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Abstract

Tuberculosis (TB) is the leading cause of death due to an infectious agent, with more than 1.5
million deaths attributed to TB annually worldwide. The global dissemination of drug resistance
across Mycobacterium tuberculosis (Mtb) strains, the causative agent of TB, has resulted in an
estimated 450,000 cases of drug-resistant (DR) TB in 2021. Dysregulated immune responses
have been observed in multi-drug resistant (MDR) TB patients, but the effects of drug resistance
acquisition and impact on host immunity remain obscured. This review compiles studies that
span aspects of altered host-pathogen interactions and highlights research that explore how

drug resistance and immunity might intersect. Understanding the immune processes differentially
induced during DR TB would aid in developing rational therapeutics and vaccines for MDR TB
patients.

Drug Resistance in Tuberculosis and Implications for Host-Pathogen
Interactions

Antimicrobial resistance is an emerging global threat that confounds infection treatments
and stifles efforts to curb disease. The World Health Organization (WHO) estimates that,

in 2021 alone, there were 450,000 new tuberculosis cases (TB) resistant to the frontline
antibiotic, rifampicin, worldwide[1]. The majority of the rifampicin drug resistance (RDR)-
conferring mutations occur in the RNA polymerase B subunit (rpoB) of Mycobacterium
tuberculosis (Mth), causative agent of TB[2], with changes in the core transcription
machinery of the bacterium associated with profound effects on bacterial physiology and
metabolism[3,4]. Additionally, clinical reports note differences in the immune responses of
patients infected with drug-sensitive or drug-resistant Mt[5,6]. However, the mechanistic
links between how drug resistance mutations in Mtb result in altered responses and

impact clinical disease remain to be elucidated. Emerging evidence from animal models
suggest that downstream effects of rpoB8 mutations shift host-pathogen interactions and
drive differential immune responses, pathology, and outcomes[7,8]. This review covers

our current understanding of the effects of RDR mutations on Mtbh, compiles various
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observations of immune responses in multi-drug resistant (MDR) TB patients, and puts forth
mechanistic insights underlying the potential impact of drug resistance on immune responses
to infection.

RDR Mutations Impact Bacterial Physiology and Function

Rifampicin, or rifampin, is a frontline antibiotic used in a multidrug regimen as part

of standard chemotherapy to treat TB disease, and acquisition of RDR is a prerequisite

to multi-drug resistance by definition, with the WHO estimating numbers of DR TB

cases without distinguishing RDR and MDR[1]. The mechanism of action for rifampicin
is through binding to the core of the multi-subunit DNA-dependent RNA polymerase
machinery and preventing elongation of RNA transcripts[2]. Specifically, the antibiotic
binds in a pocket of 7poB and bacterial resistance to rifampicin in bacteria is mediated
primarily through mutations in a section of rpoB known as the rifampicin resistance
determining region (RRDR)[9]. Indeed, a single non-synonymous point mutation that has
commonly been seen at amino acids D435, H445, and S450 within the RRDR, is sufficient
to confer resistance to rifampicin, likely through altering the binding interaction between the
antibiotic and rpoB[10]. In this section, we detail various downstream effects observed in
RDR Mitb strains following the development of rpoB mutations (Figure 1).

Transcription and Translation

Studies have shown broad transcriptional differences between spontaneously generated RDR
Mtb mutants and their parental bacterial strains[11,12]. For example, independent RDR Mtb
isolates have exhibited constitutively elevated expression of adna£2 (an inducible low-fidelity
DNA polymerase), even in stress-free environments, relative to their drug-susceptible (DS)
counterparts[11]. In bacteria, dnaE2would generally be induced in response to DNA
damage to repair DNA quickly, albeit incorrectly perhaps, thus leaving behind mutations.
While dnaE2 might be speculated to play a role in antibiotic stress-induced mutagenesis,
sustained expression of this error-prone enzyme suggests broader and far-reaching effects of
acquiring RDR. For example, an increased mutation rate, facilitated by heightened dnaf2
expression, might drive adaptation and survival of the bacterium to future stresses such

as second-line antibiotics better than Mtb strains with low dnaE2 expression[13]. Indeed,
another study comparing RDR Mib strains with their parental DS strain showed hundreds

of differentially methylated genes across the strains, which correlated with differences

in gene expression[12]. This is relevant as acquisition of an RDR mutation leading to

broad, persisting epigenetic modifications suggests that differences between susceptible and
resistant bacterial strains might be reinforced beyond the initial antibiotic stress and lead

to long-lasting transcriptional and translational changes between susceptible and resistant
bacterial strains. Thus, acquisition of antibiotic resistance and subsequent genetic and
epigenetic modifications could have far-reaching impact on cell physiology and functions,
such as ability to form persister cellg[14], which can influence patient outcome and/or
infection clearance[15].

