel of TotalSeq-A human antibodies
(BioLegend) according to manufacturer’s protocol. Stained cells
were then loaded onto a Chromium Next GEM chip G and both
ADT (Antibody Derived Tag) and GEX (Gene Expression)
libraries were generated using Chromium Next GEM Single
Cell 3’ Reagent Kits v3.1 (10X genomics) for next generation
sequencing. A range of 11,000-13,000 events per sample were
collected for the subsequent single-cell RNAseq analysis. The
data was preprocessed in Cell Ranger for alignment against the
human genome and further analyzed in SeqGeq ®.
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Transcriptome profiles of
latently- and reactivated HIV-1
infected primary CD4+ T cells:
A pooled data-analysis

Anne Inderbitzin1,2,3†, Tom Loosli 1,2,3†, Lennart Opitz4,
Peter Rusert2 and Karin J. Metzner1,2*

1Department of Infectious Diseases and Hospital Epidemiology, University Hospital Zurich, Zurich,
Switzerland, 2Institute of Medical Virology, University of Zurich, Zurich, Switzerland, 3Life Science
Zurich Graduate School, University of Zurich, Zurich, Switzerland, 4Functional Genomics Center
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The main obstacle to cure HIV-1 is the latent reservoir. Antiretroviral therapy

effectively controls viral replication, however, it does not eradicate the latent

reservoir. Latent CD4+ T cells are extremely rare in HIV-1 infected patients,

making primary CD4+ T cell models of HIV-1 latency key to understanding

latency and thus finding a cure. In recent years several primary CD4+ T cell

models of HIV-1 latency were developed to study the underlying mechanism of

establishing, maintaining and reversing HIV-1 latency. In the search of

biomarkers, primary CD4+ T cell models of HIV-1 latency were used for bulk

and single-cell transcriptomics. A wealth of information was generated from

transcriptome analyses of different primary CD4+ T cell models of HIV-1

latency using latently- and reactivated HIV-1 infected primary CD4+ T cells.

Here, we performed a pooled data-analysis comparing the transcriptome

profiles of latently- and reactivated HIV-1 infected cells of 5 in vitro primary

CD4+ T cell models of HIV-1 latency and 2 ex vivo studies of reactivated HIV-1

infected primary CD4+ T cells fromHIV-1 infected individuals. Identifying genes

that are differentially expressed between latently- and reactivated HIV-1

infected primary CD4+ T cells could be a more successful strategy to better

understand and characterize HIV-1 latency and reactivation. We observed that

natural ligands and coreceptors were predominantly downregulated in latently

HIV-1 infected primary CD4+ T cells, whereas genes associated with apoptosis,

cell cycle and HLA class II were upregulated in reactivated HIV-1 infected

primary CD4+ T cells. In addition, we observed 5 differentially expressed genes

that co-occurred in latently- and reactivated HIV-1 infected primary CD4+ T

cells, one of which, MSRB2, was found to be differentially expressed between

latently- and reactivated HIV-1 infected cells. Investigation of primary CD4+ T

cell models of HIV-1 latency that mimic the in vivo state remains essential for

the study of HIV-1 latency and thus providing the opportunity to compare the
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transcriptome profile of latently- and reactivated HIV-1 infected cells to gain

insights into differentially expressed genes, which might contribute to HIV-

1 latency.
KEYWORDS

latently HIV-1 infected primary CD4+ T cells, reactivated HIV-1 infected primary CD4+

T cells, HIV-1 latency reversal agents, transcriptome profile, primary CD4+ T cell
models of HIV-1 latency, pooled data-analysis, pooled data-analysis differentially
expressed genes (pdaDEGs)
Introduction

The human immunodeficiency virus type 1 (HIV-1) remains

a global health problem, while ART efficiently blocks viral

replication it does not cure HIV-1 infection owing to

persistent proviruses (1). These proviruses are quiescent and

mainly found in resting memory CD4+ T cells, known as the

latent reservoir (2, 3). The latent reservoir is defined as

replication-competent but transcriptionally silent viruses. The

latent reservoir is established within the first weeks of infection

(4, 5) but the exact mechanisms of its establishment is still being

investigated. Potential mechanisms leading HIV-1 into latency

include transcriptional interference, chromatin remodelling,

epigenetic silencing, and transcription factor sequestration (6).

