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Editorial on the Research Topic

Exploring Immune Variability in Susceptibility to Tuberculosis Infection in Humans

INTRODUCTION

Tuberculosis (TB) occurs along a clinical and immunologic spectrum ranging from exposure and
immune sensitization to the highly transmissible pulmonary form of the disease (1, 2). While active
disease requires microbiologic confirmation, all other states derive from the use of
immunodiagnostics to infer the presence or absence of a paucibacillary infection. The tuberculin
skin test (TST) and interferon gamma release assays (IGRA) quantify T cells specific for
Mycobacterium tuberculosis (M.tb) in the blood, and have been used to define ‘resisters,’
‘reverters, and ‘latent’ infection in humans (3, 4). There is no gold standard for the diagnosis of
clinically silent infection with M.tb, and there is limited correlation between immune reactivity and
the presence of viable bacilli in humans and animal models (5, 6).

It is against this backdrop that we present the following Research Topic of eleven articles exploring
immune variability in susceptibility to tuberculosis infection in humans. The Research Topic spans
several themes, including the clinical spectrum of M.tb infection, T cell immunity and transcriptional
biomarkers, and the influence of co-morbid illnesses. Together, they advance how we conceptualize and
study immunophenotypes of M.tb infection, such as ‘resisters,” ‘reverters, and even ‘latency’.

EXPLORING THE SPECTRUM OF M.TB INFECTION IN HUMANS

Two review articles address our evolving understanding of the clinical spectrum of tuberculosis in
humans. Guttierez et al. comprehensively review the varying definitions of ‘resisters’ through several
household contact and community studies. Based on the heterogeneity in study designs, they argue
that a single definition of ‘resistance’ may be inadequate and provide recommendations on how
future studies might pursue a more standardized approach. Dube et al. review the evidence linking
human and murine genetic variation in pattern recognition receptors with both the immune
response as well as ‘resistance’ to M.tb infection. While genetic variation in this class of genes is
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clearly associated with altered immunity, it is less clear whether it
is associated with hard clinical definitions such as ‘latency,
which mask the underlying phenotypic heterogeneity of TB.
Instead, the authors argue that future studies should be designed
to account for heterogeneity by looking for associations
with endophenotypes.

CHARACTERIZING M.TB-SPECIFIC
IMMUNITY

Using longitudinally collected samples, Mpande et al. identified a
group of IGRA reverters and compared M.tb-specific CD4 T cell
responses with IGRA converters or non-converters from the same
cohort. Among IGRA reverters, M.tb-specific CD4 T cells showed a
similar activation phenotype but presented an early differentiated
phenotype compared to IGRA persistent individuals and more
closely resembled phenotypes seen among non-converters. The
authors conclude that the magnitude and differentiation status of
M.tb-specific Thl cells among some IGRA reverters may be
consistent with well-controlled M.tb infection.

Sharan et al. performed a study of early (one week and three
weeks) Mtb-specific T cell responses in the lungs of rhesus
macaques after aerosol infection with either a low- or a high-
dose of M.tb. The key finding was higher Mtb-specific CD4
+IFN-y+ and TNF-a+ T cell responses in the bronchoalveolar
lavage (BAL) after one week in the low dose group that was
delayed to three weeks in the high dose group. These results
provide insight into T cell priming events occurring very early
after infection that depend on bacterial load.

Meier etal. performed a longitudinal assessment of M..tb-specific
T cells from HIV-infected individuals up to the time of TB
diagnosis. They found that Rv2031c-induced TNF-o was
significantly higher in cases compared to controls up to two years
prior to TB diagnosis. At time-points closer to diagnosis, they found
increased Rv2431 induced IP10 and Rv2031 induced TNF-a in
progressors compared to non-progressors. The data provide T cell
correlates of risk that may complement blood transcriptional
signatures that have been the focus of recent work (7).

Silva et al. investigated cytokine production by peripheral blood
immune cells derived from subjects with active, ‘latent,” or no
infection with M.tb after in vitro stimulation with M.tb-derived
glycolipids. Compared to stimulation with purified protein
derivative (PPD), the authors found that glycolipid stimulation
elicited diversity beyond canonical Th1 responses to include B cells
and CD33+ cells producing several pro and anti-inflammatory
cytokines. Further, the magnitude of the cytokine response to M.tb
glycolipids was reduced in ‘latent’ or active infection compared to
controls suggesting potential hyporesponsiveness upon M.tb
exposure, or a mechanism of trained immunity (8).

TRANSCRIPTIONAL SIGNATURES
AND BIOMARKERS

Three studies focused on blood transcriptional signatures and other
soluble mediators associated with M.tb infection. Baguma et al.

assessed a cohort of pre-adolescent children who are intrinsically at
lower risk of developing TB disease than post-pubescent
adolescents and young adults. They found pre-adolescent
children had lower levels of myeloid-associated pro-inflammatory
mediators than youngadults in vivo and after in vitro M.tb infection.
Wilkinson et al. performed a longitudinal analysis of whole blood
and plasma derived from HIV-1 infected individuals during the first
six months of antiretroviral therapy. They found a consistent
decrease in immune activation and inflammation over this period
that may contribute to the reduced incidence of TB after ART
initiation. Domaszewska et al. performed a meta-analysis of
published whole blood transcriptomes from humans and
identified IFN-rich and IFN-low endotypes of TB that did not
appear to correlate with the time after M.tb infection in cynomolgus
macaques but could distinguish severity of disease.

CO-MORBID ILLNESSES

In addition to the studies of HIV co-infection noted above, two
studies addressed the role of comorbid illnesses and Mtb
infection. Petruccioli et al. examined subjects with immune-
mediated inflammatory diseases, who have a high probability
of developing active TB, and compared them to individuals with
active TB and Mtb infection. They found that among patients
with inflammatory diseases, anti-TB therapy did not affect the
phenotypes or functions of M.tb-specific CD4 T cells. Diabetes is
a major risk factor for progression to active TB and poly (ADP-
ribose) polymerase (PARP) activation is mechanistically
associated with the development of Type I diabetes. van Doorn
et al. used an in vitro human macrophage model to investigate
the role of PARP inhibitors as host-directed therapy for TB. They
find that PARP inhibition decreased survival of both drug-
sensitive and drug-resistant M.tb.

SUMMARY

The work presented in this Research Topic cover the spectrum of
diversity of M.tb infection across a variety of human cohorts and
illustrate just how far we still need to travel in order to unravel
the immunology underlying this diversity. Operational
definitions such as ‘resistant’ and ‘latent’ will hopefully give
way to molecularly defined endophenotypes that will facilitate
better treatments for this global scourge.
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Tuberculosis (TB) remains a worldwide problem. Despite the high disease rate, not all who
are infected with Mycobacterium Tuberculosis (Mtb) develop disease. Interferon-y (IFN-v)
specific T cell immune assays such as Quantiferon and Elispot, as well as a skin
hypersensitivity test, known as a tuberculin skin test, are widely used to infer infection.
These assays measure immune conversion in response to Mtb. Some individuals
measure persistently negative to immune conversion, despite high and prolonged
exposure to Mtb. Increasing interest into this phenotype has led to multiple publications
describing various aspects of these responses. However, there is a lack of a unified
“resister” definition. A universal definition will improve cross study data comparisons and
assist with future study design and planning. We review the current literature describing
this phenotype and make recommmendations for future studies.

Keywords: tuberculosis, resister, phenotype, tuberculin skin test, interferon-y release assay, review

INTRODUCTION

Tuberculosis (TB) remains a major public health problem globally. Since 2007, Mycobacterium
tuberculosis (Mtb) has been responsible for the greatest number of deaths from a single infectious
agent around the world. In 2018, 10.0 million people developed active disease and approximately 1.5
million people died (1). One of the challenges faced in developing effective TB preventative
treatment strategies is understanding the underlying innate and adaptive responses to natural
clearance of Mtb. We currently lack a gold standard to measure infection and can only infer it from
a tuberculin skin test (TST) or in vitro based Interferon-y (IFN-Y) release assays (IGRA). These
assays are markers of immune conversion in response to Mtb exposure and do not capture the full
spectrum of anti-Mtb immunity (2-4). Despite this inherent limitation, the study of persons who
test persistently negative for these assays and do not develop TB provide unique and important
epidemiological, genetic, and immunological insights into understanding the possible mechanisms
of infection clearance (2, 5).

There are several historical case contact studies that point to the existence of a group of
individuals who remain negative for reactivity to a TST despite heavy and repeated exposure to Mtb
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(2, 5, 6). These individuals have been previously labeled as
“resisters” or “early clearers” of infection. For example, two
different studies described the cumulative prevalence of these
individuals among nurses and nursing students (7-9). One study
took place at the Boston City Hospital from 1932 to 1947 and
revealed that 52 out of 362 nurses (14.4%) fit this phenotype over
a three-year follow-up period (7). The other study was
performed at Fairview Hospital in Minneapolis and found that
16 out of 184 nursing students (8.7%) did not show any evidence
of reactivity to a TST during a three-year follow-up (8). Another
study performed in 1966 aboard the U.S.S. Richard E. Byrd found
that 7 crew members out of approximately 70 who shared the
same berthing compartment as a symptomatic pulmonary TB
sailor remained TST negative during a 6-month follow-up (10).
As one of these studies points out, these individuals appeared to
be “endowed with a very superior resistance to tuberculosis
which destroyed the tubercle bacillus before it could establish a
‘beach head’ in the body” (7).

Although recent work suggests this phenotype may be best
characterized immunologically (4), several longitudinal
epidemiological studies have attempted to define this “resister”
phenotype using IGRAs in addition to the TST. Unfortunately,
due to the heterogeneity of these studies as well as the instability
observed in TST and IGRA results, a unifying definition has been
difficult to ascertain.

Perhaps the greatest obstacle in trying to define a unified
phenotype of resistance to TB is the inability to define a singular
state. Resistance to Mtb remains a spectrum and is dependent on
host, environmental and bacterial factors. To date, both
household contact studies as well as community studies have
been used to facilitate the identification of the spectrum of
phenotypes of interest and these studies include cross sectional,
case-control, and cohort study designs.

The purpose of this review is to, according to study design,
summarize how different studies in the literature describe
individuals who test IGRA and TST negative after single or
multiple Mtb exposure (Tables 1 and 2). Second, we compare the
differences. Third, based on the differences, we argue why a single
definition of a “resister” phenotype may be inadequate. Lastly, we
aim to make recommendations on how future studies should
approach their study design and definitions.

STUDY DESIGNS AND DEFINITIONS

Household Contact Studies

The past few years has seen increased interest in using household
contact studies in order to understand the pathophysiology of
Mtb infection—including the host immune response—and to
define “resistance” or “early clearance” to infection. Some of
the advantages of this particular study design include the ability
to recruit a highly exposed group of individuals who can be
followed prospectively while collecting extensive epidemiological
data (11). All of these aspects ensure that all stages of Mtb
infection and disease can be captured allowing a more defined
and robust phenotypic examination (11).

Kampala, Uganda
The study by Stein et al. is unique among household contact
(HHC) studies in that it revisited a cohort that had been
originally recruited between 2002 and 2012 in order to assess
the robustness of the “resister” phenotype several years later (12).
This follow-up study retraced 407 HIV negative participants who
were at least 15 years of age at the start of the retracing study and
who had been initially classified as “persistent TST negative”
(negative TST results for a minimum of 12 months and up to 24
months optimally) or “I'ST negative incomplete” (negative TST
results for less than 12 months). The average time in between
recruitment for these studies was approximately 9.5 years (12).
In addition to the TST used in the previous study, Stein et al.
added the use of the QuantiFERON TB Gold In-Tube (QFT) test
to further refine the “resister” phenotype. There were three QFT
tests performed per participant. The first one was done at
baseline followed by two others done in the 1 to 2-year period
after baseline. A final TST (5 tuberculin units [TU], PPD-S2,
Tubersol, Sanofi Pasteur Limited, USA) was performed following
the last QFT test. Based on the additional testing, participants
were further grouped into the following “resister” categories:
“definite resister”, “probable resister”, and “possible resister” (see
Table 1). The investigators defined certainty level using
quantitative values of the QFT and TST such that if values
were close to the positive/negative thresholds, they had a lower
level of certainty. The levels of certainty also incorporated missed
visits for both IGRA and TST data. Stein et al. also highlighted
the presence of 32 TST/QFT “discordant” individuals who had
consistent TST results but opposite QFT tests results. At the end
of the study, most (82.7%) of the retraced “persistent TST
negatives” remained QFT and repeat TST negative (“resisters”)
while 16.3% converted to LTBI and 1.0% were labelled as
“discordant”. In addition, 91.7% of these “resisters” had a TST
of 0 mm (12).

Chennai and Pune, India

Mave et al. recruited a total of 799 children, adolescents and
adults who had been living in the same household of an adult
pulmonary TB index case from two different sites in India (15).
Follow-up included three QFT tests and three TSTs (5 TU, PPD,
SPANY/Arkray, India) at baseline, at 4 months and at 12 months.
The cut offs used for the QFT tests were those suggested by the
manufacturer and they used the more stringent 5 mm. cut off for
the TST on all subjects. They also classified HHCs using a TB risk
score and defined high exposure as those adults with a score > 6
and children with a score > 5 (13, 14). Using these tests, the
authors defined the following phenotypes: “persistent LTBI
negative” (pLTBI-), “resisters”, and “resisters with a complete
absence of response” (Table 1). By the end of the follow up
period, 91.6% of all HHCs developed latent TB infection. Sixty-
seven HHCs (8%) were classified as “pLTBI-" and 52 of these were
further classified as “resisters”. Although none of these “resisters”
had a complete absence of response to both tests, approximately
half of them had no response to at least one of the tests. Finally, the
authors mentioned that the two tests only had a 60% agreement
but did not reveal how they dealt with discordant results.
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TABLE 1 | Summary of tests and definitions used by household contact studies.

Household
contact study

Study location

Risk score used

Tests used

Cut-offs

Resister’ definition

Other definitions

LTBI definition

Steinet al. (11,
12)

Mave et al. Chennai and Pune,

(15) India

Verrall et al. Bandung,

(16, 17) Indonesia

Hill et al. (18) Banjul, The
Gambia

Coulter et al. The Gambia

(19

Medawar et al.  The Gambia

(20)

Weiner et al. The Gambia

@1

Kampala, Uganda

Validated TB risk score by
Mandalakas et al. (13); Ma et al.
(14)

Validated TB risk score by
Mandalakas et al. (13); Ma et al.
(14)

Score, derived using regression
methods, was based on the index
TB case’s sputum smear grade,
the presence of cavities and the
extent of the CXR disease

No risk score used

Based on sleeping proximity to the
index TB case and smear grade of
the index TB case

HHCs sleeping in the same room
as index TB case

Based on sleeping proximity to the
index TB case and smear grade of
the index TB case

TST (5 tuberculin units
[TU], PPD-S2, Tubersol,
Sanofi Pasteur Limited,
USA)

QFT Gold In-Tube (QFT-
GIT)

TST (5 TU, PPD, SPAN/
Arkray, India)
QFT-GIT

QFT- GIT

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)
ELISPOT

in-house IGRA

QFT-GIT

Cohort 1: TST (2 TU, PPD
RT23, Statens Serum
Institut, Denmark)

Cohort 2: QFT-GIT

TST: 10mm (HIV- contacts) and
5mm (HIV+ contacts)

QFT: IFN-y (TB Ag — Nil) at 0.35
1U/ml

TST: 5mm
QFT: IFN-y (TB Ag — Nil) at 0.35
U/ml

IFN-y (TB Ag — Nil) at 0.35 IU/ml

TST: 10mm

ELISPOT: For a positive ESAT-6/
CFP-10 result it was necessary for
at least one of the two pools of
overlapping peptides to be
positive. Phytohaemagglutinin
wells were set to at least 150 SFU/
well/2 x 10/5 above negative
control wells. Negative control
wells were required to have less
than 20 SFU.

Unknown

Negative QFT: IFN-y (TB Ag — Ni)
<02

Positive QFT: IFN-y (TB Ag — Nil) >
0.7

TST: 10mm
QFT: IFN-y (TB Ag — Nil) at 0.35
U/ml

Initial houlsehold contact studly:
TST negative after at least 12
months of follow-up. Retracing
study: Three negative QFT tests
(one at baseline and two others
during the 1-2 year follow-up
period) and a final negative TST
following the last QFT test.
Average duration of time in
between studies: 9.5 years.

HHCs with high TB exposure who
were TST and QFT negative at
baseline and up to 12 months
following exposure (TST < 5mm
and QFT IFN-y (TB Ag - Nil) <
0.35 IU/mL).

Persistently negative (Early
clearers): Persistently IFN-y (TB
Ag — Nil) < 0.35 IU/ml at baseline
and at 14 weeks.

HHCs with high TB exposure: TST
< bmm at baseline and 18 months
following exposure and negative
ELISPOT at baseline, 3 months
and 18 months following
exposure.

Non-converters: IGRA negative
at baseline and at 6 months

QFT nonconverters: IGRA
negative at baseline and at 6
months

Cohort 1

TST nonconverters: TST = Omm
at baseline and at 3 months.
Cohort 2

Nonconverters: IFN-y (TB Ag —
Nil) < 0.35 IU/mL at baseline and
at 6 months.

Probable ’resister’: one ‘low
level positive” QFT that disagreed
with the other 4 data points. A low
level positive included values of
0.35 IU/ml < IFN-y (TB Ag — Nil) <
0.5 IU/ml.

Possible 'resister’: TST
induration < 8mm or one QFT
positive plus all other negative
tests or a TST negative incomplete
with 2 negative QFTs but missing
the last visit of the study.
Persistent LTBI negative
(pLTBI-): TST and QFT negative
at baseline and up to 12 months
following exposure.

’Resisters’ with complete
absence of response: TST =
Omm and IFN-y (TB Ag — Nil) <
0.01 1U/ml.

QFT reverters: IGRA positive at
baseline and IGRA negative at
6 months

Definite LTBI: All TST and QFT +.
Definite converters: Persistently
TST negative in initial study who
converted to 3+ QFT and a +TST
on retracing.

LTBI: At least one positive TST or
QFT test. TST > 5mm or QFT IFN-
v (TB Ag — Nil) > 0.35 IU/mL.

Conversion: IFN-y (TB Ag — Nil) <
0.35 IU/ml at baseline to IFN-y (TB
Ag - Nil) > 0.35 IU/ml at 14
weeks.

TST conversion: Negative at
baseline and > 10 mm & an
increase in induration > 6 mm at
18 months.

Positive ELISPOT: ESAT-6/CFP-
10- at least one of the two pools
of overlapping peptides positive.
ELISPOT conversion: as a newly
positive test, plus a change in the
combined ESAT-6 and CFP-10
count (> negative control) > 6
SFU/well/2x1015 (30 SFU/million
cells).

LTBI: IGRA positive at baseline
IGRA converters: IGRA negative
at baseline and IGRA positive at 6
months

LTBI: IGRA positive at baseline
and at 6 months

IGRA converters: IGRA negative
at baseline and IGRA positive at 6
months

Cohort 1: (TST converters) 0
mm at baseline and converted to
positive >10 mm by 3 months.
Cohort 2: (converters) IFN-y (TB
Ag - Nil) < 0.35 IU/mL at baseline
and IFN-y (TB Ag — Nil) > 0.35 U/
mL at 6 months.
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TABLE 1 | Continued

Household
contact study

Study location

Risk score used

Tests used

Cut-offs

Resister’ definition

Other definitions

LTBI definition

Aissa et al. Val de Merne,
(22) and Cobat  Paris, France
etal. (23)

Quistrebert Southern Vietnam
etal. (24)

Chen et al. Shanghai, China
(25)

Vorkas et al. Port-au-Prince,
(26) Haiti

Exposure measures included
daytime and nighttime proximity to
the index case, duration of
exposure to the index case in
number of days during the 3
months prior to the index case’s
diagnosis, and the index case
infectivity. Index case infectivity
was assessed using the duration
of cough before diagnosis,
presence of cavitation and extent
of disease on CXR, and bacillary
density in sputum smears and
culture

No risk score used

Based on shared air space with an  ELISPOT (TS-SPOT;
individual with pulmonary TB in the  Beijing Jinhao, China)

household or other indoor setting
for > 15 hr per week or > 180 hr
total during an infectious period
(an infectious period was defined
as the interval from 3 months
before collection of the first
culture-positive sputum specimen
or the date of onset of cough,
whichever was longer, through 2
weeks after the initiation of
appropriate anti-tuberculosis
treatment)

Based on living in the same house
as the active TB case for at least 1
month in the 6 months prior to
diagnosis

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)

Vienam cohort: TST (5 TU,
Tubertest, Sanofi Pasteur,
France) and QFT-GIT

Val de Merne cohort: in-
house IGRA

South African cohort: in-
house IGRA

QFT-GIT

Aissa et al.: 5mm
Cobat et al.: Omm

TST: 5mm
QFT: IFN-y (TB Ag — Nil) at 0.35
U/ml

Positive if either Panel Test
(containing ESAT-6/CFP-10/
Rv3615c¢ peptides pool) showed
at least six spot-forming cells
(SFCs) more than the negative
control when the negative control
<5 SFCs; or if the number of spots
in Panel Test was at least double
the number in the negative control
when the negative control >5
SFCs

Not specified

1"

Aissa et al.: TST < 5mm at
baseline (V1) and 8-12 weeks (V2)
Cobat et al.: TST = Omm at V2
and V2

Vietnam cohort

Double negatives: TST < 5mm
and QFT-GIT IFN-y (TB Ag — Nil) <
0.35 IU/mL

Val de Merne cohort (Aissa et al.)
Negative: () TST < 5 mm at both
V1 and V2, i) < 5 mm at V1, when
only one visit was done
Uninfected subjects: HHCs with
a negative TST and a null IFN-y
production  South African cohort
Uninfected: TST <5 mm and a
null IFN-y production

Resisters: persons who were
highly exposed to Mtb and were
IGRA/TST negative without clinical
syndromes of active TB infection
at enrollment. However, no TST
was performed

HHCs with IGRA negative result at
enroliment

LTBI: TST > 10 mm (no prior BCG
vaccination). TST > 15 mm at V1
or V2 or converted from TST <
5mm (V1) to TST = 10 mm at V2
(BCG-vaccinated contacts).

Vietnam study ~ Double
positives: TST = 5mm and a
positive QFT-GIT IFN-y (TB Ag —
Nil) > 0.35 IU/mL.

French study Positive: TST i)
> 5 mm at both V1 and V2, i) < 5
mm at V1 and = 10 mm at V2.
Infected subjects as HHCs who
presented both a positive TST and
a positive IGRA result (IFN-y
production > 175 pg/mL)

South African cohort
Infected: Both positive TST and
IGRA result (IFN-y production >
20.9 pg/mL).

LTBI: persons who were highly
exposed to Mtb and were IGRA/
TST positive without clinical
syndromes of active TB infection
at enrollment. However, no TST
was performed

HHCs with IGRA positive result at
enroliment
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TABLE 2 | Summary of tests and definitions used by community-based studies.

Community-
based study

Cobat et al.
@7

Gallant et al.
(28)

Kroon et al.
29

Mahomed et
al. (30)

Study location

Cape Town,
South Africa

Cape Town,
South Africa

Cape Town,
South Africa

Worcester,
South Africa

Risk score used

None. Risk is inferred from
community exposure in a high
incidence environment.

None. Risk is inferred from
community exposure in a high
incidence environment.

None. Risk is inferred from
community exposure in a high
incidence environment.

Risk was inferred from
community exposure in a high
incidence environment. A
subset of participants
reported current or prior
household contact, mostly
within three years of
enroliment.

Tests used

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)

In-house IGRA

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark; 5 TU, PPD-S2,
Tubersol, Sanofi Pasteur
Limited, USA)

QFT Gold Plus (QFT-Plus)

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)
QFT-GIT

Cut-offs

TST: Omm

TST: 5mm
In-house IGRA: 63 pg/mL

TST: 5mm

QFT-Plus:

Criteria for negative QFT-plus
result:

1) Nil<8.0,and

2)  TB1 minus Nil <0.35 or
>0.35 and <25% of Nil value,
and

3) TB2 minus Nil <0.35 or 0.35
and <25% of Nil value, and

4)  Mitogen minus Nil > 0.5.
Criteria for positive QFT-plus
result either:

1) Nil<8.0,and

2)  TB1 minus Nil >0.35 and
>25% of Nil value, and

3)  Any TB2 minus Nil

4)  Any Mitogen minus Nil
Or

1) Nil<8.0,and

2)  Any TB1 minus Nil

3) TB2 minus Nil >0.35 and
>25% of Nil value,

4)  Any Mitogen minus Nil.
TST: 5mm

QFT-GIT: IFN-y (TB Ag — Nil) at
0.35 1U/ml

Resister’ definition Other definitions

TST = Omm at baseline
only.

Double negatives at a
single time point. TST <
5mm and IFN-y response
to BCG or PPD or ESAT-6
< 63 pg/mL.
HIV-1-infected
persistently TB,
tuberculin and IGRA
negative (HITTIN): HIV+
persons who had
experienced a period of
very low CD4 counts, who
had no symptoms or
history of previous TB,
had three consecutive
negative IGRA readings,
and a TST = Omm.

Focus of the study was on
converters/incident TB
cases. No definition of
resister/nonconverter
given.

LTBI definition

TST > Omm at baseline
only.

TST = 5mm, IFN-y
response to BCG or
PPD or ESAT-6 > 63
pg/mL.

HIV-1-infected IGRA
positive tuberculin
positive (HIT): HIV
+persons who had
experienced a period of
very low CD4 counts,
who had no symptoms
or history of previous
TB with two
consecutive positive
IGRA results and a TST
> 5mm.

Converters: IFN-y (TB
Ag — Nil) > 0.35 IU/ml
and TST > 5mm at
baseline measurement.
50% had active follow-
up (every 3 months),
and 50% had passive
follow-up (at 2 year
visit).
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TABLE 2 | Continued

Community- Study location Risk score used Tests used Cut-offs Resister’ definition Other definitions LTBI definition
based study
Nemes et al.  Worcester, Risk was inferred from QFT-GIT QFT-GIT: IFN-y (TB Ag — Nil) at Stringent Stringent QFT persistent  Stringent converters:
(31) South Africa community exposure in a high 0.2, 0.35 and 0.7 IU/ml nonconverters: IFN-y (TB  positives: IFN-y (TB Ag - IFN-y (TB Ag - Nil) < 0.2
incidence environment. A Ag - Nil) < 0.2 IU/ml at Nil) > 0.7 IU/ml at baseline,  at baseline and > 0.7 at
subset of participants baseline, day 360, and day 360, and day 720. day 360).
reported current or prior day 720. “Uncertain” converters:
household contact, mostly IFN-y (TB Ag — Nil) < 0.35
within three years of IU/ml at baseline, and IFN-y
enrollment. > 0.35 |U/ml at day 360,
with at least one result
within the uncertainty zone
of 0.2-0.7 1U/ml.
Andrews Worcester, None. Risk is inferred from QFT-GIT QFT-GIT: IFN-y (TB Ag — Nil) at Nonconverters: [FN-y Converters: IFN-y (TB
et al. (32) Ceres & community exposure in a high 0.35 and 4.0 IU/ml (TB Ag — Nil) < 0.35 IU/ml Ag — Nil) >4.00 IU/ml at
Robertson, incidence environment. at baseline, day 336 and baseline, day 336 and
South Africa end of study. end of study.
Simmons North West None. Risk is inferred from TST (2 TU, PPD RT23, TST: Omm and 5mm "Uninfected" : Miners "TB infected": Miners
et al. (33) Province, South  work exposure in gold mines,  Statens Serum Institut, QFT-Plus: Both antigen tube who had a negative QFT- who had a positive
Africa a high incidence environment. Denmark) readings of IFN-y (TB Ag — Nil) at  Plus up to one year after QFT-Plus up to one
QFT-Plus 0.35 IU/ml baseline. A stricter year after baseline. A
definition was also used stricter definition was
as those with a negative also used as those with
QFT-Plus and TST =0 a postive QFT-Plus and
mm after one year of a TST > 5mm after one
follow-up. year of follow up.
Lietal (34)  Beijing, China None. Risk inferred from ELISPOT (T.SPOTTB; ELISPOT >24 spots for ESAT-6, “Highly exposed but "Latent": Positive

working at Beijing Chest
Hospital >3 years

Oxford Immunotec)

CFP-10, or both

uninfected” (HEBUI):
Negative ELISPOT at
baseline only

ELISPOT at baseline
only
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Bandung, Indonesia

This HHC study by Verral et al. sought to outline characteristics
and associated risk factors of “early clearers” of Mtb infection
(16,17, 35). The HHCs for this study were recruited as part of the
TANDEM project and originated in Bandung, one of the largest
urban centers in Indonesia (36). The authors enrolled 1,347
HHC:s of pulmonary TB index cases who were at least 5 years of
age. Unlike the previous HHC studies, the authors only used the
QFT test and the follow-up period was much shorter. The
authors also used a different measure to evaluate the extent of
exposure of HHCs. This score, which they derived using
regression methods, was based on the index case’s sputum
smear grade, the presence of cavities and the extent of the
CXR disease (16, 17, 35). It also included the HHC’s number
of hours spent with the index case as well as the sleeping
proximity. To categorize each HHC, Verral et al. used QFT
tests at baseline and 14 weeks later. The cut offs used were those
recommended by the manufacturer. The authors defined “early
clearers” as those HHCs who had negative QFT results at the end
of the follow-up period (Table 1) (16, 17, 35).

Of the 1347 HHCs enrolled in the study, 490 were QFT
negative at baseline and qualified for a follow up test. Of these,
317 (64.7%) had a subsequent negative QFT result and were
labeled “early clearers” and 116 (23.7%) had a positive QFT
result and were labeled “converters”. The rest could not be
reached for a repeat test, had indeterminate results, had active
disease or unevaluated symptoms of TB. The authors point out
that the rate of “early clearers” in this particular study (~25%)
was similar to those found in the cohorts from Uganda (14%)
and The Gambia (45%) (6, 18). “Early clearers” had lower
measures of exposures and, along with converters, were
younger than those who had a positive QFT test at baseline.

The Gambia

There are four HHC studies from The Gambia that provide
insight in the natural progression of Mtb infection. The first
study by Hill et al. took place in Banjul and used the ELISPOT
test and TST to define phenotypes while the study by Weiner
et al. utilized the QFT and TST (18, 21). Coulter et al. and
Medawar et al, utilized QFT only (19, 20).

Hill et al. analyzed the test results of 558 HHCs who were at
least 15 years of age. These HHCs underwent 3 ELISPOTSs at
baseline, at 3 months and at 18 months (16). In addition, all
HHC:s also underwent a TST (2 TU, PPD RT23, Statens Serum
Institut, Denmark) at baseline and a “subcohort” of 196
consecutively recruited HHCs also underwent a repeat TST at
18 months. The authors used a more stringent cut off for the
ELISPOT than is recommended by the manufacturer. A positive
TST required an induration of at least 10 mm plus an increase in
such induration of at least 6 mm. Using the ELISPOT, the
authors identified 97 (17%) HHCs who had three negative
results during the 18-month follow-up. In the “subcohort” of
196 HHCs who underwent both ELISPOT and TST testing, 27
(14%) had consistently negative results after 18 months
(Table 1).

Coulter et al. recruited 31 household TB contacts of 10 active
TB index cases and classified them as LTBI, IGRA converters or

non-converters, based on an in-house IGRA taken at baseline
and 6 months later (19). Whole blood was stimulated by PPD,
ESAT-6 and CFP-10. No details are provided on the threshold
for IFN-y positivity. Ten participants (32%) tested baseline IGRA
positive and were defined as LTBI. Eleven (35%) participants
who tested IGRA negative at baseline and remained negative at
follow-up were defined as IGRA non-converters. Ten (32%)
IGRA converters, who tested baseline negative and converted
to positive at 6 months were also included. Exposure was
measured by the smear grade of the index patient as well as
sleeping proximity to the index patient (19). In a second study
the group selected HHC from another longitudinal HHC cohort
study (20). High exposure was defined by sleeping proximity and
only persons sleeping in the same room as the index case was
included. HHCs were seen at baseline and 6 months later.
Seventeen (25%) were defined as “QFT nonconverters” based
on 2 negative readings, 14 (21%) as “QFT converter” based on a
negative at baseline and positive after 6 months, 18 (27%) as
“QFT reverter” based on positive at baseline and negative after 6
months and lastly 18 (27%) as “LTBI” based on 2 positive
readings. A QFT was considered negative if IFN-y (TB Ag -
Nil) < 0.2 TU/ml and positive if IFN-y (TB Ag - Nil) > 0.7 IU/ml,
which avoided what they referred to as the “grey zone” (20). It is
not clear whether the participants represented in these two
studies originated from the same cohort.

The fourth and most recent study by Weiner et al. was a case-
control study nested within the larger study of HHCs at Medical
Research Council Unit The Gambia (21). The authors used the
same TB exposure score as Coulter et al. (19, 21). Weiner et al.
aimed to characterize the host transcriptomic, metabolic, and
antibody responses to Mtb in “nonconverters” when compared
to “converters”. To do so, they established two different cohorts.
In cohort 1, “nonconverters” were defined as HHCs who had a
TST (2 TU, PPD RT23, Statens Serum Institut, Denmark) result
of 0 mm at baseline and at the 3-month follow-up. In cohort 2,
“nonconverters” were defined as HHCs who had a negative QFT
test result at baseline and at the 6-month follow-up (Table 1)
(21). Unfortunately, the authors did not provide the cut-oft
values they used to determine a negative QFT test result, nor
did they mention the number of “nonconverters” identified.

Val-de Marne, Paris, France

This cohort of HHCs was described in multiple substudies aimed
at characterizing the genetics of a Mtb infection resistance
phenotype. They lived with pulmonary TB index cases for 3
months prior to their TB diagnosis and were recruited between
April 2004 and January 2009. Between April 2004 to December
2005, 325 index cases and 2009 HHCs were initially identified
and described (22). Participants were seen for two visits. During
the screening visit (V1) a TST (5 TU, Tubertest, Sanofi Pasteur,
France) was administered and blood was taken for an in-house
IGRA. A repeat TST was administered 8-12 weeks later during
visit 2 (V2).

A negative TST was defined as a TST reading <5 mm at both
V1 and V2 or a single reading < 5 mm if only one visit (V1) was
completed. In contacts without prior BCG vaccination a positive
TST reading was defined as > 10 mm. A TST reading was
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considered positive in BCG-vaccinated persons if it was > 15 mm
at both V1 or V2 or < 5 mm at V1 and converted to > 10 mm at
V2 (22). The authors also collected exposure measures of HHCs.
These included daytime and nighttime proximity to the index
case, duration of exposure to the index case in days during the 3
months prior to the index case’s diagnosis, and the index case
infectivity. Index case infectivity was assessed using the duration
of cough before diagnosis, presence of cavitation and extent of
disease on CXR, and bacillary density in sputum smears and
culture (22, 24).

Aissa et al. identified 1575 contacts who completed the
screening process. Of these contacts a total of 1,150/1,575
(73%) remained uninfected, 410 (26%) had latent infection and
15 (1%) had active TB. Later and by using more stringent TST
definitions, a total of 84/540 (15.6%) HHCs with TST readings of
0 mm at both visits, were defined and was used to replicate
findings in the Sequella cohort which was recruited in South
Africa and is described under community-based studies (Table
1) (23).

An additional in-house IGRA was later described in the same
cohort (24, 37). The in-house IGRA was defined to measure IFN-
v production after stimulating peripheral blood mononuclear
cells (PBMCs) with ESAT-6 and null production of IFN-y was
defined as a negative IGRA. A positive IGRA result was defined
as IEN-y> 175 pg/mL (24). A negative TST was defined as a TST
reading <5 mm at both V1 and V2 or a single reading <5 mm if
only one visit (V1) was completed. A TST reading was
considered positive if it was = 5 mm at both V1 and V2 or <
5 mm at V1 and converted to > 10 mm at V2 (24).

Contacts were defined as Mtb infection “resisters” if they had
a negative TST and null IFN-y production, irrespective of
previous BCG status. In total, 33/664 (5%) were identified as
Mtb uninfected (TST negative and IGRA null). There were 147/
664 (22%) infected (TST positive and IGRA positive) persons
and 484 HHC who had discordant results or missing
information. This cohort was used to validate loci identified in
the HHC study in Vietnam (22, 24).

Southern Vietnam

This study included 1,108 HHCs of 466 pulmonary TB cases
from 2010 to 2015 in an endemic region of Southern Vietnam
(24). The objective of the study was to characterize the genetics of
a TST and QFT negative Mtb resister phenotype. However,
participants were not followed or defined longitudinally.
Participants were invited for a baseline TST (5 TU, Tubertest,
Sanofi Pasteur, France) and QFT test. A negative TST was
defined as a TST reading < 5mm. QFT results were defined
according to the manufacturer’s instruction (24). Although the
authors defined the HHC subjects included in the study as being
at high risk of infection, they did not provide information on any
measures of exposure that they may have used to make
this determination.

The study defined resistance to Mtb infection as a negative
TST and IGRA reading at a single time point (“double
negatives”). This group was compared to the group classified
as Mtb infected i.e. a positive TST and IGRA reading (“double

positives”). In total, 188 (17%) “double negatives” and 512 (46%)
“double positives” were identified, as well as 408 participants
with discordant results who were excluded (24).

Shanghai, China

The cross-sectional study by Chen et al. sought to identify the
CD69 expression profiles of a number of different phenotypes,
including “resisters” (25). The authors defined “resisters” as
individuals who were close contacts to TB index cases with
persistently negative TST/IGRA results despite prolonged
exposure. Prolonged exposure was defined as sharing air space
with an individual with pulmonary TB in the household or other
indoor setting for > 15 h per week or > 180 h total during an
infectious period. The infectious period was defined as the
interval from 3 months before collection of the first culture-
positive sputum specimen or the date of onset of cough,
whichever was longer, through 2 weeks after the initiation of
appropriate TB treatment. However, the authors only used the
ELISPOT assay at baseline (according to the manufacturer’s
instructions) and did not confirm the persistence of this result
with subsequent tests. Based on these definitions, Chen et al.
identified 13 “resisters” (25).

Port-au-Prince, Haiti

A cross-sectional study design was utilized to recruit HHCs from
high transmission risk households (26). High risk of exposure of
the HHCs was defined as sleeping in the same house as the TB
index case for at least one month during the six months prior to
the index case diagnosis. HHCs were seen at baseline and 6
months later and were screened for LTBI using QFT.
Unfortunately, the authors did not provide the QFT cut-offs
used in their study. At baseline, 19 (61%) HHCs tested QFT
positive and 12 (39%) tested QFT negative. All of the twelve
(39%) initially negative HHC remained IGRA negative on both
visits and they were labeled as “IB healthy household contacts”
who had “resisted infection” (26).

Community Studies

In high TB burden settings, contact outside the household
accounts for the majority of TB transmission in these settings.
This occurs especially in cases of prolonged stay in low socio-
economic communities with a high burden of TB and HIV (38,
39). Some activities associated with transmission include
drinking in social groups, using public transportation, school
and workplace exposures (38-46). Individuals who are severely
immunocompromised, as with HIV-infection, are more
susceptible to progress to TB (47-49).

Genotype and phenotypic drug susceptibility testing in the
Western Cape, South Africa, show that considerable community
transmission occurs in children <13 years with household TB
transmission cases only contributing to around 8-19% (46, 50—
53). Age can be used as a proxy for exposure frequency with at
least 80% of individuals converting to positive TST reactions by
the age of 30 (28, 45). High Mtb infection transmission rates in a
high burden community show the importance of utilizing
community-based research in these settings (45, 54, 55).
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Sequella Study, Cape Town, South Africa

The Sequella study recruited 475 healthy, HIV-uninfected
children and adolescents from 155 nuclear families from local
clinics in two suburbs in Cape Town, South Africa (28). Blood
was collected for an in-house IGRA and TST (2 TU, PPD RT23,
Statens Serum Institut, Denmark) at baseline only. TST
measurements were recorded as negative if TST < 5 mm. IFN-
vy was measured after whole blood was stimulated with live BCG,
PPD or ESAT-6 and positive responders were initially defined as
IFN-y responses of > 62 pg/mL (28).