Differences between DS and DR strains have also been observed at the bacterial
protein level. Western blot analysis comparing Mtb isolates revealed five antigenic
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proteins (Rv3248c, Rv0350, Rv0440, Rv0475, and Rv3588c) uniquely expressed in MDR
strains[16]. Another similar study comparing a susceptible and MDR Mib isolate found

six proteins (Rv0147, Rv3597¢, Rv0379, Rv3699, Rv1392, and Rv0443) through two-
dimensional gel electrophoresis and mass spectrometry[17]. Broadly, these proteins can

be functionally categorized to be part of the stressresponse pathway (Rv0350 and
Rv0440), cell wall and cell processes (Rv0475 and Rv0379), metabolism and respiration
(Rv3588c, Rv0147, Rv3248c, and Rv1392), potential virulence factors (Rv3597c), or
conserved hypothetical proteins (Rv3699 and Rv0443)[16,17]. A possible caveat is whether
the differences in the drug susceptible and MDR bacterial strains are driven directly by the
drug resistance-conferring mutations or whether other unrelated mutations could drive the
observed differences in protein expression. However, a study sequentially isolating Mib from
a patient that developed MDR TB also found significant overexpression of proteins involved
in metabolism and respiration (Rv1437 and Rv2970c) or an Mtb virulence factor (Rv2145c)
in the later resistant isolates, compared with the initial DS isolate[18]. Thus, acquiring

an RDR mutation by Mtb strains unexpectedly alters the transcription and translation

of various genes in the bacterium[12,16,18]. Whether these transcriptional differences
could result from RDR mutations changing the interaction of the RNA polymerase with
promoters and other protein factors to initiate transcription, the functionality of the RNA
polymerase during transcription, or other aspects of the RNA polymerase require further
investigation. Nevertheless, studies have consistently shown the upregulation of genes and
increased abundance of proteins that have implications for crucial bacterial cell processes
and functions such as the cell wall and metabolism, which have major ramifications for
bacterial growth[19], host-pathogen interactions[20,21], and antibiotic efficacy[22].

Physiology and Metabolism

Unlike most bacteria with simple cell walls that are comprised of a layer of

peptidoglycan, mycobacteria contain two additional layers[23,24]. The second layer
contains arabinogalactan that is covalently attached to the peptidoglycan and then links
with a layer of mycolic acids. Various types of cell wall lipids, such as sulpholipids,
glycolipids, and phthiocerol dimycocerosate (PDIM), are found in the mycolic acid layer
and are important virulence factors for Mtb[25]. The development of RDR in Mtb has

also been connected with changes in specific cellular pathways, notably bacterial cell wall
lipid production and assembly[3,4,26]. From paired clinical Mtb isolates developing drug
resistance over the course of TB treatment[26], DR strains exhibited heightened expression
of genes involved in the biosynthetic production of mycobacterial lipids as well as increased
production of precursor molecules to PDIM. Of note, these changes were observed in Mtb
strains from different lineage backgrounds, Lineages 2 (W-Beijing) and 4 (Haarlem), with
differing 7poB mutations at amino acid residues H445 and S450, respectively. An unbiased
mass spectrometry approach that screened nearly 10,000 cell wall lipid species from DR
and DS M6 from Lineages 2 and 4 and across three rpoB mutations, Q432E, H445Y, and
S450L, found broad changes in the bacterial cell wall lipid abundance[3]. While a reduction
in sulfoglycolipids was observed across all DR isolates, increases in PDIM signal were only
observed in Lineage 2 DR strains. Our laboratory group has also observed that the presence
of the H445Y rpoB mutation in an MDR clinical isolate and a spontaneously-generated
RDR mutant was necessary and sufficient to drive increased accumulation of long-chain
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PDIM in the mycobacterial cell wall[4]. In this study, RDR Mtb with other rpoB mutations,
such as S450L, were not found to have significant alterations to the amount or type of PDIM
in their cell walls. A broader characterization of the H445D rpoB mutation in a clinical
Lineage 2 isolate showed an association between the mutation and increased bacterial cell
wall length, decreased cell wall thickness, and increased sensitivity to cell wall-related
stress[27]. These studies highlight how RDR mutations have broader effects on Mtband
suggest roles for Mtb background lineage and mutation identity in these alterations.