Nevertheless, to date the driving forces for HIV-1 latency are not

fully understood. It is still unknown which factors distinguish

between latently- and reactivated HIV-1 infected CD4+ T cells

on a molecular level. Numerous studies searched for cellular

markers identifying latently HIV-1 infected cells and several

cellular markers were described, however, these cellular markers

could only rarely be confirmed and are controversially

discussed (7).

Therefore, primary CD4+ T cell models of HIV-1 latency

that mimic the in vivo state remain a necessity for the study of

HIV-1 latency. A wealth of information has been generated from

the transcriptome profiles of primary CD4+ T cell models of

HIV-1 latency. To obtain a comprehensive understanding of

drivers that might maintain HIV-1 in latency, we performed a

pooled data-analysis comparing the transcriptome profiles of

latently- and reactivated HIV-1 infected cells from 5 in vitro

primary CD4+ T cell models of HIV-1 latency and 2 ex vivo

studies of reactivated HIV-1 infected primary CD4+ T cells from

HIV-1 infected individuals (detailed description of the models/

studies in Supplementary Figure 1 and Supplementary Material).

By conducting a pooled data-analysis, high-throughput data

from multiple independent primary CD4+ T cell models of

HIV-1 latency are included, resulting in 1. larger sample size,

2. overcoming donor variability bias and 3. allowing for a

comprehensive assessment of transcriptome profiles, thus
02
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providing more insights into HIV-1 pathogenesis and latency.

In our pooled data-analysis, we identified 247 differentially

expressed genes (DEGs) that were present in at least 3 of 4-5

datasets of latently- and reactivated HIV-1-infected primary

CD4+ T cells, respectively. These DEGs were called pooled

data-analysis differentially expressed genes (pdaDEGs). This

may be a successful strategy to better understand and

characterize HIV-1 latency and reactivation. This could

provide insights into the mechanisms leading to HIV-1 latency

and reactivation.
Results

Quantitative assessment of gene
expression from data sets of in vitro
primary CD4+ T cell models of HIV-1
latency and ex vivo studies of reactivated
HIV-1 infected primary CD4+ T cells from
HIV-1 infected individuals

To gain a comprehensive understanding of differentially

expressed genes (DEGs) between latently- and reactivated

HIV-1 infected cells, we analysed DEGs in 5 in vitro primary

CD4+ T cell models of HIV-1 latency and 2 ex vivo studies of

reactivated HIV-1 infected primary CD4+ T cells from HIV-1

infected individuals, in particular latently- (8–11) and

reactivated (10–13) HIV-1 infected cells. Applying our search

parameters resulted in 47 full text publications. We excluded

studies using ChIP assays, non-primary CD4+ T cells data, cell

line studies, and studies which did not contain transcriptome

data and resulted in 4 in vitro primary CD4+ T cell models of

HIV-1 latency (8–11) (Figure 1). By including 2 ex vivo studies

of reactivated HIV-1 infected primary CD4+ T cells from

suppressed HIV-1 infected individuals and our own model

(14), a total of 50 unique transcriptome samples (26 HIV-1

infected cells and 24 uninfected cells) were included in our

pooled data-analysis. We obtained 1’297-21’886 HGNC

annotated genes per dataset (Table 1). We determined the
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mean standardised expression of all genes in all primary CD4+ T

cell models of HIV-1 latency by averaging the fold changes

standardized by the study-specific standard error. To account for

the differences in the datasets, we refrained from identifying the
Frontiers in Immunology 03
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DEGs by |fold change| >2 and false discovery rate (FDR) <0.05,

but employed a custom filtering score method based on: 1. FDR

<0.1 increasing the score by 1, 2. absolute fold change greater

than the study-specific 50% absolute fold change quantile,
FIGURE 1

Summary of study search and selection procedure from the Scopus database.
TABLE 1 Cross-reference of 5 in vitro primary CD4+ T cell models of HIV-1 latency and 2 ex vivo studies of reactivated HIV-1 infected primary
CD4+ T cells from HIV-1 infected individuals, of latently- and reactivated HIV-1 infected cells.

