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Human Immunodeficiency Virus (HIV) co-infection is the most critical risk factor for
reactivation of latent tuberculosis infection (LTBI). While CD4* T cell depletion has been
considered the major cause of HIV-induced reactivation of LTBI, recent work in macaques
co-infected with MtbISIV suggests that cytopathic effects of SIV resulting in chronic
immune activation and dysregulation of T cell homeostasis correlates with reactivation of
LTBI. This review builds on compelling data that the reactivation of LTBI during HIV co-
infection is likely driven by the events of HIV replication and therefore highlights the need
to have optimum translational interventions directed at reactivation due to co-infection.

TB/HIV co-infection: A global challenge

The dual epidemics of HIV and TB together pose one of the greatest modern-day public
health challenges [1-4]. While the global control of TB is compounded by co-infection with
HIV [5, 6], people living with HIV (PLHIV) are at high risk of reactivating LTBI [7, 8]. The
problem has worsened due to the emergence of multidrug-resistant tuberculosis (MDR-TB)
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in PLHIV, leading to significantly higher mortality rates [9, 10]. Mtb infection is generally
contained within granulomatous lesions by the immune system [11, 12]. However, chronic
HIV co-infection may lead to progression of LTBI to active tuberculosis (ATB) and
transmission through disruption of these organized granulomas; in addition to impairing
Mitb-induced systemic proinflammatory cytokine/chemokine response [13, 14].

The most well characterized impact of HIV is the CD4* T cell depletion in the lymphoid
tissues and peripheral blood [15, 16]. However, studies using the nonhuman primate (NHP)
model of MtbISIV co-infection has revealed protective CD4* T cell-independent immune
responses that suppress the reactivation of LTBI [17]. These were comprised of proliferating
memory CD8* T cell and the expanded presence of bronchus-associated lymphoid tissue
(BALT). Additionally, indirect cytopathic effects of SIV resulting in chronic immune
activation and dysregulation in T cell homeostasis have been implicated as critical mediators
of reactivation of LTBI [18]. Chronic HIV-1 infection in human patients can lead to immune
activation upon advent of antiretroviral therapy (ART), which can lead to a paradoxical
worsening of TB in the form of immune-reconstituted inflammatory syndrome (TB-IRIS)
[19-21]. Altogether, it appears that Mtband HIV act in tandem to worsen the cognate
disease condition by gradually deteriorating the immune functions (Box 1).

This review therefore highlights the role of chronic immune activation induced by Mtb/HIV
co-infection in the reactivation of an otherwise contained TB infection (Figure 1, Key
Figure). It describes the underlying mechanisms of the host-pathogen interactions with a
focus on i) CD4* T cell-independent factors responsible for HIV-induced reactivation of
LTBI ii) critical contribution of the NHP model to understanding the mechanisms of immune
activation and iii) translational interventions to treat chronic immune activation.

Chronic immune activation in Mtb infection

While the role of ATB in immune activation with [37] or without HIV co-infection [38, 39]
is well documented, Sullivan et a/. have shown that PLHIV with LTBI also have a elevated
levels of inflammation and immune activation, which impacts the progression of disease
[25]. Plasma levels of immune activation markers such as sCD14, CRP, IL-6, IL-8, IP-10,
HLA-DR and lymphocytic expression of CD38 were studied to assess the impact of TB
infection status on the exacerbation of HIV. While LTBI did not contribute to elevated levels
of soluble immune activation markers, subjects with LTBI had elevated CD38 expression on
both CD4* and CD8* T cells compared to healthy controls. These results clearly indicate
evidence for elevated T cell activation during LTBI, even before HIV coinfection. Immune
activation in TB has been studied in the presence and absence of concurrent HIV infection
using cellular and serum markers such as IL-2Ra., CD45R0O and HLA-DR on CD4* and
CD8™ T cells. Interestingly, the expression of HLA-DR on both T cell subsets was already
two-fold higher in the HIV™ TB patients, indicating an elevated baseline immune activation
in TB patients prior to HIV infection. While this increased expression was mirrored in the
median serum TNFa and neopterin levels in HIV™TB cohort, it was not as significant in
IL-2Ra and CD45R0 expression. The interrelated changes observed in both macrophages
and T cell lineages of TB patients ultimately led to a generalized immune activation that
worsened upon HIV coinfection [40]. Characterization of the polyfunctional profile of
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ESAT-6/CFP-10-specific CD4* T cells in LTBI individuals demonstrates a predominant
proportion of IFNy*IL-2*TNFa* cells without HIV coinfection, indicating that the
activation and polyfunctional profile of CD4* T cells is solely dependent on the TB status
[41]. In addition, there is an increased frequency of CD4*CD25*CD127~ Treg in LTBI
compared to healthy controls that can be controlled only modestly by preventive therapy
[42]. Further studies on the role of TB-induced immune activation in individuals receiving
ART and host-directed therapies could shed light on the impact of treatment on the disease
outcome. In LTBI, the Mtbis contained with restricted growth within granulomas. The
continued T cell activation in response to Mtb-specific antigens during LTBI seems to
underline the possible ongoing antigen expression by the contained Mtb, a topic that has
been the subject of intense debate. Although, the ESAT-6/CFP-10 may play a relatively
lesser role than proteins from the DosR operon which is dominant during latency [43]. It
could also be hypothesized that the contained bacteria resuscitate from time to time, given
the oxygen supply favoring replication in the upper lung lobes where Mtb possibly resides,
to maintain the adaptive immune response to the viable but dormant Mtb progeny [44]. HIV
coinfection adds to the immune burden that eventually manifests as immune activation
leading to reactivation of LTBI, increased inflammation and disease progression compared
to HIV or Mtbinfection alone.