A natural consequence of the changes to DR M6 utilizing and incorporating lipids
differentially in its cell wall and the upregulation of proteins involved in respiration, include
other broad downstream changes to bacterial metabolic pathways. For instance, an unbiased
metabolomics approach screening intracellular and cultured supernatant metabolites found
significant differences between DS and MDR clinical isolates[28]. Specifically, differential
metabolites were enriched for in nicotinate and nicotinamide metabolism, purine and
pyrimidine metabolism, as well as arginine metabolism, which are metabolic pathways
related to Mrb processes of growth[29], physiology[30], and host defense[31], respectively,
suggesting that acquisition of drug resistance could have far-reaching effects on bacterial
functions through changes in metabolism. Even the treatment of DS Mt strains with sub-
lethal concentrations of rifampicin resulted in significant metabolite alterations in pathways
such as purine, pyrimidine, and arginine metabolism[32], which further underscores the link
between rifampicin resistance and mycobacterial metabolism. Using BindingDB, a public
database of small molecule and human protein interaction datasets, these metabolic changes
were predicted to interact with host proteins involved in processes such as inflammation,
apoptosis, and proteolysis [33]. Also, when examining methylation differences between

DS and RDR MtH[12], the nitrogen metabolism pathway was significantly enriched

in RDR strains, suggesting a durable and persisting change in metabolic processes in

RDR strains. Thus, we observe an indirect association between RDR mutations with
mycobacterial metabolism that could shape many bacterial processes and overall host-
pathogen interactions. However, how RDR mutations are linked with broad metabolic
changes and the implications for downstream effects due to these metabolic differences
remains to be understood.

Altered Human Immune Responses to Drug-Resistant Mth

Immune Correlates of Protection During Mtb Infection

Protective immune responses to Mtb infection have been characterized via animal
experimental studies[34—36] and by identifying host factors in patients that mediate
susceptibility to mycobacterial disease[37]. CD4™ T cells are essential for limiting Mo
replication and controlling infection, primarily through the production of IFN,, by T
helper 1 (Th1) cells[38,39]. Additionally, humans with deficiencies in IFN-y signaling
are predisposed to mycobacterial infections[40,41]. C57BI/6 (B6) mouse models of TB
disease have also shown a protective role for interleukin-17 (IL-17) and IL-22 produced
by T helper 17 (Th17) cells in promoting the recruitment of Th1l cells and myeloid cells,
respectively to the lungs during hypervirulent Mtb infection[42-44]. Cytotoxic CD8* T
and NK cells also play important roles during Mtb infection through IFN,, production
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and cytotoxic activity leading to the killing of infected cells and limiting Mtb intracellular
replication as observed in B6 TB mouse models of /n vivo infection and during /in vitro co-
culture of Mib-infected cells with cytotoxic T lymphocyte cell lines generated from healthy
donors[45-47]. From studies of human granulomas, macrophages have been determined

to be vital players in TB disease and can either serve as niches for Mitb growth[48] or

kill the pathogen upon activation by IFN,, through antimycobacterial mechanisms such as
phago-lysosome fusion and induction of the inducible nitric oxide synthase (iNOS) that
produces bactericidal reactive nitrogen species[49,50]. In this section, we detail how these
various immune processes have been characterized in MDR TB patients (Figure 2).

Limited Immune Activation in DR TB Patients

Some studies have analyzed immune responses in MDR TB patients compared to DS TB
patients, Mtb-experienced patients as determined through the tuberculin skin test (TST),
and Mitb naive, healthy controls [7,51,52]. MDR TB patients have been reported to exhibit
lower numbers and frequencies of CD4* T cells[7,51,52] and lower frequencies of Thl
cells[8] in peripheral blood than DS TB patients. Moreover, comparison between MDR
and DS TB patients revealed decreased IFN, stimulation of peripheral blood mononuclear
cells (PBMCs) from MDR TB patients with Mib proteins resulted in lower frequencies of
CD4* IFN,, -producing T cells (likely Th1 cells)[53] and limited production of IFN,, [54]
measured in the cell supernatant, when compared with similarly stimulated PBMCs from DS
TB patients. By contrast, PBMCs from MDR TB patients exhibited increased proportions
of IL-17, but not IFN,, producing CD4™* T cells than PBMCs from DS TB patients[55].
And, further stimulation of PBMCs from DS or MDR TB patients with proteins from an
MDR strain expanded the CD4* IL-17* IFN,~ T cell population far more than comparable
stimulation with proteins from a DS strain[55], suggesting that MDR Mib strains more
potently and selectively drive IL-17 production.