Study Dataset Gene IDs of dataset* Gene IDs after
filtering**

HGNC
annotated genes

pdaDEGs*** Up and
downregulated
pdaDEGs***

Iglesias-Ussel et al. (9) latent 1297 1297 1297 104 of 130 up: 45

down: 59

latent 50312 15781 13907 121 of 130 up: 52

White et al. (11) down: 69

reactivated 50312 16452 14720 112 of 117 up: 71

down: 41

latent 50249 21972 21886 129 of 130 up: 62

Mohammadi et al. (10) down: 67

reactivated 50249 21051 20972 114 of 117 up: 70

down: 44

Bradley et al. (8) latent 21386 17029 16141 128 of 130 up: 51

down: 77

Inderbitzin et al. (14) reactivated 21505 14664 13946 109 of 117 up: 65

down: 44

Cohn et al. (12) reactivated 28079 11903 11869 116 of 117 up: 82

down: 34

Kulpa et al. (13) reactivated 35797 19245 19206 98 of 117 up: 70

down: 28
* Includes: Ensembl Gene IDs, Hugo Gene Nomenclature Committee (HGNC) symbols, transcript names.
** Removal of non-informative reads and low read count. Includes: Ensembl Gene IDs, Hugo Gene Nomenclature Committee (HGNC) symbols, transcript names.
*** Defined as passing the filter score; 130 and 117 pdaDEGs obtained from datasets of latently- and reactivated HIV-1 infected primary CD4+ T cells, respectively.
Depicted Gene IDs of dataset, prior and after filtering by score, and up and downregulated pooled data-analysis differentially expressed genes (pdaDEGs).
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increasing the score by 1, and 3. up- or downregulation, resulting

in either a positive or negative score, respectively. A gene can get

a score of maximally 2 per dataset, i.e., maximum score of 8 for

latently and 10 for reactivated HIV-1 infected cells (Table 1). For

each gene the scores are summed up across datasets and

normalized to 1. Pooled data-analysis DEGs (pdaDEGs) were

then identified by applying a filtering score ≥0.5. This resulted in

130 pdaDEGs for latently- and 117 pdaDEGs for reactivated

HIV-1 infected primary CD4+ T cells (Table 1). The 130

pdaDEGs obtained from the latently HIV-1 infected cells were

present in at least 3 out of the 4 primary CD4+ T cell models of

HIV-1 latency. Whereas in the reactivated HIV-1 infected cells

117 pdaDEGs were present in at least 3 out of 5 datasets. In

general, pdaDEGs were more frequently downregulated in

latently HIV-1 infected primary CD4+ T cells and more

frequently upregulated in reactivated HIV-1 infected primary

CD4+ T cells (Table 1).
pdaDEGs identified in latently HIV-1
infected cells from 4 in vitro primary
CD4+ T cell models of HIV-1 latency