Reactivation of TB due to SIV-induced immune activation

Rhesus-macaque adapted strains of SIV have been successfully used to cause a rapid decline
in CD4" T cells and cause reactivation of LTBI in an aerosol infection-based model [45].
Interestingly, a cohort of animals were able to prevent reactivation and maintain LTBI.
Identification of correlates of protection from reactivation despite SIV co-infection in this
cohort demonstrated increased CD8* memory T cell proliferation, higher granzyme B
production and expanded B cell follicles [17] (Figure 2). In order to better understand the
mechanisms that lead to reactivation of LTBI due to HIV co-infection, we utilized the rhesus
macaqgue model of coinfection. Since Mtb/ISIV co-infected macaques all experience
lymphopenia in the lung, but a subset of these animals did not experience reactivation, we
hypothesized that the mere depletion of CD4* T cells may be insufficient in leading to
reactivation of LTBI. We depleted CD4* T cells in macaques with LTBI, using a rhesusized-
depleting antibody, leading to comparable lung depletion to that achieved by SIV co-
infection, sans any serum sickness. These animals did not exhibit substantial reactivation,
unlike the MitbISIV co-infected cohort [18]. The latter animals were characterized by the
presence of immune activation signatures in the lung, while the animals in which CD4* T
cells were depleted by antibody were devoid of any inflammation. In these animals, the
normal homeostasis of T cell repertoire was conserved, while this was clearly dysregulated
in the MtOISIV co-infected macaques [18]. When a non-pathogenic strain of SIV,
SIVmac239AGY, was used in our co-infection model that does not lead to tissue-specific
viral replication, no reactivation was observed, nor was immune activation or bacterial
dissemination to secondary sites of infection. We therefore conclude that i) the mere
depletion of CD4* T cells is not sufficient in leading to reactivation of LTBI and ii) that
instead reactivation is correlated with chronic immune activation caused by the virus, which
leads to T cell homeostasis dysregulation [18]. It is crucial to understand that while ATB is
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characterized by a strong cytokine storm, LTBI is itself associated with slightly higher than
baseline inflammation [25]. The chronic immune activation observed during reactivation is,
however, substantially higher than that observed during LTBI.

NHP model to study Mtb/HIV co-infection

Modeling of Mtb/HIV co-infection in NHPs offers the advantage of being the genetically,
physiologically and immunologically closest to humans. Indeed, the rhesus macaque
(Macaca mulattd) and cynomolgus macaque (Macaca fascicularis) models have contributed
immensely to our current understanding of the host-pathogen interactions in both Mtband
HIV pathogenesis [31, 45-48] (Box 2). Manipulating the bacterial and viral reservoirs in a
macaque model of co-infection presents a valuable tool to dissect the local immune
responses in a TB predominant microenvironment that is not possible in any other animal
model. A recent study used positron emission tomography and computed tomography (PET
CT) as a tool in a NHP model to monitor disease development in TB/SIV coinfected
Mauritian cynomolgus macaques using [18F]fluorodeoxyglucose (FDG) to detect
inflammation and disease progression [49]. Granulomas were quantified throughout the
study using serial PET/CT imaging. This model enabled exploration of how a preexisting
SIV infection impaired the resistance to Mib. Further studies using FDG PET/CT in NHPs
could identify ongoing low grade SIV infections that could be involved in LTBI reactivation
and thus provide immune-therapeutic targets.

Lessons learnt from natural hosts of SIV

Immune activation characterized by an overall immune dysfunction is a hallmark of chronic
HIV infection. Infection with HIV in humans or SIV in non-natural hosts leads to damage of
the mucosal barrier of the gastrointestinal tract. This is accompanied by an injury to immune
function that leads to an increased translocation of microbial products and a significant
decrease in the activated memory mucosal CD4* T cell counts at this anatomical site [62—
64]. Breakdown of the integrity of the intestinal epithelial barrier leads to translocation of
microbes and microbial byproducts from the intestine into the lamina propria, lymph nodes,
liver and systemic circulation. Immune activation in the peripheral tissues and blood ensues
as a result of the inability of intestinal macrophages to bind and clear the translocated
microbial products [64].