The resister phenotype was defined as participants with
double negative results at a single time point and were not
longitudinally followed. A total of 164 (38%) were classified as
TST negative or TST < 5 mm with 162 having TST readings of
0 mm and 260 with readings > 5 mm. The double negatives
identified were as follows: BCG negative (n=15), PPD negative
(n=26) and ESAT-6 negative (n=81) (28).

More recently this cohort was used to validate findings in the
aforementioned Vietnamese cohort (24). Mtb infection resisters
were now defined as uninfected subjects with a negative TST (<
5 mm) and a null IFN-y production [128/415 (31%)], and
infected subjects as those with both positive TST and IGRA
result (IFN-y production > 20.9 pg/mL) [152/415 (37%)]. A third
of the participants [135/415 (33%)] had discordant results.

Cape Town, South Africa

The ResisTB study is a community based case-control study
conducted in Cape Town, South Africa (29). Participants were
recruited from ART clubs at HIV clinics in Cape Town.

The “resistance” phenotype was defined as HIV-1-infected
persistently TB, tuberculin and IGRA negative (HITTIN). All
participants had to be HIV positive persons aged 35 to 60 years
and living in an area of high transmission of Mtb, ie., Cape
Town. In addition, the criteria included a history of living with a
low CD4+ count (either with two CD4+ < 350 cells/mm? counts
at least 6 months apart or a single CD4+ count < 200 cells/mm”)
prior to initiating ART. During this period, these individuals
would have been extremely susceptible to infection and disease.
By the time of enrollment all participants were immune
reconstituted on ART for at least one year with the most
recent CD4+ count > 200 cells/mm?> (29).

Participants were screened with a QuantiFERON-TB Gold
Plus (QFT-Plus) in-tube test and were classified as IGRA positive
or negative according to the manufacturer’s instructions. Once
identified participants were longitudinally followed-up.
Individuals who tested IGRA negative were re-contacted on
average 203 + 151 days later for a second IGRA and TST
administration (5 TU, PPD-S2, Tubersol, Sanofi Pasteur
Limited, USA; 2 TU, Tuberculin PPD RT23, Statens Serum
Institute, Denmark). The TST was read 3 days later and after
this was done, a third IGRA was taken. Individuals in the final
case group were designated HITTIN if they had three
consecutive, negative IGRA tests and a negative TST reading
(n=48) (Table 2). In parallel, a subset of control participants with
an initial positive IGRA test were re-contacted for a second
IGRA after an average of 292 + 70 days. Those participants who
tested IGRA positive in two consecutive tests (IGRA double+)

and displayed a TST > 5 mm are defined as HIV-1-infected
IGRA positive tuberculin positive (HIT, n=35) (29).

Worcester, South Africa

An adolescent youth cohort was recruited from local schools in
Worcester, Western Cape, South Africa, during May 2005 until
April 2007 (30, 31, 56-58). The TB notification rate in
Worcester, was 1,400 cases per 100,000 in 1996. In total 6,363
adolescents aged 12-18 years (median 15yr, IQR:14-16) were
enrolled into the cohort. The study included a majority younger
participants < 15 years old [56.5% (3603/6363)] and females
[54.3% (3458/6363)] (58). Most of the participants, 1,055 of the
1,728 who had a current and prior household contact, reported
the contact was within three years of the enrolment.
Participants were screened with baseline TST (2 TU,
Tuberculin PPD RT23, Statens Serum Institute, Denmark))
and QFT.

Nemes et al. investigated the consistency of serial QFT testing
algorithms and included a more refined QFT conversion
definition [a decrease from the manufacturer’s guidelines of
IFN-y (TB Ag - Nil) < 0.35 IU/ml to < 0.2 IU/ml and an
increase from IFN-y (TB Ag - Nil) > 0.35 to >0.7 IU/ml] to
control technical and immunological variability that may occur
within the “uncertainty zone” of 0.2-0.7 IU/ml (31).

The QFT results for participants in cohort 1 were classified
according to the more stringent cutoffs compared to the
manufacturer’s guidelines and were grouped into four
categories. Stringent QFT nonconverters were defined as IFN-y
(TB Ag - Nil) < 0.2 IU/ml at baseline, day 360, and day 720.
Stringent QFT persistent positives were defined as IFN-y (TB Ag
- Nil) > 0.7 IU/ml at baseline, day 360, and day 720. Stringent
QFT converters were defined as IFN-y (TB Ag - Nil) < 0.2 IU/ml
at baseline and IFN-y > 0.7 IU/ml at day 360. Lastly “uncertain”
converters were defined as IFN-vy (TB Ag - Nil) < 0.35 IU/ml at
baseline, and IFN-y > 0.35 IU/ml at day 360, with at least one
result within the uncertainty zone of 0.2-0.7 IU/ml (Table 2). A
total of n=648/2,432 individuals were identified as stringent
nonconverters and 989/2,432 were stringent persistent
positives (31).

Applying a more stringent cutoff for a negative QFT result in
cohort 1 improved concordance between TST and IGRA results.
In the group with a negative QFT reading between 0.2-0.34 TU/
ml, 53% had a discordant positive TST result, compared to 15%
in the group with QFT IFN-y values <0.2 IU/ml. In total 43% of
those with QFT IFN-y values between 0.2-0.7 IU/ml had
discordant TST and QFT results, with 85% concordance in
those with values < 0.2 IU/ml and > 0.7 IU/ml (31).

Importantly, stringent QFT nonconverters in cohort 1 had
lower risk of developing TB disease (TB incidence 0.16 cases/100
Person-Years) than stringent QFT converters (TB incidence 1.60
cases/100 Person-Years, p=0.0003) and stringent persistent
positives (TB incidence 0.97 cases/100 Person-Years, p=0.005).
Due to immunological and technical assay variability “uncertain”
QFT converters likely have a higher number of false positive
converters since this group does not have a significantly different
risk of TB disease compared to stringent nonconverters (TB
incidence 0.66 cases/100 Person-Years, p=0.229) (31).
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Rural Western Cape (Ceres, Robertson, Worcester),
South Africa

Participants were recruited to a MVAS85A tuberculosis vaccine
trial during 2009 to 2011 in rural Western Cape, South Africa
(32). The trial enrolled young children between 18-24 weeks old,
with a median age of 20.4 weeks (IQR 19.3-22.0).

All children were screened with a baseline QFT. Similarly, to
the previously described study stricter QFT cut-off values were
applied (Table 2). A revised positive QFT test was defined as a
IFN-v (TB Ag - Nil) >4.00 IU/ml and a negative QFT as <0.35
IU/ml. Conversion was defined as a baseline negative QFT which
was followed by a positive QFT. They defined an “uncertainty
zone” of a QFT reading between 0.35-4.00 IU/ml. In total 2772/
2797 of the children had a baseline negative QFT result. After
336 days, 2,512/2,772 (91%) had a repeat QFT and 2,327 (93%)
remained QFT negative. QFT converters had higher risk of
developing TB disease (TB incidence 28.0 cases/100 Person-
Years) compared to those in the “uncertainty zone” (IRR 11.4;
p=0.00047) and QFT non-converters (IRR 42-5; p<0.0001) (32).

This study did not use TST in conjunction with the QFT test.
The generalizability is limited to young infants only, and because
of young age, they likely have not been exposed to prolonged and
sufficient Mtb exposure. Infants who developed active disease by
day 336 were not included in the analysis and those who
converted were given IPT. The authors suggest that QFT IFN-y
values > 4.00 IU/ml in young children should prompt increased
clinical diagnostic vigilance and potential interventions to
prevent TB.

Gold Mines, South Africa

In South African gold mines, 13% of HIV-uninfected and 45.5%
of HIV- infected gold miners tested TST = 0 mm (59). Due to a
very high Mtb infection pressure and TB transmission in gold
mines, transmission modelling assumes at least one lifetime
infection in all gold miners (60). A study of goldminers,
describes the long term follow up of some of these miners (33,
59, 61). Briefly, Simmons et al. analyzed a subset of 307 miners
who were HIV-negative and had at least 15 years of mining
experience in order to ascertain epidemiological factors
associated with resistance to infection (Table 2). Both the
QFT-Plus and TST (2 TU, PPD RT23, Statens Serum Institut,
Denmark) were used during a one year follow up. The authors
defined miners who were “uninfected” as those who had a
negative QFT- Plus at baseline and one year later. They also
used a stricter definition of “uninfected” as those miners who had
a negative QFT- Plus and a TST = 0 mm. at baseline and one year
later. Based on the stricter definition, the authors found that
18.7% of miners of Black/African ethnicity included in this
analysis remained “uninfected” using the stricter definition.
There is likely a spectrum of “resistance” to Mtb infection and
given a high enough Mtb infection pressure, as in gold mines,
most individuals are likely to become infected (2).

Beijing, China

A group of healthcare workers (HCW) in a TB hospital in
Beijing, China were screened for Mtb infection with ELISPOT
(T.SPOTTB; Oxford Immunotec) (34). A test was considered

positive if ELISPOT >24 spots for ESAT-6, CFP-10, or both.
HCW were only screened once at baseline. In total, 24 (50%) of
HCW were defined as “latently” infected with a positive
ELISPOT. The other half, 24 (50%) tested ELISPOT negative
and were defined as “highly exposed but uninfected” (HEBUI).
These HCW were enrolled if they had been working at the
hospital for more than 3 years. Their work was considered high
risk since standard infection control procedures such as wearing
masks are not mandated, nor always followed (34).

DISCUSSION

Making comparisons across studies that have differing
definitions of clinical groups of interest is a difficult
proposition. A brief overview of the twenty studies presented
in this review revealed seventeen different definitions for
resistance to Mtb infection as measured by IGRA and TST.
The definitions vary in a number of important categories, which
include how the intensity and duration of exposure to Mtb was
measured, the type of diagnostic tests and cut-offs used and the
durability of the phenotype across different lengths of studies.

Extent of Exposure

One of the important aspects of a HHC study is the opportunity
to characterize the extent of exposure to Mtb. Unfortunately,
only a minority of the HHC studies reviewed provided a good
measure of this important factor. Stein et al. and Mave et al.
utilized the same epidemiological risk score (11, 12, 15). This
score is composed of a number of questions that provides a good
understanding of the extent of exposure (i.e. whether the HHC
share the same room or bed as the index case, whether the index
case is actively coughing, whether the index case has a smear-
positive sputum, whether the index case see the HHC every day)
(11, 12, 15). The score can be used in both adult and pediatric
populations. The use of this risk score allowed Stein et al. to make
sure the extent of exposure would not differ between “resisters”
and “converters” while Mave et al. included the score itself in
their definition of resistance. Verral et al. also used an
epidemiological risk score created specifically for their analysis
using a logistic regression of exposure variables against QFT
results. The resulting variable took into account both the
intensity and duration of exposure (35). Of the studies that
took place in The Gambia, Hill et al. did not use a risk score. On
the other hand, Weiner et al. and Coulter et al. used a basic score
composed of two variables (smear grade of the index case and the
sleeping proximity to the index case), which they used to identify
“nonconverters” and “converters” with the highest level of
exposure (19, 21). Medawar et al. included HHC who were
highly exposed based on sleeping in the same bedroom as the TB
index case only (20). In another study, Vorkas et al. defined risk
as a HHC who was sleeping in the same house as the TB case for
at least a month during the 6 months before the index case was
diagnosed (26). Finally, Chen et al. defined prolonged exposure
as sharing air space with an individual with pulmonary TB in the
household or other indoor setting for > 15 h per week or > 180 h
total during a specific infectious period (25). The rest of the HHC
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studies, Cobalt et al., Jabot-Hanin et al., and Quistrebert et al., did
not use a formal risk assessment of their participants as they
concluded being a household contact living in the same residence
as the index case would be enough to consider them at high risk
of exposure. However, a household contact with a negative TST
and/or QFT who qualifies for a study’s definition of “resister”
may simply be the result of an exposure which is low in intensity
or short in duration (2). This is why it is important to establish a
measure of exposure, such as a validated epidemiological risk
score, that could be used across studies.

The intensity of Mtb exposure is difficult to define within the
context of a community based study design. Participants are
usually unknowingly exposed to TB cases in comparison to
HHC studies where there are defined TB cases and contacts. In
high TB burden communities, the intensity of Mtb exposure is
therefore inferred from community based rather than
household transmission.

The extent of Mtb exposure is mostly defined by the duration of
exposure in the community based studies. Incorporating an
epidemiological risk score could be useful to identify and quantify
possible high risk activities participants could be involved with e.g.
classifying the amount of time an individual works in a high risk
environment as with the gold mine studies, time spent using public
transport in high incidence settings, previous or current TB contact
and living in overcrowded conditions. Assigning risk scores to these
activities would be cumbersome and difficult to substantiate, since
none of these factors operate independently. For community based
studies cumulative exposure to Mtb occurs by working or living in a
high TB incidence environment (62). Simmons et al. defined a
group of HIV-uninfected miners who worked for a prolonged time
(>15 years) in South African gold mines which are known to be high
TB risk environments (33, 59, 61). They restricted their analysis to
include African miners who were more at risk based on poor
socioeconomic status, living in crowded hostels and working
underground in more poorly ventilated areas. Li et al. included
HCW who worked for more than 3 years in a TB hospital where
mask wearing was not mandated (34). In comparison, the ResisTB,
Sequella and the Worcester based studies recruited participants
from known high TB incidence areas (28, 29, 58). In addition, the
ResisTB study used age as a proxy for exposure frequency and
duration with older age (ages 35-60 years) representing a group
who would have prolonged exposure in a high TB incidence
environment (29). The results obtained from these community
based studies are specific to the community described and one
should be wary of making generalized conclusions.

Diagnostic Tests

The “resister” definition should include both a negative TST and
IGRA test result. The predictive value of using both tests is
highlighted by the Mahomed et al. cohort which showed that TB
incidence rates were higher for those participants with a baseline
positive TST (= 5 mm) and IGRA (> 0.35 IU/ml) [0.6 cases per
100 person years (95% CI 0.43-0.82), 0.64 cases per 100 person
years (0.45-0.87)], compared to participants who had baseline
negative TST and IGRA results [0.22 cases per 100 person years
(0.11-0.39), 0.22 cases per 100 person years (0.12-0.38)] (30). Of

the studies reviewed, eight of them used both of these tests in
their definitions of resistance (12, 15, 18, 24, 28-30, 57), eight of
them only used an IGRA test (16, 17, 19, 20, 25, 26, 31, 32, 34, 35)
and three of them only used a TST (23, 24, 27). Although Weiner
et al. used both tests, they applied the TST to one cohort and the
IGRA test to another cohort (21) (Tables 1 and 2).

A TST is a highly sensitive test and is a marker of TB
immunoreactivity rather than a marker of infection (63). It is
less specific than an IGRA and is known to have decreased
specificity with false positives and cross-reactions to previous
BCG vaccination and nontuberculous mycobacteria (NTM).
Individuals with a negative TST may not have been sufficiently
exposed to Mtb, or they were exposed but cleared infection. This
could be either due to their own immunity or after receiving Mtb
sterilizing prophylactic therapy such as Isoniazid. It is therefore
imperative that documentation of Mtb exposure is maximized in
the resistance phenotype as persons with prolonged exposure are
less likely to revert and tend to remain TST positive after
isoniazid preventive therapy, or even after completing TB
treatment (63-66). However, application or reading errors, in
addition to immunosuppressed states such as HIV-infection,
immunosuppressive drug treatment and malnutrition could also
account for false negatives.

Phenotypes defined as “resisters” or so-called persistently TST
negative likely contain heterogeneous subgroups as discussed above.
To improve the specificity of the phenotype, a TST is combined
with an IGRA test. TST and in vitro IFN-y assays do not measure
similar aspects of host immunity and may depend on the host as
well as the frequency and exposure setting of Mtb and NTM (28). In
general, the proportion of individuals testing IGRA positive is lower
than those having a positive TST and combining the two tests gives
a stricter resistance definition (67).

There are two forms of commercially based IGRA tests
available. One is based on an enzyme-linked immunosorbent
assay (ELISA) and the other is an enzyme-linked
immunosorbent spot (ELISPOT) assay. IGRA performs better as
a marker of Mtb infection in a high compared to a low TB burden
community and shows comparable reversion and conversion rates
to TST (56). The studies covered in this review used different IGRA
tests in their work. Galant et al. and the Val de Merne cohort
described by Jabot-Hanin et al. and Quistrebert et al., as well as
Coulter et al. described in-house IGRAs (19, 24, 28, 37). Hill et al.,
Chen et al. and Li et al. used an ELISPOT and the rest, except for
Kroon et al. and Simmons et al. who used QFT-Plus, used QFT in
their studies (18, 25, 29, 34). The latest QFT-Plus removed TB-7.7
from the assay and added a TB antigen tube with peptides which
measure CD8+ cytotoxic T lymphocyte responses (68). This assay
was developed to improve the lack of sensitivity of the QFT test,
especially in HIV-infected persons. However, more studies are still
needed to show that this is indeed the case (69). QFT-Plus shows
good agreement with QFT (70-73) with mostly similar specificity
and sensitivity (74-76). In addition, good concordance is seen
between QFT, QFT-Plus and T.SPOT (73, 77).

IGRA results should be interpreted within the scope of
performing the tests in low vs high TB burden settings, the
immunocompetency of the patient and the range of output
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values from the tests (75, 78, 79). Output values often fall within
a zone of uncertainty, defined as the total IFN-y reading between
0.2-0.7 TU/ml after subtracting nil from TB Ag readings (31).
Most participants with reversions tend to fall in this zone (31).
This has been seen in QFT as well as QFT-Plus (73). Values
falling in this zone are usually related to host immunological or
technical variability (56, 80). This could also be indicative of
participants who were recently infected and then possibly cleared
infection. More reliable cut-offs for IGRA negativity set as values
less than 0.2 IU/ml and > 0.7 IU/ml for a positive IGRA have
been suggested (20, 31). Using these stricter definitions, they
show that stringent nonconverters are less likely to develop TB
over 2 years compared to recently converted or persistently QFT
positive persons (31, 56). This would need to be evaluated within
the context of the QFT-Plus assay which requires a value 25%
greater than the nil value and a reading greater than the current
standard cutoff of 0.35 IU/ml in either the TBAgl or TBAg2 tube
to be considered positive. Except for Nemes et al., all of the
definitions for resistance in the literature use the established
standard cutoffs when using IGRAs.

Finally, when using TST and IGRA tests, it is important to
consider and collect information on factors that are associated with
a positive result. For example, associations with smoking and
diabetes have been established with positive TST and IGRA (81-
84). Socio-economic factors such as low income and education,
male sex, race, older age and HHC were identified as predictive
factors for positive TST and IGRA results by Mahomed et al. (30).
No significant differences were seen for socio-economic factors nor
other factors such as smoking, BMI, and diabetes between HIT and
HITTIN in the study by Kroon et al. (29). Mave et al. and Vorkas
et al. also report no significant differences in demographic factors or
clinical characteristics between converters and nonconverters (85).
Simmons et al. report a BMI > 30 to be a risk factor for testing IGRA
or TST positive (36). Similarly, Igo et al. found an association
between a persistently TST negative result and a lower prevalence of
lean mass wasting in the Uganda cohort. This is also in line with
what some other studies have found (73, 86). Verrall et al.
highlighted important evidence that BCG-vaccination provides
dose dependent protection against IGRA conversion in HHC (16,
17). This protection effect is not seen in cases of high TB exposure
and decreases with older age (16, 17, 87). In studies which show
documented previous BCG vaccination or scars, no significant
differences were seen between converters and nonconverters (12,
21), nor did a previous BCG show increased risk of conversion in
Hill et al. (18). In addition, it would be of important for HHC
studies to report the Mtb genotype as different strains are linked to
TB clustering and variation in transmission (88). Verrall et al
reports an increased risk of conversion based on Mtb lineage,
compared to Stein et al. who reported no difference in conversion
based on Mtb lineage (12, 16, 17, 89).

Durability of Responses

Based on previous epidemiological studies, and as suggested by
Stein et al., resistance to Mtb does not appear to be absolute (12, 90,
91). In fact, there appears to be a threshold above which infection
will be acquired due to a high enough intensity of exposure (2).
Considering the shortcomings aforementioned of both the TST and

IGRA tests, long term follow-up composed of multiple testing is
imperative to evaluate the durability of the results. With an average
follow up time of close to 10 years, Stein et al. provides sufficient
time to evaluate their definition of resistance. This study also
showed that the majority of conversions happened by month 3 of
follow-up (9.8%), with 2.2% converting between 3-6 months and
even still some (0.7%) converted after 6-12 months. Most of the
individuals in this study remained both TST and QFT negative
despite the long follow-up. Although it is not clear how the HHCs’
exposure varied in between the original and the follow-up study,
since the participants continued living in a highly endemic area, we
can presume that this did not change much. Based on these results,
Stein et al. concluded that the “resister” phenotype is robust (12).
Similarly, the studies performed by Mave et al., Kroon et al.,
and Simmons et al. used both tests serially throughout a follow-
up period of approximately year, which is an appropriate amount
of time to capture conversions to LTBI or active disease (6, 15,
29). Of note, Mave et al. concluded that “pLTBI-” are rare and
“resisters” are even rarer among HHCs. However, they attributed
the low prevalence of these phenotypes partly to the more
stringent cut-off use for the TST (15). Although not
statistically significant, prevalence of the “pLTBI-” phenotype
among children declined as age increased, which could certainly
be the result of increased extent of exposure. Andrews et al. also
had a sufficiently long follow-up of at least 336 days, however, the
subjects were toddlers who were less than 2 years of age at
enrollment (32). Both Nemes et al. and Mahomed et al. provided
data on at least 2 years of either passive or active follow-up of
adolescents with a maximum total time of 3.8 years (30, 31). A
few studies followed participants between three to six months, a
time when the majority of conversions would occur (23, 24, 26,
35, 37). The rest of the studies were cross-sectional in nature and
only examined participants at a single time point (27, 28, 34).
Despite their limitations, cross-sectional studies such as Cobat
et al., Gallant et al., and Quistrebert et al., are appropriate to
generate hypotheses and continue to contribute to our growing
understanding of this phenotype. However, the durability and
robustness of that which is measured remains unknown, since
only a single time point is taken into account. Further follow-up
to confirm robustness of the phenotype is needed to fully
understand the implications of these biologic findings.

Can a Unified “Resister” Definition Exist?

Differences based on extent of exposure, diagnostic tests and
durability of responses orders different studies according to a
spectrum of host resistance (Figure 1). Early clearance is
hypothesized to involve innate clearance of Mtb prior to an
adaptive immune response (35). Theoretically, early clearance
captures early response in a phenotype exposed to Mtb in an
environment where Mtb exposure can be measured. “Early
clearance” may not be achieved with each exposure and
depends on the index case infectivity, TB severity and duration
of contact (16, 17). In comparison, longitudinal studies with a
longer follow-up, capture a more extreme and robust phenotype
(12). The more extreme cases might only be captured by a
smaller and high TB risk group, e.g persons living with HIV,
who are able to remain TB free despite persistent or high
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be discordant.

intensity exposure (29). The entire spectrum is of value and
contributes to our understanding host protection against Mtb.

Studies investigating adaptive response using additional
immunological assays show IFN-y independent T-cell responses,
differences in T-cell receptors, as well as the presence of antibodies
in many of the studies (4, 20, 21, 25, 29, 34). This highlights the
significance of avoiding terms such as innate or adaptive resistance
until both mechanisms have been further illustrated. Similarly,
terms such as early clearance or resistance to Mtb infection are
imprecise. Both assume infection but are unable to unequivocally
prove it. Crucially, the description of what was measured should be
given preference rather than using terminology inferring underlying
immunological or biological events (92).

As has been previously proposed, descriptions of the observed
states of outcome should rather be used (92). Based on Lalvani
et al.’s suggestion and by using the easily accessible TST as well as
IGRA at the baseline and follow-up visits, a phenotype can be
defined as ‘persistently IGRA/TST negative (nonconverters),
transiently IGRA/TST positive (reverters or conversion), or
sustained IGRA/TST conversion (92)’. With prolonged follow-
up and at least 2 visits, those who remain TST/IGRA negative are
termed persistent nonconverters and those who remain positive
would be termed persistent converters. For further definition,
detailed innate and adaptive immunological assays are required
(Figures 1).

CONCLUSION

Based on our review, the lack of a unifying definition of the
“resister” phenotype in the literature is apparent. As described

Mahomed
etal.(2011)
Nemes et
al (2017)
Andrews et
al (2017)
Simmons
et al (2020)

Kroon et
al(2020)

Stein et al
(2019)

Mave et al
(2019)
Hill et al
(2007)

FIGURE 1 | The spectrum of IGRA/TST nonconverters. Evidence of protection to Mtb at a shorter time period in relation to the index case, allows the study of
correlates of protection which may be overcome by exposure intensity and frequency (represented by the grey arrow). Long term follow-up allows for a more robust
and extreme phenotype definition as in Stein et al. (followed for 10 years) and Kroon et al. (in persons living with HIV). Persistent non-conversion is not absolute and
may eventually be overcome by time and very high levels of exposure or continuous exposure. *At baseline, individuals may test either TST/IGRA positive, negative or

above, we found differences in how some key components were
assessed and incorporated into the definition of this phenotype.
Moving forward, we propose the following recommendations
when trying to identify “resisters” in household contact studies
or community based studies: First, the extent of exposure must
be measured and considered when defining resistance. This
would be ideally done using an epidemiological risk score that
has been validated across different types of studies and settings
such as those used by Stein et al., Mave et al. and Verrall et al.
Second, both IGRA and TST must be used when evaluating an
individual’s response to Mtb and a stricter cut-off criteria should
be considered for both tests. Third, the durability of the
phenotype must be tested across multiple time points, ideally
during at least a year of follow-up. Lastly, we propose that studies
avoid terms which make assumptions about pathophysiological
states which can only be inferred, such as infection. In addition, a
review of both the innate and adaptive responses should be
conducted before deciding on the final phenotype definition.
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The risk of progression from Mycobacterium tuberculosis (M.tb) infection to active
tuberculosis (TB) disease varies markedly with age. TB disease is significantly less likely
in pre-adolescent children above 4 years of age than in very young children or post-
pubescent adolescents and young adults. We hypothesized that pro-inflammatory
responses to M.tb in pre-adolescent children are either less pronounced or more
regulated, than in young adults. Inflammatory and antimicrobial mediators, measured
by microfluidic RT-gPCR and protein bead arrays, or by analyzing published microarray
data from TB patients and controls, were compared in pre-adolescent children and
adults. Multivariate analysis revealed that M.tb-uninfected 8-year-old children had lower
levels of myeloid-associated pro-inflammatory mediators than uninfected 18-year-old
young adults. Relative to uninfected children, those with M.tb-infection had higher levels of
similar myeloid inflammatory responses. These inflammatory mediators were also
expressed after in vitro stimulation of whole blood from uninfected children with live
M.tb. Our findings suggest that myeloid inflammation is intrinsically lower in pre-pubescent
children than in young adults. The lower or more regulated pro-inflammatory responses
may play a role in the lower risk of TB disease in this age group.

Keywords: inflammation, tuberculosis, anti-mycobacterial immunity, age, pediatric

INTRODUCTION

Infection with Mycobacterium tuberculosis (M.tb) predisposes to pulmonary tuberculosis (TB)
disease, which kills more people than any other infectious agent (1). The risk of progression from
infection to disease varies markedly with age. Infants and young children are at very high risk of TB
disease following infection. However, pre-adolescent children above 4 years of age, in the so-called
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Age-Associated Inflammatory Determinants of TB

“Golden Age” or “Wonder Years” (2), are curiously at
significantly lower risk of active TB disease compared with
post-pubescent adolescents and young adults (3-5). Upon first
thought this pattern may be interpreted to follow the prevalence
of underlying M.tb infection, which increases with age during
childhood in settings endemic for TB (6). However, the dramatic
increase in TB disease risk during puberty cannot be sufficiently
explained by changes in M.tb infection incidence, which appears
to increase only marginally during the same period (2). The
clinical presentation of TB is also different by age. TB typically
manifests as mild and/or pauci-bacillary lymph node disease in
pre-adolescent children of the Golden Age (3-5). By contrast,
post-pubescent adolescents and adults more commonly present
with multi-bacillary, “adult-type” pulmonary disease with more
pronounced immunopathology, including cavitary disease (2-5).
These phenomena have led us (7) and others (2) to surmise that
pre-pubescent children have more effective or successful
immunity against M.tb and that the onset of puberty coincides
with or brings about immunological changes that result in less
successful control of the infection.

The determinants of effective immune control of M.tb in
humans are thought to be dependent on a complex collaboration
of multiple adaptive and innate immune responses that
must be maintained in a manner that balances pro- and anti-
inflammatory responses (8, 9). Although intact antigen-specific
T cell responses of the Thl lineage are necessary for host
resistance against TB, based on current evidence from humans
the magnitude or functional characteristics of such Thl
responses are not associated with clinical outcome of M.tb
infection [reviewed in (10)]. However, mounting evidence
suggests that excessive skewing of the inflammatory milieu
towards either a pro-inflammatory or an anti-inflammatory
response can lead to a loss of immunological control of M.tb
and TB disease progression (11). For example, dysregulated TNF
responses in mycobacterial infection have been associated with
detrimental outcome of TB in zebrafish and humans (12).
Furthermore, upregulation of Type I IFN responses during
murine influenza infection impairs control of subsequent M.tb
challenge (13). Elevated Type I/IL IEN is also measured as a blood
biomarker of incipient or subclinical TB disease in M.tb-infected
humans, and blood transcriptomic signatures that detect such
Type I/II IEN responses can be used to identify individuals at
high risk of incident TB (14-17). Conversely, peripheral blood
neutrophil count has been inversely associated with risk of TB
and this neutrophil-mediated bacterial control was dependent on
the neutrophil peptides, cathelicidin LL-37 and lipocalin-2 (18).

The low risk of TB in pre-adolescent children presents an
opportunity to study natural resistance and/or characteristics of
successful immunity to M.tb in humans. We previously
characterized frequencies and functions of antigen-specific T
cell responses in pre-adolescent children and young adults and
observed no differences (7). We also measured mycobacterial
growth inhibition in whole blood from pre-adolescent children
and young adults as an in vitro surrogate of differential
immunological control of M.tb, but also observed no
significant differences between these age groups (7).

Here, we hypothesized that pro-inflammatory responses to
M.tb in pre-adolescent children are either less pronounced or
more regulated, than in young adults.

We compared blood gene expression of antimicrobial effector
molecules, pro- and anti-inflammatory and other immune mediators
as well as soluble host-derived inflammatory molecules in healthy
M.tb-infected or uninfected 8-year-old children and 18-year-old
young adults. Our analyses reveal that uninfected 8-year-old
children had lower levels of myeloid-associated pro-inflammatory
mediators than uninfected 18-year-old young adults. Relative to
uninfected children, those with M.tb-infection had higher levels of
similar myeloid inflammatory responses. These inflammatory
mediators were also expressed after in vitro stimulation of whole
blood from uninfected 8-year-old children with live M.tb.

MATERIALS AND METHODS

Ethics Statement

Participants were recruited under protocols approved by the
University of Cape Town Human Research Ethics Committee.
Written informed consent was obtained from adults prior to
enrolment. Children provided written informed assent while their
legal guardians provided written informed consent prior
to enrollment.

Study Design and Participants

This was a cross-sectional study comprising two cohorts of
healthy, HIV-negative participants from the Worcester region
in the Western Cape Province of South Africa, a setting with high
burden of TB. Individuals with any acute or chronic disease,
those taking immunosuppressive medication, with a previous
diagnosis of active TB disease or who currently or previously
participated in a TB vaccine trial, were excluded. Women who
were pregnant or lactating were also excluded from participation.
We aimed to enroll young adults aged 18 years and 8-year-old
children with equal numbers of M.tb-infected and uninfected
participants in each age group. M.tb-infection status was assessed
with the QuantiFERON-TB Gold In-Tube Assay (QFT)
(Qiagen), according to the manufacturer’s instructions. HIV
infection was diagnosed by rapid HIV-antibody test. Some
aspects of these cohorts have been described before (7).

Venous blood was collected from participants directly into
QFT tubes, into sodium heparin tubes for whole blood
stimulation assays and into Cell Preparation Tubes (CPT) for
isolation of peripheral blood mononuclear cells (PBMC).

We also analyzed two whole blood microarray datasets from
children and adults with microbiologically-confirmed TB or latent
M.tb infection (LTBI controls), published previously (19, 20).
Datasets were sourced from the NCBI database Gene Expression
Omnibus (GEO); analyses are described further below.

Mycobacterial Strains and Whole Blood
Stimulations

Three mycobacterial strains (M.tb H37Rv, M.tb HN878 and M.tb
CDCI1551), selected to encompass a range of virulence and
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inflammation-inducing M.tb strains, with HN878 known to be
more virulent than M.tb H37Rv and M.tb CDC1551 (21, 22),
were separately added to Sarstedt tubes containing 300 ul RPMI
at volumes equating to 5 x 10° colony forming units [CFU]/ml
inocula. 300 pl fresh heparinized whole blood was added and the
tubes were incubated for 12 h at 37°C with slow constant
rotation. Bacilli were sedimented at 208 x g for 10 min. The
supernatants were aspirated and filtered through a 0.22 pm
(pore-size) Costar® Spin—X® centrifuge tube filter (Corning,
USA) for 2 min at 14,000 x g before storing at -80°C for later
measurement of soluble host marker levels.

Peripheral Blood Mononuclear Cells
Culture

Cryopreserved PBMC were thawed into medium containing
DNase (50 IU/ml, Sigma-Aldrich), cell viability assessed,
counted and plated out at 1 x 10° cells/well in RPMI 1640
media with 10% human AB serum (Sigma-Aldrich). Following
overnight rest at 37°C, 5% CO,, PBMC were then lysed and
homogenized with 350 ul/well of Buffer RLT Plus (Qiagen, USA)
and stored at -80°C for later RNA isolation.

RNA Extraction, Reverse transcription,

and Specific Target/Transcript
Ampilification

RNA was extracted from PBMC lysates using the RNeasy Plus
Micro kit for purification of total RNA from animal cells
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. RNA yield and purity were determined using a
Nano Drop ND 2000 spectrophotometer (Thermo Scientific,
Waltham, MA).

Reverse transcription was performed using 100 ng of purified
total RNA in a 20 pl reaction volume containing 1 pl 10mM
dNTP (Sigma-Aldrich, USA), 1 pl Oligo(dT);, ;53 (Sigma-
Aldrich, USA), 4 pl 5X First-Strand Bufter (Invitrogen, USA),
2 ul 0.1M DTT (Invitrogen, USA), 0.5 ul RNaseOUT " (40 U/ul)
(Invitrogen, USA), 0.5 pl sterile endotoxin free water (dH,0) and
1 ul SuperScript'™ III Reverse Transcriptase (200 units)
(Invitrogen, USA), according to the manufacturer’s
instructions. cDNA was then diluted 1:5 with dH,0.

The protocol for microfluidic RT-qPCR has been previously
described (16, 23). In order to increase the number of cDNA
templates for downstream microfluidic RT-qPCR where the
c¢DNA is dispensed into 96 nanowells, a pre-amplification PCR
was performed at 10 pl containing 5 pl of 2X TagMan PreAmp
Master Mix (Thermo Fisher Scientific, USA), 2.5 ul of 0.2X 96-
pooled TagMan Gene Expression (GE) assay (Thermo Fisher
Scientific, USA) mix and 2.5 pl of 1:5 diluted cDNA using the
following thermal profile: one cycle at 95°C for 10 min, followed
by 16 cycles of 95°C for 15 s and 60°C for 4 min. Pre-
amplification products were diluted 1:25 with dH,0 and stored
at -80°C until needed.

Confirmation of successful pre-amplification was done on a
Rotor-Gene 6000 RT-PCR

instrument (Corbett Life Science) in a 20 pl reaction volume
consisting of 10 ul of 2X TagMan Universal PCR Master Mix, 1

ul of 20X select TagMan GE assay and 4 pl of 1:25 diluted pre-
amplified cDNA made up to a final volume of 20 ul with dH,0.
The cycling program consisted of a 2 min incubation at 50°C, a
10 min incubation at 95°C, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min.

High-Throughput Microfluidic RT-qPCR

We selected a total of 87 genes based on broad relevance to
inflammation, immunopathology, antimycobacterial response,
type I IFN response, immune regulation as well as risk for TB
(see Table S1 in Supplementary Material). Expression levels of
these genes were measured using the previously described high-
throughput microfluidic 96.96 Dynamic Array and BioMark ™
HD instrument (Fluidigm, USA) (24). Specifically, a 5 pl sample
mix was prepared for each sample containing 2.5 ul of 2X
TagMan Universal PCR Master Mix (Applied Biosystems, PN
4304437), 0.25 pl of 20X GE Sample Loading Reagent (Fluidigm
PN 85000746) and 2.25 yl of pre-amplified cDNA (diluted 1:25).
5 pl of assay mix was prepared with 2.5 pl of each 20X TagMan
GE Assay (Thermo Fisher Scientific, USA) and 2.5 ul of 2X Assay
Loading Reagent (Fluidigm PN 85000736). An IFC Controller
HX (Fluidigm, USA) was used to prime the Dynamic ArrayTM
(chip) with control line fluid and before loading the sample and
assay mixes into their appropriate inlets. The chip was
subsequently returned to the IFC Controller HX for loading
and mixing. After approximately 60 min, the chip was
transferred to the BioMark' " HD instrument for RT-qPCR
according to the manufacturer’s protocol.

Luminex Multiplex Immunoassay

The concentrations of 24 soluble host-derived markers were
considered for measurement in supernatants from the 12 h
cultures (see above) using MILLIPLEX® MAP kits (Millipore,
Billerica, MA). These markers were selected for potential
relevance as essential role players in the inflammatory
processes likely to be affiliated with age-associated differential
risk of TB. These markers were analyzed in 15-plex (TNF-o,
MIP-1a, MIP-1B, MCP-1, IL-10, IL-10, IL-1RA, sCD40L,
Fractalkine, IFN-y, [FN-02, IP-10, IL-4, IL-15 and VEGEF), 5-
plex (MMP-1, MMP-2, MMP-7, MMP-9, and MMP-10), 1-plex
(D-dimer), and 3-plex (CRP, Fibrinogen, and SAP) assays in 1:2,
1:100, 1:100, and 1:20,000 dilutions, respectively. IL-4, IL-15,
MMP-7, and MMP-10 were not detectable and were thus
omitted from further evaluation. For samples in which marker
concentrations were extrapolated and/or were above the Upper
Limit of Quantitation (ULOQ) or below the Lower Limit of
Quantitation (LLOQ), readings were assigned values calculated
as follows:

i. <OOR (reading below LLOQ) = {value of lowest standard X
dilution factor}

ii. OOR> (reading above ULOQ) = {highest standard X dilution
factor} + 50

Internal controls were included throughout each run. In
summary, following pre-wetting of the filter plates with 200 pl
of wash buffer, 25 pl of standards, controls and diluted samples
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were added to each well containing 25 pl of assay buffer. Pre-
combined beads of all the 24 individual markers were added to all
wells before incubating sealed plates with agitation for 1 h in the
dark at room temperature. The plates were washed twice and 25 pul
of detection antibody was added, and the sealed plates incubated
with agitation for 30 min. Streptavidin-Phycoerythrin (25 pl per
well) was added and incubated for 10 min. Plates were washed
twice and 150 pl of sheath fluid was added to each well. The beads
were re-suspended by agitation for 5 min before running the
plates on a Bio Plex 200 instrument (Bio Rad Laboratories,
Hercules, CA, USA). Data were acquired and analyzed using the
Bio Plex Manager 6.1 Software (Bio Rad).