A comprehensive understanding of how latently HIV-1

infected primary CD4+ T cells are altered to allow HIV-1

persistence would be an important step towards developing

cures for HIV-1-infected individuals. Therefore, it is important

to determine whether the observed transcriptional heterogeneity

in latently HIV-1 infected primary CD4+ T cells, which suggests

that latent HIV-1 infection can persist in very different host cell

environments, indeed masks common core motifs that would be

responsible for controlling HIV-1 latency (12, 15, 16). To

address this goal, we analysed and compared the 130 identified

pdaDEGs in latently HIV-1 infected cells of 4 in vitro primary

CD4+ T cell models of HIV-1 latency (8–11) (Table 1 and

Supplementary Figure 1A). Of those 130 pdaDEGs, 75 were

down- and 55 upregulated. 48 pdaDEGs showed associations

with HIV-1 based on the Database for Annotation, Visualization

and Integrated Discovery (DAVID), of which 29/48 were

downregulated (Figure 2). 9 pdaDEGs with known HIV-1

associations were observed across all 4 in vitro primary CD4+

T cell models of HIV-1 latency. Out of which, 5 were

downregulated (CCL4, CCL5, CXCR6, LYZ and RRBP1) and 4

upregulated (PLAU, LMNA, LY96 and CD69) (Supplementary

Table 1). Downregulated pdaDEGs were predominantly natural

ligands or coreceptor: CCL4 (chemokine (C-C motif) ligands 4),

CCL5 (RANTES, regulated on activation, normal T cell

expressed and secreted), and CXCR6 (C-X-C chemokine

receptor type 6). CCL4 is known to activate and enhance the

cytotoxicity in natural killer cells (17). CCL5 has been shown to

interfere with the spread of HIV-1 by 1. binding to the CCR5

receptor and thereby blocking the binding of the HIV-1

envelope or 2. inducing the internalisation of the bound
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receptor and thereby reducing the surface amounts of CCR5

(18–21). CXCR6 was found to be downregulated across primary

cell models of HIV-1 latency; it is known as a minor coreceptor

of HIV-1 and might play a role in disease progression through its

role as mediator of inflammation (22). The main HIV-1 co-

receptor CCR5 was also found to be downregulated in 3/4 in

vitro primary cell models of HIV-1 latency, which is in line with

the study from Shan et al., showing that CCR5 is downregulated

in resting CD4+ T cells (23). In summary, we found that natural

ligands and coreceptors were predominantly downregulated in

all investigated models for latently HIV-1 infected primary

CD4+ T cells.
pdaDEGs identified in reactivated HIV-1
infected cells from 3 in vitro primary
CD4+ T cell models of HIV-1 latency and
2 ex vivo studies of reactivated HIV-1
infected primary CD4+ T cells from HIV-1
infected individuals

In in vivo and in vitro settings, a large number of latently

HIV-1 infected primary CD4+ T cells remain unresponsive to

strong latency reversal agents (24–35). To investigate

transcriptional heterogeneity in HIV-1 latency reversal and to

find common core motifs responsible for controlling HIV-1

latency reactivation, we analysed and compared pdaDEGs in

reactivated HIV-1 infected cells of 3 in vitro (10, 11, 14) primary

CD4+ T cell models of HIV-1 latency and 2 ex vivo studies of

reactivated HIV-1 infected primary CD4+ T cells from HIV-1

infected individuals (Supplementary Figure 1) (12, 13).

In the reactivated HIV-1 infected primary CD4+ T cells, 117

pdaDEGs were identified, of which 35 pdaDEGs were down-,

and 82 upregulated. 24 pdaDEGs have known HIV-1

associations based on DAVID, of which 16/24 were

upregulated (Figure 3). 6 of those upregulated pdaDEGs with

known HIV-1 associations were observed in all 5 datasets,

namely ACTA2, LAMP3, HLA-DOA, CXCL10, SLC7A11 and

SPTBN5 (Supplementary Table 2).

The upregulated pdaDEGs were predominantly genes

associated with 1. the p53 pathway, such as ACTA2 (actin

alpha 2) which is known to be induced by p53 (11), 2. the

PI3K/Akt pathway, such as LAMP3 (lysosome-associated

membrane glycoprotein 3) which is involved in cell cycle and

apoptosis (36) or 3. the human leukocyte antigen (HLA) class II

such as HLA-DOA and HLA-DQB1, which was found in 4/5 in

vitro and ex vivo HIV-1 studies, the latter is associated with

increased risk of susceptibility to HIV-1 infection and for a rapid

HIV-1 disease progression (37). CXCL10 (C-X-C motif

chemokine ligand 10) is a pro-inflammatory cytokine involved

in processes such as differentiation, regulation of cell growth,

activation of peripheral immune cells and apoptosis (38). In

addition, CXCL10 was suggested as a biomarker in the clinic for
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FIGURE 2

Heat map of transcriptome profile of latently HIV-1 infected cells of 4 in vitro primary CD4+ T cell models of HIV-1 latency. The 130 pdaDEGs
depicted in the heat map are co-occurring in the latently HIV-1 infected cells of the at least 3 of 4 primary CD4+ T models of HIV-1 latency. For
each gene the available information on pathways, mean standardized fold change, and study-specific fold change and false discovery rates
(FDR) are illustrated. The pathway describes whether an HIV-1 interaction/association and/or the reactome pathway is known or not. Fold
change and FDR in grey indicates no gene expression reported in the according dataset [Bradley et al. (8) Iglesias-Ussel et al. (9), Mohammadi et
al. (10) and White et al. (11)].
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FIGURE 3