In contrast, in natural hosts of SIV, e.g., sooty mangabeys (SM), there is no recorded
evidence of either epithelial breakdown leading to microbial translocation, nor chronic
immune activation. The non-progressive SIV infection of the natural hosts is characterized
by a limited CD4* T cell depletion and attenuation of the chronic immune activation. It is
also possible to revert the chronic immune activation in natural hosts following repression of
viral replication upon administration of ART [65]. African green monkeys (AGM), another
natural host of S1V, display a rapid control of SIV replication in secondary lymphoid organs
[66, 67]. A recent study characterized the capacity of NK cells to migrate into lymphoid
follicles with CXCR5 expression [68]. Natural hosts are characterized by a weaker
expression of proinflammatory cytokines like TNFa, IL-6, IFN-y and IL-8 upon SIV
infection [69]. Though the macrophages in the lungs of AGM are infected with SIV, no SIV-
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infected macrophages are observed at peak viral production in early infection [70]. Overall,
it appears that the natural hosts have developed mechanisms to control viral replication and
maintain the integrity of the organs and cells needed to induce a stronger memory immune
response while diminishing the immune activation at the same time.

Factors independent of CD4* T cell-depletion contribute to chronic immune

activation

In addition to the loss of CD4™ T cells, the systemic immune activation following HIV/SIV
infection is also characterized by increased lymphocyte proliferation, increased T cell
turnover [71], increased apoptosis of lymphocytes, increased activation of T cells and
increased presence of proinflammatory cytokines in the serum. Indeed, an insight into the
monocyte kinetics upon BrdU incorporation into Mtb/SIV co-infected rhesus macaques
illustrated an increased monocyte turnover in the blood of the animals with reactivated TB
compared to the SIV-infected macaques that were able to maintain LTBI [31]. Additionally,
there was an increased number of BrdU*CD163* macrophage turnover in the colon tissue
from ATB/SIV macaques compared to that from SIV-infected macaques exhibiting LTBI.
This increased tissue macrophage turnover correlated with increased apoptosis, confirming
the hypothesis that there is a continuous macrophage destruction in the granulomas upon
SIV-infection, perhaps due to the chronic immune activation that leads to spread of the
contained Mbh. Additionally, LAG-3, an immune exhaustion marker, has been shown to be
expressed at elevated levels on CD4* T cells in reactivated LTBI rhesus macaques infected
with SIV. Since the majority of the SIV-induced LAG-3 expression occurs at the periphery
of lung granuloma in the reactivated animals, there could be a correlation between the
increased turnover, apoptosis, spread of Mtband exhaustion of immune resources that could
be worth exploring [61]. CD4/CDS ratio is an additional surrogate of HIV-1 induced
immune activation and a predictor of disease progression that has been studied in the human
samples. Since immunosenescence is a consequence of chronic immune activation,
CD4/CD8 ratio can also be considered a marker for immunosenescence in HIV infection
[72]. While CD4+T cells are the most evident cell type to be depleted during a chronic HIV
infection, B cells and innate immune cells are also impacted [73] as discussed in the next
section.

Role of innate immune response in chronic immune activation

A correlation between bioactive microbial lipopolysaccharide (LPS) and measures of innate
and adaptive immune activation was demonstrated in a rhesus macaque model of
intravenously infected SIVmac251 [63]. LPS, an immune-stimulatory bacterial component,
can be quantified in the plasma and is a common measure of microbial translocation.
Despite decreased CD4* T cell counts during the acute phase of the infection in rhesus
macaques, the plasma LPS levels did not increase until the chronic phase. Macaque models
have also been critical in gaining a better understanding of the role of innate immune
responses in driving the chronic immune activation with a specific interest in the role of
innate leukocyte subsets such as macrophages, NKT cells, -y6 T cells and plasmacytoid
dendritic cells (pDCs). pDCs constitute a relatively smaller percentage (~0.2 — 0.5%) of cells
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in the peripheral blood mononuclear cells but secrete a wide array of inflammatory
cytokines and chemokines such as TNFa, IL-6, CXCL10, CCL4 and CCL5 [74]. pDCs are
reported to vigorously increase in blood during an acute SIV infection, but are depleted by
~50% during the chronic phase due to their migration to lymph nodes [75, 76]. The Type |
IFN response initiated during the continued pDC activation during the chronic phase has
now been shown to be detrimental as it promotes immune activation in the non-natural SIV
hosts such as rhesus macaques compared to its timely and regulated resolution in natural
hosts such as African green monkeys (AGM) and SM [77].