Statistical Analysis

All appropriate descriptive statistics applied to RT-qPCR and
Luminex data were performed using R for statistical computing
(25) or PRISM (GraphPad Software v8, San Diego, Calif.).

Previously published microarray data from children aged 4-
12 years and adults with microbiologically-confirmed TB or
LTBI controls were processed in the same facility and run on
Mlumina HT12 beadarrays: GSE39940 and GSE37250 (19, 20).
Each array was separately renormalized via normal-exponential
background correction followed by quantile normalization and
log,-transformation. In order to reduce the potential influence of
batch effects, we applied surrogate variable analysis implemented
in the R package sva (26). The demographic and phenotypic
annotation reported by the original authors were used to subset
the samples into HIV negative children aged 4 to 12 years and
adults, sensitized to M.tb (M.tb infected controls) and those with
microbiologically-confirmed TB disease (see Table S2 in
Supplementary Material). Discrimination between TB and
M.tb infected controls by the Sweeney3 and RISK6 signatures
was done using signature scores generated as previously
described (16, 27, 28). For the Sweeney3 signature (27), scores
were computed for each sample by subtracting the geometric
mean of GBP5 and DUSP3 from the geometric mean of KLF2 in
R as implemented in Metalntegrator package (29) on the gene-
level expression data. Changes in cell subset proportions were
performed with immunoStates (30).

Linear models were fitted with R/Bioconductor limma
package (31) to extract the age effect on genes differentially
expressed in TB disease between pre-adolescents and adults.
Genes were considered differentially expressed with false
discovery rate (FDR)-adjusted at 1% with at least an absolute
log,-fold change of 0.5. Genes were tested for enrichment using
blood transcriptional modules (BTMs) developed by Chaussabel
and co-workers (32) within the tmod R package (33) and the
CERNO statistical test was applied on the genes ordered by
minimum significant difference that uses combination of effect
size and statistical significance.

Microfluidic RT-qPCR data were analyzed using the
BioMark'" Real-Time PCR Analysis Software in the
BioMark ™' HD instrument (Fluidigm, CA) to obtain threshold
cycle (Ct) values. Analysis settings were as follows: amplification
curve quality threshold was set to 0.65, baseline correction to
linear (derivative) and Ct threshold method to auto (global). For
ease of interpretation, Ct values were transformed to Et values

(40 — Ct), because a higher Et value indicates higher mRNA
levels. Results were presented as changes in relative mRNA
transcript expression normalized with the geometric mean of
the Et values of the reference genes (34). TB risk signature scores
were calculated as previously described (28). P values were
adjusted to account for multiple comparisons. The method for
each analysis is indicated in the Figure Legends.

Comparison of soluble host-derived markers was assessed
using the non-parametric Mann-Whitney U and Wilcoxon
matched-pairs signed-rank tests to determine differences
between groups (18 compared to 8 year olds and M.tb-infected
(QFT+) compared to uninfected (QFT-) individuals) and within
groups (M.tb H37Rv, M.tb HN878 and M.tb CDC1551-
stimulated samples) respectively. Unstimulated values were
considered as background and subtracted from the M.tb
stimulated values before further analysis. Soluble host-derived
marker median concentration point estimates and 95%
confidence intervals of the differences between groups were
calculated using the rank inversion method and bootstrapping
2000X using the quantreg package in R (35). To visualize the
groups of participants and groups of markers with similar
expression profiles, unsupervised hierarchical clustering (i.e.
heatmaps) was performed using factoextra (36), FactoMineR
(37) and ComplexHeatmap (38) packages, respectively in R (25).
P values were adjusted to account for multiple comparisons. The
method for each analysis is indicated in the Figure Legends.

Data from all enrolled participants including microfluidic
RT-qPCR and soluble host-derived markers are available on
FigShare (https://doi.org/10.25375/uct.13351466.v1).

RESULTS
Study Participants

In total, 117 healthy participants were enrolled into the two
cohorts of this study: 53 children aged 8 years, and 64 young
adults aged 18 years. Participants in each age group were
approximately equally stratified according to M.tb infection
status by QFT, which shows excellent agreement with
tuberculin skin test (TST) in this setting (39, 40). The
demographic characteristics of the study participants are
summarized in Table 1.

Performance of Blood Transcriptomic

TB Signatures in Pre-Adolescent

Children and Adults

We first sought to compare the diagnostic performance of
Sweeney3, a concise and well-validated blood transcriptomic
signature of TB disease (41), that was shown to correlate with
the severity of lung inflammation in TB patients (42), in pre-
adolescent children and adults. Re-analysis of public whole blood
microarray datasets from culture-confirmed TB cases and
asymptomatic M.tb-infected controls showed that discrimination
between TB and controls by Sweeney3 was significantly poorer in
pre-adolescent children (AUC 0.84, 95%CI 0.74-0.95), than in
adults (AUC 0.97, 95%CI 0.94-0.99, p = 0.03, Figure 1A). These
data suggest that pre-adolescent children with TB may present with
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TABLE 1 | Summary of demographic characteristics of study participants.

Children Young adults
QFT+ QFT- QFT+ QFT-
Participants, n 25 28 39 25
Female, n (%) 11 (44) 15 (54) 22 (56) 13 (52)
Ethnicity, n (%)
Black African 0 (0) 3(11) 18 (46) 6 (24)
Mixed race 25 (100) 25 (89) 21 (54) 18 (72)
Caucasian 0(0) 0(0) 0(0) 1(4)

less pronounced inflammation than adult TB cases and motivated
further investigation of inflammation as a determinant of age-
associated differential risk for TB in healthy individuals. We
therefore determined whether signature scores of a recently
described parsimonious blood transcriptomic signature of TB
risk, RISK6 (28), were different in healthy pre-adolescent vs
young adults. We previously showed that RISK6 scores were
associated with in vivo pulmonary inflammation measured by
'®F-labeled fluorodeoxyglucose (‘°F FDG) PET-CT in TB patients
(28). RISK6 scores, measured by microfluidic RT-qPCR, were
significantly higher in 18-year-old young adults than in 8-year-
old children (Figure 1B). This difference seemed to be primarily
driven by persons with underlying M.tb infection, since RISK6
scores were only significantly higher in QFT+ adults than in QFT+
children; no difference was observed in the corresponding QFT-
groups (Figure 1C).

Expression of Neutrophil Antimicrobial
Effectors in Pre-Adolescent Children

and Adults

Higher expression of RISK6 in QFT+ adults prompted us to
investigate if other mediators of inflammation or antimicrobial
responses with a known role in immunity to M.tb may also be
elevated in this group; we therefore quantified transcript
expression by microfluidic RT-qPCR in PBMC from the
different participant groups. mRNA expression of the
antimicrobial mediators, cathelicidin (CAMP), defensin Al
(DEFAL), human neutrophil peptide 3 (HNP3) and the IFN-
inducible immunity-related p47 GTPase IRGM1, were
significantly elevated in QFT+ young adults, compared with
QFT+ children (Figure 1D). A similar picture was observed
for the chemokine, CCL5 (encoding RANTES) and the
chemokine receptor, CXCR3 (Figure 1E). We also compared
mRNA expression of these and other genes in QFT- young adults
and children, but did not observe such differences
(Supplementary Figure 1).

Elevated Myeloid Inflammation in Adults
Relative to Pre-Adolescent Children

To determine if the inflammatory signals observed by blood
mRNA expression profiling were also detectable at the protein
level, we measured concentrations of myeloid inflammatory
mediators, acute phase proteins and matrix metalloproteinases
in plasma from unstimulated blood by Luminex assay.
Unsupervised hierarchical clustering of plasma samples based

on levels of 20 soluble markers revealed two major sample
clusters. The cluster with higher expression of many markers,
relative to the other cluster, was significantly enriched for adult
samples (Fisher exact, p = 0.0005, Figure 2A). When analyzed on
a univariate level, concentrations of the myeloid inflammatory
mediators, TNF, MIP-10, MIP-13, MCP-1, and IL-10, as well as
the angiogenic factor, vascular endothelial growth factor
(VEGF), were significantly elevated in plasma from QFT- 18-
year-old young adults compared with QFT- 8-year-old children
(Figure 2A). By contrast, MMP-2 was lower whereas IFN-y, IFN-
02, acute phase proteins D-dimer, serum amyloid protein (SAP)
and C-reactive protein (CRP) and the matrix metalloproteinases
MMP-1 and MMP-9 were not different. A similar assessment
performed for QFT+ 18-year-old adults compared with QFT+ 8-
year-old children revealed far fewer differences (Supplementary
Figure 2A). In light of observing elevated myeloid inflammatory
mediators in QFT- adults, we again turned to the public microarray
datasets from TB cases and asymptomatic M.tb-infected controls to
assess whether differential expression of gene modules associated
with TB may reveal further biological differences between 4-12-
year-old pre-adolescent children and adults. As previously reported
(44), many gene modules were differentially expressed between TB
cases and LTBI controls, including elevated expression of
inflammation, interferon response and myeloid cell subset
modules, and lower expression of lymphoid cell (T, B and NK)
subset modules in TB (Figure 2B). By analyzing age as an
interaction term, we detected age-associated differences within the
TB vs control comparison. Genes within the mitochondrial
respiration, monocyte and interferon modules were more elevated
in adults than in pre-adolescent children (Figure 2B), again
suggesting that myeloid inflammatory mediators were more
pronounced in adult TB than in pediatric TB. This difference in
the myeloid cell subset was confirmed with the recently published
immunoStates computational approach (30) to infer leukocyte
representations from gene expression profiles, which also showed
that monocytes were significantly elevated in TB cases relative to
LTBI controls in adults, but not in pre-adolescent children
(Figure 2C).

In Vitro and In Vivo Mycobacterium
tuberculosis Infection Induces

Myeloid Inflammation

To address if the observed patterns of age-associated myeloid
inflammatory responses can be induced by in vivo M.tb infection,
we compared plasma levels of inflammatory proteins in QFT+
and QFT- 8-year-old children. Unsupervised hierarchical
clustering based on the 20 soluble markers investigated in
Figure 2A showed that samples segregated into two clusters
with higher expression of many markers in the cluster
significantly enriched for QFT+ individuals (Fisher exact, p =
0.001, Figure 2D). On univariate analysis, myeloid inflammatory
mediators including TNF, MIP-1c, MIP-1f, IL-10, IL-10, IL-
IRA, IFN-02, and IP-10 were significantly higher in QFT+ 8-
year-old children than in QFT- 8-year-old children (Figure 2D),
suggesting that in vivo infection with M.tb, detected by QFT
assay, can induce myeloid inflammatory responses. MMP-9 and
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VEGF were also higher in QFT+ 8-year-old children, while
MMP-1 was lower (Figure 2D). However, no differences in
soluble marker levels were observed between QFT+ and QFT-
18-year-old young adults (Supplementary Figure 2B). To
confirm whether M.tb can directly induce expression of these
inflammatory mediators in blood leukocytes, we analyzed the
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FIGURE 1 | Inflammation and antimicrobial mediators are more abundant in adolescents and adults than in pre-adolescent children. (A) Diagnostic performance of
the Sweeney3 transcriptomic signature, by analysis of published whole blood microarray data, in differentiating between culture-confirmed TB and LTBI controls in
adults (blue) and pre-adolescent children (red). Specificities (spec) are reported at the corresponding sensitivities (sens) of 0.90. The p value for comparing ROC
curves in adults and pre-adolescent children was computed using pROC. (B) Comparison of RISK6 signature scores, measured by RT-gPCR, between 8- and 18-
year-old participants. (C) RISK6 signature scores, measured by RT-gPCR, in 8- and 18-year-old participants stratified by QFT status. P values <0.05 were
considered significant. (D) Expression levels of anti-mycobacterial genes, measured by RT-gPCR, in 8- and 18-year-old QFT+ participants. P values <0.0024 (after
adjustment for 21 comparisons using the Bonferroni method) were considered statistically significant. (E) Expression levels of myeloid inflammatory genes in 8- and
18-year-old QFT+ participants. P values <0.0023 (after adjustment for 22 comparisons using the Bonferroni method) were considered statistically significant.
Horizontal lines depict the median, boxes the interquartile range and whiskers the 95" percentiles. P values were computed with the Mann-Whitney U test.

same markers after in vitro stimulation of whole blood with 3
different strains of live M.tb. In QFT- 8-year-old children, soluble
levels of TNF, MIP-1ci, MIP-1f, IL-10, and IL-1o were higher
after stimulation of blood with H37Rv and HNS878; whereas
H37Ryv, but not HN878, also induced IL-1RA, IFN-yand MMP-9
secretion (Figure 2E). Stimulation with the M.tb strain
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0 1

Frontiers in Immunology | www.frontiersin.org

30

February 2021 | Volume 12 | Article 639965


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

Baguma et al.

Age-Associated Inflammatory Determinants of TB

CDC1551, only induced significant increases in TNF and MIP-
1B (Figure 2E).

mRNA Transcripts That Are Higher
in 8-Year-Old Children

These results show that healthy young adults have greater
myeloid inflammatory responses than healthy, pre-adolescent
children and that monocytes, Type I IFN responses and
mitochondrial respiration were more elevated in adult TB than
in pediatric TB. We also detected elevated expression of a
number of genes in blood from pre-adolescent children relative
to young adults, including the IFNGR1 and intracellular pattern
recognition receptor, NOD2 (Figure 3A) and the Type I IFN
stimulated genes IFNAR2, MX2, OAS1 as well as STAT2 (Figure
3B). Cellular deconvolution of whole blood gene expression by
immunoStates also showed that pre-adolescent children with TB
had elevated proportions of B cells and macrophages of the M2
phenotype than LTBI controls, whereas in adults, this difference
in B cells was not observed and M2 macrophages were
significantly lower in TB cases (Figure 3C).

DISCUSSION

The risk of progression from Mpycobacterium tuberculosis
infection to active disease is significantly lower in pre-
adolescent children above 4 years of age than in post-
pubescent adolescents and young adults (3-5). Further, the
typical clinical presentation of TB manifests as mild and/or
pauci-bacillary lymph node disease in pre-adolescent children,
whereas post-pubescent adolescents and adults more commonly
present with multi-bacillary, “adult-type” pulmonary disease (3-5).
To investigate possible immunological underpinnings of these
age-associated characteristics of TB, we compared blood gene
expression of antimicrobial effector molecules, pro- and anti-
inflammatory and other immune mediators as well as soluble
host-derived inflammatory molecules in pre-adolescent children
and young adults.

In light of the well-described links between excessive innate
inflammation and risk of TB progression as well as the role of
inflammation as a cause of immunopathology and tissue
destruction (12, 45, 46), we hypothesized that pro-
inflammatory responses to M.tb in pre-adolescent children are
either less pronounced or more regulated, than in young adults.

Three main findings emerged from our analyses: 1) diagnostic
performance of transcriptomic signatures of TB for differentiating
between culture-confirmed TB and LTBI controls was poorer in
pre-adolescent children than in adults. 2) Pre-adolescent children
had lower levels of myeloid-associated pro-inflammatory mediators
than young adults. These mediators were induced by in vivo and in
vitro M.tb infection, as supported by higher expression in QFT+
than QFT- 8-year-old children and significantly higher expression
after in vitro stimulation of blood with live M.tb. 3) Compared with
young adults, pre-adolescent children had higher levels of IFN
stimulated genes IFNAR2, MX2, OASI and STAT?2, as well as B
cells and M2 macrophages than adults.

The “Golden Age” associated poorer performance of the
previously published Sweeney3 signature of TB in differentiating
between TB and LTBI controls, the lower RISK6 signature scores
and the lower levels of myeloid-associated pro-inflammatory
mediators all support our hypothesis that children have lower
inflammation than young adults. Importantly, we observed this
difference in both healthy individuals and in those with TB
disease, suggesting that this finding did not only reflect
differences in TB disease manifestation, but that these age-
associated outcomes may reflect intrinsic differences that are not
only restricted to mycobacterial immune responses. This is also
supported by the results from our previous study of mycobacteria-
specific T cell responses and mycobacterial growth inhibition in
the same 8- and 18-year-old cohort; no age-associated differences
in these common measures of mycobacteria-associated immune
outcomes were observed (7). The observation that M2
macrophages, which are typically anti-inflammatory, were more
abundant in pre-adolescent children than adults, further supports
this. We were not able to definitively interpret the higher
abundance of B cells in pre-adolescent children, since this
designation includes many subclasses of B cells with different
functions. Ultimately, this finding may simply reflect greater
lymphocyte proportions in pre-adolescent children than adults.

Our observations are consistent with the hypothesis that pro-
and anti-inflammatory responses must be balanced to avoid bias
towards an excessive response (8, 9) and suggest that pre-
adolescent children may be more likely to maintain an optimal
balance. If this is true, then similar age-associated differences must
exist for other infections and diseases, including autoimmune and
inflammatory conditions. Indeed, sarcoidosis, a granulomatous
disease associated with dysregulated IFN responses (47, 48), is not
commonly reported in young, pre-adolescent children and
increases after puberty (49). Among other infectious diseases,
cutaneous leishmaniasis, schistosomiasis and leptospirosis follow
the same curve that is observed for TB (50), with lowest incidences
in pre-adolescent children above 4 years of age. While many
factors affect the risk for these diseases, as is also true for TB, we
hypothesize that the age-associated balance of inflammatory
responses plays a role.

It was interesting that we observed higher expression of
multiple Type I IFN mRNAs in pre-adolescent children
compared with young adults. Our integrated analyses of
differences in global gene expression between M.tb infection and
TB disease, also revealed modest, but interesting age-associated
differences in transcriptional programs typically associated with
human TB, namely interferon signaling and myeloid inflammation
(51, 52). To our knowledge, no study has hitherto teased apart the
transcriptional program within each age stratum in the context of
the observed epidemiological difference in TB disease incidence and
pathophysiology, which we reveal in our analyses. We observed
more exacerbated transcriptional dysregulation in interferon
signaling in adults when compared to pre-adolescent children.
Notably, pathways associated with mitochondrial stress/
proteasome and mitochondrial respiration, suggestive of impaired
mitochondrial function, which may be linked to necrotizing
granulomatous lesions often observed in adult TB disease or,
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FIGURE 3 | Anti-mycobacterial response and Type | IFN genes, B cells and M2 macrophages are more abundant in pre-adolescent children than adults.

(A, B) Expression levels of anti-mycobacterial response genes (A) and Type 1 IFN response genes (B), measured by RT-gPCR, in 8- and 18-year-old QF T+
participants. Horizontal lines depict the median, boxes the interquartile range and whiskers the 95 percentiles. P values were computed with the Mann-Whitney U
test. For (A), p values <0.0024 (after adjustment for 21 comparisons using the Bonferroni method), and for (B), p values <0.0045 (11 comparisons) were considered
statistically significant. (C) Forest plots depicting differences in B cell and M2 macrophage abundance between TB cases and LTBI controls in adults or pre-
adolescent children, estimated from whole blood gene expression using cell mixture deconvolution. Positive and negative effect sizes indicate higher and lower levels
of that cell type in TB versus healthy LTBI controls, respectively. The y axes represent standardized mean differences between TB and LTBI, computed as Hedges’
g, on a log, scale. The size of the blue rectangles is proportional to the SEM difference in the study. Whiskers represent the 95% confidence interval. The white point

alternatively, may be related to dysregulated inflammatory
processes. Mitochondria mass, size, number, and fragmentation is
known to be affected by virulent M.tb after macrophage infection
(53) and recent findings by Pajuelo and colleagues provided
evidence that M.tb hijacks a host cell death pathway involving the
mitochondrion (54). Our results may at first appear to contradict
the hypothesized higher inflammation in adults, especially in light
of reports that Type I IFN responses predispose to TB disease

progression (13, 55, 56). However, the biology of Type I IFN
mRNAs is known to be particularly influenced by immunological
changes during sexual maturation during and after puberty, which
lead to divergence in immune and inflammatory responses between
males and females. For example, females have higher expression of
Type I IEN upon TLR7 stimulation than males (57), and the effects
of oestrogens typically lead to higher levels of inflammation in
females, while progesterone and androgens, such as testosterone,
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generally mediate immunosuppressive activities (58, 59). Since TB
notification rates in males are typically double those in females (1),
and Type I IEN responses are typically higher in females, we
propose that it may be too simplistic to expect a direct
association between risk of TB and Type I IFN responses.

We acknowledge that our results reflect peripheral blood and
not the site of disease, which limits our ability to directly
establish a link between mitochondrial function and events at
the site of disease. Our work is also subject to other limitations.
The relatively small sample size limited statistical power to
definitively address the influence of covariates, such as sex and
ethnicity, on immunological outcomes and also did not allow
analyses using age as a continuous variable. The restriction of our
enrolled cohort of children and young adults to very specific ages
(8 and 18 years of age) also limits the generalizability of our
conclusions. Furthermore, analysis of the influence of underlying
M.tb infection on age-associated immunological outcomes is
limited by the absence of a true measure of in vivo M.tb in
humans. It is well known that IFN-y release assays, including the
QFT assay we used to infer M.tb infection, are at best imperfect
tests for infection (60). Finally, we note that the age-associated
immunological differences observed in our study are modest in
magnitude. In light of the many well-known risk factors for TB
(61), independent replication of our findings is necessary.

In summary, our results suggest that myeloid inflammation is
intrinsically lower in pre-pubescent children than in young adults
and that this may play a role in age-associated differential risk of
TB and/or the differences in clinical presentation of this disease.
Further dissection of these age-associated differences may reveal
opportunities to develop interventions that aim to optimize the
balance between pro- and anti-inflammatory responses.
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Antiretroviral treatment (ART) reduces the risk of developing active tuberculosis (TB) in
HIV-1 co-infected persons. In order to understand host immune responses during ART
in the context of Mycobacterium tuberculosis (Mtb) sensitization, we performed RNAseq
analysis of whole blood-derived RNA from individuals with latent TB infection coinfected
with HIV-1, during the first 6 months of ART. A significant fallin RNA sequence abundance
of the Hallmark IFN-alpha, IFN-gamma, IL-6/JAK/STAT3 signaling, and inflammatory
response pathway genes indicated reduced immune activation and inflammation at 6
months of ART compared to day O. Further exploratory evaluation of 65 soluble analytes
in plasma confirmed the significant decrease of inflammatory markers after 6 months of
ART. Next, we evaluated 30 soluble analytes in QuantiFERON Gold in-tube (QFT) samples
from the Ag stimulated and Nil tubes, during the first 6 months of ART in 30 patients.
There was a significant decrease in IL-1alpha and IL-1beta (Ag-Nil) concentrations as
well as MCP-1 (Nil), supporting decreased immune activation and inflammation. At the
same time, IP-10 (Ag-nil) concentrations significantly increased, together with chemokine
receptor-expressing CD4 T cell numbers. Our data indicate that ART-induced decrease
in immune activation combined with improved antigen responsiveness may contribute to
reduced susceptibility to tuberculosis in HIV-1/Mtb co-infected persons.

Keywords: antiretroviral treatment, tuberculosis, plasma biomarker, RNAseq, QuantiFERON

INTRODUCTION

Tuberculosis (TB) remains the leading bacterial cause of death worldwide (1). The biggest
recognized risk factor for developing TB disease is Human immunodeficiency virus (HIV-1)
infection (2). Antiretroviral treatment (ART) is an effective way to reduce the risk of TB in
HIV-1 co-infected persons, reducing TB incidence between 54 and 92% at the individual level
(3). More broadly, ART was shown to be associated with the decline of TB in sub-Saharan Africa
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between 2003 and 2016, preventing an estimated 1.88 million
cases (4). In order to understand how ART reduces susceptibility
to TB in HIV-1 infected persons, we longitudinally analyzed a
group of individuals with latent TB infection, co-infected with
HIV-1, over 6 months from starting ART (day 0). Our hypothesis
was that this highly susceptible group who undergo immune
reconstitution through ART, and thereby become less susceptible
to TB, will yield insight into protective mechanisms against TB
in humans.

Before the commencement of ART, the risk of TB is increased
at all stages of HIV-1 infection. This could be due to depletion
of Mycobacterium tuberculosis (Mtb) specific T cells early during
HIV-1 infection (5) as well as impairment of function of these
antigen-specific CD4 T cells (6). We and others have shown
that increased ART-mediated immunity broadly correlates with
the expansion of early differentiated (central memory) T-cell
responses and overall reduction in cellular activation (7-9).
More specifically, we recently demonstrated that the numbers
of Mtb-antigen specific CD4T cells increase during the first
6 months of ART, together with proportionally expanded
polyfunctionality (cells co-producing TNE, IFN-gamma, and IL-
2), and a concomitant decrease in their activation profile (10).

As the risk and incidence of active TB remains much higher
in individuals with latent TB infection co-infected with HIV-
1 (termed HIV-1/Mtb co-infected persons), compared to those
not infected with HIV-1, despite widespread implementation of
ART regimes globally and even during long-term ART (11), it
is important to understand the host immune response in the
context of Mtb infection and ART. Therefore, we performed
exploratory RNAseq analysis of whole blood derived RNA from
HIV-1/Mtb co-infected individuals during the first 6 months
of ART, followed by evaluation of multiple soluble analytes in
plasma. For more precise assessment of the change in soluble
plasma biomarkers in the context of Mtb sensitization (latent
TB infection) during ART, we used QuantiFERON® Gold in-
tube (QFT) plasma samples. These samples have been shown
to be useful in evaluating host biomarkers other than IFN-
gamma, regardless of HIV-1 status (12, 13). Moreover, we
recently used similar QFT plasma samples to evaluate the
predictive performance of 13 plasma biomarkers in HIV-1
infected individuals likely to progress to active TB and found
that unstimulated plasma analyte concentrations better identified
TB risk in these HIV-1 co-infected patients, demonstrating
that underlying inflammatory processes, and higher overall
background immune activation might render them more
susceptible to progress to TB (14). However, no studies so far
evaluated QFT plasma analyte concentrations longitudinally,
during ART. Here we present data suggesting that the ART-
induced decrease in immune activation combined with improved
antigen responsiveness may contribute to reduced susceptibility
to tuberculosis in HIV-1/Mtb co-infected persons.

MATERIALS AND METHODS
Study Cohort

HIV-1 infected persons starting ART were recruited from the
Ubuntu Clinic in Khayelitsha, South Africa, during 2 longitudinal

studies in 2011-2012. The University of Cape Town Faculty of
Health Sciences Human Research Ethics Committee approved
these studies (HREC 245/2009 and 545/2010). All participants
gave written informed consent prior to inclusion in the study, in
accordance with the Declaration of Helsinki. Blood for plasma
separation, Quantiferon Gold In-tube (QFT) assay and RNA
extraction (TempusTM tubes) was collected at baseline (Day
0) and after one (1 M), three (3 M), and six months (6 M) of
receiving ART. All samples were stored at —80°C for future
use. The University of Cape Town Faculty of Health Sciences
Human Research Ethics Committee approved these studies
(HREC 245/2009 and 545/2010). All participants gave written
informed consent in accordance with the Declaration of Helsinki.
The 2 cohorts have previously been described (15-17). At the
time of recruitment, the following exclusion criteria applied:
evidence or clinical concern of active tuberculosis (TB), current
INH or TB chemotherapy, grade III-IV peripheral neuropathy,
pregnancy, abnormal liver function, age <18 years. Development
of active TB during longitudinal follow up was determined by
induced sputum culture at 1, 3, or 6 months of receiving ART.
These individuals were referred to the TB services for treatment
and were excluded from our analyses with sample collection
terminated. All remaining participants experienced an increase
in CD4 counts and a decrease in HIV viral load during the first 6
months of ART. They were all sensitized by Mtb, as determined
by positivity in at least one interferon gamma release assay, QFT
and/or ELISpot, at least one timepoint during the longitudinal
follow up, as previously shown (17). We therefore infer latent
TB infection in these individuals and term them HIV-1/Mtb
co-infected persons throughout this manuscript.

RNA Sequencing Library Preparation

Total RNA was extracted from whole blood using the Tempus
Spin RNA Isolation kit (Thermofisher) according to the
manufacturer’s recommendations as described (17). The quantity
and quality of the extracted RNA were measured by the
Qubit fluorometer and the Caliper LabChip system, respectively.
RNA libraries for whole blood RNA were constructed using
the Ovation Human Blood RNAseq Library Systems (Tecan,
Mannedorf, Switzerland) where ribosomal and globin RNA were
removed according to the manufacturer’s protocol. The final
libraries were assessed using TapeStation 2200 System (Agilent,
Santa Clara, CA). All libraries were sequenced on Illumina Hi-
Seq 4000 instrument with paired-end 100 cycle reactions and 40
million reads per sample.

RNAseq Data Analysis

Indexed libraries were pooled and sequenced on an Illumina
HiSeq 4000 configured to generate 101 cycles of paired-end
data. Raw data was demultiplexed and FastQ files created using
bcl2fastq (2.20.0). Datasets were analyzed using the BABS-
RNASeq Nextflow (18) pipeline developed at the Francis Crick
Institute. The GRCh38 human reference genome was used
with the Ensembl release-86 (19) gene annotations. Dataset
quality and replication was validated using FastQC (0.11.7,
Andrews, link), RSeQC (20), RNAseqC (21) and Picard (2.10.1,
link). Reads were then aligned to the genome and expression
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quantified using STAR (22) and RSEM (23). Estimates of gene
expression were loaded into R version 3.5.1 using the tximport
package. DEseq2 (24) was used to test for significant differences
between day 0 and 6 months of ART. Default parameters
were applied and false discovery rate was set to 0.1. Gene set
enrichment analysis was performed using fgsea (25). Hallmark
pathways (“h.all.v6.2.symbols.gmt”) were downloaded (http://
software.broadinstitute.org/gsea) and used to test for enrichment
genes ranked by their stat value calculated by DESeq2. The
data was deposited to Gene Expression Omnibus (GEO) under
accession number GSE158208.

Multiplex Immune Assays for Cytokines

and Chemokines

The preconfigured multiplex Human Immune Monitoring 65-
plex ProcartaPlex immunoassay kit (Thermo Fisher Scientific,
UK) was used to measure 65 protein targets in plasma. Bio-
Plex Pro Human Cytokine 27-Plex Immunoassay (Bio-Rad
Laboratories, Hercules, CA, USA) and customized MilliplexTM
kits (Millipore, St Charles, MO, USA) were used to measure
30 analytes in the QFT plasma samples from unstimulated
(Nil) and TB specific antigen stimulated (Ag) samples. All
assays were conducted on the Bio-Plex platform (Bio-Rad
Laboratories, Hercules, CA, USA), using Luminex xMAP
technology. Additional confirmatory experiments were run on
the Meso Scale Discovery Inc (Rockville, MD) platform, using the
plasma samples only (not QFT). All assays were conducted as per
the manufacturer’s recommendation and all analytes measured
are listed in Supplementary Table 1.

Flow Cytometry Analysis

Cryopreserved peripheral blood mononuclear cells were thawed,
counted, rested in 5ml RPMI supplemented with 10% FCS
at 37°C for 4h in a 50ml Falcon tube, washed again and
stained with LIVE/DEAD® Fixable Near-IR Stain as well as the
following surface markers: CD14 and CD19 (APC-AF750), CD4
(FITC), CD45RA (BV570), CD27 (BV711), CXCR3 (PE-Cy7),
CCR4 (BV510), CCR6 (BV605). Cells were acquired on a BD-
Fortessa flow cytometer and analyzed using FlowJo as previously
described (10).

Data Cleaning and Analysis for QFT

Plasma Samples

After removal of missing data 30 analytes measured at 4 time-
points over the course of 6 months were evaluated: baseline (D0),
after one (1 M), three (3 M) and six months (6 M) of receiving
ART. Subjects with more than 50% of data missing (due to
undetectable concentration values) across all the time points for
the analytes of interest were removed. One missing data point
(0.8% of all data) was imputed using KNN imputation (k = 15).
All analytes were sampled in Nil and Ag (antigen stimulated)
assays. As some analytes resulted in no change or negative values
upon antigen stimulation compared to the unstimulated sample
(Ag-Nil), only analytes with Ag stimulated values found to be
significantly different than their Nil counterparts were retained
for the main analysis, after transformation into (Ag-Nil). These
selected analytes in the form of (Ag-Nil) and all unstimulated

analytes (Nil-only values) were considered for the remaining part
of the analysis.

Statistical Analyses for QFT Plasma

Samples
All analyses were carried out in R version 3.6.1, using the
analytical framework provided in the Limma package (26).
Limma follows a parametric empirical Bayes model within
multiple linear regressions. A linear regression model is fitted
for each molecule of interest, the resulting estimates are then
linked to global hyper-parameters in order to share information
between the molecules. This allows to calculate correlations
between analytes of interest, together with correlations between
related samples, but also helps correct for unequal quality /
unequal variance between time points. Limma is also equipped
with mixed effect modeling with unconditional growth and
constant intra-block correlation, which allows us to adjust for the
potential batch effect of data collection at each time point.

Using Limma with mixed effect for each biomarker ne[1, NJ,
N =43, we have:

o Yn,i,j = B0,n,j+ Bl,n,jti,j + €n,i,j,
e B0,n,j=y0,n+U0,n,j
e Bln,j=yl,n+Ul,n,j

Where j represents subjects—je[1, Npeople], Npeople = 30, and i
represents time points-i€[0, 1, 3, 6].

Time (here being the follow-up rounds) is treated as a
discrete categorical variable. This allows us to model the effect
of time on analyte progression without imposing parametric
specifications on the shape of the relationship between time and
analytes. Results for each biomarker are combined, and those
with fixed effects with p <o = 0.05 are considered significant,
after false discovery rate (FDR) adjustment. While, traditionally,
FDR adjustment is made via Bonferroni correction-o’ = a/N-
we opt here for the Benjamini & Hochberg (BH) FDR correction
procedure (27) as it is more robust to false negatives and still
adequately controls for family-wise error rate. This procedure is
repeated for all time points, as well as for each time point in order
to evaluate change between baseline and specific time points (D0
vs. M1, DO vs. M3, and DO vs. M6). Results are quoted in log-
fold changes, which is equal to the log-2 transform of the ratio
between 2 elements [log,(A/B)].

Clustering Analysis for QFT Plasma

Samples

In order to further understand the structure of the biomarker
data, we subjected the samples to an unsupervised clustering
analysis as well as principal components analysis (PCA). The
cytokines and biomarkers data were aggregated across all time
points and all subjects, and analyzed through K-means clustering.
In both K-means and in PCA, we used the log-fold change in
biomarker concentrations across all the follow-up timepoints
to evaluate groupings and similarity between analytes. K-means
clustering is an unsupervised learning algorithm that clusters
data based on their similarity. It is carried out by evaluating the
sum of squares distance between each analyte and the centroid
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of the K clusters, in terms of their log-fold change across the
6 months observation period of the study. At first, a number
of clusters K is set. Each analyte is randomly assigned to one
of the K clusters, then reassigned to the cluster that has the
smallest distance from its centroid to that point. This process
is reiterated until no further cluster reassignment occurs. K is
chosen as the smallest integer which minimizes the within-cluster
sum of squares—a measure of within-cluster similarity.

RESULTS
RNA Sequencing Analysis

Exploratory analysis performed in 6 samples from DO and
6 samples from 6 M (not paired) revealed 155 differentially
expressed genes (Figure 1A, Supplementary Figure 1A and
Supplementary Table 2). Gene Set Enrichment Analysis (GSEA)
using Reactome identified a significant fall in the Interferon-
alpha, Interferon-gamma, IL-6/JAK/STAT3 signaling and overall
inflammatory response pathway genes (Figure 1B). These results
were replicated by similar findings using Hallmark pathway
analysis as well (Supplementary Figure 1B). While interestingly
there was an increase in Heme metabolism as shown by
GSEA (Figure 1B), overall the data points toward reduced
immune activation and inflammation at 6 months of ART
compared to day 0.

Multiplex Analysis Using Plasma

Next we used plasma collected at day 0 and 6 months of ART
(n = 39, paired samples) in further exploratory analysis of
soluble markers using the Immune Monitoring 65-Plex Human
ProcartaPlex™ Panel (Invitrogen, Thermo Fischer). Twenty
nine analytes were excluded from analysis due to (1) being
undetectable in all samples (FGF-2, IL-5,1L-31, MCSE, MIE, TNE-
beta), 99% of samples (MCP-3, IL-23), 96% of samples (IL-7);
(2) the median concentration being 0 pg/ml at both timepoints
(bNGE, G-CSE, GM-CSE, GRO-alpha, IL-1alpha, IL-1beta, IL-3,
1L-4, IL-6, IL-8, IL-9, IL-10, IL-12p70, IL-15, IL-20, IL-22, IL-
27, LIF); (3) the median concentration being 1 pg/ml at both
timepoints, although there was a trend showing decrease over
time (IFN-alpha, IL-13). The remaining results are summarized
in Table 1, demonstrating a significant decrease in soluble plasma
analytes overall. Since these plasma analyte determinations
were exploratory, we did not perform correction for multiple
comparisons. However, we did utilize an alternative immune
marker monitoring platform, Meso Scale Discovery system, to
further confirm the trends seen in selected markers from all
groups (highlighted by italics in Table 1). Results are summarized
in Supplementary Table 3. While there were notable differences
in the range of concentrations detected by the 2 different
platforms, as shown previously by others (28-31), overall the
data confirm the significant decrease in HIV-1 induced immune
activation and inflammation over the first 6 months of ART.
Since the MSD Angiogenesis panel allows individual evaluation
of VEGF-A, C, and D, it was interesting to find an increase
over time in VEGF-D plasma concentrations (from median of
851-1,046 pg/ml, p = 0.0002, Supplementary Table 3).

>
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FIGURE 1 | RNA sequencing analysis results, showing (A) the MA plot
visualizing the statistically different genes by transforming the data onto M (log
ratio) and A (mean average) scales; and (B) the pathways significantly changed
between day 0 and 6 months of ART based on Gene set enrichment analysis
(GSEA).

Multiplex Analysis Using QFT Plasma

In order to assess more precisely the change in soluble plasma
biomarkers in the context of Mtb sensitization during ART, we
next used QuantiFERON® Gold in-tube (QFT) plasma samples.
Here we longitudinally analyzed 30 soluble analytes in 30 HIV-1-
infected individuals (9 male, 21 female; mean age 34.3 years) at
baseline (D0) and after one (1 M), three (3 M), and six months
(6 M) of receiving ART, using the Nil and selected Antigen-
stimulated (Ag-Nil) QFT plasma samples. The HIV-1 viral load
(VL) and CD4 counts of the 30 participants during ART are
summarized in Supplementary Table 4.

First, we assessed the effect of antigen stimulation at each
timepoint by comparing Ag stimulated samples to unstimulated
(Nil) samples. The QFT assay was optimized to assess an IFN-
gamma response in the form of (Ag-Nil), however, here we
intended to assess the effect of antigen stimulation on other
analytes as well and in order to be able to compare the effects we
opted to assess the ratio, or fold change in analyte concentration
between Ag stimulated and Nil assays. The analytes that showed
a significant response difference over time are summarized in
Table 2 and were selected to be included in further analysis in the
form of (Ag-Nil). All data related to the analysis are summarized
in Supplementary Table 5.
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TABLE 1 | Multiplex analysis of plasma.