Heat map of gene expression profile of reactivated HIV-1 infected cells of 3 in vitro primary CD4+ T cell models of HIV-1 latency and 2 ex vivo
studies of reactivated HIV-1 infected primary CD4+ T cells from HIV-1 infected individuals. The 117 pdaDEGs depicted in the heat map co-
occurring in the reactivated HIV-1 infected cells of at least 3 out of 5 primary CD4+ T cell models of HIV-1 latency. For each gene the available
information on pathways, mean standardized fold change, and study-specific fold change and false discovery rates (FDR) are illustrated. The
pathway describes whether an HIV-1 interaction/association and/or the reactome pathway is known or not. Fold change and FDR in grey
indicates no gene expression reported in the according dataset [Cohn et al. (12), Inderbitzin et al. (14), Kulpa et al. (13), Mohammadi et al. (10)
and White et al. (11)].
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long-term HIV disease prognosis (39). SLC7A11 (solute carrier

family 7 member 11), also named xCT, is a cytoplasmic

membrane antiporter that exports one glutamate molecule for

each imported cystine molecule (40–43). SLC7A11 has shown to

inhibit HIV-1 infection (44).

In summary, we found genes associated with apoptosis, cell

cycle and HLA class II were predominantly upregulated in all

investigated models for reactivated HIV-1 infected primary

CD4+ T cells.
Comparison of transcriptome profiles of
latently- and reactivated HIV-1 infected
CD4+ T cells

Next, we analysed the overlaps of the 130 and 117 pdaDEGs

in latently- and reactivated HIV-1 infected primary CD4+ T

cells, respectively. 5 pdaDEGs were observed in latently- and

reactivated HIV-1 infected primary CD4+ T cells: FRY, GCSAM,

GNLY, GPR15 and MSRB2 (Figure 4). Of those pdaDEGs, FRY,

GNLY and GPR15 were downregulated and GCSM was

upregulated in both groups. Only methionine sulfoxide

reductase B2 (MSRB2) was regulated differentially between the

latently- and reactivated HIV-1 infected CD4+ T cells, namely,

upregulated in latently HIV-1 infected primary CD4+ T cells and

downregulated in reactivated HIV-1 infected primary CD4+ T

cells. Based on DAVID there is only an HIV-1 interaction known

for GPR15, namely an interaction with HIV-1 Env gp120. GPR15

has been found to be the co-receptor of SIV and HIV-2 (45).

According to the reactome, FRY and GCSAM could not be

assigned to any pathway (Figures 2, 3). All those genes might be

interesting in further studies, in particular MSRB2.
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Enriched biological processes of
pdaDEGs

Gene ontology (GO) enrichment analysis was performed for

functional investigation of pdaDEGs. In the GO enrichment

analysis we observed predominantly downregulation of the T

cell activation and STAT, JAK pathways in latently HIV-1

infected cells of the 4 in vitro primary CD4+ T cell models of

HIV-1 latency (Figure 5). In addition, bona fidemarkers for IFN

related genes were identified to be downregulated in 3/4 in vitro

primary CD4+ T cell models of HIV-1 latency, such as MAVS,

IFNG, TRIM46. In parallel, genes associated with the p53

signalling pathways were found to be upregulated in particular

pathways related to apoptosis and DNA damage repair (11),

such as BBC3 and TNFRSF25. For the reactivated HIV-1

infected primary CD4+ T cells, we could not observe any

enriched biological processes in the pdaDEGs.
Discussion

Current single-cell RNAseq studies of latently HIV-1

infected primary CD4+ T cells revealed a high degree of

heterogeneity between individual latently HIV-1-infected cells,

suggesting that HIV-1 latency can persist in very different host

cell environments (12, 15, 16). Host cell heterogeneity may

explain, at least in part, the differential responsiveness of

latently infected primary CD4+ T cells to reactivation.