While type-1 interferons play a protective role during the acute phase of HIV-1, attenuation
of antigen-specific CD4™ T cell activity is associated with it, and leads to a sustained
immune activation in chronic HIV infection in humans. In the macaque model, IFN-
simulated genes are expressed at higher levels in experimental SIV-infection of rhesus
macaques and this response persists with the infection progressing to worsening of the
disease [77, 78]. On the contrary, in the natural hosts, such as SM, the response starts to
wane off during the transition from the acute to the chronic phase during a non-pathogenic
SIV infection [79]. Type | IFN signaling is thus a double-edged sword in that it can induce a
protective antiviral response in the host but can also induce systemic expansion through
pathogen associated molecular pattern (PAMP) detection. A topical administration of
recombinant human p-interferon protected against vaginal challenge of pathogenic SIV
containing human envand reverse transcriptase genes (RT-SHIV) [80]. On the other hand,
some studies have associated increased Type I IFN signaling to enhanced CD4* T cell
depletion [81] and decreased T cell proliferation [82]. In addition to Type I IFN signaling,
the progression of HIV-1 infection to AIDS is characterized by a significant depletion in
multiple subsets of dendritic cells (DCs), including DC-SIGN(+). HIV particles are known
to bind dendritic cell specific intercellular adhesion molecule 3- grabbing non-integrin (DC-
SIGN) through Gp120 in a chronic HIV infection. DC-SIGN* cells have been implicated in
the non-replicating SIV* cells in a rhesus macaque model, underscoring their possible role
in establishing viral persistence and/or reservoirs leading to sustained immune activation
[83].

Chronic immune activation in antiretroviral therapy treated cohort

Whole genome transcriptional profiling of CD4* T cells from HIV-1 elite controllers
demonstrated significant similarity to that of the ART-treated patients but was different from
HIV-1-negative individuals. In addition, a total of 978 transcripts showed differential
expression in HIV-1 negative and ART-treated individuals. Further studies in NHP
mimicking such a cohort of individuals that have a spontaneous control of the virus, and a
transcriptional profile similar to virus-naive animals, could prove critical in understanding
the mechanisms involved in the relapse of the virus after a prolonged period of immune
activation in a co-infection. Latent viral reservoirs in lymphoid tissues of patients on ART
contribute to the immune activation by immune suppression leading to poor control of
pathogens [84]. Indeed, persistent inflammation is associated with HIV persistence in this
cohort (Box 3). A vicious cycle ensues, wherein, the immune activation in turn feeds the
HIV reservoirs by generating activated T cells, target cells for HIV [84]. Studies focusing on
raltegravir intensification demonstrated a drastic decrease in viral reservoirs of latently
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infected CD4+ T cells and a subsequent decrease in immune activation [85]. Defining
mechanisms associated between immune activation and latent HIV reservoirs could
therefore lead to development of targeted therapeutics. A recent study on elucidating the
metabolic pathways of the gut microbiota in HIV* patients on ART using metagenome
sequencing revealed an altered metabolic activity of the microbiota with functional links to
the host-pathogen interactions responsible for the sustained immune activation in the ART-
treated patients [86]. Further studies should be designed to illustrate the specific pathways
involved in correlation to the immune activation markers and how they impact co-infection
with M.

of chronic immune activation

In the viral realm, there is a need to address the early events in HIV/SIV infection that lead
to the sustained immune activation in the chronic viral phase. Specifically, it is imperative to
understand the multiple causes of the immune activation such as T cell dysregulation in Mtb
co-infection, viral infection of the macrophages and CD4" T cells within the granulomas and
the impact of the microbial translocation from the gut of co-infected subjects. The macaque
model could shed light on the impact of earlier administration of ART in SIV and MtISIV
co-infection on mitigation of the immune activation. While ART has improved the life
expectancy in PLHIV, the incidence of TB in this population remains high. We used a rhesus
macaque model of LTBI to study the impact of ART on virus replication, virus-induced
immune activation and CD4* T cell restoration in Mt&/SIV coinfection (Ganatra S et al.,
JCI, in press). Though ART reduced the plasma and BAL viral load in the coinfected
macaques significantly, there was a sustained Mtb burden in the BAL, lungs and bronchial
lymph nodes (BrLN). It is possible that this maintained Mtb burden in the organs acts as a
source of continued antigen stimulation leading to a sustained immune activation. Consistent
with the findings in clinical settings [90-92], ART administered 4 weeks post-SIV challenge
failed at preventing LTBI reactivation in the nonhuman primate model of MtbISIV co-
infection (Ganatra S et al., JCI, in press). Initiation of ART in these coinfected animals
resulted in a significant increase in the frequency of CXCR3*CCR67CD4* T cells that
harbored high levels of integrated HIV DNA [93]. We hypothesized that the significant
increase in Thl associated cytokines following ART [94] leads to a compromise in the
structural integrity of the granuloma thereby leading to dissemination of the contained latent
Mtb. Additionally, a significant percentage of CD68*/CD163* macrophages was observed in
the BALT upon initiation of ART, suggesting a dysregulated homing of CD4* T cells into
the interstitial lung. There is a need to decipher the mechanisms by which the early onset of
ART during acute phase of viral replication prior to peak viremia can dampen chronic
immune activation. It is possible that the initiation of ART at an earlier stage of viral
infection is able to maintain the gut integrity, thereby reducing the microbial translocation
and long-term chronic immune activation, but this remains to be tested. It would also be
interesting to follow through with concurrent treatment for both SIV and Mib in this model
to further suppress immune activation.