Additionally, increased frequencies of CD4* IL-17* T cells were positively correlated
with high sputum Mtbin MDR TB patients[55], which is a marker for TB disease
severity[56]. Conversely, increased frequencies of CD4* IL-22* T cells were negatively
correlated numbers of bacteria in the sputum of MDR TB patients[57]. These findings
imply a detrimental and protective role for IL-17 and IL-22 signaling in MDR TB
patients, respectively. However, these observations run contrary to the protective role of
IL-17 signaling noted above and are puzzling. Could increased IL-17 responses during
MDR TB disease just be associated with increased bacterial replication or driving poorer
control of MDR Mtb infection. The selective induction of 1L-17 suggests modulation of
immune processes, potentially through virulence factors that are uniquely upregulated by
DR Mitb, these, in turn, might limit the protective impact of IL-17 signaling, although

this remains conjectural and warrants robust investigation. One such mechanism could be
through promoting the survival of CD4" IL-17* IFN,~ T cells and apoptosis of CD4* IL-17*
IFN 7* T cells through TGF-gsignaling in MDR TB patients[6]. Nevertheless, the CD4*T
helper cell response appears to be dysregulated in MDR TB patients.

From another angle, the analysis of CD8* T cells responses to MDR Mib strains shows
opposing results. One study found that PBMCs cultured with the MDR Mib strain M
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resulted in limited expression of lytic molecules in CD8" T cells relative to PBMCs cultured
with the lab-adapted DS Mib strain H37Rv[58]. However, another study found that after
stimulation with H37Rv protein antigens, CD8* T cells from MDR TB patients had higher
cytotoxic activity than CD8* T cells from DS TB patients and healthy controls[59]. These
contrasting results might be attributed to the different stimulating agents, with the DS Mib
H37Rv antigens more potently activating CD8* T cells than the MDR Mtb strain, although
this is speculative and should be evaluated in the future. In comparison, analysis of NK cells
from MDR TB patients consistently shows decreased NK cell activity relative to NK cells
from matched DS TB patients[51,60,61]. Broadly, immune cells from MDR TB patients
appear to show limited cytolytic activity, which might be driven by MDR Mitb strains failing
to elicit these responses or, alternatively, an inability to produce cytotoxic effectors due to
‘exhaustion’ and overactivation- possibilities that remain to be tested.

From the myeloid cell perspective, studies have also documented limited monocyte and
macrophage activation peripherally and at the site of infection in the lungs, which are
associated with decreased control of MDR Mib infection relative to DS M6 infection.
Staining of resected lung sections from TB patients for ‘M1-like’-polarized (iNOS™) or ‘M2-
like’-polarized (Arginase-1*) CD68™ alveolar macrophages revealed a greater proportion of
M2-like macrophages in DR TB lungs than in DS TB lungs, suggesting that macrophages
are differentially activated in DR TB patient lungs[62]. Moreover, macrophages derived
from monocytes (MDMs) isolated from MDR TB patients were unable to limit DS Mtb
proliferation following ex vivo infection, unlike MDMs isolated from healthy controls[63].
Also, peripheral blood monocytes from MDR TB patients produced significantly less NO
upon ex vivo infection compares with controls[64]. Further, an MDR Mib strain, MKR,
displayed increased intracellular growth, in THP-1s, a human monocyte cell line relative to
H37Rv [65]. Increased MDR Mitb proliferation in vitro correlated with elevated expression
of IL-36RN, a negative regulator of the IL-36 pathway. As IL-36 signaling has been
implicated in host defense against M[66], induction of /L-36RN suggests that monocytes
are mounting a more limited response to MDR Mtb infection than to DS Mib infection.
Collectively, these studies suggest that key immune processes previously found to be
essential in an effective and protective response against Mtbin DS TB patients are not
robustly present in MDR TB patients.