Identifying genes that drive and maintain HIV-1 latency is

important to improve current curative strategies. In this study,

we performed a pooled data-analysis of transcriptome datasets

of latently- and reactivated HIV-1 infected cells from 5 in vitro
FIGURE 4

Overlap of pdaDEGs identified in latently- and reactivated HIV-1 infected cells from 5 in vitro primary CD4+ T cell models of HIV-1 latency and 2
ex vivo studies of reactivated HIV-1 infected primary CD4+ T cells from HIV-1 infected individuals. Of the 130 and 117 pdaDEGs identified in
latently- and reactivated HIV-1 infected cells, respectively, 5 co-occurred in both groups. Of those, 3 pdaDEGs were downregulated, one
pdaDEGs upregulated and one pdaDEGs was differentially expressed in latently- and reactivated HIV-1 infected primary CD4+ T cells.
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primary CD4+ T cell models of HIV-1 latency and 2 ex vivo

studies of reactivated HIV-1 infected primary CD4+ T cells from

HIV-1 infected individuals. Although the experimental settings

are unique for each in vitro primary CD4+ T cell models of HIV-

1 latency and ex vivo studies of reactivated HIV-1 infected

primary CD4+ T cells from HIV-1 infected individuals,

regarding 1. how long cells are maintained in culture prior to

infection 2. how CD4+ T cell survival is ensured, 3. how

reactivation was achieved and 4. using replication competent

or incompetent HIV-1, we observed pdaDEGs across in vitro

primary CD4+ T cell models of HIV-1 latency and ex vivo studies

of reactivated HIV-1 infected primary CD4+ T cells from HIV-1

infected individuals. In latently- and reactivated HIV-1 infected

primary CD4+ T cells we could observe five co-occurring

pdaDEGs, one of which MSRB2 was differentially expressed.

We observed that natural ligands and coreceptors were

predominantly downregulated in latently HIV-1 infected

primary CD4+ T cells, whereas genes associated with

apoptosis, cell cycle and HLA class II were upregulated in

reactivated HIV-1 infected CD4+ T cells.

Latently HIV-1 infected primary CD4+ T cells are rare and

to this day no unique markers for their identification is known

(46, 47). There are numerous RNAseq/microarrays datasets of

HIV-1 infected primary CD4+ T cells, which either apply strict

fold change >2 and FDR <0.05 filters or select a single

candidate to propose as newly discovered HIV-1 latency

marker, yet the respective results have rarely been confirmed

by others. In this study we combined RNAseq datasets from

published primary CD4+ T cell models of HIV-1 latency and ex

vivo studies of reactivated HIV-1 infected primary CD4+ T cells
Frontiers in Immunology 08
224
from HIV-1 infected individuals, to get a more comprehensive

picture. By considering the expression patterns of different

datasets, we can identify genes with small effects that would

otherwise be missed. Furthermore, we argue that if genes, even

if the effect is small, are similarly differentially expressed

in different datasets, the effect of HIV-1 infection on

dysregulation is even more likely to be.

Among the 130 pdaDEGs in latently- and 117 pdaDEGs in

reactivated HIV-1 infected primary CD4+ T cells we identified 5

pdaDEGs which co-occurred in both groups. One of which,

MSRB2, was differentially expressed, namely upregulated in

latently HIV-1 infected primary CD4+ T cells and downregulated

in reactivated HIV-1 infected primary CD4+ T cells. To date, there

is no HIV-1 interaction with MSRB2 reported. MSRB2 has been

associated with diabetes mellitus (48), Parkinsons’ disease (48) and

Alzheimer (49) and MSRB2 has shown to reside in the

mitochondrial matrix (50–52). In Parkinson’s disease it was

observed to be necessary for induction of mitophagy, a process in

which damaged, toxic mitochondria are removed to protect a cell

from apoptosis (53, 54). In the absence of MSRB2 it was observed

that mitochondria undergo oxidative stress, leading to reduced

mitophagy (48). Other studies also made similar observations:

MSRB2 protects cell damage from oxidative stress in various cells

such as lymphoblast and leukemia cells (55, 56). Therefore,

upregulation of MSRB2 in latently HIV-1 infected primary CD4+

T cells could inhibit apoptosis, while downregulation in reactivated

HIV-1 infected genes leads to apoptosis due to the cytotoxic

response of LRA or infectious virus particle release. However, this

process has not yet been documented in CD4+ T cells and therefore

needs further investigation.
FIGURE 5

Enriched biological processes by gene ontology (GO) enrichment analysis of downregulated pdaDEGs in latently HIV-1 infected primary CD4+ T
cells. Depicted are overrepresented biological processes of downregulated pdaDEGs shown by the gene count in circle size and color coded by
adjusted p-value.
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Many identified pdaDEGs in latently HIV-1 infected

primary CD4+ T cells have been reported as bona fide markers

for antiviral defense and apoptosis, such as IFN related genes or

genes associated with the p53 pathway. In reactivated HIV-1

infected primary CD4+ T cells we observed upregulation of genes

associated with apoptosis, cell cycle and HLA class II,

particularly in association with the p53 pathway and the PI3K/

Akt pathway. The observed genes can be used in future primary

CD4+ T cell models of HIV-1 latency to clarify the functional

and physiological significance in primary CD4+ T cells.

Different LRA were used for reactivation in the in vitro

primary CD4+ T cell models of HIV-1 latency compared to the

ex vivo studies of reactivated HIV-1 infected primary CD4+ T

cells from HIV-1 infected individuals, nevertheless we could

observe genes to be similarly differentially expressed across

studies. However, the impact of differences in clonality of the

reservoir exposed to different antiretroviral drugs and LRA

treatments could bias transcriptome profiles. We have tried

not to become too speculative when comparing latently- and

reactivated HIV-1 infected primary CD4+ T cells, and have

therefore selected genes and pathways already known to play a

role in the life cycle and pathogenesis of HIV-1 to get as close as

possible to biological significance. We believe that our pooled

data-analysis can help estimate the relative contribution of some

key genes and pathways of HIV-1 latency and reactivation.
Concluding remarks and future
perspective

To summarize, our pooled data-analysis of different primary

CD4+ T cell models of HIV-1 latency gave insights into

transcriptome profile signatures in latently- and reactivated

HIV-1 infected primary CD4+ T cells. We identified 130

pdaDEGs in latently- and 117 pdaDEGs in reactivated HIV-1

infected cells from 5 in vitro primary CD4+ T cell models of

HIV-1 latency and 2 ex vivo studies of reactivated HIV-1

infected primary CD4+ T cells. We observed that in pdaDEGs

natural ligands and coreceptors were predominantly

downregulated in latently HIV-1 infected primary CD4+ T

cells, whereas pdaDEGs associated with apoptosis, cell cycle

and HLA class II were upregulated in reactivated HIV-1 infected

primary CD4+ T cells. In addition, we observed 5 pdaDEGs that

co-occurred in latently- and reactivated HIV-1 infected primary

CD4+ T cells, one of which, MSRB2, was found to be

differentially expressed between latently- and reactivated HIV-

1 infected primary CD4+ T cells. This pooled data-analysis is

unique in that it analyzes differentially expressed genes of

latently- and reactivated HIV-1 infected cells from different in

vitro primary CD4+ T cell models of HIV-1 latency and ex vivo

studies of reactivated HIV-1 infected primary CD4+ T cells from

HIV-1 infected individuals, providing insight into differentially

expressed genes that might contribute to HIV-1 latency.
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Material and methods

Study selection for the pooled
data-analysis

On the 1st of March 2019 we searched for in vitro primary

CD4+ T cell models of HIV-1 latency on Scopus database. We

searched for ((TITLE (HIV OR HIV-1)) AND (TITLE (latent OR

latently OR latency)) AND TITLE-ABS-KEY ((transcriptome OR

transcriptomics OR “gene expression”))) AND (ALL (“primary

cell”)) AND (ALL (“in vitro model” OR “cell model”)) AND

(LIMIT-TO (DOCTYPE, “ar”)). Each study was independently

reviewed and included based on the criterion that each study

contained transcriptome data and its methodology derived from

an in vitro primary CD4+ T cell model of HIV-1 latency. In

addition, we included two ex vivo studies of reactivated HIV-1

infected primary CD4+ T cells from HIV-1 infected individuals and

our own primary CD4+ T cell model of HIV-1 latency.
Primary CD4+ T cells isolation of own
model

Detailed description of isolation, transfection and RNAseq

data preparation of primary CD4+ T cells of own model is given

in Supplementary Material.
RNAseq data collection

Raw read counts of Bradley et al. (8), White et al. (11) and

Cohn et al. (12). were downloaded from Gene Expression

Omnibus (GEO) Database (57). Differentially expressed genes

(DEGs) as fold-change were obtained from Kulpa et al. (13)

through personal communication. DEGs for Mohammadi et al.