Utilizing an immune-based intervention such as treatment with IL-21 in conjunction with
ART could be a promising approach to mitigating the chronic immune activation in a
MItOIHIV co-infection (Figure 1) as could be testing an anti-TB drug along with ART in co-
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infected subjects. 1L-21 is known to regulate the T, NK and B cell functionality in addition
to regulating the innate and adaptive immunity to both Mtband SIV [95]. Administration of
IL-21 with ART and anti-TB therapy (ATT) could (i) promote better immune reconstitution,
(ii) resolve residual immune activation post ART and (iii) ensure better control of both
bacterial replication within the lungs and viral persistence, thus significantly reducing the
rate of LTBI reactivation.

Another promising strategy to suppress immune activation would be to supplement ART
with a low dose of phytocannabinoids (delta-9-tetrahydrocannabinol (THC) or non-
psychotropic cannabidiol (cannabidiol) or a high ratio CBD:THC combination [96]. It has
been hypothesized that Tetrahydrocannabinol (A9-THC), the major psychoactive and anti-
inflammatory cannabinoid in marijuana (A9-THC) administration will prevent chronic
immune activation (CIA) in Mth/SIV co-infection and prevent, or reduce, the incidence of
SIV(HIV)-mediated LTBI reactivation. Although CD4+ T-cells are the primary targets of
HIV/SIV, almost all lymphocyte populations are significantly impacted (6-9). Early and
persistent B-cell dysfunction is a hallmark of HIV infection and based on studies in SIV-
infected RMs, this occurs even before CD4+ T-cell depletion (10). While the mechanisms
that cause B-cell dysfunction in HIV/SIV infection are unclear, mounting evidence in
systemic lupus erythematosus (SLE)(11-15), multiple sclerosis (MS)(16, 17) and
rheumatoid arthritis (RA)(18) (diseases of chronic inflammation) suggests that the ability of
dysregulated microRNAs (miRNA) to modulate cellular functions through post-
transcriptional gene silencing significantly contribute to B-cell dysfunction/hyperactivity.
This indicates that inflammation-induced aberrant miRNA expression leads to their
dysfunction and plays a role in the pathogenesis of HIV and potentially Mtb reactivation in
coinfected individuals. Consistent with this, we showed a role for the miR-34a-SIRT1-acetyl
p65 axis in causing hyperactivation and dysfunction of the intestinal B-cell system(19).
Further, marked dysregulation of miRNAs previously linked to B-cell activation (miR-34a,
miR-21& miR-30)(20) and lymphomagenesis (miR-21) was observed in CD20+ cells from
chronic SIV-infected RMs(21). We recently showed that chronic administration of A9-THC
to SIV-infected RMs inhibits T cell activation and exhaustion(22). This is accompanied by
repression of miR-34a, miR-21, and miR-30 levels compared to uninfected controls(23) and
downregulation of MMP8, a neutrophil-derived matrix metalloprotease strongly implicated
in disease severity (cavitary TB)(24) at the levels of both mRNA and protein(22). Recent
studies in ART naive chronically SIV-infected rhesus macaques showed that controlled long-
term THC dosing effectively attenuated intestinal inflammation, T cell proliferation/
activation and lymphoid fibrosis without any adverse effects. Based on the above data, we
propose that it should be possible to directly test if chronic THC administration can revert
CIA in Mtb/SIV co-infected RMs, leading to either a reduction, or a complete ablation of
LTBI reactivation. Because the gastrointestinal tract (GIT) is the central organ of
cannabinoid signaling and also the primary target of HIV replication, dissemination and
reservoir establishment, the protective effects of cannabinoids on the GIT can preserve
intestinal epithelial integrity, prevent dysbiosis and microbial translocation [96]. Moreover,
cannabinoids have been demonstrated to inhibit Th1 cytokine production [97] and matrix
metallaprotease-8 (MMP8) protein expression [96], a key matrix metalloprotease implicated
in cavitary TB [98]. Chronic THC administration could thus prevent non-CD4+ T and B-cell
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lymphocyte activation/dysfunction in Mtb/SIV coinfection and reduce the incidence of SIV-
mediated LTBI reactivation. Therefore, we predict that phytocannabinoids as host-directed
adjunct therapy can beneficially modulate the pathogenesis of HIV/SIV and Mtb co-
infection by inhibiting local and systemic immune activation/inflammation, microbial
translocation and lymph node fibrosis while simultaneously preventing LTBI reactivation
and limiting Mtb dissemination by maintaining the structural integrity of the granuloma.