Active Immune Suppression during MDR TB?

With ample evidence of limited immune responses in MDR TB patients, an evident
question is whether MDR strains passively fail to elicit a robust immune response or
actively antagonize host processes during infection. One mechanism of immune suppression
characterized during Mtb infection is the induction of 1L-10 production by T regulatory
cells (Tregs), generally defined as CD4* CD25* Foxp3* CD127-[67-69]. Accordingly,
depletion of Tregs from PBMCs of active DS TB patients improved anti-microbicidal
capacity of the depleted PBMCs to secondary ex vivo Mtb infection as measured through

a decline in Mtb growth when compared with untreated PBMCs[70]. In the peripheral

blood of MDR TB patients, the proportions of Tregs have consistently been found to be
elevated above levels found in DS TB patients and healthy controls[5,53,60,71]. While some
studies found a corresponding increase in 1L-10 concentrations in the peripheral blood and
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serum of MDR TB patients as compared with DS TB patients[53,60], another study found
that PBMCs isolated from MDR TB patients produced less IL-10 after stimulation with
PMA and ionomycin, relative to similarly stimulated PBMCs from DS TB patients[8]. In
contrast, PBMCs and monocytes from some MDR TB patients produced IL-10 to a similar
extent as healthy controls in response to Mtb or its lipid antigens[7,72]. Yet, one of the
upregulated proteins found in the Mib strain that developed drug resistance (Rv2145c) has
been implicated in promoting intracellular bacterial survival through IL-10 signaling[73].
Thus, while the cellular mechanisms of Treg function in MDR TB disease remain to

be determined, the increased accumulation of Tregs in the peripheral blood of MDR TB
patients beyond what has been observed in the blood of DS TB patients suggests that

MDR Mitb strains might be actively subverting host T cell immunity through a more robust
induction of this immunoregulatory cell population, warranting further investigation. Indeed,
augmenting T cell responses through addition of recombinant IL-12 to /in vitro PBMCs from
MDR TB patients bolstered low IFN,, production[7], and addition of recombinant IL-2 to
PBMCs stimulated with MDR strain M restored expression of cytolytic molecules in CD8*
T cells[58]. Similar treatment of cells stimulated with H37Rv or a different MDR strain

410 did not impact cytolytic activity. Further, in a completed phase 1 two arm-randomized
controlled trial (NCT03069534) with 271 enrolled participants, addition of recombinant 1L-2
to standard chemotherapy of MDR TB patients improved success rates and mycobacterial
sputum clearance, the primary and secondary outcomes, compared to a matched control
group with no adverse events [74]. Also, these better treatment outcomes correlated with
increased proportions of Thl cells and decreased frequencies of Th17 and Treg populations
in peripheral blood of rIL-2 treated patients relative to patients in the control group. Though
additional and robust randomized controlled trials are necessary to interrogate the general
effectiveness of augmenting T helper cell responses in MDR TB patients, this study suggests
that therapeutic intervention to boost the limited T cell responses in MDR TB patients has
potential. Thus, the collected evidence suggest that a suppressive immune response is unique
to some DR Mib strains that promote DR TB pathogenesis.

Altered Immune Responses in Animal Models to Drug-Resistant Mtb

Guinea Pig Models

Studies in human MDR TB patients are limited to associations and ex vivo analysis of
peripheral immune cells. Alternatively, guinea pigs recapitulate features of TB disease
observed in humans, such as a well-organized granuloma with a necrotic core surrounded
by myeloid and multinucleated cells and encapsulated with a lymphocyte cuff, and are used
as a model to mechanistically study infection establishment and disease progression[75,76].
In one such study, guinea pigs were infected with a low dose of approximately 20 Mtb
bacili by aerosolizing a liquid inoculum of either a DS or MDR strain[77]. While both MDR
strains, W7642 (Lineage 2) and TN5904 (non-Lineage 2), grew to similar bacterial titers

in the lungs as the DS, lab-adapted H37Rv strain (Lineage 4) at 30 days post infection
(dpi), both strains declined in bacterial burden during the chronic infection period at 90

dpi. Both MDR strains also induced less pathology upon infection than the H37Rv strain as
determined through parameters such as lung lesion size, necrosis, and fibrosis[77]. Another
study modeled an alternate infection route by continuously exposing guinea pigs to exhaust
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air from MDR TB patients resulted in 75% of the animals becoming infected, as determined
through a TST[78]. Unexpectedly, 22% of guinea pigs reverted to a negative TST reaction,
and a third of reverting guinea pigs redeveloped a positive TST reaction. Reversion of

a positive TST reaction could suggest clearance of infection without development of