No Analyte? Day 0 median Day 0 (IQR) 6M median 6M (IQR) p-value®
T cell response related

1 IFN-gamma 53 34.1-80.3 27 19.8-37.7 <0.0001
2 IL-18 116 30.5-187.6 51 18.5-104.3 <0.0001
3 CD40-Ligand 236 0-305 0 0-245 <0.0001
4 IP-10 240 109-375 67 24-148 <0.0001
5 MIG 968 707-1256 526 0-715.5 <0.0001
6 IL-16 1,637 1,107-1,840 1,119 743-1,610 <0.0001
7 IL-2R 25,084 15,178-40,542 7,953 4,746-13,525 <0.0001
8 TSLP 19 9.9-30.5 4 0-15 0.0006
9 I-TAC 314 0-735 0 0-326 0.0014
10 IL-2 32 11.5-911 18 11.5-106.7 0.19
11 IL-21 98 0-222.3 62 0-200.4 0.1
12 IL-17A 348 56-690 309 135.7-674.5 0.26
TNF superfamily related

13 TNF-RII 662 585-717 569 521-633 <0.0001
14 Tweak/TNFSF12 2,266 1,286-3,432 1,306 909-1,779 <0.0001
15 CD30 10,436 7,935-14,690 4,673 3,001-6,851 <0.0001
16 ENA-78(LIX) 859 407-1,973 603 323-1,425 0.004
17 APRIL 4,274 3,390-5,268 3,836 2,893-4,846 0.005
18 TNF-alpha 3 1.48-7.6 3 0.35-4.06 0.027
19 TRAIL 682 0-966 0 0-804 0.034
20 BAFF 49 0-96.7 0 0-126.6 0.427
Monocyte/macrophage related

21 MCP-2 25 12.9-38.9 11 6.6-15.7 <0.0001
22 MIP-1alpha 17 13-24 10 6.1-15 <0.0001
23 BLC 1,113 593.5-2,170 422 155.7-755.8 <0.0001
24 Eotaxin-3 72 0-102.8 0 0-36.7 0.0002
25 MDC/CCL22 4,374 1,629-10,229 1,515 446-4,264 0.0004
26 MIP-3alpha 26 9.7-55.9 10 2.7-35.1 0.0016
27 MIP-1beta 61 30.2-92.2 42 14.1-63.4 0.008
28 Eotaxin-2 6 0.9-20.3 2 0-12.3 0.071
29 Fractalkine 16 9.6-29.9 12 5.6-23 0.074
30 MCP-1 253 121.7-388.2 211 104.6-319.7 0.22
31 Eotaxin-1 14 7.3-38.7 i 5.6-47.9 0.78
Growth factors

32 VEGF-A 815 512.7-1,055 425 223.2-658.8 <0.0001
33 HGF 565 427.7-714 456 329-502.6 0.0005
34 MMP-1 1,879 1,065-4,429 1,649 764-2,731 0.049
35 SDF-1alpha 7,690 6,142-8,754 6,940 5,496-8,884 0.085
36 SCF 38 23.1-48.8 34 17.4-48.8 0.59

aanalyte concentrations expressed as median (IQR) pg/mi; ? Wilcoxon matched pairs (n = 39).

The change in analytes at 1, 3, and 6 months of ART,
compared to day 0 is shown in Supplementary Figure 2, while
the consistent change in analytes across all time points is
summarized in Figure 2. There was a consistent decrease in
IL-1alpha and IL-1beta concentrations in the (Ag-Nil) samples,
as well as MCP-1 concentration in the Nil samples (as already
seen in the plasma analyte evaluation above using MSD).
Interestingly, there was an increase in antigen specific (Ag-Nil)

IP-10 concentrations, especially at 6 months of ART. The fold
change in these analyte concentrations at each timepoint is shown
in Table 3.

IL-1beta and IL-lalpha (Ag-Nil) were also found to be
strongly correlated (corr = 0.55, p = 4.14e-06) at 6 months,
but not correlated to IP10 (corr = —0.075, p = 0.56 for IL-
lalpha, corr = —0.130, p = 0.33 for IL-1beta). This is also
reflected in the principal components analysis (PCA) loading plot
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TABLE 2 | Analytes found to be significantly changed by Ag stimulation, that were
retained for further analysis.

Analyte P-value?® Ratio®
1 MCP-1 1.22E-11 2.9
2 IP-10 4.30E-10 6.15
3 IL-1beta 3.57E-07 3.45
4 IL-6 1.57E-06 4.99
5 FGF-BASIC 1.57E-06 2.89
6 IL1-alpha 5.27E-05 1,278.39
7 MIP-1beta 1.43E-04 436.93
8 IL-2 5.73E-04 20.84
9 MIP-1alpha 1.49E-03 1,321.72
10 IFN-alpha2 5.98E-03 5.3
1 IFN-gamma 1.64E-02 4.81
12 IL-9 4.69E-02 3.39

aP-value: p-value from paired Wilcoxon signed rank test and adjusted for FDR via
BH procedure.

bRatio: fold change in analyte concentration between Ag stimulated and Nil assays,
calculated across all time points and all samples.

(Figure 3A showing the first 2 principal components), where IL-
lalpha and IL-1beta strongly influence PC1 (53% of variance),
while IP-10 almost solely, drives PC2 (32% of variance). This was
supported by clustering analysis using K-means, that found K =
3 clusters to be optimal for the data (Figure 3B); with IL-6 (Ag-
Nil), MIP-1alpha (Ag-Nil), and IL-8 (Nil) grouped together, IP-10
(Ag-Nil) in its own cluster, and all other compounds grouped
in the third cluster (PC1, first principal component, variance
explained: 77.4% and PC2, second principal component, variance
explained: 18.6%).

Chemokine Receptor Analysis Using Flow
Cytometry

Overall, the above data support a decrease in HIV-1 induced
immune activation and inflammation over the first 6 months
of ART, even in the context of Mtb sensitization. However, to
better understand the increase in antigen specific IP-10 (Ag-
Nil) concentrations, we evaluated the expression of chemokine
receptors CXCR3, CCR4, and CCR6 on the surface of CD4T
cells, using PBMC in a subset of 25 patients from the same
cohort, as previously described (10). We found expanding
numbers of CD4T cells expressing CXCR3 (the receptor for
IP-10), as well as CCR4 and CCR6 between day 0 and 6
months or ART. Thus, the number of CD4TCXCR3™ T cells
increased from median 20 (IQR 12-41) cells/uL at day 0 to
23 (IQR 12-68) at 6 months of ART (p = 0.009). Similarly,
the number of CD4+tCCR4™ T cells increased from median 31
(IQR 6-40) to 52 (IQR 33-58, p = 0.0001) and the number
of CD4tCCR6™ T cells increased from median 27 (IQR 18-
35) to 36 (IQR 22-44, p = 0.045), respectively, all Wilcoxon
matched pairs comparisons for n = 25 at day 0 and 6 months of
ART, with data shown in Supplementary Figure 3. These results
indicate expanding numbers of CD4T cells that are capable
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FIGURE 2 | Consistent change in QFT plasma analytes over 6 months of ART.
Minus log-transformed p-values for each analyte, resulting from the Limma
analysis framework, after BH FDR correction, considering all timepoints. Sign
represents direction of effect size (negative: decrease from DO level, positive:
increase from DO level). Red lines: a significance thresholds.

TABLE 3 | Analytes with significant changes from baseline, over the follow up

period.

Analyte (condition) Month 12 Month 32 Month 62 Adj. P-val®
IL-1beta (Ag-Nil) —3,240.28  —4,086.82  —3,047.68 1.43E-03
IL-1alpha (Ag-Nil) —2,053.01 —2,791 —2,283.65 2.68E-03
MCP-1 (Nil) —1,152.4 —1,263.36 —791.29 2.68E-03
IP-10 (Ag-Nil) 22,221.56 929.38 47,674.16 1.61E-02

3log-fold change between the concentration at baseline (day 0) and concentrations at 1,
3, and 6 months of ART respectively (negative value mean decrease and positive value
means increase).

bAdj. P-Val: P-value from Limma analysis, after adjustment for FDR.

to respond to chemokine signaling over the first 6 months
of ART.

DISCUSSION

The aim of this study was to better understand host immune
responses during ART. Our exploratory RNAseq analysis
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FIGURE 3 | First two principal components plots: (A) Over three most significantly changing analytes (arrows) between day 0 (red) and 6 months (blue), each dot
representing a patient sample. (B) Over each analyte of interest and all time points, grouped by K-means clustering, using K = 3, each dot representing a compound.

indicates a significant fall in the Hallmark Interferon alpha,
Interferon gamma and IL-6-JAK-STAT-signaling, together with
overall inflammatory response pathway genes between day 0
and 6 months of ART, suggesting reduced immune activation

and inflammation at 6 months of ART compared to day
0. This trend is supported by decreasing concentrations of
soluble markers in plasma from the same cohort, indicating
an overall decline in HIV-1 induced immune activation and
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inflammation during the first 6 months of ART. Our more
targeted analysis of soluble plasma biomarkers in the context of
Mtb sensitization during ART, using QFT supernatants, shows
a decrease in antigen specific IL-beta and IL-1lalpha as well as
MCP-1, in line with decreased HIV-1 induced immune activation
and inflammation. At the same time, antigen specific IP-10
(Ag-nil) concentrations significantly increased, together with
chemokine expressing CD4 T cells, in keeping with memory T
cell expansion as we demonstrated previously (7, 10). Overall,
our data indicates that the ART- induced decrease in immune
activation combined with improved antigen responsiveness may
contribute to reduced susceptibility to tuberculosis in HIV-1/Mtb
co-infected persons.

The increase in antigen specific IP-10 (Ag-Nil) coincides
with increasing numbers of CXCR3+4-CD4+ T cells. CXCR3, the
receptor for IP-10 (also known as IFN-gamma inducible protein
10 or CXCL10), is a chemokine receptor highly expressed on
effector T cells and plays an important role in T cell trafficking,
effector T cell recruitment from the lymphoid tissue to the
peripheral sites and an important role in memory CD4T cell
function throughout the activation and differentiation pathway
(32). Our data showing a decrease in plasma IP-10 but an increase
in antigen specific IP-10, together with expanding numbers
of CDA4T cells expressing various chemokine receptors, are in
line with the overall memory CD4 T cell expansion (10) and
point toward broadly improved capacity to respond to new
infections through better responsiveness to antigen, as a result
of ART.

The increase in Heme metabolism as indicated by RNAseq,
together with increasing concentrations of VEGF-D in plasma,
may reflect reversal of the endothelial dysfunction associated
with both HIV-1 infection and ART (33). The heme oxygenase
system acts as a potent antioxidant, protects endothelial
cells from apoptosis, is involved in regulating vascular tone,
attenuates inflammatory response in the vessel wall, and
participates in angiogenesis and vasculogenesis (34). Vascular
endothelial growth factor-D (VEGEF-D) is a secreted protein
that can promote the remodeling of blood vessels and
lymphatics in development and disease (35). While their
increase could indicate normalization of endothelial integrity
and activity on ART, recent evidence suggests that HIV-1
associated endothelial activation persists despite ART (36).
Due to increased rates of cardiovascular disease among people
living with HIV-1, this is an important area to explore in
further studies.

Multiple studies have used QFT plasma samples mainly to
differentiate between active and latent TB (37). Our previous
analysis of similar samples to identify TB risk in HIV-1 co-
infected patients indicated that unstimulated plasma (Nil) analyte
concentrations may reflect underlying inflammatory processes
and this higher overall background activation might render
these co-infected individuals more susceptible to progress to
TB (14). Indeed, excessive inflammation leading to tissue
damage are pathological hallmarks of TB and HIV-associated
TB immune reconstitution inflammatory syndrome (38) and
excessive IL-1beta production is associated with dissemination
to extrapulmonary sites and poor treatment outcome (39). We

also showed that the activation profile of Mtb-specific CD4 T
cells in terms of HLA-DR expression identifies TB disease
activity irrespective of HIV-1 status (40). Recent data using
the macaque model of SIV/Mtb co-infection indicates that SIV
induces chronic immune activation, leading to dysregulated T
cell homeostasis which is associated with reactivation of LTBI
(41, 42). This may imply that HIV-1 induced chronic immune
activation leads to LTBI reactivation and therefore increased
susceptibility to TB in HIV-1 co-infected individuals. Taken
together, our data supports that ART reduces chronic immune
activation, thereby leading to reduced susceptibility to TB,
through an overall decrease in HIV-1 induced immune activation
and inflammation, including decreased T cell activation,
increased numbers of polyfunctional antigen specific T cells (10),
with improved capacity to respond to new infections through
better responsiveness to antigen.
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Supplementary Figure 1 | RNA sequencing analysis results, showing (A)
Volcano plot visualizing the differentially expressed genes identified in RNA
sequencing analysis; and (B) Hallmark pathway analysis results.

Supplementary Figure 2 | Change in QFT plasma analytes compared to day 0,
at 1, 3, and 6 M of ART. Minus log-transformed p-values for each analyte, resulting
from the Limma analysis framework, after BH FDR correction at 1, 3, and 6
Months of ART, compared to day 0. Sign represents direction of effect size
(negative: decrease from DO level, positive: increase from DO level). Red lines: a
significance thresholds.
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HIV-Infected Patients Developing
Tuberculosis Disease Show Early
Changes in the Immune Response to
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Netherlands, ° Department of Infectious Diseases, Bern University Hospital, University of Bern, Bern, Switzerland, © Division of
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Hospital, Paediatric Infectious Diseases and Vaccinology Unit, Basel, Switzerland, ¢ Royal Children’s Hospital Melbourne,
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Background: In individuals living with HIV infection the development of tuberculosis
(TB) is associated with rapid progression from asymptomatic TB infection to active
TB disease. Sputum-based diagnostic tests for TB have low sensitivity in minimal and
subclinical TB precluding early diagnosis. The immune response to novel Mycobacterium
tuberculosis in-vivo expressed and latency associated antigens may help to measure the
early stages of infection and disease progression and thereby improve early diagnosis of
active TB disease.

Methods: Serial prospectively sampled cryopreserved lymphocytes from patients of
the Swiss HIV Cohort Study developing TB disease (“cases”) and matched patients with
no TB disease (“controls”) were stimulated with 10 novel Mycobacterium tuberculosis
antigens. Cytokine concentrations were measured in cases and controls at four time
points prior to diagnosis of TB: T1-T4 with T4 being the closest time point to diagnosis.

Results: 50 samples from nine cases and nine controls were included. Median CD4 cell
count at T4 was 289/ul for the TB-group and 456/ul for the control group. Viral loads
were suppressed in both groups. At T4 Rv2431c-induced and Rv3614/15c-induced
interferon gamma-induced protein (IP)-10 responses and Rv2031c-induced and
Rv2346/Rv2347c-induced tumor necrosis factor (TNF)-a responses were significantly
higher in cases compared to controls (p < 0.004). At T3 - being up to 2 years
prior to TB diagnosis - Rv2031c-induced TNF-a was significantly higher in cases
compared to controls (p < 0.004). Area under the receiver operating characteristics
(AUROC) curves resulted in an AUC > 0.92 for all four antigen-cytokine pairs.
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Immune Response Against Mtb in HIV

Conclusion: The in vitro Mycobacterium tuberculosis-specific immune response in
HIV-infected individuals that progress toward developing TB disease is different from
those in HIV-infected individuals that do not progress to developing TB. These differences
precede the clinical diagnosis of active TB up to 2 years, paving the way for the
development of immune based diagnostics to predict TB disease at an early stage.

Keywords: T cell response, IGRA, RV, IP-10, TNF-alpha, Mycobacterium tuberculosis, TB, LTBI

BACKGROUND

Tuberculosis (TB) remains a major global health topic with
an estimated quarter of the world’s population being latently
infected with Mycobacterium tuberculosis (1, 2). In 2019, an
estimated 10 million people developed TB disease, killing 1.4
million people worldwide. Of those ~208,000 were co-infected
with HIV (3). HIV-infected individuals are at particular risk of
rapid progression from TB infection to subclinical and active TB
disease (4, 5). Early detection, prediction of TB progression and
treatment of TB infection and disease in these high-risk groups
is therefore crucial to prevent disease progression and further
transmission (6-9).

In the recent years, the binary perception of active versus
latent TB has been replaced with the concept that TB is
a spectrum of disease. After infection by Mpycobacterium
tuberculosis the pathogen may be cleared, persist, progress to
disease in a slow or rapid fashion, or cycle through subclinical
stages before developing into symptomatic TB disease (10, 11).
Understanding of these dynamics is inherently difficult because
clinical samples are typically collected only once disease has
already developed. In this regard, the Swiss HIV Cohort Study, a
systematic longitudinal study enrolling HIV-infected individuals
in Switzerland, offers a unique opportunity to monitor the
development of disease prior to the development of clinically
apparent symptoms. We hypothesized that the analysis of the
Mycobacterium tuberculosis-specific immune response during
the time preceding clinical disease may inform on kinetics and
pathophysiology involved in this process and may help to develop
improved early diagnostic assays.

Currently, detection of TB relies almost entirely on sputum-
based diagnostic assays which are likely to have lower sensitivity
in minimal and subclinical TB disease (12). The most developed
non-sputum-based assay used in HIV-infected individuals
detects urine lipoarabinomannan but has a very limited
sensitivity of 42% in patients with symptoms which further
decreases in those with subclinical TB disease and higher CD4
counts (13). Blood-based diagnostic tests such as interferon-y
release assays (IGRA) using the RD1-Mycobacterium tuberculosis
antigens early secretory antigen target (ESAT)-6, and culture

Abbreviations: AUROC, area under the receiver operating characteristics; BCG,
Bacille Calmette-Guérin; CFP-10, culture filtrate protein 10; CI, confidence
interval; DosR, dormancy of survival regulon; ESAT-6, early secretory antigen
target 6; GM-CSE granulocyte-macrophage colony-stimulating factor; IFN-y,
interferon-gamma; IGRA, interferon-y release assay; IL, interleukin; IP-10, INF-
y-inducible protein 10; ROC, receiver operating characteristics; TB, tuberculosis;
TNF-a, tumor necrosis factor o; TST, Tuberculin skin test.

filtrate protein (CFP)-10 have also a limited sensitivity of ~69%
for detection of TB disease in HIV-infected individuals [pooled
analysis from (14)]. In some studies the sensitivity of blood-
based assays is even lower, as shown in a study within the
framework of the Swiss HIV Cohort Study with 39% having a
positive T-SPOT.TB within 6 months before culture-confirmed
TB diagnosis (15).

Recent research suggest novel antigens may help to
delineate the immune response preceding clinical disease
as Mpycobacterium tuberculosis changes its gene expression
during infection and preceding clinical disease (16, 17). For
example Mycobacterium tuberculosis antigens belonging to the
group of latency associated antigens from the Mycobacterium
tuberculosis dormancy of survival regulon (DosR) are of interest
in the early and latent phases of infection (18). These genes are
activated during the dormant non-replicative state and several
studies show immune responses induced by these antigens to be
more pronounced in latent TB infection compared to TB disease
[reviewed in (16)]. Other antigens including heparin-binding
haemagglutinin (HBHA) have also been used in blood tests for
TB diagnosis (19, 20). In addition, the recently described in-vivo
expressed Mycobacterium tuberculosis antigens, expressed in
patients with pulmonary TB, have been found to elicit significant
T cell responses (21). However, no study so far has been able to
longitudinally investigate the immune response to these novel
Mycobacterium tuberculosis antigens before the development of
symptomatic TB disease.

The aim of this study was therefore to compare cytokine
production after in-vitro stimulation with novel Mycobacterium
tuberculosis antigens in HIV-infected patients up to 4 years prior
to TB diagnosis. For this we used the prospectively collected
and cryopreserved lymphocytes of the biobank of the Swiss HIV
Cohort Study that allow longitudinal testing of the immune
response prior to development of TB disease.

METHODS
Study Design and Population

This case-control study was done within the framework of
the Swiss HIV Cohort study which is a large cohort study
in Switzerland which prospectively enrolls adult HIV-infected
individuals. Demographic and clinical data including CD4 count,
HIV viral load, antiretroviral treatment and screening and
treatment of opportunistic infections are routinely collected, and
blood samples for biobanking are taken at least annually (15).
The database of the Swiss HIV Cohort study was searched
for TB cases confirmed by culture or polymerase chain reaction
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and matched controls without a suspicion of TB and a negative
IGRA. For cases annual or biennial blood samples (T1-T4), taken
prior the diagnosis of TB disease were included. For controls two
sequential annual blood samples (T3 and T4) were included, with
T4 taken as close as possible to the negative IGRA (Figure 1,
Supplementary Table 1). Matching was done for age, sex, body
mass index, CD4 cell count, and HIV viral load.

Viability of Frozen Lymphocytes, Sample

Preparation, and Stimulation

For best possible conditions using frozen isolated peripheral
blood mononuclear cells (PBMC) the following precautions
were taken to ensure test performance: (i) sample processing in
study centers according to harmonized protocol [as described
in (15)] (ii) quality control of frozen samples in the framework
of different studies [as described in (15)] and viability check of
samples before the start of the assay (minimum of 70% recovery
rate) (iii) sample selection from three study centers only (Basel,
Berne, Zurich) to assure optimal cryopreservation and shipment

and (iv) exclusion of samples that were stored before 2001.
Thawed

lymphocytes (100,000 cells/condition)  were
stimulated overnight for 17h at 37°C with the positive
controls  phytohemagglutinin  (Merck chemicals LTD.,

Beeston, Nottingham, UK) at a concentration of 5pg/ml
and staphylococcus enterotoxin B (Sigma Aldrich GmbH,
Schnelldorf, Germany) at a concentration of 10 pg/ml, novel
Mycobacterium tuberculosis antigens (Rv0081, Rv1733¢, Rv2031c,
Rv0867c, Rv2389¢c, Rv3407, Rv2346/47¢c, Rv2431c, Rv3614/15c,
and Rv3865) and a fusion protein of ESAT-6 and CFP-10 [all
recombinant proteins expressed from Escherichia coli BL21 were
produced by Kees L.M.C. Franken from the Ottenhoft lab at
Leiden University Medical Center in the Netherlands (22)] at a
concentration of 5ug/ml and left unstimulated in the presence
of CD28 and CD49d antibodies (Biolegend Inc., San Diego, Ca
92121, USA) at a concentration of 2 pg/ml each. The addition
of costimulatory antibodies CD28 and CD49d has been done
according to previously published protocols (23-25). After

stimulation supernatants were stored at —20°C until further
analysis. Experiments were done in a biosafety level 3* facility.

Cytokine Measurement

Granulocyte-macrophage colony-stimulating factor (GM-CSE),
interferon gamma (IFN-y), IFN-y -inducible protein (IP)-10,
interleukin (IL)-1RA, IL-6, and tumor necrosis factor (TNF)-a
were measured using a human cytokine / chemokine magnetic
bead panel (Milliplex MAP kit, Merck Millipore, Billerica, MA,
USA), a Magpix Luminex instrument and Xponent software
(version 4.2 Luminex Corp, Austin, Texas, USA) according to
manufacturer’s instructions. Standard curves using a 5-parameter
logistic regression were applied to calculate concentrations of
cytokines. Antigen- and mitogen-induced cytokine production
was calculated by subtraction of non-stimulated background
concentrations from sample concentrations. Measurements
below the limit of quantification were set to 0.1 pg/ml,
measurements above the limit of quantification were set to
10,000 pg/ml (calibration range: 3.2-10,000 pg/ml). A valid
positive control was defined as an uncorrected cytokine
concentration > 20 pg/ml (26). A valid negative control was
defined as uncorrected cytokine concentration < 20 pg/ml. In
cases where the nil concentration was higher than 20 pg/ml, the
positive control had to be higher than the nil concentration.

Statistical Analysis

Results from patients with invalid positive and negative control
values were excluded from analysis for the specific time point
and cytokine. If more than 25% of measurements from all
patients for any cytokine were below the limit of quantification,
the results from this cytokine were excluded from analysis.
A Mann-Whitney U-test was used to compare differences in
cytokine concentrations between the two groups at T3 and
T4. Differences were considered significant if the p-value was
< 0.004 (Bonferroni correction for multiple testing). Receiver
operating characteristics (ROC) analyses were performed using
area under the receiver operating characteristics (AUROC) where
p-values were significant and optimal cut-off values determined.
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Differences in cytokine production between time points were
calculated as absolute difference between T3 and T4 for controls
and between T1, T2, and T3 to T4 for cases. All plots and
statistical analyses were performed using R-studio software
(version 1.1.463).

Ethical Approval

The Swiss HIV Cohort Study was approved by the ethics
committees of the different study centers and written consent was
obtained from all participants.

RESULTS
Study Population

A total of 50 samples from 18 individuals were included in the
final analysis. Seven cases were male, median age was 45 (IQR
38-51) years, median CD4 cell count was 289 cells/|Ll, median
RNA viral load was 16 copies/ml at T4 (Table 1). The median
(range) time between TB diagnosis and T4 lymphocyte collection
was 117 (29-312) days. In the controls seven were male, median
age was 52 (IQR 41.5-56.5) years, median CD4 count was 456
cells/pl, median RNA viral load was 0 copies/ml at T4. The
median (range) time between negative IGRA and T4 lymphocyte
collection was 0 (0-420) days (Table 1). Age, sex, body mass
index, CD4 count and RNA viral load were not significantly
different between cases and controls. At T4 seven cases and eight
controls were on antiretroviral treatment.

Antigen-Induced Cytokine Concentrations

in Cases and Controls at T3 and T4

For the final analysis at T4 results from eight individuals were
included for both study groups. At T3 results from seven
individuals in the TB group and nine in the control group
were included (Supplementary Table 2). GM-CSE, IFN-y IL-6,
IP-10, and TNF-o were detectable in most individuals in both
study groups. Measurements for IL-1RA were commonly below
the limit of quantification and therefore excluded from analysis
(Supplementary Table 3).

Comparison of Results in TB Patients and Controls at
Time Point Closest to Diagnosis (T4)

Median cytokine concentrations in response to Mycobacterium
tuberculosis antigens were generally higher in cases compared
to controls at T4. These differences were most pronounced for
IEN-y, IP-10, and TNF-a and reached statistical significance
for Rv2031c-induced TNF-a and Rv2346/47c-induced TNF-a (p
< 0.002 for both) as well as for Rv2431c-induced IP-10 and
Rv3614/15c-induced IP-10 (p < 0.004, p < 0.002, respectively)
(Figure 2). Importantly, cytokine concentrations for the ESAT-
6/CFP-10-induced IFN-y were not significantly different in cases
and controls at T4 (Supplementary Table 4).

Comparison of Results in TB Patients and Controls at
Time Point 3 (T3)

Median cytokine concentrations in response to Mycobacterium
tuberculosis antigens at T3 were generally higher in
TB patients compared to controls (Figure2). These

TABLE 1 | Characteristics of study population.

Variable Tuberculosis group (T4) Control group (T4)
N=9 N=9
n % n %
Median age, IQR (years) 45 (38-51) 52 (41.5-56.5) -
Males 7 77.8 7 77.8
Median body mass 21.7 (20.5-23.2) 25.8 (24.1-27.7) -
index, IQR (kg/m?)
White ethnicity 6 66.7 9 100
TB disease Pulmonary 4 44.4 - -
Extrapulmonary 4 44.4
Pulmonary and 1 1141 - -
extrapulmonary
Median CD4 cell count 289 (152-422.5) 456 (258.5-601) -
at TB diagnosis, IQR
(cells/wl)
Median HIV-RNA at TB 16 (0-121,500) 0(0-10,030) -
diagnosis, IQR
(copies/ml)
Median time between 117 (29-312) 0 (0-420) -
cell sampling at T4 and
TB diagnosis, range
(days)
Median time between 440 (68-846) 392 (0-938) -
cell sampling at T3 and
TB diagnosis, range
(days)
Antiretroviral therapy at 7 77.8 8 88.9
TB diagnosis
TST* Negative 5 55.6 2 22.2
>5-9mm 0 0 0 0
10-14mm 0 0 1 111
>15mm 1 114 0 0
Not done 3 33.3 6 66.7
IGRA Negative 0 0 9 100
Positive 1 1.1 0 0
Indeterminate 0 0 0 0
Not done 8 88.8 0 0
TB diagnosis*™  Culture positive 3 33.3 -
Sputum 4 44.4 - -
positive
FNP PCR 1 1.1 -
positive
Lymphnode 1 1.1 -

biopsy positive

*TST, tuberculin skin test.
**One TB patient had a positive IGRA with clinical suspicion of but had no
microbiological confirmation.

trends were most pronounced for GM-CSF and TNF-a
and reached significance for Rv2031c-induced TNEF-
a (p < 0.004). Median cytokine concentrations for
the ESAT-6/CFP-10 -induced IFN-y were also not
significantly ~ different in cases and controls at T3
(Supplementary Table 4).

Area Under the Receiver Operating Characteristics
AUROC curves resulted in high AUC for the four antigen-
cytokine pairs with significant differences between cases and
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FIGURE 2 | Box-and-whisker plots depicting median and interquartile range of cytokine concentrations results with significant differences at T4 (A) and T3 (B).

TABLE 2 | Discriminatory potential of antigen-cytokine in cases and controls at T3 and T4.

Antigen Cytokine TP TB n Controls n  p-value AUROC Cut-off  Sensitivity (%) Specificity (%)
Rv2431c IP-10 T4 6.0 (1.2-159.8) 8 —-9.2 (—6.8- 7 <0.004 0.929 (95% Cl 2.2 0.87 1
3.2) = 0.800-1)
Rv3614/15¢  IP-10 T4 8.6 (0.6-238.8) 8 -0.7 7 <0.002 0.964 (95% Cl 5.4 0.87 1
(—9.3-4.7) =0.881-1)
Rv2031c TNF-a T4 304.1 8 9.2 8 < 0.002 0.953 (95% 72.9 0.87 1
(57.3-2381.0) (-72.9-103.1) Cl=0.862-1)
Rv2346/47c ~ TNF-a T4 115.5 8 —38.4 8 <0.002 0.937 (95% ClI 25.3 0.87 1
(6.6-1004.0) (-389.9-96.6) = 0.824-1)
Rv2031c TNF-a T3 185.6 7 2.6 (—814.1- 9 <0.004 0.921 (95% Cl 36.3 1.0 0.89
(46.5-1390.6) 447.7) =0.76-1)

Median concentrations of cytokines (pg/ml) and ranges (in parenthesis) induced by stimulation of lymphocytes overnight and ability to discriminate between TB group and control group.
AURQOC, Area under the receiver operating characteristics.

controls: Rv2431c-induced IP-10 AUC 0.929 (95% CI = 0.800- Antigen-Induced Cytokine Concentrations
1; T4); Rv3614/15c-induced IP-10 AUC 0.964 (95% CI = QOver Time

0.881-1: T4); Rv2031c-induced TNF-a AUC 0.953 (95% CI =  Differences in median cytokine concentrations between T3
0.862-1; T4) and 0.921 (95% CI = 0.76-1; T3); Rv2346/47c-
induced TNF-a AUC 0.937 (95% CI = 0.824-1; T4). Cut-

off concentrations were 2.2 pg/ml for Rv2431c-induced IP- )
10, 5.4 pg/ml for Rv3614/15c-induced IP-10, 72.9 pg/ml for antigens except for ESAT-6/CFP-10 and Rv1733c. Larger

Rv2031c-induced TNF-0, 25.3pg/ml for Rv2346/47c-induced differences in cytokine concentrations were observed for IL-6

and 36.3pg/ml for Rv2031c-induced TNF-o (Table2 and and TNF-a. For IL-6 these differences were most pronounced
Figure 3). following the with ESAT-6/CFP-10, Rv1733c, and Rv2389c

and T4 in the controls were variable. Differences in GM-CSF,
IFN-y, and IP-10 concentrations were small for most stimulatory
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FIGURE 3 | Receiver operating characteristic curves of antigen-cytokine pairs with significant difference between cases and controls at (A) T4 and (B) T3.

(Supplementary Figure 1, Figure 5 show all data in normal scale
for all cytokines).

Differences in median cytokine concentrations varied between
T1, T2, T3, and T4 in the TB group and no clear pattern
was detected (Figure4). Generally, changes over time were

more pronounced for IL-6 and TNF-a. Induced cytokine
concentrations varied substantially for ESAT-6/CFP-10, Rv1733c,
Rv2389¢c, and Rv3865 specifically for GM-CSE IL-6, and
TNF-o. Smaller differences in concentrations were seen in
response to Rv0081, Rv0867¢, Rv3407, Rv2346/47¢, Rv2431c¢, and
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FIGURE 4 | Difference of cytokine concentrations between T1, T2, T3, and T4 for the cases (A=C).

Rv3614/15c. Interestingly, differences in cytokine concentrations
for the three in-vivo expressed antigens (Rv2346/47c, Rv2431c,
and Rv3614/15c) over time were small among all cytokines
(Figures 4, 5A-F showing all data in normal scale for
all cytokines).

DISCUSSION

HIV-infected patients are at high risk of rapid progression from
TB infection to TB disease. This study provides the first results in
a unique setting of HIV-infected individuals with confirmed TB
diagnosis in which their immune-response can be investigated
prospectively during the stages developing TB disease prior to
clinical diagnosis. The routine annual biobanking of lymphocytes
allows analysis of potential early markers for minimal and
subclinical TB disease. In the present study we show that several
antigen-cytokine combinations clearly differentiate HIV-infected

patients developing TB from those that do not develop TB up to
2 years prior to clinical diagnosis.

The three in vivo-expressed Mycobacterium tuberculosis
antigens, Rv2346/47c, Rv2431c, and Rv3614/15¢ and the DosR
antigen Rv2031c induced significantly higher TNF-a and IP-
10 responses in TB patients shortly before clinical diagnosis
compared to controls. Further to this our study found, that
differences between patients developing TB and controls were
already observed more than 12 months prior to diagnosis.
Significantly different concentrations of TNF-a induced by
Rv2031c were found between 1 and 2 years prior to clinical
diagnosis of TB. Thus, this antigen-cytokine pair may serve as an
early and antigen specifically induced correlate for TB infection
and/or subclinical TB disease.

The potential of novel Mycobacterium tuberculosis
antigens has mainly been studied for diagnostic purposes
[summarized in (16)] or as novel vaccine candidates
(21). So far, no study has assessed those antigens
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FIGURE 5 | Dotplot of all cytokines in normal scale comparing TB and control group for all timepoints included (A-F). Patients receiving antiretroviral treatment are
color coded in red and patients not receiving antiretroviral treatment are color coded in blue.

of TB disease.
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stage of TB (18). The DosR encoded antigens Rv0081,
Rv1733c, and Rv2031c were used in this study based
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on evidence of previous studies that these are highly
immunogenic (27-30).

Our results are in line with the few previous studies
investigating this antigen. A study in a high TB-endemic setting
with non-HIV-infected individuals described increased TNF-a
concentrations induced by Rv2031c in patients with TB infection
compared to controls (30). Important for this antigen is the role
of measuring cytokines other than IFN-y, as two other studies
measuring IFN-y only did not find significant differences in
patients with TB disease, TB infection and controls (28, 31).
A further study including a subgroup of four HIV-infected
individuals also did not find noteworthy responses of IFN-y
induced by Rv2031c and two cytokines that were not measured
in our study (IL-2, IL-17) (32).

The in vivo-expressed Mycobacterium tuberculosis antigens
included in our study have not been studied in detail in
humans. Research suggests that they are associated with virulence
(Rv2346/47¢c, Rv2431c, Rv3614/15c, and Rv3865) (33), in
particular Rv2346/47¢c, Rv3614/15c¢, and Rv3865 are all associated
with the ESAT-6 secretion system. Since their absence in the
Bacille Calmette-Guérin (BCG) vaccine strain, some of these
antigens are of special interest in the diagnosis of previously
immunized individuals (34). Data from our own study in
children also showed the discriminatory potential of Rv2346/47¢-
induced IP-10 response in a population of HIV-negative children
for TB infection and disease compared to exposed non-infected
children (25). Further to this animal data showed the added value
of Rv2346¢ when pooled with ESAT-6, CFP-10 and Rv3615c¢ in a
skin test in TB infected cattle (35).

Our study highlights the importance of antigen-induced TNF-
a and IP-10 in the immune response during TB infection
and developing disease. TNF-a seems to be key in HIV-
TB coinfection with concentrations detected in this setting
(36). Similar findings were seen in a South-African study
using Quantiferon supernatants of HIV-infected individuals with
TB and controls which showed that IP-10 was significantly
different in stimulated and unstimulated samples between
the groups (37). Generally, TNF-a is key for granuloma
formation and recruitment of immune cells to the site of
infection (38). We found TNF-a concentration to be significantly
elevated in the TB group compared to the control group
for two antigens. Several studies also show the discriminatory
potential of TNF-a in diagnosing different stages of TB
(23, 24, 39). IP-10 has been investigated in several studies
(40, 41) also including HIV-infected individuals (42-45).
In the current study and in our study using the same
assays in children (25), ex vivo IP-10 responses significantly
increased diagnostic accuracy if compared to the current
standard testing.

Importantly, the current standard immunodiagnostic
test—being IFN-y-induced by ESAT-6/CFP-10—was unable
to differentiate cases from controls at any time point. This
suggests that the use of novel antigen-cytokine pairs is clearly
needed to improve sensitivity to detect TB infection and
disease in HIV-infected individuals. Due to its exploratory
character this study included a limited set of samples. Despite
this, clear trends in cytokine production induced by novel

Mycobacterium tuberculosis antigens between cases and controls
could be observed. The study setting prevented us from
using fresh blood for the stimulation assays. To account for
cryopreservation precautions were taken to minimize impact
on assay performance. Some cytokines showed a high range of
values and considerable variation over time. In our study setting
we are unable to determine if this is true variation due to disease
progression or variability.

CONCLUSIONS

The ex vivo Mycobacterium tuberculosis-specific immune
response of HIV-infected individuals developing TB disease is
different form HIV-infected individuals without signs of TB
infection. In line with our hypothesis, antigen specific responses
were different prior to the clinical development of TB. These
differences precede the clinical diagnosis of active TB up to 2
years, paving the way for the development of immune based
diagnostics to predict early TB disease.
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Human genetic control is thought to affect a considerable part of the outcome of infection
with Mycobacterium tuberculosis (Mtb). Most of us deal with the pathogen by
containment (associated with clinical “latency”) or sterilization, but tragically millions
each year do not. After decades of studies on host genetic susceptibility to Mtb
infection, genetic variation has been discovered to play a role in tuberculous
immunoreactivity and tuberculosis (TB) disease. Genes encoding pattern recognition
receptors (PRRs) enable a consistent, molecularly direct interaction between humans and
Mtb which suggests the potential for co-evolution. In this review, we explore the roles
ascribed to PRRs during Mtb infection and ask whether such a longstanding and intimate
interface between our immune system and this pathogen plays a critical role in
determining the outcome of Mtb infection. The scientific evidence to date suggests that
PRR variation is clearly implicated in altered immunity to Mtb but has a more subtle role in
limiting the pathogen and pathogenesis. In contrast to ‘effectors’ like IFN-y, IL-12, Nitric
Oxide and TNF that are critical for Mtb control, ‘sensors’ like PRRs are less critical for the
outcome of Mtb infection. This is potentially due to redundancy of the numerous PRRs in
the innate arsenal, such that Mib rarely goes unnoticed. Genetic association studies
investigating PRRs during Mtb infection should therefore be designed to investigate
endophenotypes of infection — such as immunological or clinical variation — rather than just
TB disease, if we hope to understand the molecular interface between innate immunity
and Mtb.

Keywords: mycobacterium tuberculosis, tuberculosis, pattern recognition receptor (PRR), genetic association

studies (GAS), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), toll-like receptors (TLR), microbe
associated molecular pattern (MAMP)
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PRR Variability in Mtb Infection

INTRODUCTION

Tuberculosis (TB) was the number one cause of death due to a
single infectious agent, Mycobacterium tuberculosis (Mtb), in the
year 2019 according to the WHO. SARS-CoV-2 has surpassed
Mtb in the last year; however, deployment of vaccines and
experience with containment measures should blunt the death
rate from COVID-19 in the years to come, such that TB may
reprise its role as the most important cause of infectious
mortality. Near 40 million people have died from TB in the
last 20 years while treatment has saved 60 million (WHO). Yet,
in the same interval, an estimated 10- to 20-fold more people
were infected but did not progress to disease (1, 2). Together, this
suggests broad host control or tolerance of this pathogen, despite
the important minority who progress to disease each year.