Furthermore, has recently been shown that inhibition of tryptophan catabolism using
inhibitors of the enzyme IDO can improve immune activation caused by active TB [99]. IDO
expression is induced in tissues following both Mtband HIV infection and it is widely
believed that this contributes to immune dysfunction. Catabolism of tryptophan by IDO has
consequences additional to generation of kynurenine products which can directly result in T
cell dysfunction. The IDO/Kyn pathway also represents a de novo NAD+ synthesis
mechanism. NAD+ is required for the survival of host cells, particularly since Mtb infection
increases the expression of CD38, a marker of inflammation on CD4+ and CD8+ T cells, as
well as B cells. One of the activities of CD38 is its enzymatic activity as an NAD+
glycohydrolase [100]. We have previously shown that inhibition of Kynurenine production
via the in vivo blockade of IDO activity in NHPs, improved anti-TB immune responses and
granuloma-specific Mtb-killing [99]. It is therefore possible that treatment of Mtb/HIV co-
infected individuals with certain efficacious IDO inhibitors will mitigate chronic immune
activation, thereby boosting protective immune responses, and lead to better clinical
outcomes. To optimize the impact of IDO blockade however, its inhibitors may be coupled
with NAD supplements as well as Type | IFN pathway inhibitors.

The NHP model could therefore be utilized to test these novel therapies in longitudinal
studies that would allow to follow up the effect of the treatment on i) an existing LTBI/HIV
co-infection, ii) repeated and/or multiple exposures to Mtb in highly endemic regions and iii)
reactivation of HIV-induced LTBI.

Concluding remarks and future perspectives

The NHP model has proven indispensable in the ongoing quest to understand the TB/HIV
syndemic. The MtbISIV co-infection model provides a useful resource to study reliable
correlates of protection when designing vaccines (Box 4) and drugs to elicit sustained
protective immune responses, e.g., treatment of ATB and LTBI, impact of ART, as well as
concurrent ART and TB therapy on the progression of both, infection and immunity, host-
directed therapeutics and preclinical testing of vaccines that are efficacious and safe in the
face of TB/HIV co-infection. The focus of basic research should also be to fast-track novel
candidates that facilitate pre-exposure immune responses and protection. Recent advances in
the field led to the development of promising candidates such as MTBVAC, the BCG
revaccination approach, H4:1C31, H56:1C31 and M72/AS01 [101-105]. The NHP model
represents a key tool in identifying the immune correlates of this dual pandemic as
evidenced by the recent findings following intravenous administration of BCG. Several
candidates tested for safety and immunogenicity in this preclinical model have moved onto
human clinical trials, such as ID93+GLA-SE and MVVA85A [106, 107]. The model also
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serves as an important check point for possible side effects and risk monitoring of the
vaccine candidates.

As discussed in this review, chronic immune activation is a key player in the unfolding of
immune cascade in Mtb/HIV co-infection that warrants a closer and deeper look (see
outstanding questions). Finally, there is a need to have optimum translational interventions
directed at reactivation due to co-infection such as i) a cost-effective and efficient vaccine
that targets both Mtband HIV induced chronic immune activation ii) concurrent therapies to
suppress the chronic immune activation in MtbIHIV co-infection, iii) early initiation of ART
to maintain the gut integrity and reduce microbial translocation thereby reducing the virus-
driven immune activation.
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Box 1

Worsening of disease condition in Mtb/SIV co-infection

TB is associated with increased mortality and morbidity in HIV-1 co-infection
[22, 23]. A higher viral load along with a more rapid progression to AIDS is
associated with ATB in humans [24, 25].

Though the underlying mechanisms need further elucidation, HIV-1 replicates
in the tuberculous microenvironment rendered conducive by the release of
proinflammatory cytokines, such as TNFa [26, 27].

Mitb driven HIV-1 infection of monocyte-derived macrophages has been
observed /n vitro, as well as ex-vivo, in macrophages isolated from HIV-1
infected human lungs [28, 29]. The TB-induced M(IL-10) macrophage
activation program promotes HIV-1 infection in co-infected individuals [30].

Mitb is able to exacerbate HIV-1 pathogenesis through formation of
membranous projections called tunneling nanotubes in an IL-10/STAT3
dependent manner in human macrophages [30].

Both pathogens infect macrophages in the pulmonary cavity [31, 32]. Some of
the common pro-inflammatory mediators involved in disease control secreted
by both Mtband HIV include IFN-y, TNFa, and CCL2 (MCP-1) [33-35].
Secretion of CCL2 by Mtb-infected alveolar macrophages recruits HIV-1
permissive CCR2* monocytes/macrophages and CD4* T cells, thereby
increasing the risk of HIV-1 infection.

As a result, the sustained signaling pathway activation due to the CCL2-
mediated activation of HIV-LTR (long-terminal repeats) can lead to chronic
inflammation in a Mtb/HIV-1 co-infection [35].

Overall, there is an aberrant /n vivo T cell activation in both the diseases, as
indicated by increased HLA-DR and CD38, decreased CD28 and IFN-y
production along with reduced macrophage viability and increased levels of
proinflammatory cytokines [25, 36].
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Box 2

The macaque model

Upon exposure to a low dose of Mth, macaques develop human-like LTBI
marked by a positive tuberculin skin test (TST), absence of symptoms of
active TB and absence of culturable Mitb bacilli [17, 45, 50, 51].

Macaques are susceptible to SIV, a surrogate of HIV. Importantly, SIV co-
infection following the establishment of LTBI may reactivate LTBI, causing
some animals to progress to ATB, mimicking human reactivation [17, 45].