T memory cell responses, whereas redevelopment of a positive reaction could indicate
re-infection. Even in infected guinea pigs with persisting positive TST reactions, disease
severity score was relatively low after 4 months of exposure. These results indicate that
MDR strains are fairly transmissible but appear to drive limited disease although these
findings may be species dependent. Although more studies with closer comparative strains
and a greater depth of immune profiling need to be conducted, both studies suggest that
MDR strains likely induce milder disease than DS strains during infection, which coincide
with clinical observations of limited or suppressed peripheral immune responses, as noted
above.

Mouse Models

Mice are another widely-used model for studying TB disease through forward and reverse
genetic approaches that aim to characterize the roles of specific host factors[76,79]. An early
study comparing the infection responses of C57BI1/6 mice to a panel of clinically isolated
Mitb strains found that RDR strains grew steadily in the lungs by 20 dpi but declined at

40 and 60 dpi[80]. However, another study found the opposite result, with MDR strains
growing more slowly than the H37Rv strain in the first three weeks of infection but not after
that timepoint[81]. Accordingly, comparison of clinically isolated strains from an epidemic
outbreak in KwaZulu-Natal, South Africa that belong to Lineage 4 also revealed decreased
MDR bacterial replication at 2 weeks post infection and reduced mortality of infected

mice, relative to DS strains[82]. These seemingly discrepant results could be explained

by differences in the genetic backgrounds of the RDR and MDR strains, with the drug
resistance mutations impacting these DR strains differently. But, these studies collectively
might suggest that the acquisition of drug resistance can result in a decrease in virulence of
Mitb strains. However, a lack of characterization of immune responses in these mice limits
our understanding of the host processes driving these outcomes.

We sought to understand the roles of various host immune pathways during DR and DS TB
with a collection of MDR strains and a DS strain, HN878, all belonging to the W-Beijing
family (Lineage 2)[4]. While single knockout mice of immune genes previously shown

to be essential for protection, such as /fngrand NosZ, exhibited increased bacterial loads
across these different strain infections, //2r7~~ mice could still control some MDR Mib
infections, notably with the W7642 strain, as evidenced by similar lung bacterial burdens

in //1r1*/* and //1r17/~ mice. It should be noted that the W7642 strain did not exhibit
reduced virulence compared to HN878 up to 60 dpi, suggesting that acquisition of an 008
mutation does not always impose a fitness cost on the bacteria and could be ameliorated
through additional compensatory mutations. Further, /n vitro infection of bone marrow
derived macrophages (BMDMs) with HN878 drove high IL-1p and low type | interferon
(IFN) production from BMDMs. HN878-infected BMDMs also underwent a glycolytic shift
in metabolism, as measured through transcriptional changes in infected macrophages as well
as lactate accumulation, relative to uninfected controls. By contrast, BMDMs infected with
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W7642 produced low IL-1p, high type I IFN, and did not effectively shift to glycolysis.

This suggested that heightened type I IFN signaling in the MDR-infected BMDM s likely
contributed to limiting this metabolic shift[83], although this remains to be further tested.

Of note, whole genome sequencing of all DS and MDR strains used in the study implicated
the RDR mutation rpoB-H445Y as potentially causal in driving the observed phenotypes.
Indeed, spontaneous, independent DR mutants containing the rpoB-H445Y, but not other
mutations such as rpoB-S450L, recapitulated the immune phenotypes observed with W7642.
Treatment of HN878 Mtb-infected BMDMSs with PDIM isolated from W7642 or the DR
strain containing H445Y also resulted in decreased IL-1p and lactate accumulation but
increased type | IFN relative to treatment with PDIM isolated from HN878. Thus, the impact
on host-pathogen interactions is, in part, mediated by changes in Mtb antigens and virulence
factors that arise during the acquisition of RDR mutations.