Our time together with Mtb has potentially spurred human
adaptation to allow us as a population to subsist with this
obligate pathogen. Mtb has been evolving to parasitize humans
for millennia and within that time the relationship has possibly
changed us too, when and where Mtb was endemic (3-5).
Current and past abundance of human genetic diversity allows
researchers to test the importance of genetic variation in Mtb
infection outcomes and infer an evolutionary response by our
species to survive the Mtb pandemic. One example where Mtb
has potentially exerted a purifying selection on humans is that of
the TYK2 P1104A variant, which was calculated to have
decreased in western Europeans concomitant with endemic TB
over the last two millennia (6, 7). The TYK2 P1104A variant is
known to disrupt IL-23-dependent IFN-y production (6) and
was associated with a 5-fold increased risk for developing TB in
the contemporary UK biobank (8). We are not aware of any
evidence of positive selection of a TB resistance gene to date.

Is every case of TB a situation where the host genetic
combination is vulnerable to Mtb? We can hypothesize a
genetic combination impervious to Mtb. We may not have to
extend our imagination very far, as there are documented cases
of people who remain TST negative in high-burden settings, such
that it is statistically unlikely that they have never inhaled Mtb
[recently reviewed in (9)]. Therefore, developing TB is, in part, a
result of genetics, and not just being a human exposed to Mtb, a
postulate supported by the 21% heritability estimate for
household contacts in Peru progressing from TST positivity to
TB (10). Environmental parameters can also have an effect (e.g.
level of exposure, lung damage, HIV co-infection) and thus in
theory identical twins could have different outcomes with Mtb

Abbreviations: BCG, Bacille Calmette-Guérin, attenuated M. bovis vaccine
against Mtb; CFUs, Colony-forming units, a measure of the amount of bacteria;
CLR, C-type lectin receptor; Collectins, Soluble CLR; KO, Knockout, removal of a
gene from a genome; LAM, Lipoarabinomannan, mannosylated = ManLAM,
uncapped = araLAM; LPS, Lipopolysaccharide, a.k.a. endotoxin, MAMP from
Gram negative bacteria; MAMP, Microbe-associated molecular pattern,
recognized by host PRR(s); MDP, Muramyl dipeptide; MHC, Major
histocompatibility complex; Mtb, Mycobacterium tuberculosis, causative agent of
TB; NLR, NOD-like receptor; NOD, Nucleotide-binding oligomerization domain-
containing; PIMs, phosphatidylinositol mannosides; PRR, Pattern recognition
receptor, recognize MAMP(s); TB, Tuberculosis, the disease caused by Mtb;
TDM, Trehalose dimycolate; TLR, Toll-like receptor; TST, Tuberculin skin test,
indicates adaptive T-cell response to mycobacterial antigens.

infection. Mtb also has variation which might contribute to a
different outcome for the bacterium and the host: there are 9
lineages described to date (11-13) with some being deemed more
virulent in experimental models (14).

Genetic variation creates differences that can fine tune a host-
pathogen interaction, or abrogate it completely, resulting in
altered immunity. One modality where there is a direct
opportunity for co-evolution is in physical interactions
between host molecules and Mtb molecules. These interactions
can be placed into a few camps including: 1) between classical T-
cell receptors and MHC molecules presenting microbial epitopes
(15); 2) between antibodies and cognate microbial ligands (16);
3) between donor-unrestricted T cells and their respective
mycobacterial epitopes presented on invariant host molecules
operating analogously to MHC (17, 18); 4) between inborn
sensors of microbial products, otherwise known as pattern-
recognition receptors (PRRs), and their cognate microbe-
associated molecular patterns (MAMPs). By their nature as
structural molecules, MAMPs are subjected to a stronger
purifying selection than many proteins. Unlike T-cell
receptors, PRRs cannot generate diversity within an individual,
yet there is variability amongst human population PRR gene
pools as discussed further below. Most of all, should we even
expect strong selective pressure on host PRRs to recognize Mtb
MAMPs? In this paper, we sought to review what is known about
the relative importance of the MAMP-PRR interaction for the
mammalian host during Mtb infection primarily through two
sources of data: 1) controlled animal experiments using
engineered genetic knockouts (KOs) of PRRs; 2) natural
experiments in humans where genetic diversity permits us to
seek associations between polymorphisms and the course of Mtb
infection. We later place this in perspective with genes known to
have strong effects on animal outcomes and lastly discuss how to
approach human genetic studies of PRRs in the years to come.

PRRS AND THEIR FUNCTIONS AGAINST
MTB AT THE CELLULAR LEVEL

The interactions between many PRRs, Mtb and Mtb MAMPs
have been described over the last few decades and are summarized
in Figure 1. Various mechanisms have been uncovered by which
PRR recognition of Mtb leads to a cellular effect. Immediately
below, we briefly review the molecular functionality of the PRRs
which have been demonstrated to mediate an immune response
to mycobacteria. Whether these molecular and/or cellular effects
translate to protection or pathology in the whole animal is
examined in the subsequent section.

Toll-Like Receptors

Toll-like receptors (TLRs) were the prototypical PRR fitting the
hypothesis proposed earlier by Janeway Jr (19) that there existed
inborn sensors in animals for products common among groups of
microbes but absent from the host, allowing host recognition of
non-self invading microbes — a form of antibody or T-cell receptor
for innate immunity. The discoveries in the 1990s on the Toll gene
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of Drosophila, followed by work exploiting mutant forms of TLR4 in
human cells and mice demonstrated that mammalian TLR4 was a
sensor of Gram-negative endotoxin (a.k.a. lipopolysaccharide, LPS)
(20-23). In total there are 10 TLRs in humans (13 in mice), each
with different microbial ligands and slightly varying effects. TLR2
cooperates with TLR1 or TLR6, as well as other PRRs like CD14, to
sense mycobacterial lipoproteins and lipoglycans. Identified
mycobacterial TLR2 ligands include LAM (non-capped araLAM
and not ManLAM) (24, 25), 19 kDa lipoprotein (LpgH), 38 kDa
lipoprotein (PstS1) (26), PIMs (with differing activities) (27, 28), 27
kDa lipoprotein (LprG) (29), and LprA (30) to name a few (31).
Mycobacteria including Mtb shed membrane vesicles containing
TLR2 ligands that are sufficient to generate a TLR2-dependent
immune response (32). More recently Mtb sulfoglycolipids have
been shown to be competitive TLR2 antagonists (33). TLR4’s
mycobacterial ligands are less clear, but Mtb extracts have TLR4-
dependent stimulatory activity; many proteins have been proposed
as TLR4 agonists, with GroEL1 and 2 being examples (34). TLR5,
which recognizes flagellin, does not have a known mycobacterial
ligand (mycobacteria do not swim - they float). TLR3, TLR7 and

TLR8 recognize RNA, and recent reports revealed that they may
respond to host and/or mycobacterial RNA during infection (35-
37). TLRY recognizes CG-rich DNA (i.e. CpG motifs) and has been
shown to contribute to the cellular response to Mtb’s CG-rich
genomic DNA (38, 39). TLR10 has no known ligands,
mycobacterial or otherwise. Murine TLR11, 12, and 13 are not
reviewed here because they have no direct relevance to
human health.

A complete review of TLR signalling, not specific to
mycobacteria, has been recently published elsewhere (40).
Briefly, when TLRs are engaged and oligomerize on the
membrane, adaptor proteins MyD88 or TRIF are recruited to
the cytoplasmic side to form ‘myddosomes’ or ‘triffosomes’,
respectively. These supramolecular platforms direct signalling
events that lead to activation of MAPK and NF-kB pathways, for
example. Such signalling begins an inflammatory response by the
cell which includes upregulation of costimulatory molecules and
antigen presentation by MHC molecules, plus secretion of
soluble factors like cytokines, in the cases of macrophages and
dendritic cells (DCs).
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C-Type Lectin Receptors

C-type lectin receptors (CLRs) are a large, diverse category of
receptors of which some members function as PRRs by binding
to MAMPs; other CLRs bind endogenous ligands or non-microbial
exogenous ligands. The etymology of the name originates from
some members requiring calcium (Ca™, hence “C”) to bind their
respective carbohydrate ligands (hence “lectin”). There are both
membrane-bound and soluble forms of CLRs. A full review of this
complex category of PRRs has recently been published and provides
more mechanistic detail than is presented here (41).

The mannose receptor (CD206) expressed on macrophages was
shown to assist these phagocytes in uptake of the tubercule bacillus
(42) with ManLAM being the mycobacterial ligand for CD206 (43).
The ManLAM-CD206 interaction was later demonstrated to
uniquely induce IL-8 and cyclooxengenase expression via PPARY,
while PPARY knockdown was associated with reduced bacterial
growth and increased TNF production during monocyte-derived
macrophage infection (44). Pparg-KO mice had about half the
pulmonary bacterial burden and reduced lung pathology than WT
counterparts when aerosol infected with Mtb (45).

The CLR called DC-SIGN (Dendritic Cell-Specific
Intercellular adhesion molecule-3-Grabbing Non-integrin, a.k.a.
CD209) is a main receptor on DCs for binding to Mtb (46). DC-
SIGN expressed on dendritic cells has been show to interact with
ManLAM (47), PIM6 (48) and capsular alpha-glucan (49). The
DC-SIGN homologues L-SIGN (human) and SIGNR1 (mouse,
one of five homologues), have been shown to interact with
ManLAM too (50). DC-SIGN ManLAM ligation modulated
TLR-induced signalling (e.g. NF-xB pathway) via Raf-1 (51, 52).

MINCLE (Macrophage inducible Ca™"-dependent lectin
receptor, encoded by CLEC4E) associates with FcRy to bind
mycobacterial cord factor trehalose-6,6’-dimycolate (TDM) and
TDM is sufficient to induce granuloma formation in murine
lungs if functional MINCLE and FcRy are present (53). MINCLE
signals via the SYK-CARD? pathway to lead to the production of
proinflammatory cytokines (54). Card9-KO mice succumb more
quickly to Mtb than WT, associated with defective anti-
inflammatory signalling presumably leading to lethal
immunopathology (55). MINCLE expression is low in resting
macrophages, and first requires induction via signalling through
MCL (encoded by Clec4d and not to be confused with MCL-1).
MCL is also a FcRy-coupled and TDM CLR but cannot mediate
the same pro-inflammatory response on its own (56). MINCLE
and MCL expression are co-dependent (57, 58).

Dectin-1 was shown to mediate part of the immune response
of splenic DCs to Mtb (59). Mif-KO mice have impaired survival
and immunity compared to WT during aerosol infection with
Mtb HN878 strain, while bacterial killing and cytokine
production were nearly restored when Mif-KO cells were
complemented with Dectin-1 (overexpressed). These results
suggest the MIF defect mostly manifests in defective Dectin-1
signalling (60). The mycobacterial ligand for Dectin-1 remains
unknown. Dectin-2 was reported to recognize ManLAM (61, 62),
but pathogenesis studies have yet to be done with this CLR.

Recently, DCAR (dendritic cell immunoactivating receptor;
encoded by Clec4b1), also a FcRy-coupled CLR, was demonstrated

to be a receptor of PIMs. DCAR is expressed on monocytes and
macrophages. Clec4b1-KO mice had partially defective immune
responses and bacterial control during BCG infection (63).

Soluble CLRs

Collectins are soluble, non-cell-bound proteins; they are CLRs in
that they specifically associate with sugars on the surface of
microbes to mediate an effect. Surfactant proteins (SP) are
collectins that exist in pulmonary surfactant. SP-A promoted
attachment and phagocytosis of Mtb by alveolar macrophages by
a mechanism that required mannose receptor but not SP-A
contacting Mtb (64, 65). SP-A supressed nitrite production
from AMs preventing Mtb killing and controlling bacterial
growth (66). SP-A was shown to bind to ManLAM (67) and
APA, the alanine- and proline-rich antigenic glycoprotein (68).
SP-D binds to ManLAM and agglutinates Mtb, but in contrast to
SP-A, SP-D reduced Mtb binding to macrophages (69). Reduced
uptake occurred without agglutination using a modified SP-D
(70). However, SP-D increased phagosome-lysosome fusion, but
did not alter the respiratory burst (71).

The collectin mannan-binding lectin (MBL) and ficolins are
serum-borne receptors that bind to microbes to initiate the
complement cascade. MBL was first demonstrated to interact
with Mtb and M. leprae sonicate (72). Ficolins, of which there are
at least three in humans and two in mice, are also part of the
lectin-complement system. Ficolin-2 was shown to bind to Mtb
to play a protective role involving opsonization and
inflammatory signalling in macrophages (73). Another group
suggested ficolin-3 was important for agglutination and
phagocytosis of Mtb (74). MBL and ficolins were suggested to
bind to ManLAM and/or Ag85 (75, 76).

NOD-Like Receptors

Nucleotide-binding Oligomerization Domain-containing
(NOD)-like receptors (NLRs) are a group of cytoplasmic
sensors. Reviews with more detail on their mechanisms of
action than presented here have been published, for example
(77). Its members NOD1 and NOD? are essential in the detection
of peptidoglycan fragments D-glutamyl-meso-diaminopimelic
acid (iE-DAP) and muramyl dipeptide (MDP), respectively
(78-81). Both NODI1 and NOD2 signal through the adaptor
protein RIPK2 to reach NF-kB and MAPK pathways. Few reports
have been published on an important role for NOD1 during Mtb
infection, one showing NODI1 plays a role in cytokine production
only in the absence of NOD2 or after LPS-pretreatment of
BMDMs (82). Mycobacteria do possess the iE-DAP moiety in
their peptidoglycan (83). In contrast, NOD2 has been well-
studied in Mtb infection [Pubmed searches of “Mycobacterium
tuberculosis AND NOD1” or “...NOD2” yielded 7 and 57 hits,
respectively, at the time of writing (15-2-2021)].

Mycobacteria produce a distinct NOD2 ligand, N-glycolyl
MDP, while most other bacteria produce N-acetyl MDP (84, 85).
N-glycolylated peptidoglycan and MDP were shown to be better
inducers of immune responses compared to the N-acetylated
forms by comparing with mycobacterial KOs and synthetic
MDPs (86-88). The absence of NOD2 during Mtb infection
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was accompanied by reduced nitric oxide and cytokine
production from mouse macrophages (89, 90) and reduced
iNOS from human macrophages (91). NOD2 signalling has
been called “non-redundant” in that although there are shared
pathways with TLR and CLR signalling (e.g. NF-kB), NOD2
signalling appears to work synergistically with other MAMPs
and little immune response is produced with MDP stimulation
alone (86, 88, 92).

Only one other NLR has been significantly studied in the
context of Mtb infection: NLRP3 (NLR family pyrin domain
containing 3). There is no known mycobacterial ligand for this
NLR - it has been suggested that NLRP3 can sense specific host
products in the context of infection (77). Recently, ESX-1-
mediated membrane damage has been tied to caspase-1
activation, NLRP3 oligomerization, inflammasome formation
and finally IL-1f release (93).

Nucleic Acid Cytosolic Surveillance
Receptors

AIM?2 (absent in melanoma 2) appears to play a role in Mtb
infection. This cytosolic DNA receptor was necessary for full
caspase-1 cleavage/activation and IL-1P release during Mtb
infection and Mtb DNA transfection (94). STING (Stimulator
of interferon genes), part of a cytosolic DNA sensing system,
was essential for autophagy targeting of ESAT-6-producing
mycobacteria in mouse bone marrow-derived macrophages
(95) and zebrafish embryos (96). cGAS (cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP)
synthase), a DNA sensor that works with STING, was
required for Mtb autophagy in addition to STING (97). Type
I IFN production during Mtb infection elicited by cGAS-
produced, STING-sensed cGAMP was dependent on RD-1
(98, 99). Mtb-produced c-di-AMP was also shown to
contribute to type I IFN production through STING (100). It
has been suggested that Mtb DNA engagement of the AIM2
inflammasome leads to the inhibition of host cell-protective
STING functions (101).

Scavenger Receptors and Complement
Scavenger receptors (SR) are a diverse and poorly defined group
of cell surface receptors that interact with endogenous and
microbial ligands. Details of these receptors have been recently
reviewed elsewhere (102, 103). Inhibitors of scavenger receptors
reduced Mtb binding to macrophages (104).

MARCO is a scavenger receptor that was suggested to bind
and “tether” Mtb to a macrophage’s surface by interacting with
TDM (105), and zebrafish lacking MARCO expression had
reduced macrophage uptake of M. marinum (106). Similarly,
blocking MARCO on human mesenchymal stems cells reduced
Mtb uptake (107).

KO of the gene encoding scavenger receptor A (SR-A) did not
affect inflammatory gene transcription during Mtb infection
(108). The KO increased TNF and MIP-1o. production from
AMs treated with TDM (109). Overexpression of Scavenger
receptor B1 (SR-B1) in immortal cells was associated with
increased BCG and Mtb binding to the cells, but the

corresponding KO in murine macrophages had no effect on
BCG binding (110). SR-B1 was essential for EsxA-mediated
transcytosis of Mtb across M cells (111). A related SR-B family
member, CD36, was identified with a Drosophila RNAi screen to
be essential for uptake of M. fortuitum (112). CD36 knockdown
in human monocyte-derived macrophages reduced surfactant
lipid uptake as well as intracellular growth of Mtb, suggesting
CD36 normally promotes intracellular Mtb growth or survival
(113). Another group showed Cd36 KO macrophages control
Mtb, BCG and M. marinum infections better, independent of
phagocytosis rate, nitric oxide and ROS production. Similarly,
mice receiving BCG i.p. had lower bacterial loads with Cd36 KO
vs WT (114). Homologues of SR-BII and CD36 in Dictyostelium
discoideum (a social amoeba) are similarly involved in
phagocytosis of M. marinum (115).

CONSEQUENCES OF PRR KOs IN MICE

The overall importance of individual genes during Mtb infection
is best addressed in two ways: observing what happens to
individuals with diverse expression or functionality of the gene
of interest who perchance become infected with Mtb (the natural
experiment); alternatively, individuals of known or controlled
gene status can be intentionally infected with Mtb — unethical in
humans and therefore animal models are necessary. As
mentioned above, many PRRs are important for specific
cellular processes relevant to Mtb infection. It is therefore
hypothesized that in the absence of a PRR, certain aspects of
the host-Mtb interaction are lost, which should result in a
phenotype in the whole animal. We have also assumed that the
animal would suffer most from the aberrant immune response.
This assumption is perhaps too simplistic: Mtb is a professional,
obligate pathogen, and although it is perceived as hard-to-kill, it
might also suffer from a host environment that does not behave
as Mtb has evolved to ‘expect’. Additionally, we have suggested
that the potential coevolution of humans and Mtb has shaped the
PRR-MAMP interaction, which clearly would not apply in
infections of animals like mice, which are not natural hosts for
Mtb. However, one can still use mice to generate testable
hypothesis for human studies and validate genetic effects
observed first in humans. Numerous KO mouse studies of Mtb
infection have been performed over the years with hypotheses of
defective immunity in the animal that should manifest as
decreased survival, increased bacterial burden and/or
detectable differences in the immune response (e.g.
bronchoalveolar lavage cytokines or T-cell defects).

Systematic Literature Search of Mtb
and PRRs
To non-biasedly form a conclusion as to the importance of PRRs
during Mtb infection in animal models, we used the Medline
database via Pubmed to repeatedly search every known PRR and
its role in Mtb infection in a living animal with the term below
(where “[PRR]” was changed in each search):

“Mycobacterium tuberculosis AND [PRR]”
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Where PRR names were ambiguous, we searched multiple times
using the different names. After removing duplicates, this search
produced over 1100 papers, which were screened for data using
KO animals during Mtb infection. The results of this in silico
exercise are summarized in Table 1. We have added a few studies
of which we were aware but that were missed by the screen
(noted in Table 1). It is possible that other appropriate data are
absent; however the non-biased approach reinforces the validity
of our subsequent conclusions.

In Table 1, we summarized the results of individual
experiments presented in the literature on murine Mtb
infections comparing a PRR KO to the ‘WT’ control animal.
All data found were exclusive to the mouse. We have included
the dose, Mtb strain and route of infection per experiment. Mtb
can establish an infection via the lungs with just a few bacilli
(156, 157), and therefore models using large doses and atypical
routes may represent different aspects of Mtb disease but not
necessarily follow the normal mode of infection. The magnitude
of disease in mice also changes with the strain of Mtb, where for
example the H37Rv strain is expected to be less virulent than the
related Erdman strain and the HN878 strain. It is possible that
some of the different outcomes across different studies
addressing the same PRR knockout were due to differences in
the infection model. However, our review of the data did not
reveal an obvious effect of dose, strain nor route (Table 1).

Where survival data were present, it was clear that PRRs can
have an effect on survival, although in most cases there was either
no significant difference in survival from WT to KO, or it was
quantitatively small. There were two instances where KO mice
survived longer than WT [CD14 (135) and SR-A (152)],
demonstrating that some host systems are detrimental to
Mtb tolerance.

TLR KOs Resulted in Small and
Inconsistent Effects on Survival and

Mtb Burden

For TLR2, two of four experiments showed reduced survival in
KOs. A single TIr6-KO study did not show a difference in
bacterial burden nor immune response (117). For TLR4, two
of seven experiments showed reduced survival in KOs. Note that
many TLR4 studies took advantage of the C3H/HeJ mouse
(having a spontaneous Tir4 loss-of-function mutation)
employing other only somewhat related C3H strains as
wildtype control. The maximum difference in pulmonary
bacterial burden observed in most of these papers was
approximately one log more in TIr2 or Tir4 KOs vs WT.
Defects in immune responses were observed in a majority of
TIr2 KO experiments and a minority of TIr4 KO experiments.
Two experiments with TIr9 KO from one study showed more
rapid death with high dose infection compared to low dose, and
only the high-dose resulted in a statistically significant increase
in pulmonary bacterial burden (158). No survival data for other
TLRs have been published. Interestingly, most experiments with
combination KOs of Tlr2, 4 and/or 9 resulted in no differences in
bacterial burden nor immunologic responses. Two of seven
experiments (TIr2/9 double KOs) resulted in shortened survival

times, but with small or unreported differences in bacterial
burden. Together, mutations in TLRs, even multiple, had only
modest or negligible effects on the host’s survival and bacterial
control but were frequently associated with altered immune
responses. In particular, TLR2 and 9 stood out.

Of note, Myd88-KO mice succumbed rapidly (all dead within
1-2 months) to Mtb infection, despite TLRs seeming to be largely
dispensable. This was attributed to the necessity of MyD88 for
IL-1R signalling (IlIr1 KO mice are equally susceptible) and
intrinsic macrophage function requiring MyD88 (121, 159, 160).
An earlier report with Myd88-KO mice showed a nearly 2-log
increase in pulmonary colony-forming units (CFU) compared to
WT but mice survived at least 12 weeks with limited
immunological changes; no survival was presented (161).

Few CLR KOs Resulted in

Small Reductions in Survival and

Bacterial Control

For CLRs, only MCL and Dectin-1 were found by us to have been
disrupted in Mtb survival challenges. In one report, MCL
(Clec4d)-KO caused a significant difference in survival, but
specifically this was 20% mortality by 6 weeks, after which no
Clec4d-KO mice died to week 10 (when the experiment was
ended) (143). However, in the same study, pulmonary bacterial
burden was less than half a log higher in the KO at four months
(no significant difference at 2 months). Proinflammatory
immunologic responses were elevated in the KO. Thus, MCL
might play a role early in infection to control the immune
response, but not so much for bacterial control.

Another lone report showed Dectin-1 (Clec7a)-KO mice did
not have changed mortality after infection with Mtb, and in fact
had slightly lower bacterial burdens compared to WT at 2 and 4
months post infection (144). Therefore, Dectin-1 is likely not
required by the host during Mtb infection. No survival data was
found for murine DC-SIGN homologues, mannose receptor, nor
MINCLE. Only one of three studies reported a difference in
bacterial burden with SIGNR1 (Cd209b)-KO at one- and nine-
months post infection, but by scoring Ziehl-Neelsen-stained lung
sections rather than directly counting CFUs (140). When
assessed, altered immunity was consistently observed with this
KO. A single study found a difference in bacterial burden and
immunological response with a SIGNR3 (CD209d)-KO but not a
SIGNR5 (Cd209a)-KO (139). Another lone study addressing the
mannose receptor showed no bacterial or immunologic effect
with KO (140). Two studies on MINCLE presented opposing
data on pulmonary bacterial burden (more or less a half log
compared to WT) and only one identified significant
immunological changes with KO. Double KO of the genes
encoding mannose receptor plus SIGNR1 showed no bacterial
or immunologic differences. KOs of other membrane-bound
CLRs have not been tested during in vivo Mtb infection.

KOs of genes encoding collectins SP-A and SP-D had no
long-term effect on bacterial burden during Mtb infection -
survival was not tested/presented. Immunologic responses were
similar to WT but with decreased neutrophil numbers in the
lung. Double KO for SP-A and SP-D genes was similar to the
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TABLE 1 | Results of KO mouse studies in Mtb infection.

PRR KO(S)

TLR2

RP105
TLR4

CD14

LBP
TLR6
TLR9

SIGNR1

SIGNR3
SIGNR5
CD206(MR)
MINCLE

MCL
DECTIN-1
FICOLIN-A/2
SP-A

SP-D

NOD2

NLRP3

NLRP12
NLRC3
NLRC4

DOSE, CFU

100
2,000
100
100
500
75
20
100
100,000
150
10,000,000
75
10
100
150
100
20
200
100
100
2,000
144
472
75
100,000
500,000
20
100
150
100
100,000
100,000
100
75
500
100
75
100,000
1,000
200
1,000
1,000
200
100
100
100
100
1,000,000
50
6,000
50
6,000
35
1,500
400
300
100
300
300
200
300

STRAIN

H37Rv
H37Rv
Kurono
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
Erdman
Erdman
Erdman
Erdman
Erdman
HN878
H37Rv
H37Rv
H37Rv
H37Rv
Erdman
Erdman
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
K strain
H37Rv
H37Rv
H37Rv
Kurono
H37Rv
H37Rv
H37Rv
Erdman
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
Erdman
H37Rv
H37Rv
H37Rv
Erdman
Erdman
Erdman
Erdman
1254
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv
H37Rv

ROUTE

aero
aero
aero
aero
aero
aero
aero
aero
it
i.n.
iV,
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
i.n.
i.n.
aero
aero
aero
aero
i.n.
i.n.
aero
aero
aero
aero
aero
i.n.
i.n.
i.n.
i.n.
i.n.
i.n.
aero
aero
aero
aero
i.v.
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero
aero

A SURVIVALA

Y (60/150)

N
Y (100/>155)

z

< |

(180/>250)

(90/>110)

z<zzzzZl

Y (>224/210)
N

Y (90/>150)
Y (45/>90)

Y (200/>230)

z | z

z

AMTBE

Z< < << << <<
ENNCENCECESIE:

zz !

<<

N
A

)

N
A

<X <KX <LK<KzZzz<<K<Kzzzz<zZzzzzz<zZz<I

v
N

~
A

)

~
A

<zzzz<zz<z<zl
N

T
—

AIMM®

<ZZ1l ZZ<<<<' <! 1 <<<l<zZz<I| <<%z

< 1

<<zZ<<zZ<I

(not shown)

<ZzZ<<<zZzZl <1 <1 zZz<<z2zZ2I| <<' <2z

NOTESP

manual

chimera

Hed/HeN
HeJ/HeN
Hed/HeN
Hed/other C3H
Hed/other C3H
HeJ/Oud
HeJ/HeN
Hed/HeN

Hed/HeN and B6

manual
manual

N>30 for survival

manual
manual

SOURCE

Reiling et al. (116)
Reiling et al. (116)
Sugawara et al. (117)
Drennan et al. (118)
Drennan et al. (118)
Bafica et al. (119)
Tjarnlund et al. (120)
Holscher et al. (121)
Carlos et al. (122)
Teixeira-Coelho et al. (123)
Choi et al. (124)
McBride et al. (125)
McBride et al. (126)
McBride et al. (126)
McBride et al. (126)
Konowich et al. (127)
Gopalakrishnan et al. (128)
Blumenthal et al. (129)
Abel et al. (130)
Reiling et al. (116)
Reiling et al. (116)
Kamath et al. (131)
Kamath et al. (131)
Shim et al. (132)
Branger et al. (133)
Branger et al. (133)
Tjarnlund et al. (120)
Holscher et al. (121)
Park et al. (134)
Reiling et al. (116)
Wieland et al. (135)
Branger et al. (136)
Sugawara et al. (117)
Bafica et al. (119)
Bafica et al. (119)
Holscher et al. (121)
Gopalakrishnan et al. (137)
Wieland et al. (138)
Tanne et al. (139)
Court et al. (140)
Tanne et al. (139)
Tanne et al. (139)
Court et al. (140)
Heitmann et al. (141)
Lee et al. (142)
Wilson et al. (143)
Marakalala et al. (144)

Luo et al. (73)
Lemos et al. (145)
Lemos et al. (145)
Lemos et al. (145)
Lemos et al. (145)
9

Gandotra et al. (89)

Gandotra et al. (89)

Divangahi et al. (90)
McElvania TeKippe et al. (146)
Walter et al. (147)

Dorhoi et al. (148)

Allen et al. (149)

Hu et al. (150)

McElvania TeKippe et al. (146)

(Continued)
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TABLE 1 | Continued

PRR KO(S) DOSE, CFU STRAIN ROUTE A SURVIVALA AMTB® AIMM® NOTESP SOURCE
cGAS 200 Erdman aero Y (150/210) N - Collins et al. (97)
100 Erdman aero N (100) N Y manual Watson et al. (99)
1,000 H37Rv i.n. N N N Marinho et al. (151)
STING 200 Erdman aero N N - gt/gt STING Collins et al. (97)
1,000 H37Rv i.n. N N N Marinho et al. (151)
AIM2 1,000,000 H37Rv it. Y (45/>56) Y (1) Y Saiga et al. (94)
Marco 200 H37Rv i.n. - Y (score) Y Court et al. (140)
SR-A 200 H37Rv i.n. - N N Court et al. (140)
75 H37Rv aero Y (>430/230) Y (-1, ns) Y Sever-Chroneos et al. (152)
SR-B1 100 H37Rv aero - N N Schafer et al. (110)
1,000 H37Rv aero - N Y Schafer et al. (110)
CD11b(CR3) 200,000 Erdman i.v. N 3 backgrounds Hu et al. (153)
100,000 Erdman V. Y (<1, ns) - Melo et al. (154)
TLR-2/4 60 H37Rv aero N N Shi et al. (108)
600 H37Rv aero - N N Shi et al. (108)
100 H37Rv aero N - Holscher et al. (121)
TLR2/4/9 100 H37Rv aero - N N Holscher et al. (121)
TLR2/9 75 H37Rv aero Y (90/>150) Y (1) Y manual Bafica et al. (119)
75 H37Rv aero Y (120/>280) - - manual Mayer-Barber et al. (155)
75 Erdman aero - N N Gopalakrishnan et al. (137)
NOD2/TLR2 100 H37Rv aero - N - Gandotra et al. (89)
CD206/SIGNR1 200 H37Rv i.n. - N N Court et al. (140)
SR-A/CD36 200 H37Rv i.n. - N N Court et al. (140)
SP-A/D 50 Erdman aero N Y Lemos et al. (145)
6000 Erdman aero - Y (<1) - Lemos et al. (145)

A, change in survival (Yes/No) (median survival KO/median survival control). B, change in pulmonary Mtb CFU burden (Yes/No) (maximum log KO/control). C, change in immune response
observed (Yes/No). D, any irregularities from other studies (manual means source was not found in systematic search and was added manually afterwards).

SP-A single KO (145). KO of the gene encoding ficolin-A
(homologue of human ficolin-2 and/or 3) decreased the
survival of mice given one million CFU H37Rv strain i.v.
compared to WT, but survival was enhanced compared to WT
when KO mice were given a plasmid containing ficolin-A or
ficolin-2 by i.m. electroporation on the day of infection (73). This
suggests ficolins might help control systemic or bloodborne Mtb.
Thus, as with TLRs, CLRs are generally dispensable for Mtb
immunity. The few exceptions seem to suggest an early, minor
role in Mtb infection for CLRs like MCL and SP-A/D.

KOs of Certain Cytosolic PRRs Worsened
Mtb Infection Outcome

NOD2 disruption produced a late survival phenotype: KO mice
died faster than WT near 6 months post Mtb infection. Bacterial
burden was slightly higher and immunological responses were
also reduced in KO mice in this study (90). A separate study did
not find significant differences in bacterial burden nor
immunological responses with Nod2-KO nor Nod2-Tir2-
double KO, but survival was not evaluated (89). In contrast,
NiIrp3-KO had no effect on bacterial burden in three studies.
Immunological responses with Nirp3-KO can be altered, but
survival did not change.

Aim2-KO mice succumbed rapidly to infection with one
million CFU H37Rv strain delivered i.t. compared to WT. The
KO had greater bacterial burden and pathology and altered
immunity (94). However, no other independent studies were
found besides this one, and the high dose delivery makes the
result difficult to compare to other PRR-KO survival studies with

the more physiological low-dose aerosol infection. The
importance of AIM2 during mycobacterial infection is
supported by data with BCG, where repeated infection of WT
and Aim2-KO mice vial the tail vein showed KO mice were
defective in controlling bacterial burden which was associated
with altered immunity (enhance type I IFN, reduced type II IFN)
(101). Additionally, the adaptor protein ASC (a.k.a. PYCARD)
was also shown to be important for survival in at least two
separate studies (146, 155). This supports the importance of
AIM2 and/or another inflammasome sensor for Mtb infection,
with NLRP3 seemingly dispensable.

Pulmonary burden of Mtb in Cgas-KO and StingI8”¢" mice
was unchanged from WT at 3 and 6 weeks post aerosol infection
of 200 CFU of the Erdman strain, although Cgas-KO mice had
late reduced survival (deaths between 100 and 200 days p.i.)
while the STING mutant did not differ from WT (97). In another
study, an Erdman-strain aerosol experiment running 100 days
did not reveal a difference between WT and Cgas-KO mice in
terms of survival and bacterial burden, but less type I IFN was
present in the lungs and serum (99). In a third study with in.
infection with 1000 CFU H37Rv strain, cGAS and STING
mutations did not affect survival past 250 days (no mice died
as with WT), although Cgas-KO mice did not maintain weight as
well. Bacterial burden and immunology were the same as WT too
(151). Together, these studies suggest cGAS plays a minor role
during Mtb infection (that emerged as a death phenotype late in
one study), while STING is dispensable. These findings are
difficult to reconcile with the proposed model where cGAS
functions upstream of STING as the mycobacterial DNA
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sensor; accordingly a STING mutant should be defective for
c¢GAS functions. Furthermore, Mtb CDC1551 mutants that
either lack their own c-di-AMP production, or overexpress it,
significantly decreased and increased survival relative to WT,
respectively (100), contributing further confusion regarding the
importance of STING. It is possible that the importance of cGAS
during mouse survival of Mtb infection is related to a STING-
independent function of cGAS, and that the STING phenotype
with mutant Mtb is more valuable as a mechanistic lesson than a
biologically relevant one.

No Other PRR KOs Were Detrimental to
the Host During Mtb Infection

No data was found showing scavenger receptor KOs were
detrimental to Mtb control. A difference in bacterial burden
during Mtb infection of Marco-KO mice was only detected by
scoring Ziehl-Neelsen-stained lungs, not by CFU enumeration,
at 6 and 9 months post infection (140). KOs for SR-A and SR-B
genes did not result in increased bacterial burdens nor were they
consistently associated with immunological changes. Two
independent studies examining the complement receptor CR3/
Cd11b KO during Mtb infection found no evidence that they play
a role in Mtb control nor survival (153, 154).

In summary, most PRR KO experiments presented did not
show reduced survival compared to WT. Control of bacterial
burden was either unaffected or just slightly increased by PRR
KOs in most experiments. We suspect that publication bias
against negative data would also mean that PRR KO effects
are, if anything, over-represented in the literature. In contrast,
altered immunity was found often in PRR KOs during Mtb
infection. It is possible that the effects on immunity with some
PRR KOs are not large or relevant enough to result in changes in
survival and bacterial burden that are sufficiently robust to be
statistically detectable with a practical number of animals.

PRR DIVERSITY IN HUMANS AND
OUTCOMES OF MTB INFECTION

Selective pressure caused by human-microbe interactions
coupled with population admixture has helped shape the
response of modern humans to pathogens (162). A recent
example is a locus controlling COVID-19 severity in modern
humans that can be traced to Neanderthal introgression (163).
Mtb and humans have coexisted for an estimated 2,000 - 6,000
years (3, 4) and purifying selection of human genes by Mtb was
traced to the bronze age for the TYK2 P1104A mutation.
Similarly, as members of the first line of host innate immune
defense PRRs have been subjected to purifying selection (164).
PRR diversity in humans may explain, at least in part, the
variable susceptibility to Mtb across populations.

For example, humans express 10 functional TLRs which are
subdivided in two categories: cell surface (TLR1, 2, 4 - 6 and 10)
and intracellular endolysosomal (TLR3, 7 - 9). The intracellular
TLRs underwent strong purifying selection and have poor
tolerance to loss of function mutations (165). Conversely, cell

surface TLRs are more permissive to genetic variation across
human populations (166). This difference may be attributed to
the nature of ligands. Bacterial antigens detected by cell surface
TLRs are clearly distinct from host molecules while nucleic acids
detected by intracellular TLRs (RNA or DNA with CpGs) can
resemble host endogenous factors. It has been proposed that
mutations in intracellular TLRs are less tolerated to prevent
“autoimmunity” (167-169). Mtb is detected by heterodimers of
TLR1, 2 and 6, therefore presenting redundancy in the host
response. Interestingly, mutations in the TLRI (S248N, 1602S),
TLR6 (P249S) and TLRIO (I775V) genes clustered on
chromosome 4pl4 have shown signs of recent positive
selection in Europeans (165). It has been suggested, although
not confirmed, that tuberculosis and leprosy epidemics in
Europe have played a role in this selective pressure (170). Of
particular interest is the TLR1 1602S mutation which has been
associated with both TB and leprosy (171-175). The TLR1 602S
amino acid was shown to impair NF-kB activity in response to
Mtb and decrease IL-6 production (174). Studies evaluating
TLR2 mutations in TB have provided inconsistent results,
which limited the interpretation of its role in TB pathogenesis
(176, 177). Moreover, TLR4 and TLR9 have also been suggested
to contribute to TB susceptibility (178-180).

NLR is another group of PRRs that shows signs of diversity
between populations. NLRs encompass three families of cytosolic
PRRs (NOD receptors, NLRPs and IPAFs) involved in viral and
intracellular bacterial pathogen recognition. An excess of rare
NODI non-synonymous variants segregating in the human
population provided evidence for weak negative selection
against these variants (181). In contrast, there was evidence
among Asians and Europeans of positive selection for rare
variants in NOD2 (181). In a meta-analysis, the NOD2 R702W
amino acid change was associated with protection from TB (182,
183). Curiously, the same NOD2 R702W mutation is one of the
strongest known genetic risk factors for Crohn’s disease,
suggesting a pivotal role for NOD2 in balancing host
inflammatory responses (184). Most NLRPs shows signs of
strong selective constrains emphasizing their essential function
in the human innate immune response (181). Macrophages
challenged with Mtb or M. marinum in vitro showed a
NLRP3-dependent increase in IL1f production (176). In a
small population of cases with HIV/Mtb co-infection a non-
coding variant in NLRP3 had a weak association with early
mortality (185).