(10) were downloaded from the open access interactive web

resource http://litchi.labtelenti.org.
Differential expression testing

All analyses were performed using R software version 4.0.5

(58). We identified DEGs in data sets where raw read counts

were available [(8, 10, 12, 13) and our data] using the

Bioconductor package EdgeR (59, 60) in a study-by-study

basis. Hereby, ambiguous and low-quality reads were removed

and genes with low read counts (more than 10 reads in 70% of

replicates per group were required) were filtered out. Read

counts were normalized via trimmed mean of M values

(TMM) method. Common dispersion was estimated across all

genes by maximizing the negative binomial conditional common

likelihood, and tagwise dispersion by an empirical Bayes method

based on weighted conditional maximum likelihood. Differential
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expression testing was performed assuming negative-binomially

distributed read counts and computing genewise exact tests for

differences in the means between groups. Eventually, fold

changes were log2-transformed and p-values adjusted for false

discovery rate (FDR) by the Benjamini-Hochberg method.

From Kulpa et al. (13) we selected the RNAseq data for the

TCM cell subset, choosing the LRA Bryostatin, as we have seen

the least impact on cell viability compared to the other LRAs IL-

15 and PMA. As raw read counts were not available and fold

changes were given per transcript ID, we filtered for the

transcript ID per gene name with the highest CPM. FDR

values were estimated using the available p-values with the

Bioconductor package qvalue (61).

The microarray data from Iglesias et al. (9) was available

only as fold change per gene name, lacking p-values, FDR or raw

signals. White et al. (11) previously worked with this dataset and

kindly provided us with a dataset comprised of 1297 genes,

selected by filtering for adjusted p-value smaller than 0.05.
Gene annotation and data analysis

Datasets were combined and genes annotations obtained

and unified across primary CD4+ T cell models of HIV-1 latency

using the Bioconductor package bioMart (62, 63) to download

annotation Ensembl data (64). HGNC symbol duplications were

checked on https://www.genenames.org/tools/multi-symbol-

checker/. Known HIV interactions per gene were retrieved

from DAVID (Database for Annotation, Visualization and

Integrated Discovery) (65, 66) using the HGNC gene symbol

and Entrez gene IDs. Functional pathways of genes were

obtained from Reactome (67). We calculated the mean

standardized expression of genes across all primary CD4+ T

cell models of HIV-1 latency by averaging over fold changes

standardized by study-specific standard error. To account for the

differences in the datasets, we refrained from identifying the

genes of interest by |fold change| > 2 and FDR < 0.05, but

employed a custom filtering method. Hereby a filter score is

calculated for every gene based on FDR being smaller than 0.1

and the absolute fold change being greater than the study-

specific 50% absolute fold change quantile. Downregulated

genes obtain a negative score. Meeting these conditions, a gene

can get a score of maximally 2 per study, i.e., maximum score of

8 for latently and 10 for reactivated HIV-1 infected primary

CD4+ T cells. For each gene the scores are summed up across

studies and normalized to 1. Genes of interest were then

identified by having a score ≥ 0.5.
GO enrichment analysis

GO enrichment analysis of genes of interest were

performed using the Bioconductor package clusterProfiler
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(68) using the org.Hs.eg.db Bioconductor annotation

package (69) with default settings, apart from setting the

minimal size of genes to 3 and choosing a more stringent q-

value cutoff of 0.05. Data management and wrangling, as well

as visualizations were performed using the R package tidyverse

(70). With the parameters set, we could not detect any

upregulated biological processes in latently HIV-1 infected

CD4+ T cells from 4 in vitro primary CD4+ T cell models of

HIV-1 latency.
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