Concluding Remarks

Glossary

Acquisition of RDR is known to have significant consequence for the pathogen, but
emerging evidence supports that this also impacts host-pathogen interactions, which is more
than meets the eye at first glance. Similar changes have been observed in other bacterial
species that become resistant to rifampicin with changes to bacterial physiology[84-86] and
effects on infected immune cells[87]. However, there are significant gaps in discerning the
impact of RDR mutations on immunity, chiefly how point mutations in rpoB of Mtb shift
host-pathogen interactions (see Outstanding questions). As noted throughout this review,
many of the comparisons of DS and MDR strains extend across lineages and often times
without comprehensive sequencing information. Yet, the impact of Mib background lineage
has been well documented to affect host immunity[88-91]. Also, most clinical studies
referenced here highlight peripheral immune responses across DS and DR TB patients,
which have yielded interesting, but limited insights. To more thoroughly understand the
impact of bacterial rifampicin drug resistance on host immunity, future clinical studies
should more closely match and sequence DS and DR strains to identify the specific rpoB
mutations, additional compensatory mutations that might interact in an epistatic manner, as
well as the strains’ lineage background[92,93], and also correlate the immune responses of
DR TB patients with differences in pathology and patient outcomes. Moreover, the limited
immune response to MDR TB should be better characterized through animal models to
identify novel immune correlates of protection, and other immune processes important in
mycobacterial host defense, such as autophagy[94,95], should be studied if they can aid in
immune control of MDR Mib infection (see Outstanding questions)[96,97]. Additionally,
expanded clinical trials should be conducted to study how limited T cell immunity could

be therapeutically targeted to improve MDR TB patient outcomes. Overall, a better
understanding of how drug resistance mutations to a frontline antibiotic intersect with

host immune responses may reveal novel biology and ideally assist in the development of
more effective vaccines and host-directed therapeutics to combat the pervasive, ever-growing
threat of DR TB.

Epistatic
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Describing genetic interactions where the effects of a mutation in one gene is influenced by
mutations in other genes

Phthiocerol dimycocerosate (PDIM)
A bacterial cell wall lipid unique to Mtbthat is produced intracellularly and exported to the
mycobacterial outer membrane and is important for bacterial virulence

Stress response pathway
Broad categorization of cellular responses to mediate stresses such as nutrient limitation,
antimicrobial compounds, and low pH

T helper 1cdls
CD4* T cell subset that are important for clearance of intracellular bacterial and viral
pathogens through the production of cytokines, such as IFN,,

T helper 17 cells
CD4™ T cell subset that are important for clearance of extracellular pathogens through
production of IL-17

T regulatory cells
CD4* T cell subset defined through Foxp3 and CD25 expression that suppress and limit
immune responses

Tuberculin skin test

A method for detecting Mitb exposure through measuring a patient’s response to intradermal
injection of Mtbantigens. A positive result indicates that the patient has generated a T cell
response to Mtb, likely due to infection

Virulence factors
Molecules that contribute to a pathogen’s ability to infect, colonize, and survive in a host
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Figure 1- Examples of differences observed between drug sensitive and drug resistant Mtb
strains.

The presence of rifampicin drug resistance mutations is associated with broad changes
in bacterium physiology and function. Some changes include increased expression of
DNA-damage related DNA polymerase, dnatZ11], differences in DNA methylation
patterns[12], increased expression of cell wall- and stress-related proteins[16-18], and
increased accumulation of long-chain cell wall lipid phthiocerol dimycocerosate (PDIM)
[3,4] This figure was created using BioRender.com
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Figure 2- Comparison of reported immune responses between DS and DR TB patients.
Clinical studies comparing peripheral and tissue immune responses largely find divergent

and diminished immune responses in drug resistant (DR) TB patients relative to drug
susceptible (DS) TB counterparts. While elevated proportions of T helper 1 (Th1) CD4* T
cells producing interferon (IFN),, are found in the peripheral blood of DS TB patients, Th17
CD4* T cells producing IL-17 and 1L-22 and T regulatory (Treg) cells producing I1L-10 are
elevated in DR TB patients[7,55,71]. Additionally, the CD8* T cells and natural killer (NK)
cells from peripheral blood of DR TB patients produce less cytotoxic and lytic mediators
than similar cells from DS TB patients[58,60]. In the lungs greater proportions of Arginase
1* (Arg-1%) alveolar macrophages (AMs) are found in DR TB patients, while inducible
nitric oxide synthase™ (iNOS™) AMs are found in DS TB patients[62,64]. This figure was
created using BioRender.com
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