DC-SIGN (CD209), a member of CLR family, is a major
dendritic cell receptor of Mtb (46). In ancient humans a
duplication of CD209 gave origin to the CD209L gene.
Interestingly, natural selection has prevented accumulation of
amino acid changes in CD209 while the closely related CD209L
gene was permissive (186). This discrepancy in selective
pressures highlights the importance of function for CD209
while diversity in CD209L might have benefitted human
adaptation to pathogens. Two promoter variants in CD209 are
associated with TB in multiple African populations (187-189),
South Asians (190) and Brazilians (191). Other PRRs, such as
ficolins, have been evaluated for association with TB (192, 193),
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while studies with genes encoding proteins of the complement
and PRRs for the RIG-1 family have not yet been reported.

HOW SOME NON-PRR KOs COMPARE

Through animal experimentation, certain genes and associated
pathways have been shown to be major determinants of the host
outcome upon Mtb infection. Here, we define how some of these
pathways compare to PRR pathways at the molecular level, and
the level of importance to Mtb infection, as internal positive
controls to our review.

For the sake of controls, similar systems to the PRR-MAMP
interaction would include endogenous receptor-ligand systems.
Receptor-cytokine interactions are an example which includes
mechanisms that are even functionally related to PRR signalling
pathways (e.g. the IL-1R/IL-1 system, which uses MyD88 like the
TLRs as mentioned above).

IL-1R deficient mice were more susceptible to Mtb after
intranasal infection with 10° CFU H37Ry strain, with a median
survival of around 110 days, while no WT had died by 140 days;
the remaining KO mice had 4 logs more pulmonary CFU than
WT at 140 days post infection (194). Another study by a different
group showed that with 100 CFU Kurono strain aerosol infection
Il1r1 KO mice had died after 45 days (KO mice had 3 logs more
pulmonary CFU than WT at 35 days) (195). During another
H37Rv strain infection (200 CFU i.n.), Ilirl KO mice
phenocopied Myd88 KO mice (died around 4 weeks post
infection) (159). There have been variable phenotypes with IL-
1o and IL-1f deficiency: in one study I11b KO was sufficient to
phenocopy Il1r1 KO (155); in another study the double cytokine
KO only reduced pulmonary Mtb CFU control (196); in a third
study only double cytokine KO, not single, shortened survival
like Il1r1 KO (197). Lastly, heterozygous deficiency of IL-1R
antagonist, overexpressed in mice carrying the SstI (super
susceptibility to tuberculosis 1) locus, almost completely
rescued these mice from their type-I IFN driven early mortality
and excessive pulmonary CFU burden during Mtb Erdman
strain infection, again highlighting the protective effect of IL-
1R signalling (198). Thus, MyD88-dependent cytokine-receptor
systems can be critical for Mtb control in mice.

In mice lacking TNF receptor, or treated with anti-TNF
antibodies, mice succumbed to uncontrolled Mtb Erdman
strain iv. infection in about a month while WT controls all
survived past 125 days (199). This result has been replicated in
Tnf KO mice in numerous studies over the years (118, 160, 197).
TNF receptor deficient mice died approximately as rapidly as Tnf
KO, even if the receptor KO was only on myeloid cells; lymphoid
cell receptor KO did not differ from WT (200). Thus, the TNF
pathway is critical for Mtb control in mice to prevent rapid death.
The importance of TNF with Mtb infection in humans was
demonstrated when anti-TNF treatment was associated with the
emergence of TB in patients receiving this treatment for other
reasons (201).

Similarly, TFN-y signalling has been known to be critical
for control of Mtb in animal models for decades (202, 203).

IFN-y from CD4+ T cells in particular is necessary for survival,
and animals lacking IFN-y from just CD4+ T cells succumb after
two months post aerosol infection; however IFN-Y's role was
mostly extrapulmonary with a limited role in the lungs (204). IL-
12p40, upon which IFN-v is partly dependent, has also been
knocked-out in mice and resulted in uncontrolled replication of
Mtb (Erdman strain, administered i.v.) and mortality within 1.5
months compared to WT mice which lived “to old age” (205).
Human mutations in IFN-y or IL-12 pathway genes causing
impaired IFN-y-mediated immunity result in Mendelian
Susceptibility to Mycobacterial Disease, which manifests as
childhood BCG dissemination or non-tuberculous
mycobacterial infection, and occasionally Mtb infection later in
those who live (206).

Cytokine and PRR signalling on their own do not have direct
bactericidal effects - they are thought to modulate innate defense
mechanisms and instruct adaptive immunity. The endgame of
bacteriologic control are the host’s killing mechanisms, which in
macrophages include low phagosomal pH, digestive enzymes like
lysozymes, and reactive oxygen species. As an example, the well-
studied nitric oxide is produced by NOS2 to attack Mtb. Mice
lacking NOS2 all died within 50 days of i.v. infection with 10°
CFU Erdman strain while WT median survival was about 150
days (207). In a separate study, aerosol infection with 100 CFU
H37Rv strain similarly resulted in death before day 50 associated
with increased Mtb burden (208). Thus, effectors like nitric oxide
are irreplaceable for control of Mtb and host survival.

WHY HAVE GENETIC STUDIES OF TB IN
HUMANS BEEN UNDERWHELMING?

Genetic epidemiology studies have provided only a handful of
PRR and non-PRR genes as global risk factors for TB. This lack
of success is in striking contrast to leprosy, the second most
common mycobacterial disease in humans (209). Strain diversity
of Mtb compared to M. leprae might have played a role; however,
the most likely cause for the lack of consistent results is
phenotypic heterogeneity among TB cases. Most studies define
TB as a single entity combining cases regardless of their clinical
and biological characteristics. While this approach has worked
for leprosy (210, 211), in other instances combining all leprosy
cases has proven troublesome due to the presence of well-defined
endophenotypes (212, 213). Common endophenotypes in
leprosy are excessive host inflammatory responses, so-called
lepra reactions, that sub-divide the overall group of patients.
Endophenotypes can result in misclassification of genetic effects
(213, 214). Indeed, the genetic associations can be in opposite
direction between endophenotype and disease per se (212, 215).

Genetic modulators with opposing effects on unrecognized
endophenotypes and clinically defined TB might be difficult to
detect even in studies with very large sample sizes. This raises the
question if similar, perhaps more complex endophenotypes,
underlie the disappointing results from TB genetic studies.
Specifically, considering the impact of PPR genes on
intermediary immune phenotypes in the mouse, it is
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conceivable that PPR polymorphism may yet have a role to play
in the genetics of TB pathogenesis. Heterogeneity among cases
appears to be predominant in large scale genetic studies in TB
and the existence of TB endotypes has been proposed (216).
Recent advances in molecular and analytical techniques have
allowed the identification of at least two TB endotypes through
unbiased clustering of transcriptional changes in distinct
molecular pathways (217). One endophenotype presented
immune exhaustion resulting in poor prognosis compared to
the second endophenotype.

What remains unclear is to what extent TB endophenotypes
represent the continued progression of TB pathogenesis or if
they are distinct forms of the same disease. More studies will be
necessary to settle this question. Such future studies need to focus
on defining endophenotypes with the full weight of omics
approaches, keeping in mind that these better-resolution
phenotypes may represent kinetic entities. Such a ‘systems-
medicine’ definition of TB, in excess of clinical and
microbiological data, is expected to improve power for efficient
mapping of endophenotypes. Molecular (RNA, proteins and
metabolites) and immune (cellular) phenotyping using blood
can provide information for dissociating TB cases into
endophenotypes. This is a two-step approach, where first
identification of interindividual molecular/cellular similarities
is done prior to the genetic study. How to deal with the
genetic study in the second step would depend on the groups,
but could be either a continuous phenotype or stratified by
endophenotype. Using an omics signature would overcome the
limitations where patients are clinically similar but the genetic
cause of TB is not the same. Clinical heterogeneity with Mtb
infection that is ambiguous (e.g. placement on a spectrum from
TST positive to active TB) can be better-defined or bypassed with
non-biased omics data. However, independently of the nature of
TB endotypes, it is now clear that heterogeneity may impact on
genetic studies of TB and perhaps shed new light on the role of
PPR polymorphisms.

FINAL THOUGHTS AND CONCLUSION

PRRs appear to be important for immunologic responses but
have a more subtle role in control of Mtb and the course of TB.
We hypothesize that this is partly due to the redundancy of
many PRRs sensing different Mtb MAMPs. Amongst this
redundancy, however, there may be unique immunological
adjustments performed by specific PRRs. In contrast, genes
that produce products mediating distinct effects, like IFN-; IL-
12, nitric oxide and TNF are clearly essential to the host’s
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Group-aggregated responses to tuberculosis (TB) have been well characterized on a
molecular level. However, human beings differ and individual responses to infection vary.
We have combined a novel approach to individual gene set analysis (GSA) with the
clustering of transcriptomic profiles of TB patients from seven datasets in order to identify
individual molecular endotypes of transcriptomic responses to TB. We found that TB
patients differ with respect to the intensity of their hallmark interferon (IFN) responses, but
they also show variability in their complement system, metabolic responses and multiple
other pathways. This variability cannot be sufficiently explained with covariates such as
gender or age, and the molecular endotypes are found across studies and populations.
Using datasets from a Cynomolgus macaque model of TB, we revealed that
transcriptional signatures of different molecular TB endotypes did not depend on TB
progression post-infection. Moreover, we provide evidence that patients with molecular
endotypes characterized by high levels of IFN responses (IFN-rich), suffered from more
severe lung pathology than those with lower levels of IFN responses (IFN-low). Harnessing
machine learning (ML) models, we derived gene signatures classifying IFN-rich and IFN-
low TB endotypes and revealed that the IFN-low signature allowed slightly more reliable
overall classification of TB patients from non-TB patients than the IFN-rich one. Using the
paradigm of molecular endotypes and the ML-based predictions allows more precisely
tailored treatment regimens, predicting treatment-outcome with higher accuracy and
therefore bridging the gap between conventional treatment and precision medicine.

Keywords: tuberculosis, endotypes, individual variability in host response, interferon, immune response, gene set
enrichment analysis
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Domaszewska et al.

Revealing and Exploring Tuberculosis Endotypes

INTRODUCTION

Tuberculosis (TB) remains a major threat to human health with
10 million new cases and 1.4 million deaths in 2019 (1). Only a
small proportion of the estimated 1.7 billion individuals infected
with Mycobacterium tuberculosis (Mtb) fall sick with active TB
(1). The vast majority of infected individuals contain Mtb in a
dormant status resulting in latent TB infection (LTBI), making it
difficult to identify the individuals who require treatment (2).

The disparity between progression to TB and continued LTBI
constitutes the most obvious kind of variability among Mtb infected
individuals. This individual variability exists also on more subtle
levels as revealed by gene expression analyses (3-7). Moreover,
prospective cohort studies harnessed transcriptomic signatures to
predict the risk of TB progression (8, 9). Multiple signatures of TB
have been proposed and cross-validated on independent datasets
leading to the identification of common motives that were identified
in TB patients by most studies with respect to the interferon (IFN)
response (3, 4, 7, 10, 11). Patterns of TB-related gene expression
regulation however, are heterogeneous and vary within and
between studies. Gene-expression trends observed in the majority
of TB patients were frequently contradicted by individual TB
patients, independently of the applied technology (3). This raises
the question whether active TB induces a unique host response
pattern or alternatively whether there are multiple, individual host-
dependent patterns and whether these are distinct or overlap.

In 2010 Berry et al. proposed a 393- transcript signature of TB
which was dominated by IFN-signaling genes (3). The authors
investigated transcriptional profiles of TB patients and healthy
individuals, and observed that some of the profiles of healthy
individuals with LTBI clustered with those of TB patients.
Reciprocally, a subgroup of TB patients presented transcriptional
profiles that clustered with healthy LTBI and were thus misclassified
by their transcriptional signature.

Comparison of the transcriptomes of TB patients to those of
healthy individuals gave rise to assumptions regarding the immune
response of TB patients, in particular the stronger IFN response as
compared to healthy controls. In clinical practice, the most widely
used test for Mtb infection is the Interferon Gamma Release Assay
(IGRA) which determines the release of IFN 7y in vitro after
stimulation of whole blood (WB) samples with Mtb-specific
antigens. The false negative rate of IGRA among Mtb infected
individuals is in the order of 15% (12). Thus, blood cells of 15% of
the patients do not produce detectable IFN-vylevels in response to
antigen-specific stimulation. The majority of cohort studies report
differentially expressed IFN signaling pathways in TB patients
versus healthy individuals. Yet, the multiple published “TB vs
healthy’ and “TB vs LTBI’ signatures only show a limited
abundance of shared transcripts. Arguably, this can be explained
by different assumptions: (1) expression of different genes may be
highly correlated and thus, selecting one or another gene does not
influence the performance of the model; (2) different molecular
mechanisms dominate the response to TB in different cohorts; (3)
various cohorts contain varying numbers of individuals with a
certain type of dominant response which influences outcome
of comparison of ‘all TB patients’ to ‘all healthy subjects’.

For example, the study of Maertzdorf et al. identified JAK-STAT
signaling and TLR signaling pathways next to IFN response as
dominantin TB (7). In contrast, a study by Verhagen etal. suggested
the importance of calcium signaling pathway in TB (13). Studies by
Cliff et al. and Cai et al. identified complement system signaling as
important correlates of TB (14, 15). It is tempting to speculate that
these studies detected different modi in the response to TB: while
some cohorts presented dominant regulation of IFN signaling in
response to Mtb infection, other presented stronger regulation of
calcium or complement signaling. However, a cohort-level analysis
cannot determine whether the cohorts comprise patients with
cohort-specific responses to TB or alternatively different
proportions of patients with specific responses.

We postulated various patterns of host responses to TB, and
reasoned that the published WB transcriptomic studies of TB
patients are averaged representations of multiple different
responses to TB. To test this hypothesis, it is necessary to
analyze individual transcriptional profiles between and within
independent studies. To address data heterogeneity, we
conducted a Gene Set Analysis (GSA) on the integrated
transcriptome data with various gene set collections, including
pre-defined blood transcriptional modules (BTMs) (16, 17) to
reliably identify variability on the level of individual patients. We
observed various patterns of gene set enrichment in individuals
within single studies, which were reproduced on the level of the
meta dataset (MDS) and identified expression patterns within
individuals that were significantly correlated with the severity of
pathology in the patients’ lungs and characterized by strong
enrichment in IFN-response-related modules. Using Random
Forest (RF) machine learning (ML) we revealed gene signatures
which distinguished between TB patients with different
transcriptional response patterns. We then detected additional
immune responses, including complement system response, as
strongly correlated with the IFN response and therefore
contributing to what we defined as “IFN-rich” and “IFN-low”
endotypes of TB. To determine whether these two endotypes
were a function of time post infection (p.i.), we analyzed data
from Cynomolgus macaques (18) and observed that even though
the IFN response peaked between 20 and 42 days p.i., in various
animals the onset of IFN response started at various time points
p.i. and lasted for variable periods of time. We further
investigated whether additional elements of the host response
to TB presenting variable activation in the individual patients can
be detected independently of the IFN response. We identified
such patterns in the enrichment of metabolic pathways of D-
arginine and D-ornithine, as well as in the modules related to
insulin and calcium metabolism, using KEGG (19) and MSigDB
(20) based GSA followed by principal component analysis (PCA)
and eigenvector analysis. Based on these findings, we hypothesize
that progression to and severity of TB depend on the variability
between individual host responses. Not only does the
susceptibility to active disease but also kinetics of the crosstalk
between Mtb and the human host differ. Hence, subgroups of TB
patients represent different endotypes who would benefit from a
personalized host-directed therapy in adjunct to canonical TB
drug treatment (2, 21).
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METHODS

The overview of the workflow of the study and the used statistical
methods can be found in the Supplementary Figure 1.

Data Acquisition and Preprocessing

All utilized datasets are publicly available in Gene Expression
Omnibus (GEO) data repository (22). Study-normalized datasets
were acquired from GEO via the R-package GEOquery (23).

Included studies met the following criteria: (i) they contained
WB data from untreated TB patients and healthy controls
(including LTBI) each; (ii) they contained at least eight
samples from TB patients and healthy controls each; (iii) they
were performed using platforms which measured expression of
at least 16,000 overlapping genes; (iv) they were performed using
platforms with annotations available in BiomaRt R package (24,
25). Seven datasets were used to create MDS and two independent
datasets were used for validation. Additionally, three datasets from
sepsis patients who also present strong IFN responses were
acquired to validate the presented method.

Data analysis was performed with R (26). The analysis script
including all analytical steps is available on the website: (https://
github.com/terkaterka/immune-response-to-TB). Datasets were
analyzed with R package limma for differential expression
analysis (27). Microarray data was quantile normalized within
single studies to assure comparability. During pre-processing
HGNC and ENSEMBL identifiers were mapped to mRNA-array
probe names using biomaRt ‘maplds’ function (biomaRt version
2.24.1 (24, 25). Figures were created with the packages ggplot2
and UMAP (28, 29).

We utilized the processed data provided by the respective
studies for the integrative meta-analysis. Each dataset was
randomly split into 80%/20% partitions with the 80% being
used to train the ML algorithm and the 20% being selected for the
test set. Only samples classified by the studies as either healthy,
LTBI, affected by other diseases (OD) and samples of untreated
TB patients were included. MDS was created out of the training
sets from each study using only common genes. Nonparametric
standardization based on median and interquartile range (IQR)
values (Equation 1) was used to standardize the expression values
measured in each study, in order to minimize batch effects and
heterogeneity between the experiments.

e;; — mediane,

o, = G T mediane. i

=" or M

o
Where:
- normalized expression value for gene i,

e;j — expression measurement of gene i,

IQR; - IQR for expression measurement of gene i across
all samples.

All utilized data underwent initial quality controls which
comprised outliers and artifact-detection and quality-assurance.
Weascertained that case and control cohorts clustered according to
TBand IFN status and not by their study of origin. Umap-algorithm
(29) derived figures depicting the clustering pattern are found in the
Supplementary Figure 2. To test whether the transformation

eiJ'

caused a bias in the GSA (for example significantly changing the
findings), we have compared, for each data set, whether the
outcome of the GSA changed after applying the transformation.
(Supplementary Method 1, Supplementary Figure 3).

GSA for Individual Patients

To perform GSA for individual patients, row-wise
z-transformation of gene expression values was applied. For
each gene, mean expression and standard deviation of its
expression were calculated for healthy individuals from every
cohort. Subsequently, the mean gene expression of healthy
individuals was subtracted from the expression measurements
of every individual present in the MDS and the result was divided
by standard deviation of gene expression for healthy individuals.
The z-score was calculated based on all samples from healthy
individuals. Thus, for each patient and gene, the expression z-
score is the number of standard deviations below or above the
average for healthy individuals. The larger the absolute value of
the z-score, the higher the deviation of the expression of that
gene from the average in the healthy population.

GSA with CERNO test (30) was performed for every donor
on the list of genes ordered by decreasing absolute z-score using
tmodCERNOTtest function from the R-package tmod (31, 32) and
BTMs (16, 17).

Definition of IFN | and IFN Il Modules

Two previously published sets of BTMs were utilized (16, 17). A
third custom set was generated, based on the classification of
genes as IFN I stimulated genes, as IFN II stimulated genes and
as genes activated by both IFN I and IFN II signaling pathways
according to Interferome v2.0 database (33). The sets consisted
of genes which overlapped between originally defined BTMs and
genes from the MDS classified by the Interferome v2.0 database
either as IFN I inducible genes (IFN I gene sets), IFN II inducible
genes (IFN II gene sets) or IFN I and II inducible genes (IFN I
and II gene sets). Two additional modules contained (i) all genes
classified as IFN I genes and (ii) all genes classified as IFN II
genes. The defined module sets are available on the website:
(https://github.com/terkaterka/immune-response-to-TB).

Identification of IFN+ and IFN- TB

Patient Groups

GSA was performed on the list of genes from every individual
included in MDS sorted by increasing z-score using the three
created module sets. Individuals presenting no significant
enrichment in any of the IFN I modules were defined as IFN-
low and are represented graphically as ‘TFN I-’. Individuals
presenting enrichment in at least one IFN I module were
defined as IFN-rich and are further represented graphically as
IEN I+. Similarly, the TFN II-’ and TEN I and II-’ individuals
presented no enrichment in the IFN II or IFN I and II module
set, respectively. Those presenting respective enrichments were
defined as IFN II+ or ‘TFN I+ and II+’. Ultimately, the overlaps
between study participants classified as IFN I+, IFN II+, and IFN
I+ and II+ were analyzed and their classification was compared
to IFN+ and IFN- participant groups based on the original BTMs
(16, 17).
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Analysis of the Influence of Clinical
Factors on IFN Status

To investigate the influence of discrete features (sex, diabetes,
HIV, smoking status) on the IFN status the chi-square test was
performed and Cramer’s V effect size was calculated. Moreover,
the odds ratio (OR) was calculated with 95% CI and the test for
OR was conducted (HO: OR=1). For continuous variables (age),
the Mann-Whitney test was performed and rank biserial
correlation was calculated as effect size.

Principal Component Analysis

PCA was performed on the MDS as well as on the subset of MDS
containing only samples from active TB patients using R-
packages stats, pca3d and tmod (26, 31, 34, 35). The fraction of
variance (loading) explained by each factorial predictor (TB
status, IFN status, study, ethnicity, residence, HIV, OD,
mRNA-array technology) was calculated for each principal
component (PC; Supplementary Figure 4).

Correlation Between IFN Status

and Disease Severity

The dataset GSE19491 (3) was used to compare the IFN status
with the disease severity assessed by lung X-Ray studies of TB
patients and healthy individuals. The IFN status was determined
by transcriptome analysis and a GSA of all participants contained
in the study (61 TB patients, 105 healthy individuals including 69
LTBI and 36 non-LTBIL, and 274 OD patients). 72 individuals from
the study underwent lung X-Ray investigation and were diagnosed
as ‘healthy’ (n = 34), ‘minimal disease (n = 14), ‘moderate disease’
(n = 13), or ‘advanced disease’ (n = 11) by physicians blinded to
the transcriptome analysis and the clinical diagnosis of the patients
(3). The X-Ray based diagnosis was compared with the IFN status
assigned on the basis of GSA.

Machine Learning

Random Forest Models With 10-Fold

Cross Validation

Random Forest (RF) models were generated using R package
randomPForest (36, 37) to classify TB patients with or without
IFN-rich immune response and non-TB individuals including
uninfected, LTBI and OD. Class balancing was used to retain the
proportion of one case to three control individuals by down-
sampling of the majority class. 10-fold cross-validation using R
package caret was implemented to test the models and their
performance was evaluated by creating receiver-operator
characteristic (ROC) curves using R package pROC (38).

Determination of the Signature Size

We ranked the transcripts found in either model according to the
amount of statistical importance in the RF model to identify a
cut-off for the number of transcripts required to effectively
discriminate TB patients from non-TB samples. TB IFN+ and
TB IFN- signatures were defined consisting of top (i) 5, (ii) 7,
(iil) 10, (iv) 20, (v) 50 or (vi) 200 ranked transcripts, and new
models which were trained only on the transcripts that surpassed
the cut-off threshold were created. The new models were tested

using 10-fold cross validation within the training MDS and their
performance was evaluated using ROC plot. The optimal
signature size was chosen when the increase of the number of
selected transcripts ranked by highest statistical importance did
not cause further significant improvement of signature’s area
under curve (AUC) in classification of TB patients and non-TB
disease controls.

Determination of the TB IFN+ and

TB IFN- Transcriptional Signatures

For the identification of TB IFN+ and TB IFN- signatures two
new class balanced RF models retaining the proportion of one TB
to three non-TB cases were trained using the subsets of the
complete training MDS subsets containing (i) all TB IFN+ and
non-TB (Signature Model 1), (ii) all TB IFN- and non-TB
(Signature Model 2). A signature consisting of the 20 top
ranking transcripts from the Signature Model 1 was defined as
IFN+ signature. A signature of 50 top ranking transcripts from
the Signature Model 2 was defined as IFN- signature. Obtained
TB IFN+ and TB IFN- signatures were tested on the test MDS
and their performance was evaluated by a ROC curve analysis.

Validation of the TB IFN+ and TB IFN- Signatures
The obtained TB IFN+ and TB IFN- signatures were tested on
the external dataset from Cai et al. (15) and Blankley et al. (39)
and their performance was evaluated by a ROC curve analysis.
The performances of IFN+ and IFN- TB signatures in detection
of sepsis patients were tested to assure that the signatures were
disease and not only IFN-response specific.

Influence of Time Post Infection of
Cynomolgus Macaques on IFN Status

To determine whether the IFN status in individuals with active
TB is the result of time p.i., a longitudinal dataset was procured
to assess the changes in the WB gene expression after Mtb
infection in Cynomolgus macaques (GSE84152 (18);, acquired
from the GEO database. The dataset contained mRNA-array
data collected from 38 macaques at two time points before Mtb
infection and at days 3, 7, 10, 20, 30, 42, 56, 90, 120, 150, 180 p.i,
when the diagnosis of TB vs LTBI was made. The samples were
normalized and z-scores were calculated using the above-
described method. GSA using BTMs was performed on
samples from individual macaques. The samples were assigned
IFN I+/IFN I- status which was compared with their binary
clinical diagnosis and severity of lung inflammation.

Identification of Other TB Endotypes

To determine other endotypes of TB the KEGG (19, 40) and
Hallmark (20) gene set collections were investigated by CERNO
enrichment method. At first, the results of AUC values from
enrichment of each pathway for each patient were extracted.
Then, a PCA was performed on a matrix of AUC values and the
previously defined IFN+ group was labeled on 2D projection
(Supplementary Figure 5). To extract other endotypes the
eigenvalues of the first PCA component were calculated for all
KEGG pathways as well as for all Hallmark MSigDB gene sets
and IFN modules across active TB patients. Next, the Spearman
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rank correlation coefficient was calculated between each KEGG
or Hallmark pathway and previously defined IFN modules.
Pathways not showing a statistically significant correlation with
IFN modules were considered as new TB endotypes.
Additionally, we tested whether the proportion of individuals
presenting enrichment (adjusted p-value<0.05, Benjamini-
Hochberg correction (41); in given enriched gene set and in
the IFN gene set was independent using chi square test.

RESULTS

GSA Reveals Individual Variability in
Transcriptional Profiles Among TB
Patients Within and Between Cohorts

The MDS was generated from seven publicly available datasets
using IQR based standardization (Equation 1) for successful
integration (Supplementary Figures 2, 3). We conducted a GSA
for every donor in the MDS on the list of genes sorted by z-score-
transformed expression values. Despite visible trends including
strong enrichment in T-cell, IFN response and inflammation
modules, the enrichment profiles differed between individual TB
patients within cohorts which was reproduced between cohorts
(Figure 1). The group of modules presenting substantial variability
between the samples in the enrichment included IFN related
modules, generally considered characteristic for TB patients.

Enrichment of IFN Signaling Gene Sets in
the Majority of TB Patients

Given the critical role of IFN type I in the pathogenesis of TB, we
focused on the variability of the enrichment of the IFN I-related

modules among TB patients since numerous studies have
identified IFN I signaling as dominant mechanism in TB (3, 4,
7). The roles of IFN I and IFN II responses in TB differ markedly:
IFN I pathways are generally considered detrimental while IFN II
is generally assumed beneficial (42). Since many of the IFN
stimulated genes (ISGs) can be stimulated by both IFN I and IFN
II signaling, we compared the IFN I and IFN II responses in TB
patients. We created novel module sets based on the BTMs (16,
17) as well as on the assignment of genes as IEN I inducible’,
IEN 1II inducible’, and ‘TFN I and II inducible’ by Interferome
v2.0 database (33). We conducted a GSA with the modules
containing genes whose activity was inducible by IFN I signaling
and assigned an IFN I status to TB patients based on the
following enrichment results: TB patients presenting no
significant enrichment in IFN I modules were termed ‘TFN-low’
(‘IFN I-’ for the purpose of graphical representation in this
manuscript) and those presenting enrichment were designated as
IFN-rich (‘TEN I+). Out of 457 TB patients, 70% were classified as
IFN I+, and 30% as IFN I-. In a similar way we constructed IFN II
modules and determined their enrichment in individual TB
patients. Intriguingly, enrichment for the modules related to IFN
I and IEN II signaling were frequently shared by the same TB
patients. Out of 319 TB patients presenting enrichment in IEN I
modules (IFN I+ patients), 267 (84%) also showed enrichment in
IFN II modules resulting in substantial overlap between IFN I and
IFN II induction.

In the following, we use the terms TFN+ patient group’ and
‘TEN- patient group’ based on the enrichment defined using IFN
I modules since we focus on IFN I responses, however the high
redundancy within the enrichment in IFN II modules implied
that that they refer to TB patients with both IFN I and IEN II
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signaling enrichment in 84% of the cases. Our terminology of
‘TEN+ status is not to be confused with the abundance of IFN I
signaling molecules in blood cells since abundance of ISGs in blood
could be related to events at the sites of infection and should be
interpreted only as prevalence of IFN inducible transcripts among
the significantly regulated genes in TB patients compared to healthy
individuals. Similarly, TFN-" status does not imply a lack of
upregulated IFN or ISGs in blood of TB patients but a lack of
significant enrichment of IFN modules in an individual sample.

To benchmark the modules, we conducted a GSA on the
MDS and compared the enrichment status with the differences in
the expression levels of several ISGs, among others the BATF2
gene, described as an important ISG (43, 44) which were
significantly higher in the IFN+ compared to IFN- patient
groups (Figure 2A). This indicates that genes identified as
crucial for classification of TB patients had different activities
in IFN+ and IFN- individuals.

Finally, we tested whether other factors influence predictors of
IFN+ status among TB patients. Categorical variables, i.e., sex,
diabetes, HIV and smoking status were tested using a chi-square
test. Possible association with age was tested using a Mann-
Whitney test. For all these investigated factors we did not
observe differences and dependencies regarding IFN status
(p-value>0.05).

PCA Supplemented by GSA Indicates
Influence of T-Cell and NK-Cell Activity

on IFN Status

To further benchmark the implemented division into IFN+ and
IFN- groups we tested the differences between the TB patients
categorized into the two groups using PCA. The results indicated
that although the clusters of IFN+ and IFN- TB patient groups
overlapped, the two centers of the clusters were geometrically
shifted in regards to each other as best shown by PC2 and PC7
(Figure 2B, Supplementary Figure 6). GSA applied on genes
sorted by their weights in these PCs resulted in a list of
significantly enriched BTMs which were dominated by
modules related to inflammatory response, induced by IFN
type I signaling, and T cells, the main producers of IFN type II
(Figures 2C, D). This result based on unsupervised analysis
strengthens the proposed distinction between gene expression
profiles of IFN+ and IFN- TB patient groups.

IFNR and ISG, but Not IFNo., IFNB or IFNy
Genes Proper Are More Abundant in the
IFN+ Than in IFN- TB Patient Groups
Enrichment of ISGs in WB does not imply elevated abundance of
IEN transcripts in the same tissue but could be related to
increased transcription of IFN e.g., at the site of infection. We
tested whether the observed enrichment was related to increased
expression of the actual IFN o, B or y genes, IFN receptor genes
(IFNR), or ISGs. To avoid using the genes on which the division
into IFN+ and IFN- patient groups was based, we identified
genes described in IFN signaling pathways, but not included in
the original BTMs (16, 17), and determined whether their
expression levels varied significantly between IFN+ and IFN-
TB patient groups. There were no significant differences of

mRNA-transcript levels of the actual IFN o, B or Y genes
(IFNA2, IFNBI or IFNG) between IFN+ and IFN- TB patient
groups. In contrast, differences were observed in several of the
IFNR (e.g., IFNAR2, IFNGR2) and ISGs (e.g., CXCL10) between
IFN+ and IFN- TB patient groups (Figure 3, Supplementary
Figures 7A-C). Hence, differences in IFN+ and IFN- TB patient
groups were not a result of increased expression of the actual IFN
genes in the WB. Additionally, the differential expression of the
IFNR genes and ISGs outside of the defined gene sets confirmed
that the transcriptional activation of IFN signaling pathways
differed between the patient groups and was not an artifact of the
method used for the division.

Interestingly, despite IFN type I and type II signaling
pathways being the most studied in the immune response to
TB, we found that also IFN A receptor gene (IFNLR1), but not
IFN A gene (IFNL) itself, which both belong to type III IFN
signaling pathway was significantly overexpressed in IFN+
compared to IFN- TB patients or healthy (Supplementary
Figures 7D, E). IFN A has been described to have largely
overlapping expression and function to IFN type I and to be
ubiquitously expressed on epithelial surfaces such as in
respiratory tract (45).

IFN+ Status Correlates With Severe Lung
Pathology in TB Patients

Based on X-Ray images of their lungs, Berry et al. (3) assigned 80
of their study participants to one out of four groups: (i) no
pathology, (ii) minimal pathology, (iii) moderate pathology, and
(iv) advanced pathology by three independent physicians
blinded to mRNA-array data and clinical diagnosis of the
donors. We defined the IFN+/IFN- status of these 80
individuals based on GSA and compared them with the X-Ray
based on pathologic classifications. 21% of donors classified into
‘no disease’ category presented IFN+ status (Figure 4). Among
patients with ‘minimal disease’ 46% were IFN+ TB patients, in
‘moderate disease’ category 85% and in ‘advanced disease’
category 100% patients were IFN+. Pairwise comparisons of
IFN+ patients in the four categories indicated a correlation
between the enrichment in IFN I gene set and the severity of
pulmonary pathology of TB patients. This agrees with and
extends previous findings of Berry et al. (3) showing that the
transcriptional signature of blood cells correlates with extent of
pathology in TB patients.

Gene Signatures in IFN+ and

IFN- TB Patient Groups Are Distinct

Gene signatures are frequently used to differentiate between TB
patients and healthy individuals (8, 9, 46). We created random
forests (RF) models trained on subsets of IFN- and IFN+ TB
patients and non-TB controls and tested performances of five
different sizes of gene signatures derived from these models to
determine whether IFN- and IFN+ TB patient groups’ signatures
differed. The optimal balance between signature size and model
performance was 20 transcripts in case of the IFN+ and 50
transcripts in case of the IFN- signature (Supplementary
Figure 8 and Supplementary Table 1). We then derived the two
signatures from the training MDS and tested their performances
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FIGURE 2 | Differences in the gene expression patterns of IFN- and IFN+ TB patients. (A) Normalized expression of the BATF2 gene is significantly higher in IFN+
than IFN- TB patient or healthy groups. The p-values were calculated for pairwise comparisons using Wilcoxon test. (B) PC2 and PC7 present the difference in the
gene expression data of IFN+ and IFN- TB patient groups from the training MDS. (C) GSA performed on the list of genes from TB patients from training MDS sorted
by decreasing weights in PC2. (D) GSA performed on the list of genes from TB patients from MDS sorted by decreasing weights in PC7. GSA indicates that
modules related to T cells and inflammation are responsible for differences in IFN status of the TB patients.

with respect to identification of TB patient groups in the test MDS
and two independent TB validation data sets, as well as in the
identification of sepsis patients who also present IFN responses.
This strategy allowed us to determine whether the signatures were
TB-specific and not only IFN-specific. The study scheme is
presented in the Figure 5A and the performance of the IFN+ and
IEN- TB signatures in cross-validation in the Figure 5B.

The IFN- signature showed a slightly better overall
performance in the identification of TB patients (AUC = 0.86,
95% CI = 0.82-0.90; Figure 5C) in the validation set over the
IFN+ TB signature (AUC = 0.84, 95% CI = 0.80-0.89;

Figure 5C). Even though greatest sensitivity and specificity
were obtained by the IFN+ signature in the classification of
IEN+ TB patients, this model had lower specificity when
discerning between IFN- and IFN+ TB patients against OD
patients as well as the between the IFN- TB patient groups
versus healthy individuals.

Performance of IFN+ and IFN- Signatures

on Validation Datasets
We next validated the IFN- and IFN+ RF models on two
independent datasets [(15, 47); Table 1]. In the first validation
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FIGURE 3 | Expression of IFN inducible CXCL10 gene, IFNAR2 and IFNGR2 receptor genes in IFN+ and IFN- TB patient groups and healthy controls. Significant
differences have been observed between the expression of IFN-inducible genes between IFN- and IFN+ TB patients. The p-values were calculated for pairwise
comparisons using Wilcoxon test.

p=0.428

p=0.001

[ PN+ TB

B Fn-TB

Count

p<0.001

Minimal Moderate ~ Advanced

T
No disease

FIGURE 4 | Relationship between IFN status and lung pathology of TB
patients. The vast majority of TB patients with moderate (p = 10°°) and
advanced (p = 4-107) pathology is IFN+ whereas absence of pathology is
most prevalent in the IFN- TB patient group, indicating that the IFN endotype
is associated with a higher level of pathology in TB patients. The p-values
were calculated for pairwise comparisons using Fisher’s exact test for count
data with Bonferroni correction.

set of 21 samples from China containing IFN+ TB patient group
and healthy individuals, both models achieved robust
discrimination between TB patients and healthy individuals
(Figure 5D). In contrast, on the set of 202 samples containing
a mixed population of IFN+ TB patient group, sarcoidosis

patients and healthy individuals of different ethnicities from
London, the IFN- TB signature failed to correctly discriminate
the IFN- TB patient group from patients with sarcoidosis
(Figure 5E). Even though the IFN- signature was more
universal and stable in discriminating TB patients against
healthy and OD controls, it was insufficient for discrimination
of TB from sarcoidosis.

Additionally, we used the TB IFN+ and TB IFN- signatures
on datasets from sepsis patients to test whether our signatures
did not only detect the IFN responses but also were specific for
TB. Both IFN+ and IFN- TB signatures were not sensitive to
sepsis (Supplementary Figure 9).

Influence of Time After Infection

on IFN Status

We embarked on clarifying whether the IFN status of TB patients
was influenced by time p.i. TB patients are diagnosed at various
time periods of unknown lengths p.i. Therefore, we interrogated
the impact of time p.i. between infection and diagnosis on IFN
status. To this end, we harnessed a data set from a controlled Mtb
infection experiment of 38 Cynomolgus macaques (18). In this
study, animals were infected with Mtb at a fixed time point and
blood samples were collected at 11 time points within 6 months
p-i. The WB transcriptome had been profiled by mRNA-array at
each time point and diagnosis of infection outcome was based on
clinical definitions of active TB and LTBI, as well as on the basis
of total lung inflammation measured by positron emission
tomography - computed tomography (PET-CT) as abundances
of ['®F] fluorodeoxyglucose (FDG) as surrogate marker of
severity of pulmonary pathology (18). Sixteen out of the 38
infected macaques developed active TB while 22 remained with
LTBI during the time frame of the study (18).
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At each time point of the study, we assigned these animals
either the IFN+ or IFN- status based on the GSA. We observed
the peak of the type I IFN response between the 20th and 42nd
day p.i. Intriguingly, enrichment in IFN modules was
independent from the disease status: between days 20 and 42
p.i., the majority of animals which developed active TB disease as
well as those which remained asymptomatic presented strong
enrichment in IFN gene sets (Figure 6, Supplementary
Figure 10). Animals progressing to active TB had a prolonged
activation of IEFN type I response in comparison to animals with
LTBI: 75% of them presented enrichment with p-value < 0.0001
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FIGURE 5 | Performance of IFN+ and IFN- signatures on test and validation datasets. (A) The validation scheme. To assure the performance of the method four
types of validation were used. (B) ROC curve presenting the trade-off between sensitivity and specificity of the signature derived from training set consisting of
transcriptomic profiles from IFN- TB patients and non-TB controls (healthy, LTBI and OD) and tested on the test set. (C) Signatures’ performance in classifying TB
patients in the test MDS containing IFN+ TB, IFN- TB, healthy and OD controls. (D) Signatures’ performance in classifying TB patients in the validation dataset from
China containing only IFN+ TB patient group and healthy controls. (E) Signatures’ performance in classifying TB patients in the validation dataset derived from the samples of
individuals from London, including IFN+ TB patient group, sarcoidosis patients and healthy individuals. Error bars represent 95% confidence intervals for mean value.

at day 56 p.i. compared to 27% with LTBI. Average numbers of
time points in which animals with active TB presented
enrichment in “IEN type I” gene set with p-value < 0.0001
were 5.9 compared to 4.6 time points in which LTBI animals
presented the enrichment in the same module. Additionally, the
animals with active TB which had to be at certain time point
excluded from the study due to high pathology presented peak of
the “IFN type I” gene set enrichment in the last measurement
before the exclusion from the experiment, which indicates that
the strong IFN enrichment corresponded with heavy disease
manifestation. We conclude that the strong regulation of IFN
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TABLE 1 | List of publicly available studies acquired for the analysis.