The rhesus macaque model, using the low-virulence CDC1551 strain of Mib,
has been instrumental in elucidating the immunological mechanisms of TB
latency and reactivation in a SIV co-infection [17, 31, 45, 47].

Besides, the macaques can be infected with Mib via the inhalation route
which is the natural route of infection in humans, allowing accurate delivery
of the inoculum to the respiratory mucosa [52-54].

Though there are differences in susceptibility to Mt6 in rhesus and
cynomolgus macaques, both these models demonstrate the distinct structured
granulomas in the lungs, a hallmark of human TB [55-59].

More recently, increased inducible bronchus-associated lymphoid tissue
(iBALT) proximal to the granulomas has been associated with enhanced
protection from reactivation of LTBI in a rhesus macaque model of Mtb/SIV
co-infection [17].

These findings have shed light on crucial information on the role of B cells in
MtbISIV co-infection. The macaque model offers the advantage of repeated
sampling of bronchoalveolar lavage (BAL), allowing for longitudinal studies
of both the local and systemic environments to further elaborate the specific
mechanisms at each stage of Mtb/SIV co-infection [60, 61].
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Box 3

Viral reservoirs during chronic SIV infection

Macrophages in the lymph nodes and mucosal tissues have been implicated as
the predominant viral reservoirs of SIV in rhesus macaques upon antibody-
mediated depletion of CD4™ T cells.

A recent study in SIV-infected rhesus macaques presented a significant role of
alveolar and interstitial macrophages in local viral infection [87].
Macrophages appear to have a shorter /n vivo lifespan and exhibit a rapid
turnover upon S1V infection [88].

A more recent study analyzed the macrophage reservoirs in latent SIV
infection in macaques using quantitative viral outgrowth assay [89].
Macrophages in the blood, spleen and lungs of a majority of antiretroviral
therapy (ART)-suppressed animals appeared to carry the latent viral genome.

Surprisingly, the frequency of SIV-infected macrophages was comparable to
SIV-infected CD4" T cells in these animals. These findings reiterate that the
latently SIV-infected macrophages are capable of reactivating the disease
upon treatment interruption in macaques [89].

Thus, rhesus macaques have been critical in bridging the gap between animal
model and human immunology by providing indispensable data to identify
therapeutic and vaccine targets in HIV research.
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Box 4

Vaccine strategies for Mtb/HIV co-infection

Development of a vaccine, preferably a single vaccine to combat both
diseases is an ambitious but plausible goal. The underlying hypothesis of a
recombinant BCG (rBCG) vaccine is to have a second vaccine generation
with a backbone expressing antigens from both Mtband HIV and
administered post-birth to prevent both diseases simultaneously.

Since the prerequisites of a successful HIV vaccine is elicitation of
neutralizing antibodies, stimulation of CD4* and CD8* T cells and a long-
lasting innate and adaptive immune response, rBCG is an excellent candidate
as a vaccine vehicle [108-110].

Several NHP studies have been conducted to study both safety and efficacy of
Mycobacterium-based HIV-1/SIV vaccines [111-114]. Alternatively, there is
a need to identify new vaccine candidates with potential to combat HIV-
related TB in highly TB endemic regions.

The challenge would be to be able to induce sustained protective immunity
against Mtbin the presence of HIV-associated immune activation and
associated immune deficiencies. While ART restores the CD4* T cell
response partially, HIV also impacts Mtb antigen presentation by dendritic
cells, impairs B cell and antibody function that is not reversed by ART and
has a significant role to play in the vaccine’s immunogenicity and efficacy.

We have utilized the rhesus macaque model to validate protective immunity
against Mtbin the context of SIV co-infection. Aerosol vaccination of rhesus
macaques with MrtbAsigH prior to SIV infection induced bronchus-associated
lymphoid tissue (iBALT) and CD8* effector memory T cells, in addition to
reducing the bacterial burden, clinical manifestations and granulomatous
pathology [47].

Vaccination of infant rhesus macaques with a pediatric combination vaccine
containing an auxotroph Mib strain co-expressing HIV antigens that
demonstrated enhanced myeloid cell responses and a possible attenuation of
immune activation [115].

In another study, vaccination of rhesus macaques with BCG vectors
expressing SIV-gag elicited baseline humoral and cellular immune responses
to Mtb. In addition to the mycobacterial response, the vaccinated primates
also elicited a strong response to SIV gag and this response was independent
from the baseline mycobacterial immunity [116].
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Outstanding questions box

Can we design a joint TB-HIV vaccine design based off of a i) mycobacterial
based live vaccine vehicle, ii) induction of potent Th1 immune responses and
iii) antibiotic-free plasmid selection system?

Can we utilize the NHP model to better understand the impact of this vaccine-
induced immunity on immune activation and ultimately the final outcome of
co-infection?

Can the future studies factor in pre-existing immune responses to the rBCG
vectors being used in the vaccine? The vaccine candidate should be safe for
use in humans, should be able to demonstrate a relatively low level of
replication and should be able to be measured by a soluble marker in blood or
urine.