MDS
Accession number Citation

GSE19491 @)

GSEA47673 ©)

GSE28623 7

GSE34608 (10)

GSE42834 @)
GSE39941 (49)

GSE73408

Study location Number of cases

54TB

96 OD

93 CTRL

215 TB

194 OD

175 CTRL

46 TB

62 CTRL
8TB

18 sarcoidosis
18 CTRL
35TB

91 OD

113 CTRL
114 TB

175 0D

57 CTRL
35TB

39 pneumonia
35 CTRL

London, South Africa

Malawi, South Africa

The Gambia

Germany

London

South Africa, Malawi, Kenya

USA

Validation data sets

Accession number Citation

Study location Number of cases

TB

GSE54992 (15)

GSE83456 39)

China 9TB

12 CTRL
45TB
47 EPTB
49 0D

61 CTRL

London

Sepsis

GSE13904 (50)

GSE9960
GSE28750

USA 32 sepsis

67 septic shock

22 SIRS

18 CTRL

70 sepsis

27 sepsis

30 post-surgical sepsis
20 CTRL

Australia
Australia

OD, patients with disease other than TB; CTRL, healthy control patients; EPTB, extrapulmonary TB patients; SIRS, systemic inflammatory response syndrome.

signaling genes is not specific for active TB, yet, it was present for
a longer time in animals with active TB. The enrichment in IFN
modules was not correlated with time p.i. In fact, in the LTBI
animals the IFN response decreased after a peak between days 20
and 30 p.i. (Figure 6 and Supplementary Figure 10) while in
animals with active TB the enrichment remained on a high level
after the peak between the days 20 and 42 p.i.

Gene Set Analysis Suggests Additional
Potential Endotypes in TB Patients

Given the differences between groups of TB patients classified as
IFN+ and IFN- using GSA we hypothesized that the IFN+ TB
endotype can be characterized by additional properties other
than intensities of IFN responses, and that potentially also other
endotypes of TB patients may exist, which are not correlated with

the IFN responses. To this end, we performed an explorative
analysis targeted at discovering gene sets which differ in their
enrichment between individual patients, accounting for their
correlation to IFN responses. We calculated the correlation
between eigengenes of the KEGG and MSigDB Hallmark gene
set collections and IFN gene set (first PCA components). These
databases have a broader (although less specific) scope than the
BTMs. Next, we performed GSA using those gene set collections
and tested the independence from IFN gene set enrichment in
individual proportions. For several of them, the enrichment in
individual patients strongly correlated (positively or negatively)
with the IFN status. This was the case among others for
“Hallmark p53 pathway” module (correlation coefficient of the
eigengenes r=0.98), “NF-kappa B signaling pathway” (r=0.96),
“Hallmark complement” (r=0.96), “T cell receptor signaling
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FIGURE 6 | Enrichment of the “IFN I” module in individual macaques over time p.i. Horizontal axis corresponds to time p.i.; vertical axis shows the —logyo of FDR in
the enrichment (higher values mean lower adjusted p-values; values above the blue line are significant at p < 0.05). Each line corresponds to one animal. Top panel
shows macaques which developed active TB disease; lower panel shows macaques which did not develop disease.

pathway” (r=-0.94), “Th17 cell differentiation” (r=-0.94).
Likewise, the proportion of patients presenting enrichment in
those modules significantly overlapped with the enrichment in
the IFN gene set (p-value from chi” test <0.05). This suggests that
the “IFN-rich” endotype is distinguished not only by its
pronounced IFN response but also by pronounced NF-kappa B
signaling and complement system signaling, while the genes
belonging to T cell receptor signaling pathway and Th17 cell
differentiation are strongly down-regulated in this endotype
(Figure 7A and Supplementary Table 2). This allowed us to
additionally characterize the IFN+ TB endotype not only based
on its IFN response but also on other characteristic gene
expression features presented by the TB patients with a
pronounced IFN response.

We also identified several gene sets which were not correlated
with IFN responses, but which nonetheless showed a significant
variability in individual patients while at the same time showing
differences in enrichment between patients and healthy controls.
The enrichment in those modules was much weaker
(p-value <0.05 before Benjamini-Hochberg adjustment; p-value
>0.05 after the adjustment) and occurred far less commonly
among TB patients from different cohorts than the enrichment in
the IFN modules. To unravel these, for each given gene set, we
tested the correlation of enrichments across all TB patients

between the given gene set and the IFN response. This yielded
16 gene sets (out of 388 analyzed in total) which showed
enrichment (p-value <0.05 before Benjamini-Hochberg
adjustment) in at least 10% of TB patients in the MDS and
with no enrichment in the remaining TB patients and, at the
same time, no significant correlation with the IFN response
(p-value > 0.05; Figure 7C). The collection of those 16 gene
sets could be grouped into 4 TB endotypes within which the
enrichment of the gene sets among the TB patients was
correlated (Figure 7C). Since such defined endotypes were
characterized by correlated, weak enrichment in gene sets with
unclear biological connection that we could identify, we named
them “Weak TB endotype I-IV” (“WTBEI”, “WTBE II”, “WTBE
17, and “WTBE IV”). The WTBE I, WTBE II, and WTBE III
each included at least one gene set which is related to
mechanisms that have been previously described as important
in TB disease and could lead to diverse clinical characteristics of
TB among patients: (1) calcium reabsorption, (2) insulin
secretion, and (3) amino acid (D-Arginine and D-ornithine)-
metabolism (53-55).

We also observed a spectrum of responses presenting strong
enrichment in various subgroups of patients, which only partially
overlapped with the IFN endotype. To narrow down the results,
we focused only on the responses which were present in more
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than 10% of the TB patients in MDS, where the 10% consisted of
TB patients from at least 6 out of 7 investigated cohorts.
Furthermore, to exclude gene sets linked strongly to the IFN
endotype, we considered only gene sets which were enriched
independent of IFN gene set enrichment. Nine modules
presented strong enrichment correlated with r<0.5 and chi® p-
value > 0.05: “platelet activation - actin binding”, “PLK1
signaling events”, “Mitochondrial Stress/Proteasome”,
“Platelets”, “cell cycle”, “Erythrocytes”, “Monocytes”, “mitotic
cell cycle in stimulated CD4 T cells”, “Hallmark heme
metabolism” (Figure 7B and Supplementary Table 2). The
role of platelets has been previously described as detrimental in
primary progressive TB (56).

DISCUSSION

Using a novel approach to transcriptome analysis, we discovered
individual variability among TB patients across seven cohorts,
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FIGURE 7 | Exploratory analysis suggests additional potential endotypes of TB. The enrichment in KEGG and Hallmark MSigDB gene collections presented
variability among individual TB patients which was strongly correlated (A), completely uncorrelated (C) or moderately correlated but occurring only in a not-significant
proportion of patients with IFN+ status (B). Red color in each plot represents high eigen value from PC1 for particular gene set and patient, while blue shows low
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in particular with respect to IFN responses. Principally, IFN
responses are induced by IFN type I or IFN type II which cause
harmful or beneficial sequelae, respectively, in TB. We found that
IFN responses were not equally distributed amongst TB patients.
Rather, in a subgroup of TB patients, IFN responses were the
dominant immune responses, which we defined as IFN+ group
of TB patients while they were less pronounced in the group
defined as IFN- group of TB patients. The distinct population of
TB patients who did not develop IFN responses detectable by
GSA presented less severe lung pathology. The findings were
complemented by non-human primate studies which revealed
that enrichment in IFN gene sets is not a result of time p.i.
Finally, we determined that the gene signature from the IFN- TB
patient group provided comparable, slightly higher sensitivity
and specificity for overall diagnosis of TB, primarily because of
better classification of IFN- TB patients from OD patients, and
analyzed further mechanisms differentially regulated between
subgroups of TB patients which should be further explored as
new potential TB endotypes with different underlying host
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immune responses. Our results revealed various enrichment
patterns among TB patients within cohorts, which could be
reproduced between cohorts. The dominant patterns included
enrichment of modules including T cells, B cells, innate
immunity, IFN signaling, monocytes and erythropoiesis.
However, 30% of the TB patients did not present enrichment
in IFN related modules.

Two types of IFN signaling are considered crucial for the
outcome of TB: (i) the IFN I signaling pathway is thought to be
mostly detrimental and (ii) the IFN II pathway is considered to
play a major role in protection (42). Yet, our analyses revealed
that the majority of TB cases shared IFN I and IFN II response
enrichments indicating that detrimental and beneficial
mechanisms coexist in active TB disease in a fine-tuned way.
Consistently, lung pathology was far more prevalent in the IFN+
than IFN- TB patient groups. Possibly, the balance between both
types of IFN determines the outcome of the infection.

Unsupervised analysis identified that samples collected from
IEN- and IFN+ TB patient groups cluster together but are shifted
with regard to each other. GSE on the weights of genes revealed
contribution of T cells, which are potent producers of IFN y and
IFN o cytokines (42). PCA of samples from TB patients showed
that even though the data had been normalized, differences
between datasets from different studies still stratified the data
(Supplementary Figure 4D).

Our analysis demonstrates that differences in the enrichment of
IEN related modules is not a consequence of varying abundances of
IFN o, IFN f or IFN vy in WB since the IFN+ and IFN- patient
groups presented similar expression of IFN o, IFN [ and IFN vy
genes. Rather, significant differences in the expression of IFN ocand
IEN v receptors and ISGs such as CXCL10 between the IFN+ and
IFN- TB patient groups were critical. We conclude that regulation of
gene expression in IFN+and IFN- TB patient groups was not caused
by differential expression of IFN o, § or v, but by differential
expression of IFNR genes and ISGs.

The abundance of the transcript BATF2 contributed to the
differences in enrichment observed between IFN+ and IFN- TB
patient groups. The BATF2 levels were significantly higher in
IFN+ than IFN- TB patient groups. This leucine zipper
transcription factor has been shown to exacerbate lung
pathology in an experimental mouse model (43) and has been
suggested as a single biomarker for TB (44). We conclude that
BATEF2 is regulated by IFN and primarily detrimental in TB.

We defined diagnostic signatures of IFN+ and IFN- TB
patient groups using ML methods. The selected IFN+ signature
comprised 20 transcripts, while the optimal IFN- signature
consisted of 50 transcripts. 7 transcripts were present in both
IEN+ and IFN- TB signatures: GBP5, AIM2, GBP2, POLB,
WARS1, LHFPL2, DUSP3. Several of these genes are related to
IFN-signaling which emphasizes the important role of IFN in TB
even in patients in whom IFN signaling is enriched marginally.

The IFN+ and IFN- signatures were assessed on the test MDS
and validated on two independent datasets, one including
healthy controls and TB patients from China (15) and one
including healthy controls as well as TB and sarcoidosis
patients from an ethnically diverse population in London (47).

The signature derived from the IFN+ TB patient group was
highly sensitive and specific towards IFN+ TB patient groups,
however its performance was unsatisfactory with respect to
discriminating between the IFN- TB patient group from
healthy, and in particular against patients with OD. The IFN-
TB signature presented slightly higher AUC values for
identification of TB patients in the test set, but lower ones in
the two validation sets. To the advantage of the IFN- TB
signature, its classification was characterized by similar
sensitivity and specificity for discriminating IFN- and IFN+
patient groups against healthy, OD and all non-TB controls.
The exception was the discrimination of TB versus sarcoidosis
patients, which was only satisfactory for the IFN+ TB signature.
TB and sarcoidosis have been shown to present a remarkably
high overlap between biomarkers that discriminate versus
healthy controls (10). In summary, our results demonstrate that:
(i) the IFN+ and IFN- TB patient groups were characterized by
different signatures; (ii) the IFN- TB signature identified the IFN+
TB patient group whereas the IFN+ signature failed to diagnose the
IFN- TB patient group; (iii) even though the TB IFN- signature was
more stable in detecting TB patients, it failed to differentiate
between IFN+ TB patient group and sarcoidosis patients.

Using datasets from the macaque TB model from Gideon
et al. (18) we probed whether the IFN status in TB can be
explained by the time p.i. The heterogeneity in IFN responses
was observed in the animals independent of the severity of TB
disease and did not correlate with the time p.i. We observed a
slight overall increase of IFN responses between 20- and 40-day
p.i. corresponding with the findings of Gideon et al. (18). During
this time period adaptive immunity kicks in (57). The effect size
and p-value of enrichment in IFN gene sets in given animals did
not correspond with the establishment of active TB or LTBI and
varied among diseased as well as LTBI animals. Thus, a strong
IEN response upon Mtb infection did not correlate with a
particular stage of infection and progression to active disease,
and its dynamics was highly individual.

In the study of Berry et al. (2010) the transcriptomes of eight
out of 52 LTBI patients clustered with profiles of TB patients and
four out of 21 TB patients presented transcriptional profiles
resembling those of LTBI. Similar observations were reported by
Blankley et al. (47) who determined transcriptional profiles of 61
healthy donors, 47 patients with extrapulmonary TB, 45 patients
with pulmonary TB and 49 donors with sarcoidosis. They found
that a subset of patients with TB clustered with the healthy
donors. The GSA enrichment scores of modules related to IFN
responses reflected the extent of symptoms presented by the
study participants (47). As suggested by the recent studies of Zak
etal. (8), Suliman et al. (9) and Singhania et al. (58), classification
as ‘“TB’ and ‘non-TB’ by clinical assessment and transcriptomic
profiling can be confounded by subclinical incipient TB and early
stages of progression to active TB disease. Transcriptomic
profiling, but not clinical diagnosis, identifies subclinical TB
and risk of progression to active TB within 12 months (8, 9).
Our study further emphasizes the need to better define the
continuum from LTBI to subclinical TB to active TB disease
and also to distinguish between different endotypes of active TB.
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To this end, we next explored the possibility of further novel,
molecular endotypes of TB, which are not directly linked to IFN
responses. We found that TB patients differ in the activity of
genes associated with calcium signaling, insulin signaling and
amino acid metabolism. These findings introduce an exciting
new avenue of exploring pathways linked to TB. We are aware
that our results are based on lack of an observed correlation with
the IFN response — and thus might indicate lack of evidence for
association with IFN rather than evidence of lack. However,
given the large number of patients on which we based our study,
we feel reasonably confident that if such effect exists, its
magnitude must be small. Clearly, as these findings are based
on an exploratory analysis, a further validation targeted directly
at our hypotheses will be essential. The concept of endotypes to
describe subgroups of patients on the basis of distinct
transcriptomic, epigenetic or metabolic features has been
applied to several diseases, most recently also to TB (21). A
combination of a specific endotype and certain environmental
factors has important impact on the disease phenotype. It is
likely that different endotypes require distinct types of host-
directed therapy (2). Our data support the definition of
molecular endotypes of TB with the IFN subtypes described
here as major but not exclusive contributors.

Although our study provides deeper insight into individual
variability among TB patients at the level of gene expression,
there are limitations: first, human cohorts are highly variable due
to numerous factors including genetic variability, conditions of
life and circumstances of infections (such as coinfections, the
frequency of reinfection with Mtb, and time to and reason of
diagnosis). Additional confounders include varying study
designs and conduct, as well as technical variation. To partly
account for these confounders, we validated our results in several
ways including cross-validation and leaving 20% of the acquired
studies unprocessed for independent testing, acquisition of
independent validation datasets and testing the gene signatures
of IFN+ and IFN- TB on a different disease - sepsis. Application
of our data collection, normalization and analytical methods in
numerous external datasets revealed that the proposed analytical
framework is robust and can be used in other multi-cohort
studies. Our dataset collection selected out of published TB
datasets and newly defined sets of IFN I, IEN II as well as IFN
I and II inducible genes can be accessed on the website: (https://
github.com/terkaterka/immune-response-to-TB).

An important conclusion from our study is that TB disease
signatures are confounded and biased if they do not account for
individual variability between study participants. The complexity
of human TB presenting a continuum from LTBI to subclinical
TB to different forms of active TB disease implies that the
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assignment of TB patients into one of the two general classes:
‘diseased’ or ‘healthy’ is insufficient. Future focus should lie on
detection and exploration of other than IFN determinants of the
course of TB in individual patients. It is thus most likely that
active TB manifests as different endotypes which may need
personalized treatment regimens as alternative or in adjunct to
canonical treatment regimens. Notably, host-directed therapy will
most likely differ in these two endotypes of active TB described
here with the IFN+ group likely benefiting from IFN dampening
and the IFN- group likely from IFN promoting therapy.
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Subjects with immune-mediated inflammatory diseases (IMID), such as rheumatoid
arthritis (RA), have an intrinsic higher probability to develop active-tuberculosis (TB)
compared to the general population. The risk ranges from 2.0 to 8.9 in RA patients not
receiving therapies. According to the WHO, the RA prevalence varies between 0.3% and
1% and is more common in women and in developed countries. Therefore, the
identification and treatment of TB infection (TBI) in this fragile population is important to
propose the TB preventive therapy. We aimed to study the M. tuberculosis (Mtb) specific
T-cell response to find immune biomarkers of Mtb burden or Mtb clearance in patients
with different TB status and different risk to develop active-TB disease. We enrolled TBI
subjects as example of Mtb-containment, the active-TB as example of a replicating Mtb
status, and the TBI-IMID as fragile population. To study the Mtb-specific response in a
condition of possible Mtb sterilization, we longitudinally enrolled TBI subjects and active-
TB patients before and after TB therapy. Peripheral blood mononuclear cells were
stimulated overnight with Mtb peptides contained in TB1- and TB2-tubes of the
Quantiferon-Plus kit. Then, we characterized by cytometry the Mtb-specific CD4 and
CD8T cells. In TBI-IMID, the TB therapy did not affect the ability of CD4 T cells to produce
interferon-vy, tumor necrosis factor-a, and interleukin-2, their functional status, and their
phenotype. The TB therapy determined a contraction of the triple functional CD4 T cells of
the TBI subjects and active-TB patients. The CD45RA” CD27" T cells stood out as a main
subset of the Mtb-specific response in all groups. Before the TB-preventive therapy, the
TBI subjects had higher proportion of Mtb-specific CD45RA CD27"CD4" T cells and the
active-TB subjects had higher proportion of Mtb-specific CD45RA CD27 CD4™ T cells
compared to other groups. The TBI-IMID patients showed a phenotype similar to TBI,
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suggesting that the type of IMID and the IMID therapy did not affect the activation status of
Mtb-specific CD4 T cells. Future studies on a larger and better-stratified TBI-IMID
population will help to understand the change of the Mtb-specific immune response
over time and to identify possible immune biomarkers of Mtb-containment or

active replication.

Keywords: tuberculosis, immune-mediated inflammatory disease, M. tuberculosis, IFN-y, CD27

INTRODUCTION

M. tuberculosis (Mtb) was estimated to be responsible for 10
million of new active tuberculosis (TB) disease cases and about
1.4 million TB deaths in 2019 (1). Almost a quarter of the world
population is estimated to have TB infection (TBI) (2). However,
only 5-10% of individuals with TBI will progress to active-TB
disease during their lifetime (3). TB disease risk progression is
higher within the first 2 years after Mtb exposure (3-6) and is
strictly dependent on the efficiency of the immune system to
control Mtb.

Indeed, among patients with the dysregulation of the immune
system, subjects with immune-mediated inflammatory diseases
(IMID), such as rheumatoid arthritis (RA), psoriatic arthritis
(PsA), and ankylosing spondylitis (AS), have an intrinsic higher
probability to develop active-TB compared to the general
population (7-10). The risk ranges from 2.0 to 8.9 in RA
patients not receiving therapies, and is lower in PsA and AS
patients (7-11). The therapeutic strategy for IMID deeply
changed thanks to the introduction of biologics drugs
inhibiting specific pathway of the immune response. Briefly, we
distinguish two main categories of biological drugs based on
their action on tumor necrosis factor (TNF)-o:: anti-TNF-o
agents and non-anti-TNF-o agents. The anti-TNF-o agents,
mainly but not exclusively monoclonal antibodies, include
infliximab, adalimumab, golimumab, certolizumab pegol, and
etanercept. The non-anti-TNF-o. biologics include anti-
Interleukin (IL)-1 anakinra, IL-6 inhibitor tocilizumab, anti-
CD20 rituximab, anti-CD28 abatacept, anti-IL-12-23
Ustekinumab, anti-IL-17 secukinumab, and ixekizumab (10).

Recently, tofacitinib, baricitinib, upadacitinib, and filgotinib,
a new class of synthetic drugs targeting the Janus kinases (JAKs)
system, have been licensed for the treatment of rheumatoid
arthritis (12). TB-reactivation risk associated with the JAK
inhibitors seems negligible (13). However, since their recent
marketing in Europe, these drugs were not investigated in the
present study.

Among the different biologic agents, the anti-TNF-o
increases the risk to develop TB disease up to 10 times (10).
Indeed, TNF-a is fundamental for the Mtb-containment,
inducing the construction and maintenance of the granuloma
and stimulating the phagocytic ability of macrophages (10).
Moreover, in vitro studies on Mtb-infected cells demonstrated
that anti-TNF antibodies such as infliximab and adalimumab
inhibit T-cell activation and IFN-y production (14). Therefore,
the risk related to Mtb-reactivation is associated with the direct
effect of TNF-o blocking and to the indirect inhibition of other

immune mediators. Differently, biologic drugs based on
inhibition of IL-1, IL-6, IL-12-1L-23, IL-17, and CD28
lymphocytes act with less consequences on the granuloma
integrity (11).

Therefore, the Mtb reactivation of IMID patients is due to
both immune dysregulations related to the specific IMID and to
the current therapeutic strategy.

Before starting the biologic therapy, based on these evidences,
it is necessary to diagnose TBI among IMID patients and offer
them the TB preventive therapy, preferably (11). Currently, the
tuberculin skin test (TST) and the interferon-y release assays
(IGRAs), such as the QuantiFERON-TB Gold Plus (QFT-Plus)
(Qiagen) and the T-Spot-TB (Oxford Immunotec), are the
available commercial tests for detecting TBI (3, 15-18).
Unfortunately, they have a poor predictive value for TB
developing (3, 5, 15, 16, 18, 19). A recent meta-analysis
reported that anti-TNF-o drugs significantly reduce the rate of
positive score to IGRAs (20) and it has been demonstrated that
IGRAs are falsely negative scored in RA patients with CD4 T-cell
counts <650/ul and/or CD8 T-cell counts <400/ul (21).
Moreover, we have recently demonstrated that that TBI-IMID
had a lower IFN-y response to QFT-Plus, with a higher
proportion of results in the “uncertainty zone” (22) of QTEF-
plus assay compared to TBI individuals (23).

Several studies demonstrated that the TBI subjects with
remote Mtb exposure, re-exposed to Mtb, had a lower
probability to progress to active-TB disease compared to
recently Mtb-infected subjects (4, 24), suggesting that the
remote TBI achieved a sort of immune control of Mtb-
infection. Probably in remote TBI individuals, Mtb remains in
alow replication status continuously stimulating at low grade the
immune system and favouring its containment. Indeed, several
studies showed a decline of IFN-y response levels during
successful therapy, a condition of low or absent bacterial load
(25-27). Due to the adult age of the manifestations of IMID, the
majority of TBI-IMID subjects have a remote infection usually
discovered during the TBI screening proposed before starting the
biologics (28). Although a remote Mtb exposure, the TBI-IMID
have an intrinsic higher risk to develop the active-TB disease (7,
10). In the last decade, several reports proposed that the
differentiation status and functional ability of CD4 T cells
depended on the degree and length of Mtb exposure (29, 30).
Therefore, the different states of Mtb-infection could be
identified by the differentiation status and functional ability of
T cells (31, 32). Recently, it has been demonstrated that highly
activated and moderately differentiated functional Mtb-specific T
cells are potential immune biomarkers to discriminate recent and
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remote TBI individuals (29). Active-TB status has been
associated to high level of cell-activation markers such as
HLA-DR (33-37) or to the loss of CD27 (38-42).

In the last few years, several studies focused on the role of
CDS8 T cells in the Mtb-infection (32, 43-45). The CD8 T-cell
response has been associated to Mtb load, showing that patients
with active-TB and recent Mtb-infection have an increased Mtb-
specific CD8 T-cell response (23, 25, 46-50). Moreover,
decreased CD8 T-cell response during anti-TB treatment has
been shown in longitudinal studies (25).

Currently, few reports are available on Mtb-specific immune
response characterization in TBI-IMID. In this regard, Mtb-
specific T cells producing IFN-y, TNF-o, and IL-2 have been
described in TBI-IMID patients under TNF-o antagonist
therapy (51). Moreover, IFN-y, IL-17, and IL-4 cytokines,
which characterize three categories of differentiated CD4 T
cells, may help distinguish the active-TB status from TBI-IMID
with high specificity but low sensitivity (52).

Based on these findings, we aimed to study the Mtb-specific
T-cell response to find immune biomarkers of Mtb burden or
Mtb clearance in patients with different TB status and different
risk to develop active-TB disease, such as the TBI-IMID
individuals. We enrolled TBI subjects as a model for Mtb-
containment, the active-TB as a model for replicating Mtb
status, and the TBI-IMID as fragile population to contextualize
it in the spectrum of TB. Moreover, to study the Mtb-specific
response in a condition of possible Mtb sterilization, we
longitudinally enrolled TBI subjects and active-TB patients
before and after TB therapy.

MATERIAL AND METHODS

Population Characteristics

This study was approved by the Ethical Committee of “L.
Spallanzani” National Institute of Infectious Diseases (INMI)-
IRCCS, approval number 72/2015. Written informed consent
was required to participate in the study conducted at INMI. We
prospectively enrolled HIV-uninfected subjects with TBI with
and without IMID and patients with pulmonary active-TB.
Microbiologically diagnosed active-TB was defined based on
the Mtb isolation from sputum culture. Active-TB patients
were enrolled within 7 days of starting the specific TB
treatment (T0) and at the end of therapy (T1).

In the absence of clinical, microbiological, and radiological
signs of active-TB, TBI was defined based on a positive score to
QFT-Plus (Qiagen, Hilden, Germany). The TBI cohort included
subjects with a remote infection (contact with a smear-positive
pulmonary TB patient at least 3 years before the enrolment) and
subjects reporting a recent contact (within 3 months). TBI
subjects reporting a time of exposure between 4 months and 3
years were not enrolled (38). TBI subjects and TBI-IMID
patients were enrolled before starting the specific TB
preventive therapy (T0) and at the end of treatment (T1).
Demographic and epidemiological information were collected
at enrolment and are reported in Table 1. The information

relative to the type of IMID and IMID-therapy are reported
in Table 2.

QFT-Plus Evaluation

QFT-Plus assay was performed for each patient at TO and T1.
Two TBI-IMID and one active-TB patients did not perform the
T1 evaluation. QFT-Plus kits were used according to
manufacturer’s instructions (53). The QFT-Plus Analysis
Software (available from www.quantiFERON.com) was used to
analyze raw data and to calculate the IFN-y results in
international units per milliliter (IU/ml). The software
performs a quality control assessment of the assay, generates a
standard curve, and provides a test result for each subject. Test
results were interpreted according to manufacturer’s criteria
(53). TB1 tube contained peptides designed to induce mainly a
CD4 T-cell response, whereas TB2 tube contained peptides to
induce both a CD4 and CD8 T-cell response (48, 49).

Intracellular Staining Assay
Intracellular staining (ICS) was performed for each patient at TO
and TI1. Peripheral blood mononuclear cells (PBMCs) were
isolated using Ficoll density gradient centrifugation with the
SepMateTM tubes (StemCell) and resuspended in complete
RPMI-16-40 medium (Gibco, CA, USA) with 10% fetal bovine
serum (PAA Laboratories GmbH, Pasching, Austria). To
characterize by flow cytometry the Mtb-specific T-cell
response, 1 x 10° PBMC resuspended in 1 ml of medium were
dispensed in TB1, TB2, Mitogen, and Nil tubes of the QFT-Plus
kit. After a 1 h incubation, PBMCs were transferred in
polystyrene round-bottom tubes, and 1 ul/ml of Golgi plug
(BD Biosciences, San Jose, USA) was added to inhibit cytokine
secretion. Anti-CD28 and anti-CD49d monoclonal antibodies
(mAD) at 2 pg/ml each were added to co-stimulate cells.
Following an incubation of 16-24 h, the ICS was performed.
As previously described (46), PBMCs were stained with anti-
CD4 peridinin chlorophylprotein (PerCp)-Cy5.5 conjugate,
anti-CD8 allophycocyanin (APC)-H7, anti-CD3 conjugate PE-
cyanine 7 (Cy7), anti-IFN-y Pacific Blue (PB) conjugate,
anti-TNF-o fluorescein isothiocyanate (FITC), anti-IL-2
R-phycoerythrin (PE), anti-CD45RA APC, anti-CD27 Horizon
V500 (all from BD Biosciences).

Flow Cytometry Data Analysis

The Mtb-specific T-cell response was characterized evaluating
the frequencies of CD4 and CD8 T cells producing IFN-v,
TNF-o, and IL-2 (Figure 1). At least 100,000 lymphocytes
were acquired with a FACS CANTO II (BD Biosciences).
Cytometry data were analyzed using Flow]Jo software (Version
9.3). Background cytokine production in the Nil tube was
subtracted from each stimulated condition. If the background
was higher than half of the antigen-specific response, the
results were scored as negative. A frequency of IFN-y-
producing T cells of at least 0.03% was considered as positive
response. The cytokine profile has been evaluated only in
patients with a positive total response to the Mtb stimulation
using the Boolean gate function of FlowJo software. For
responders, we also calculated the functional differentiation

Frontiers in Immunology | www.frontiersin.org

94

August 2021 | Volume 12 | Article 716857


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

Petruccioli et al.

M. tuberculosis Immune-Response in TBI-IMID Patients

TABLE 1 | Clinical characteristics of enrolled patients.

N

Timing of TBI infection N (%):
Recent
Remote

Age median (IQR)

Sex: Female N (%)
Origin N (%)

West Europe

East Europe

Africa

Asia

South America

BCG vaccinated N (%)
Therapy N (%)

H

H+R

H+R+Z+E
H+R+E+quinolone
Therapy duration median (IQR)

QTF Plus N (%) at the time of enrolment®

Positive
Negative

Number of lymphocytes x10%/ul at TO median (IQR) %%

Number of lymphocytes x10¥ul at T1 median (IQR) 5%

P values of the comparison of the number of lymphocytes x10%ul at T1 vs the number of

lymphocytes x10%ul at TO *

TBI-IMID

14

2 (14)
12 (86)
63 (54—

75)

6 (43)

10 (71.4)
2(14.3)
1(7.1)
1 (7.1)

0(0)

4 (28.5)

14 (100) *
11 (78.6)
3(21.4)

6 (4.6-6)

12 (86)
2 (14)
1.9(1.5-
2.2)
1.6 (1.5-
2.1)
0.75

TBI

12

8 (67)
4(33)
37 (22—
53)

9 (75)

6 (50)
5 (42)
18
0(0)
0(0)
6 (50)
12 (100)
8(66.7)
4(33.9)

6 (3-6)

11 (92)
08

2 (1.6~
2.3)

1.9(1.8-
2.4)
0.73

Active-TB

13

NA
NA
38 (26-42)

©
®)
®
8 (61.5)

13 (100) ©

0
1
1

2 (1.7-2.8)

0.002

TOTAL

39

45 (29—
56)
21 (53)

2
1

56)
)

w

KLag
=2

2
2
2
2
13
18 (46)
39 (100)
18 (46.2)
7(17.9)
12 (30.7)
1(2.6)
NA

BTG DG

34 (87)
3(77)
1.8 (1.4-
2.1)
1.9 (1.6-
2.2)

0.006*

0.0002*

0.2070**

0.5295"*

0.2175

NA

NA

0.4299"

0.13*

0.051*

N, Number; TB, tuberculosis; TBI, TB infection; BCG, bacillus Calmette-Guérin; IQR, interquartile range; H, Isionazid; R, Rifampicin; Z, Pyrazinamide; E, Ethambutol; NA, not applicable
“Kruskal- Wallis test; **Chi Square test; $All TBI and TBI-IMID patients have a QTF-Plus positive results in the past; *One subject performed 2 weeks preventive therapy with H+R then
continued with only H and therefore was included in the H-therapy group; °One patient discontinued and repeated the therapy.*$Data available at TO (or within a month) in 14 TBI-IMID, 11
TBI, 13 Active-TB; $%5Data available at T1 (or within a month) in 14 TBI-IMID, 9 TBI and 12 Active-TB; *Wilcoxon matched-pairs signed rank test applied to compare T0 vs T1: TBI-IMID
patients p = 0.75; TBI subjects p = 0.73; Active TB p = 0.002.

score (FDS) as previously described (29, 30) by applying the

following equation:

_IEN—7y*

IL — 24/~

TNF — o/~

FDS =
IFN — v~

The phenotype as well has been evaluated only in responders,
assessing the proportion of CD45RA and CD27 on the gate of

IL— 24/~

TFN — o/~

CD4 T cells able to produce IFN-y, IL-2, or TNF-o. (total CD4
T-cell response).

The number of CD4 and CD8 responders to TB1 and TB2
stimulation is reported in detail in Table 3.

Statistical Analysis

Data were analyzed using Graph Pad Prism (Version 8.2.1 for
Windows) and Stata (Stata 15, StataCorp. 2017. Stata Statistical

TABLE 2 | Type of disease and type of therapy of TBI-IMID patients, enrolled before and after TB treatment.

Type of therapy Psoriasis(2) Psoriasic arthritis(2) Rheumatoid arthritis(4) Ankylosing spondylitis(6) Total(14)
TO T1 T0 T TO T1 T0 T1 TO T1
Biologic, N 0 0 0 0 0 1% 0 o8H# 0 3
Biologic + CS, N 0 0 0 0 0 1" 0 0 0 1
Biologic +NSAID + ID, N 0 0 0 1* 0 0 0 0 0 1
Biologic + NSAID, N 0 0 0 0 0 0 18 0 1 0
ID, N 1 1 0 0 0 0 1 0 2 1
NSAID, N 0 0 1 1 1 1 1 1 3 3
ID + CS + NSAID, N 0 0 1 0 0 0 0 0 1 0
ID + CS, N 0 0 0 0 2 0 1 1 3 1
ID + NSAID, N 1 1 0 0 0 0 0 0 1 1
No therapy, N 0 0 0 0 1 1 2 2 3 3

TO, before TB therapy; T1, after TB therapy; N, Number; ID, Immunosuppressive Drug; CS, corticosteroids; NSAID, Nonsteroidal Anti-Inflammatory Drug; before *Ustekinumab (anti IL-12/
IL-23),**Tocilizumab (anti-IL6); *Abatacept (anti CTLA4); SGolimumab (anti TNF-a), *Etanercept (soluble receptor blocking the TNFe interaction with cell surface receptors).
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Software: Release 15. College Station, TX: StataCorp LLC). The
median and interquartile ranges (IQRs) were calculated for
continuous measures. Kruskal-Wallis test was used for
comparison among several groups. The Chi-Square and Fisher
tests were used for proportions. The Wilcoxon matched-pairs
signed rank test was used to compare the different time points.
Bonferroni correction was applied when appropriate.

RESULTS

Characteristics of the Population

Thirty-nine subjects at different TB stages were enrolled. The
TB-IMID patients had the higher age compared to the other
groups (p = 0.0002), they included a higher proportion of remote

A B
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FIGURE 1 | Gating strategy and representative panel of Mtb-specific CD4 and CD8 T-cell response in one patient with TBI-IMID. Briefly, lymphocytes were gated
according to FSC and SSC parameters, doublets were excluded (FSC-A/FSC-H), and CD4 and CD8 T cells were gated inside the CD3-T cells subset. Frequency of
IFN-v, IL-2, and TNF-o. producing T cells was evaluated inside CD4 and CD8 subsets. CD45RA and CD27 proportion on Mtb-specific T cells was evaluated inside
the total cytokine response. The CD45RA and CD27 gating position was decided on bulk CD4 and CD8 T-cell subsets. (A) TB2-specific CD4 and CD8 T cells;

(B) Cytokine panels of CD8 T cells stimulated with NIL and MITOGEN; (C) Cytokine panels of CD4 T cells stimulated with NIL and MITOGEN. FSC, forward scatter;
SSC, side scatter; TB2, peptides of TB2 tube of QFT-plus kit; MITOGEN, positive control stimulation of QFT-plus kit; NIL, unstimulated tube of QFT-plus kit.

Mtb exposed subjects compared to TBI (p=0.006), and they have
a similar number of lymphocytes before and after TB therapy
completion (p = 0.75, Table 1). One TBI-IMID patient was taking
biologic drugs at T0 and at T1, and four TBI-IMID patients were
taking biologics at T1 (Tables 2, 4). Regarding the TB therapy, the
majority of TBI-IMID patients received isionazid, whereas only
three received isoniazid and rifampicin for 3 months; one subject
received for 2 weeks isionazid and rifampicine then continued
with isoniazid only. The duration of the preventive therapy
regimen had a median of 6 months (Table 1). The TBI subjects
showed similar lymphocyte counts before and after therapy
(p = 0.73, Table 1) and received mainly isoniazid. Finally, as
expected, patients with active-TB showed a significant increase of
the lymphocyte counts after TB therapy completion (p = 0.002,
Table 1) and received the standard TB regimen.
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TABLE 3 | Number of CD4 and CD8 T-cell responders among IMID-TBI, TBI subjects, and active-TB patients, enrolled before and after TB treatment.

Stimulation and type of T-cell response Type of cytokines produced TBI-IMID(14) TBI(12) Active-TB(13) p*
TO T1 TO T TO T TO T1
N N N N N N
TB1 specific CD4 T cells Any cytokines 13 12 11 10 10 10 0.493 0.878
(93) (86) 92) (83) (77) (77)
IFN-y 12 10 9 8 9 8 0.641 0.913
(86) (71) (75) 67) (69) 61)
TNF-o Al 11 11 8 10 9 0.665 0.822
(78) (78) 92) 67) (77) (69)
IL-2 10 11 10 8 7 7 0.290 0.436
(71) (78) (83) 67) (54) (54)
TB2 specific CD4 T cells Any cytokines 11 12 12 11 11 11 0.340 1.000
(78) (86) (100) 92) (85) (85)
CD4 IFN-y ihl 12 10 10 10 9 1.000 0.610
(78) (86) (83) (83) (77) (69)
TNF-o 10 12 12 9 9 9 0.094 0.641
(71) (86) (100) (75) (69) (69)
IL-2 9 9 10 7 6 8 0.198 1.000
(64) (64) (83) (58) (46) 61)
TB1 specific CD8 T cells Any cytokines 3 4 4 6 3 5 0.811 0.5652
21) (28) (33 (50) (23) 38)
IFN-y 3 4 4 6 3 5 0.811 0.552
21) (28) (33) (50) (23) (38)
TNF-o 0 0 1 0 0 2 0.308 0.194
©) ©) ®) ©) ©) (15
IL-2 0 1 1 2 1 2 0.528 0.716
©) @) ®) (17 ®) (15)
TB2 specific CD8 T cells Any cytokines 2 4 4 8 4 6 0.481 0.160
(14) (28) (33) 67) (30) (46)
CD4 IFN-y 2 4 4 8 4 5 0.481 0.145
(14) (28) (33 67) (31) (38)
TNF-o 0 1 1 2 2 4 0.393 0.291
©) ) ®) 17 (15 (31
IL-2 0 1 0 2 1 1 0.641 0.668
©) () ©) a7 ®) ®)

TO, before TB therapy; T1, after TB therapy; N, Number; *Fisher Test.