When designing a dual Mt6-HIV vaccine candidate, are we considering the
impact of genetic manipulations of Mtb on the overall immune spectrum and
the impact of HIV immunogens on the metabolic burden?

Can the dual Mtb/HIV vaccine candidate induce either i) an immune response
in Mto/HIV co-infected individuals similar to the response induced in a
natural Mibinfection in resistant individuals, ii) a complete eradication of the
pathogens or iii) sustain the LTBI by preventing its reactivation?

Can earlier administration of ART mitigate the immune activation in MtbISIV
co-infection?

Can ART and concurrent treatment with IL-21 or isoniazid preventive
treatment (IPT) result in better immune reconstitution and resolve residual
immune activation in Mtb/HIV co-infection?
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Highlights

. A third of all 1.5 million annual deaths due to Tuberculosis (TB) have a
Human immunodeficiency virus (HIV) component.

. The mere depletion of lung CD4* T cells is insufficient in causing
reactivation in macaques with latent tuberculosis infection (LTBI).

. These findings suggest a critical role for CD4* T cell independent factors
such as chronic immune activation and altered effector T cell phenotypes in
the reactivation of LTBI in Mtb/SIV co-infection.

. The approaches discussed herein, represent the ideal use of knowledge gained
from decades of work on two of the deadliest microbes known to humanity —
Mitb and HIV, to develop translational approaches towards the control of the
TB/AIDS syndemic.
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Figure 1. Chronic immune activation in Mtb/SIV co-infection
HIV co-infection of Mtbis characterized by immune activation encompassing a wide array

of tissues and cells. HIV co-infection leads to a drastic depletion of CD4+ T cells by loss of
mucosal integrity and in turn, a loss of immune function in the gastrointestinal tract. This
causes a translocation of resident microbial products into the systemic circulation leading to
activation of several cell types including T, B, NK cells, plasmacytoid dendritic cells and
monocytes. In addition to producing pro-inflammatory cytokines, these activated cell subsets
also demonstrate increased apoptosis and turnover. The integrity of the granuloma structure
in a reactivated macaque is maintained by this increased monocyte turnover that replaces the
apoptotic macrophages. The HIV infection promotes macrophage killing, leading to the
breakdown of granulomas, which in turn, leads to a breach of Mt6 containment and
reactivation. While ART successfully contains the virus, it fails to resolve the chronic
immune activation completely. Concurrent therapy with isoniazid and/or 1L-21 could contain
both bacterial containment and immune activation. While isoniazid treatment in conjunction
with ART could restore CCR5* Trp cells in the lung tissues leading to a better control of
Mitb replication in the macrophages, IL-21 could serve to promote the maintenance and
functionality of Th17 cells, B cells and CD8+ T cells. Together, this novel therapy could
potentially lead to a better immune reconstitution and resolve virus-driven residual immune

activation in a Mtb/HIV co-infection.
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Figure 2. Pathogenesis of LTBI and its reactivation upon HIV co-infection
LTBI is characterized by a dynamic balance between the pathogen and the host as a

consequence of limited bacterial replication due to its containment within granulomas.
Inhaled droplet Mtb nuclei are engulfed by the macrophages and dendritic cells in the
terminal alveoli in the lungs. In the latent phase, the replication is contained with the
granuloma by the activated T lymphocytes and macrophages. This leads to an arrest of the
disease progression and an immune balance is attained. Co-infection with SIV leads to a
severe immunosuppression and a drastic decrease in CD4* T cell counts in the granulomas.
As a result, there is an increase in the number of CD8" T cells with increased expression of
activation markers, CD95, CD38 and HLA-DR. A reduced expression of CD25 on B cells
during SIV infection results in perturbation of the B cell response to CD4* T cells. A
reduced antigen presentation from CD4+ T cells impairs the generation of memory B cells.
Taken together, SIV co-infection of Mtb leads to chronic immune activation, immune
dysbiosis and a skewed Tyeg/T17 balance resulting in reactivation of LTBI. Following the
SIV-induced immune perturbation, there is a reduction in the generation of lung homing
Mitb-specific Tgp CD4* T cells. This preferred depletion of Mtb-specific CD4™ T cells and
viral infection of the macrophages in the granulomas causes the integrity of the granuloma
to disintegrate leaking the contained Mib leading to dissemination.

Trendss Microbiol. Author manuscript; available in PMC 2021 August 01.

CD25*Foxp3 l

}



	TB/HIV co-infection: A global challenge
	Chronic immune activation in Mtb infection
	Reactivation of TB due to SIV-induced immune activation
	NHP model to study Mtb/HIV co-infection
	Lessons learnt from natural hosts of SIV
	Factors independent of CD4+ T cell–depletion contribute to chronic immune activation
	Role of innate immune response in chronic immune activation
	Chronic immune activation in antiretroviral therapy treated cohort

	Mitigation of chronic immune activation
	Concluding remarks and future perspectives
	References
	Figure 1.
	Figure 2.