QFT-Plus Trend Before and

After TB Treatment

In this study, the diagnosis of TBI is based on a positive IGRA
and clinical and radiological parameters; therefore, the TBI-
IMID and the TBI subjects have for definition a positive IGRA
result. However, among the TBI-IMID patients, two patients had
a negative QFT-Plus at TO and a previously positive IGRA: one
patient had a remote Mtb-infection, whereas the other one had a
recent Mtb-infection and was taking an immunosuppressive

drug. Among the subjects with TBI, one patient with a remote
Mtb-infection had a negative QFT-Plus at TO and a previously
positive IGRA.

Differently, the assumption of a positive IGRA is not a
criterion for the diagnosis of active-TB disease. Evaluating the
QFT-Plus response at TO and T1, we did not observe any
significant differences in any groups (Supplementary Figure 1),
and remarkably, all patients responded to Mitogen stimulation
(data not shown).

TABLE 4 | Comparison of CD4 T-cells cytokine production according to the use of biologic drugs at TO and T1.

Biologic agents N Any cytokine in response to TB1 Any cytokine in response to TB2

TO mean (IQR) T1 mean (IQR) P* TO mean (IQR) T1 mean (IQR) P*
Never 9 0.31 (0.10-0.74) 0.41 (0.14-0.50) 0.722 0.17 (0-0.38) 0.43 (0.21-0.68) 0.094
Only TO 0 - - - - - -
Only T1 4 0.35 (0.24-0.50) 0.26 (0.19-0.74) 0.715 0.39 (0.18-0.55) 0.50 (0.18-0.82) 0.273
TOand T1 1 0.17 (na) 0.30 (na) (na) 0.12 (na) 0.14 (na) (na)
Overall 14 0.29 (0.17-0.54) 0.31 (0.18-0.50) 0.850 0.20 (0.9-0.55) 0.43 (0.15-0.80) 0.032

TO, before TB therapy; T1, after TB therapy; N, Number; *Wilcoxon matched-pairs signed rank test; na, not available.
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Frequency of Mtb-Specific T Cells Is
Similar in Patients Enrolled Before and
After TB Treatment

We evaluated the ability of CD4 and CD8 T cells to produce
IEN-v, IL-2, and TNF-o in response to TB1 or TB2 stimulation
(Figures 2, 3 and Table 3). In Figure 1, we showed a
representative flow-cytometry analysis of Mtb-specific T cells
for each studied group. Regarding the Mtb-specific CD4 T-cell
response, we did not observe significant differences in terms of
number of responders before and after TB treatment in any
groups (Table 3). The frequency of Mtb-specific CD4 T cells,
producing IFN-y, IL-2, and TNF-o, was similar among TBI-
IMID (Figures 2A, B), TBI subjects (Figures 2C, D), and active-
TB patients (Figures 2E, F) at T0 and T1 with the exception of a
lower frequency of TB2-specific TNF-ot" CD4 T cells at TO
compared to T1 in TBI-IMID group (Figure 2B) and a higher
frequency of TB1- and TB2-specific IL-2" CD4 T cells at TO
compared to T1 in TBI group (Figures 2C, D). Moreover, all
groups of patients produced IFN-v, IL-2, and TNF-c in response
to TB1 or TB2 stimulations (Figure 2 and Table 3). Considering
the different IMID therapy of TBI-IMID (Table 2), we indicated
in the graph the presence or not of an undergoing therapy with
biologic drugs at each time point (Figures 2A, B). Stratifying for
the presence of the undergoing biologic therapy (Table 4), we
found that four patients were taking biologics only at T1, one
patient at both TO0 and T1, and nine patients neither at TO nor at
T1. We did not find any significant differences among TBI-IMID
comparing TO and T1 in terms of total response (production of
any cytokines by CD4 T cells) (Table 4). Due to sample size, we
could not stratify for type of biologic agents used and for the
others IMID therapies.

Regarding the Mtb-specific CD8 T-cell response, we observed
a not significant higher number of responders at T1 compared to
TO in response to TB2 stimulation (Table 3). Moreover, the
number of CD8 T-cell responders was lower than the number of
CD4 T-cell responders (Table 3). The frequency of Mtb-specific
CD8 T cells was similar among TBI-IMID (Figures 3A, B), TBI
subjects (Figures 3C, D), and active-TB (Figures 3E, F) patients
at TO and T1 and the responders produced mainly IFN-y in
response to TB1 or TB2 stimulations. Due to the low number of
CD8 T-cell responders, we did not analyze the data according to
the presence or not of biologic drugs.

Patients of all studied groups responded to the in vitro
mitogen stimulation (Supplementary Figure 2). Regarding
the CD4 T-cell response, the TBI-IMID patients showed a
higher frequency of T cells producing IFN-y or TNF-a. or IL-2
at T1 compared to TO, whereas no significant differences were
observed in TBI subjects and active-TB patients (Supplementary
Figure 2A-E). Regarding the CD8 T-cell response, the TBI
subjects showed a higher frequency of T cells producing IL-2
at TO compared to T1, whereas no significant differences were
observed in TBI-IMID and active-TB patients (Supplementary
Figure 2B-F).

We next compared the cytokine production of Mtb-specific
CD4 T cells among the different groups at each time point
(Figure 4); we focused on CD4 T cells since the number of CD8

T cells responders was too low to allow a robust statistical
analysis (Table 3). The frequency of Mtb-specific CD4 T cells
producing IFN-y, IL-2, or TNF-o. was similar in TB, TBI subjects,
and TBI-IMID patients enrolled at TO (Figures 4A, C) and at T'1
(Figures 4B, D). Differently, in response to mitogen stimulation,
we reported a higher level of TNF-o (p = 0.0013) and IL-2 in
TBI-IMID compared to TBI (Supplementary Figure 3).

TB-IMID Patients Had a Similar

Cytokine Profile Before and After

TB Preventive Therapy

We further investigated the functional cytokine profile of Mtb-
specific T cells (Figure 5). We focused on CD4 T cells since the
number of CD8 T cells responders was too low to allow a robust
statistical analysis (Table 3).

In TBI-IMID group, we did not observe any significant
changes comparing CD4 cytokine profile at TO and T1
(Figures 5A, B) with the exception of a decrease of the IFN-y*
IL-2" CD4 T-cell subset at T1 compared to T0 in response to TB2
stimulation (Figure 5B). The CD4 T-cell response to TB1 and
TB2 was mainly characterized by polyfunctional IFN-y" IL-2*
TNF-0." CD4 T cells; among the monofunctional T cells, the
IFN-y" IL-2" TNF-0 CD4 T cells were the most representative
subset (Figures 5A, B).

In TBI group, we observed significant changes comparing
CD4 T-cell cytokine profile at TO and T1 (Figures 5C, D): the
proportion of polyfunctional IFN-y" IL-2* TNF-o" CD4 T cells
was significantly higher at TO than at T1 in response to TB1 (p =
0.0039) and to TB2 (p = 0.0195). Differently, we reported a
higher but not significant proportion of monofunctional IFN-y*
IL-2° TNF-o CD4 T cells at T1 compared to TO in response to
both stimuli. The proportion of the monofunctional IFN-y* IL-2"
TNF-o0' T cells in TBI subjects after TB treatment was quite
higher compared to TBI-IMID at the same time point (see below
for the details).

In the active-TB group, we did not observe any significant
change comparing CD4 cytokine profile at TO and T1
(Figures 5E, F). In this case, the CD4 response to TB1 and
TB2 was not similar. The TB1 response was mainly characterized
by polyfunctional IFN-y" IL-2" TNF-0" CD4 T cells; among the
monofunctional T cells, the IFN-y IL-2" TNF-o." CD4 T cells
and the IFN-y" IL-2° TNF-o° CD4 T cells were the most
representative subsets (Figure 5E). In contrast, the TB2
response showed a low proportion of polyfunctional IFN-y"
IL-2" TNF-o." CD4 T cells and an increased proportion of
monofunctional IFN-y" IL-2" TNF-o. CD4 T cells at both time
points (Figure 5F).

It is known that Mtb-specific T cells change their functional
capacity depending on antigen and bacterial load (25, 30, 31, 33).
Based on these evidences, it has been proposed a single
measurement of functional differentiation, FDS, of responders
that describes the different type of Mtb-infection and Mtb
burden (30). This analysis led us to synthetize the functional
changes of T cells before and after therapy reported in Figure 5.
The FDS of Mtb-specific CD4 T cells before and after therapy
was not significantly different between T0 and T1 in any groups
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of patients (Supplementary Figure 4). The FDS comparison at
the baseline did not show any significant differences among
groups (data not shown). To note that, we could not include in
the FDS calculation the patients without the IFN-y IL-2*" TNE-
o"” CD4" T-cell subset (TBI-IMID TO in response to TB1: two
patients, TBI-IMID T1 in response to TB1: one patient; TBI-

IMID TO0 in response to TB2: one patient; TBI T1 in response to
TB2: one patient; active-TB TO in response to TB2: two patients).

Since the TBI-IMID and the TBI included both recent and
remote Mtb-infection, we choose to analyze again the FDS
including the most represented category: remote TBI-IMID (12
patients over 14 enrolled) and recent TBI (8 patients over 12
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enrolled) (Supplementary Figure 5). Even with this
stratification, we did no observe significant differences before
and after TB therapy in any studied groups.

Collectively, these data suggested that the TB treatment did
not deeply affect the CD4 cytokine profile of the TBI-IMID
patients. Differently, the TBI subjects showed a significant
decrease of triple functional T cells after treatment and the
active-TB a not significant but evident increase of the
proportion of monofunctional IFN-y" IL-2" TNF-o CD4" T
cells (Figure 5).

Then, we compared the cytokine profile of Mtb-specific CD4
T cells among the different groups at each time point (Figures 6
and 7). In response to TB1 stimulation at T0, we did not observe
any significant differences (Figure 6A). However, the main
involved subset was constituted by the triple functional IFN-y"
IL-2" TNF-o" CD4" T cells in all groups; in active-TB and TBI-
IMID, the contribution of monofunctional IFN-y" IL-2" TNF-o’
CD4" T cells was also evident (Figure 6A). Similarly, in response
to TBI stimulation at T1, we did not observe any significant
differences (Figure 6B). In particular, we observed: in active-TB
a high proportion of monofunctional TFN-y*" IL-2" TNF-o*"
CD4" T cells and triple functional IFN-y" IL-2" TNF-0" CD4" T
cells; in TBI, a great contribution of monofunctional IFN-y" IL-2°

TNF-o CD4" T cells; in TBI-IMID, a high proportion of
monofunctional IFN-y" IL-2° TNF-o CD4" T cells and triple
functional IFN-y" IL-2" TNF-o" CD4" T cells (Figure 6B).

In response to TB2 stimulation at T0, we did not observe any
significant differences (Figure 7A). However, in active-TB, the
monofunctional IFN-y" IL-2" TNF-a CD4" T cells constituted
the main involved subset, whereas in TBI and TBI-IMID the
triple functional IFN-y" IL-2" TNF-o." CD4" T cells was the
major represented subset (Figure 7A). In response to TB2
stimulation at T1 (Figure 7B), we observed a high
contribution of the monofunctional IFN-y* IL-2° TNF-o
CD4" T cells in active-TB and TBI. In TBI-IMID, we reported
a high and significant percentage of double functional IFN-y" IL-
2" TNF-o" CD4" T cells compared to TBI (p = 0.0161) and a
high contribution of triple functional IFN-y" IL-2" TNF-o
CD4" T cells in TBI-IMID (Figure 7B).

Collectively, these data indicated at TO a predominant TB1-
induced polyfunctional profile and at T1 an increase of TBI-
induced monofunctional IFN-y" IL-2" TNF-or CD4" T cells in all
groups (Figure 6). The TB2 cytokine profile was more
heterogeneous, showing that triple functional IFN-y" IL-2"
TNF-0." CD4" T cells were mainly represented in TBI-IMID
patients at both T0 and T1 (Figure 7).
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TB Treatment Did Not Affect the
Phenotype of Mtb-Specific T Cells

Next, we investigated if the TB treatment had or not an impact on
the phenotype of Mtb-specific T cells, evaluating the proportion
of CD45RA and CD27 (Figure 8). Even in this case, we focused
on CD4 T cells since the number of CD8 T cells responders was
too low to perform a robust statistical analysis (Table 3).

Since we did not observe differences in term of FDS and
considering the low frequency of the Mtb-specific T cells, we
decided to analyze the phenotype of Mtb-specific CD4 T cells
able to produce any cytokines (total response based on IFN-y,
TNF-0, or IL-2 production). In this way, we had the maximum

number of events available for the phenotype description, and we
avoided as much as possible the interference of the background
that could not be subtracted in the phenotype evaluation.

In TBI-IMID and TBI subjects, the Mtb-specific CD4 T-cell
response was mainly represented by the CD45RA™CD27" subset
both at T0 and T1 (with a frequency ranging from 55% to 79%)
(Figures 8A-D). In TBI-IMID patients, we did not observe
significant differences in response to TB1 and TB2 antigens
and any evident trend (Figures 8A, B). In TBI subjects, we
observed a lower proportion of Mtb-specific CD45RA”™ CD27"
CD4 T cells at T1 compared to TO (p = 0.0098) in response to
TB2 and a similar trend in response to TB1 (Figures 8C, D).

Frontiers in Immunology | www.frontiersin.org

103

August 2021 | Volume 12 | Article 716857


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

Petruccioli et al. M. tuberculosis Immune-Response in TBI-IMID Patients

Active-TB TBI-IMID

Nt IL-2+ TNF-ook
. (FN-p+ IL-2+ TNF-o-

IFN-p+ IL-2- TNF-oc+
= (FNop+ IL-2- TNF-o-
= (FN4- IL-2+ TNF-o+
B IFN- L2+ TNF-o-

IFN+- IL-2- TNF-a+

e
1

§ TB2 TO

% 3.1

S 21

2

T 114

2 Y ° ©

g 1+ @®@ @ O o ® @ o @ o e o
0.10

% 0.08- ¢ @ ° ° 8 ° o °

3 0.

2 ° o e 0 e

F 0.06 ° o

éo.m- ° ° '2' ° § geo o

5 0029 o % 8 Q ° o O ‘ 8

= 0.00-

i
\V‘L\V\V\\,'l«

0y
@éé@@@@ @@é@@§§

L B 2 rc‘f»

Fa S R S S S
xﬁ «“Q g‘ «\‘Q & é‘«@" ,@Q «V{‘,@{‘ «‘{%@{‘ «‘{(,@{‘ x{‘ «‘{( é{‘ «\‘Q t{‘ «\‘( x\Q
Y \\«"”\V‘\\«‘\\'\v\v\v S \V'”\v\v

Qé \Q\\ \Q\\ Q@ «e QY\ \Q@

Active-TB TBI TBI-IMID
B Active-TB TBI-IMID
B [FN-y+ IL-2+ TNF-a+
Wl IFN-y+ IL-2+ TNF-a-
IFN-y+ IL2- TNF-at
B FN-y+ [L-2- TNF-a-
B FN-y- IL-2+ TNF-a+
IFN-y- IL2 TNF-a+

g 419 TB2 T1

'% 3.1+

< =0.0161

T 2.1 P

2 ., °

=] =

S (o} (o)

o

2 oile o e o O Y @ ° ’ o

S 0.10 °

) — o o

3 0.084 ® °

@ (o) [o)

+l— 0.06 ) ° ° -‘- ° o

< [ ] o o

3 0.04+ e °

3 28 8 ® o 8 o 0 ? ) o

5002 @ o ° _8 [

= 0.00-

AN A N NN
RN SN \\f"\v\v \\,"\v\ \f”\v\v \\f"\\«\v \\'\\:"\v\v

X S E

< «\\e“ /&*,@“ /\\“,\é‘ e“ é“ e“ e“,\e" /&Q,\e“ ,\e“ «\4‘,@“ «\*ﬁe“ /\\"‘«é‘
Vv \V
€ €«

X
R FEF S L

Active-TB TBI TBI-IMID

FIGURE 7 | Comparison of functional profile of TB2 specific CD4 T cells at each time point. PBMC of patients enrolled before (TO) and after TB therapy (T1) were
stimulated overnight with TB2 peptides. (A) TO; (B) T1. Cytokine profile was evaluated only on responders using Boolean gate combination. The number of CD4 and
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In active-TB, the Mtb-specific CD4 T-cell response was  Figure 8F), whereas the frequency of the CD45RA™ CD27
mainly represented by the CD45RA™ CD27" subset both a TO  subset was significantly decreased in response to TB1 (p =
and T1 (with a frequency ranging from 46% to 67%) (Figures 8E, 0.0195, Figure 8E).

F). We observed an increased Mtb-specific CD4" CD45RA” Then, we compared the phenotype profile of Mtb-specific
CD27" subset and a contraction of the CD45RA™ CD27 subset ~ CD4 T cells among the different groups at each time point
after therapy completion in response to TB1 and TB2 antigens  (Figure 9). In response to TBI stimulation at T0, we found that
(Figures 8E, F). The frequency of the CD45RA™ CD27" subset ~ the CD45RA"CD27" subset was significantly lower in active-TB
was significantly increased in response to TB2 (p = 0.0195,  compared to TBI and TBI-IMID (p = 0.0021; p = 0.0027) and the
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CD45RACD27" subset was significantly higher in active-TB  DISCUSSION

compared to TBI and TBI-IMID (p = 0.0058; p = 0.0041)

(Figure 9A). Differently, at T1, we did not find any significant =~ Among patients with dysregulation of the immune system,

differences (Figure 9B). subjects with IMID, such as RA, PsA, and AS, have an
In response to TB2 stimulation at TO, we found a phenotype intrinsic higher probability to develop active-TB compared to

profile similar to TB1 stimulation for all groups; however, only  the general population (7, 10). The risk of Mtb reactivation in the

the CD45RA"CD27" subset was significantly lower in active-TB ~ general population of TBI subjects usually is the highest during

compared to TBI-IMID (p = 0.001) (Figure 9C). At T1, we  the first 2 years after Mtb exposure (3, 4, 6).

observed that the TBI subjects had lower proportion of the According to the WHO, the prevalence of RA varies between

CD45RA™CD27" subset (p = 0.0002) and a higher proportion  0.3% and 1% and is more common in women and in developed

of CD45RA*CD27* (p = 0.0005) compared to TBI-  countries (7-10). Therefore, the identification and treatment of

IMID (Figure 9D). TBI in this fragile population is important to propose the TB
Collectively, these data highlighted a loss of CD27" CD4 T~ preventive therapy (7-10).

cells in active-TB patients and this profile was more evident In this study, we explored the Mtb-specific immunity of TBI-

at TO. IMID patients at the baseline and after TB therapy completion.
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The main finding of this study regards the CD4 T-cell response.
We demonstrate in TBI-IMID that TB therapy did not affect the
ability of CD4 T cells to produce IFN-y, TNF-a, and IL-2, their
functional status, and their phenotype. Moreover, we
demonstrated that at the baseline TBI subjects and TBI-IMID
patients had a similar phenotype that instead was different from
active-TB patients. We enrolled two different categories of
controls: the TBI without IMID to study the Mtb-specific
immune response in a population controlling the Mtb
replication and the active-TB group as a positive control of the
ongoing Mtb replication. TB treatment did not significantly
affect the CD4 cytokine production neither in the TBI nor in
the active-TB group. As previously demonstrated, the CD8 T-cell
response was detected in lower proportion compared to the CD4
T-cell response (48, 50). The CD4 functional status in TBI
subjects showed a significant decrease of triple functional T
cells after treatment and in active-TB a not significant increase
of the proportion of monofunctional IFN-y" IL-2" TNF-o.". The
baseline level of polyfunctional IFN-y" IL-2* TNF-o" CD4 T
cells in both TBI-IMID and TBI was similar to the results
reported in other TBI population (29, 31, 47).

The comparison among groups at each time point confirmed
as shown by the pair-wise comparison that at TO all the studied
groups had a similar cytokine profile mainly constituted by the
triple functional IFN-y" IL-2* TNF-0o;" CD4 T-cell subset and at
T1 all groups had a notable proportion of monofunctional IFN-
v" IL-2" TNF-0o CD4 T cells.

Since it has been demonstrated that recent and remote TBI
subjects, naive for TB therapy, had a similar CD4 cytokine profile
(29), the functional differences after TB therapy between TBI and
TBI-IMID individuals were not ascribable to their remote or
recent Mtb exposure but probably to the IMID status itself. TB
therapy did not affect neither the functional differentiation status
of CD4 T cells in the TBI, TBI-IMID, and active-TB groups.
Considering that the majority of TBI had a recent infection and
the majority of TBI-IMID had a remote exposure, our data were
in line with recent findings on recent subsets and persistent
QFT" individuals (29).

In active-TB, the baseline functional status of TB1 CD4-
specific T cells was in agreement with previous reports reporting
a high proportion of the IFN-y" IL-2" TNF-o;" CD4 T-cell subset
in response to ESAT-6 CFP-10 stimulation (25, 31, 54). For the
TB2 stimulation, the functional status skewed towards the IFN-
v" IL-2° TNF-00 CD4 T cells, maybe as a consequence of the
ability of TB2 peptides to stimulate also the CD8 T cells (48).

T-cell expression of surface molecules such as CD45RA, CD27,
and CCR?7 identifies different T-cell subsets that reflect different
stages of cell differentiation (55). The effector T cells are expanded
during active-Mtb replication, whereas the memory cells associate
with control and eradication of Mtb-infection (31, 47, 56). The
phenotype characterization demonstrated a great contribution of
the CD45RA™ CD27" subset to the Mtb-specific immune response
in all groups. The presence of CD27 could be associated to both
central memory (CD45RA™ CD27" CCR7") and effector memory
subsets (CD45RA™ CD27" CCR7) (29, 55). Since we did not
evaluate the CCR7 expression, we could not assign a precise

memory status to the different subsets evaluated. However, as
previously demonstrated (31), at the baseline, the Mtb-specific
CD45RA™ CD27" CD4 T cells were more represented in the TBI
individuals, whereas the active-TB patients had a higher proportion
of Mtb-specific CD45RA™ CD27" CD4 T cells compared to TBI
subjects. These findings reflect the loss of CD27 during active-TB
disease, already documented in several studies (38-41, 57).
Interestingly, after therapy completion, the active-TB patients had
a phenotype more similar to TBI groups, with an increased
proportion of the CD45RA™ CD27" subset and a contraction of
the CD45RA” CD27 CD4 T cells. These data suggest that the high
Mtb load in active-TB patients induces the differentiation of Mtb-
specific CD45RA™ CD27" CD4 T cells, whereas the low Mtb load of
TBI individuals favours the CD45RA™ CD27" subset.

The phenotype comparison among groups at each time point
confirmed previous study on CD27 expression in patients with
different TB status (31, 38, 40). Indeed, at the baseline, the TBI
subjects had a higher proportion of Mtb-specific CD45RA"
CD27" CD4 T cells compared to active-TB and the active-TB a
higher proportion of Mtb-specific CD45RA™ CD27 CD4 T cells
compared to TBI subjects. These data reflected the modulation of
CD27 according to the Mtb bacterial load (39, 41). Interestingly,
the TBI-IMID patients showed a phenotype profile similar to
TBI subjects, suggesting that the type of IMID and the
concomitant IMID therapy did not affect the activation status
of Mtb-specific CD4 T cells. After TB therapy completion, the
differences among Mtb-specific CD45RA™ CD27" CD4 T cells
and CD45RA™ CD27" CD4 T cells were less evident, suggesting
that TB therapy, decreasing the Mtb load, led to an increased
CD27 expression.

Moreover, lately, recent and remote TBI have been shown to
have a similar phenotype according to the expression of
CD45RA CD27 CCR7 markers (29). Therefore, the phenotype
of TBI-IMID individuals was not even due to their remote Mtb
exposure. Larger studies are needed to better understand the
modulation of the phenotype in these IMID patients.

Considering that the IMID therapies were mostly based on the
modulation of the immune system, indirectly we could suppose that
the type of IMID therapy did not affect the immune response.
Stratifying for the presence or not of biologic drugs, we did not find
any significant differences among TBI-IMID before and after
therapy completion. Although the sample size did not permit a
deeper analysis, in support of these findings, we have previously
demonstrated that neither the number of lymphocytes nor the type
of IMID therapy influenced the IFN-y response to QFT-Plus in
TBI-IMID patients (28). Due to the adult age of the IMID
manifestations, the TBI-IMID were older compared to TBI
subjects. As lymphocyte counts decline with age (58) and
potentially contribute to the immune impairment, we evaluated
the lymphocyte counts in this study. No significant differences were
found nor comparing all the three groups at each time points,
neither comparing the two time points within each group. An
exception was found considering those with active-TB in which a
restore of the lymphocyte counts was observed after therapy
completion (59). Moreover, the similar cytokine profile and
phenotype of TBI subjects and TBI-IMID patients seem to
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support the presence of a comparable immune response to Mtb
antigens. Therefore, as the immunity status at the different time
points was comparable, the data reported could be considered
reliable. Although these data are preliminary, we highlighted
differences between the CD4 T-cell cytokine response over time
of TBI-IMID compared to TBI and active-TB. Surprisingly, the
monofunctional IFN-y" IL-2" TNF-or CD4 T cells characterized the
TBI and active-TB after therapy completion, whereas the TBI-IMID
patients maintain a cytokine profile similar to the baseline. It is not
possible to state if TB therapy induced a protective cytokine profile
in TBI-IMID; however, these patients have been followed for 6 years
and none of them developed until now active-TB disease. Since the
phenotype studied based on CD45RA and CD27 did not allow to
define a particular profile over time, we may need to better
characterize the response using also other activation markers such
as HLA-DR (29, 60).

Limitations of this longitudinally study are the relatively low
number of patients enrolled, the variety of the IMID considered,
and the different regimens of IMID therapy. However, since only
few studies are available on Mtb immune response in this fragile
population of TBI subjects, we retain this is a good controlled
study including two types of control populations (TBI and
active-TB). More importantly, besides the reported caveats, we
answered to opened important questions on Mtb-specific
response in this particular understudied category of fragile TBI
subjects at high risk to progress to active-TB disease.

In conclusions, we evaluated over time the modulation of Mtb-
specific immune response in patients at different stages of TB: a low-
replicating Mtb status in TBI, a low-replicating Mtb status in TBI-
IMID patients with high risk to develop the active-TB disease, and a
high-replicating Mtb status in active-TB patients. The TB therapy
did not modify the CD4 T-cell cytokine profile of TBI-IMID
patients but determined a contraction of the triple functional
CD4 T cells of the TBI subjects and active-TB patients. The
CD45RA"™ CD27" T cells stood out as a main subset of the Mtb-
specific response in all groups of patients. Before the TB-preventive
therapy, the TBI subjects had higher proportion of Mtb-specific
CD45RA°CD27"CD4" T cells and the active-TB higher proportion
of Mtb-specific CD45RA"CD27 CD4" T cells compared to other
groups. The TBI-IMID patients showed a phenotype similar to TBI,
suggesting that the type of IMID and the IMID therapy did not
affect the activation status of Mtb-specific CD4 T cells.

Future studies on a larger and better-stratified TBI-IMID
population will help to understand the change of the Mtb-
specific immune response over time and to identify possible
immune biomarkers of Mtb-containment or active replication.
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Supplementary Figure 1 | IFN-y response to antigens present in QFT-Plus test,
TB1 and TB2, before and at the end of TB treatment. (A, B) TBI-IMID patients;
(C, D) TBI subjects; (E, F) Active-TB patients. Statistical analysis was performed
using the Wilcoxon matched-pairs signed rank test, and the p value was considered
significant if <0.05. Two TB-IMID and one active-TB patients did not perform the
testat T1. Number of responders over total enrolled patients is reported below each
panel. TB, tuberculosis; TBI, tuberculosis infection; IMID, immune mediated
inflammatory disease; TB1, peptides of TB1 tube of QFT-plus kit; TB2, peptides of
TB2 tube of QFT-plus kit; IU/ml, international unit at milllitre; TO, before TB therapy,
T1, after TB therapy completion.

Supplementary Figure 2 | Cytokine production CD4 and CD8 T cells in
response to mitogen stimulation before and after TB therapy completion: PBMC of
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patients enrolled before (TO) and after TB therapy (T1) were stimulated overnight
with Mitogen reagent of QFT-Plus kit. (A, B) TBI-IMID patients; (C, D) TBI subjects;
(E, F) Active-TB patients. Number of responders over total enrolled patients is
reported below each graph. Horizontal lines indicate the median. Statistical analysis
was performed using the Wilcoxon matched-pairs signed rank test, and the p value
was considered significant if <0.05 for cytokine production. TB, tuberculosis; TBI,
tuberculosis infection; IMID, immune mediated inflammatory disease.

Supplementary Figure 3 | Comparison of cytokine production CD4 and CD8 T
cells in response to mitogen stimulation: PBMC of patients enrolled before (TO) and
after TB therapy (T1) were stimulated overnight with Mitogen reagent of QFT-Plus
kit. (A) TO; (B) T1. Number of responders over total enrolled patients is reported
below each graph. Horizontal lines indicate the median. Statistical analysis was
performed using the Mann-Whitney unmatched test, Bonferroni correction was
applied, and the p value was considered significant if <0.017 for cytokine
production. TB, tuberculosis; TBI, tuberculosis infection; IMID, immune mediated
inflammatory disease.

Supplementary Figure 4 | Functional differentiation score (FDS) of Mtb-specific
CD4 T cells is similar before and after TB therapy in TBI-IMID, TBI subjects, and
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a leading
infectious disease killer worldwide with 1.4 million TB deaths in 2019. While the majority
of infected population maintain an active control of the bacteria, a subset develops active
disease leading to mortality. Effective T cell responses are critical to TB immunity with
CD4" and CD8* T cells being key players of defense. These early cellular responses to TB
infection have not yet been studied in-depth in either humans or preclinical animal models.
Characterizing early T cell responses in a physiologically relevant preclinical model can
provide valuable understanding of the factors that control disease development. We
studied Mtb-specific T cell responses in the lung compartment of rhesus macaques
infected with either a low- or a high-dose of Mtb CDC1551 via aerosol. Relative to
baseline, significantly higher Mtb-specific CD4*IFN-y" and TNF-¢o" T cell responses were
observed in the BAL of low dose infected macaques as early as week 1 post TB infection.
The IFN-yand TNF-a response was delayed to week 3 post infection in Mtb-specific CD4™*
and CD8*T cells in the high dose group. The manifestation of earlier T cell responses in the
group exposed to the lower Mtb dose suggested a critical role of these cytokines in the
antimycobacterial immune cascade, and specifically in the granuloma formation to contain
the bacteria. However, a similar increase was not reflected in the CD4" and CD8*IL-17* T
cells at week 1 post infection in the low dose group. This could be attributed to either a
suppression of the IL-17 response or a lack of induction at this early stage of infection. On
the contrary, there was a significantly higher IL-17* response in Mtb-specific CD4" and
CD8™T cells at week 3 in the high dose group. The results clearly demonstrate an early
differentiation in the immunity following low dose and high dose infection, largely
represented by differences in the IFN-y and TNF-a response by Mib-specific T cells in
the BAL. This early response to antigen expression by the bacteria could be critical for
both bacterial growth control and bacterial containment.
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Early Antigen Specific TB Responses

INTRODUCTION

Tuberculosis (TB) remains the leading cause of human death
from a single infectious agent with a total of 1.4 million deaths in
2019 (1). The outcome of a pulmonary TB infection can either be
complete clearance of the pathogen to active tuberculosis (ATB)
disease. The percentage of the infected population developing the
clinical symptoms of TB remains small with a much higher
percentage being able to control the naturally acquired infections
(2, 3). This latently infected population largely remains
asymptomatic and in some cases even clear the infections (4).
Generation of robust T cell responses is critical in the immunity
to TB and are responsible for a dynamic balance between the
host and pathogen in a latent TB infection (LTBI) (5). While co-
morbidities, such as, with HIV is a known factor for the
reactivation of LTBI (6), the underlying causes for the
susceptibility to the active disease remains unknown. Antigen
specific responses to TB infection, including novel features of T
cell differentiation have revealed pathways that facilitate the
immune control of infection (7). The production of
inflammatory cytokines such as gamma interferon (IFN-y) and
tumor necrosis factor alpha (TNF-o) are critical in the
protection against long-term rampant Mtb growth and loss of
these factors leads to heightened Mycobacterium tuberculosis
(Mtb) replication and death (8, 9). Indeed, stimulation with Mtb
antigens Early Secretory Antigenic Target (ESAT)-6 and Culture
Filtrate Protein (CFP)-10 induces IFN-y and TNF-o production
by the CD4" and CD8'T cells that may provide tools to study the
role of these early responses in protection from a fatal infection.

Characterizing the phenotype and function of these early
T cell responses could provide a critical tool to distinguishing
latent from active TB disease in future experiments wherein, the
macaques would be followed for a longer duration of time (10).
The aim of this study is to characterize the early T cell responses
in a nonhuman primate (NHP) model of TB. The model
recapitulates humans, wherein, the infectious doses differ
between individuals. There have been reports of differential
impact on functional CD4" and CD8" T cell responses by the
disease stage and bacterial burden (11-13). However, there is a
paucity of data on the distinguished early adaptive response
signatures in a biologically and physiologically relevant animal
model. The NHP model of TB serves as an excellent model
recapitulating the spectrum of immune responses observed in
humans, including the pathology (14, 15). Manipulating the
bacteria in a macaque model of TB 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 (16-18). We hypothesized that measuring the TB-
specific T cell responses early in a rhesus macaque model of TB
infection could provide a better understanding of the early
responses and their potential role in disease progression.
Hence, we performed high parameter flow cytometry on
stimulated bronchoalveolar lavage (BAL) cells from macaques
infected via aerosol, with a low dose and high dose of Mtb, to
measure key cytokines in TB infection, IFN-y, TNF-a and IL-17
produced by CD4" and CD8" T cells in response to ESAT-6/
CFP-10 and Mtb Cell Wall Fraction (Mtb CW). This enabled a

comprehensive elucidation of the differences in the early
responses and provided a potential tool to delineate the disease
progression in long-term studies.

MATERIALS AND METHODS
Study Approval

All infected animals were housed under Animal Biosafety Level 3
facilities at the Southwest National Primate Research Center,
where they were treated according to the standards
recommended by AAALAC International and the NIH guide
for the Care and Use of Laboratory Animals. The study
procedures were approved by the Animal Care and Use
Committee of the Texas Biomedical Research Institute.

Animal Infections

The study design is outlined in Figure 1. We infected 2 groups of
specific pathogen free adult Indian rhesus macaques from the
SNPRC colony with Mtb CDC1551 via aerosol. The first group
(n=12) had a low dose of approximately 10 CFU deposited in the
lungs while the second group (n=6) had a higher dose of 50 CFU
deposited in the lungs. All higher dose infected animals had a
positive tuberculin skin test 3 weeks after exposure, while the low
dose infected group were TST positive at 5 weeks, confirming
infection. The animals were monitored for C-Reactive Protein
(CRP) values (an acute phase protein and inflammatory marker),
body temperatures and body weights.

Antigen Stimulations and Flow Cytometry
The freshly collected BAL cells were stimulated ex vivo with Mtb-
specific antigens, ESAT-6/CFP-10 and Mtb Cell Wall Fraction
(BEI Resources, 10 ug/mL) for a total of 16 h. Brefeldin A
(0.5 pg/mL, SIGMA) was added 2 h after the onset of
stimulation. After stimulation, the cells were stained with
LIVE/DEAD fixable Near-IR stain (ThermoFisher) and stained
subsequently with the surface antibodies: CD4-PerCP-Cy5.5
(L200, BD Biosciences), CD8-APC (RPA, T8, BD Biosciences),
CD3-AlexaFlour 700 (SP34 2, BD Biosciences), CD95-BV421
(DX2, BD Biosciences), CD28-PECy7 (CD28.2, BD Biosciences)
and CD45-BUV395 (D058 1283, BD Biosciences). Cells were
then fixed, permeabilized and stained with intracellular
antibodies: IFNy-APC-Cy7 (B27, Biolegend), IL-17-BV605
(BL168, Biolegend) and TNF-a-BV650 (MAb11, Biolegend).
Cells were washed, suspended in BD stabilizing fixative buffer
and acquired on BD Symphony flow cytometer. Analysis was
performed using FlowJo (v10.6.1) using previously published
gating strategy (18-20) (Figures S1-S3).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(version 8.4.1). Significance was determined using Mann
Whitney U test in GraphPad Prism v8.4.1. A P value of <0.05
was considered as statistically significant. *P < 0.05; **P <0.01;
P < 0.001; ***P < 0.0001. Data are represented as median
with interquartile range.
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RESULTS

Clinical Parameters

Upon infection with the low dose of Mtb, did not demonstrate
the clinical signs of disease. These animals maintained low CRP
values with not more than 5-7% body weight loss or fever
(Figure 2A). Viable bacilli were not readily detected in the
BAL of these animals (data not shown). On the contrary, the
animals that received a high dose of 50 CFU, displayed higher
than baseline CRP values (> 5 pg/mL) as early as 3 weeks post
infection. No significant changes were observed in the body
weight (Figure 2B) and temperature (Figure 2C) of this group
up till week 3 of infection.

Early Mtb-Specific CD4" IFN-y and TNF-o

Response in Low Dose Infected Macaques
BAL samples were collected from study macaques at pre-
infection, week 1 and week 3 post infection using standard
operating procedures by the veterinarian. The single cells were

l

CD4+IFN-y +, CD4+TNF-c: +, CD4+IL-17 +
CD8+IFN-y+, CD8+TNF-c: +, CD8+IL-17 +

FIGURE 1 | Schematic of the study design. We infected 2 groups of adult Indian rhesus macaques with Mtb CDC1551 via aerosol. The first group (1 = 12) had a
low dose of approximately 10 CFU deposited in the lungs while the second group (n = 6) had a higher dose of 50 CFU deposited in the lungs. The BAL cells were
collected at pre-infection, wk 1 and 3 post-infection. They were stimulated ex vivo with Mtb-specific antigens, ESAT-6/CFP-10 and Mtb Cell Wall Fraction. After
stimulation, the cells were stained with the surface antibodies for flow cytometry and acquired on BD Symphony. Analysis was performed using FlowdJo (v10.6.1).

prepared as per the lab standardized protocol (21). All Mtb-
specific responses are background corrected. Upon stimulation
with ESAT-6/CFP-10, there was a delayed IFN-y response in the
Mtb-specific CD4™T cells in the high dose compared to the low
dose group (Figure 3A). This difference was however, not
observed in the Mtb-specific CD8'T cells (Figure 3B). While
the low dose infection resulted in a significant increase in the
percentage of Mtb-specific CD4 " IFN-Y'T cells as early as week 1
post-infection, this response was not observed in the high dose
group till 3 weeks post infection (Figure 3A). The early response
observed in the low dose infection decreased from week 1 to
week 3 post-infection whereas the response spiked in the high
dose infection group at week 3 post-infection (Figure 3A).
Similarly, there was a delayed increase in the percentage of
Mtb-specific CD4"TNF-o.'T cells in the high dose infection
group with a higher percentage of this subset observed at week
3 post-infection (Figure 3C). On the contrary, the low dose
infected macaques demonstrated an early TNF-o response
in the Mtb-specific CD4" T cells at weeks 1 which decreased at
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FIGURE 2 | Clinical parameters. (A) Serum CRP values (ug/mL) (B) percentage weight change (kg) and (C) percentage body temperature change (°F) of low dose
(n = 12) and high dose (n = 6) Mtb infected rhesus macaques at baseline, wk 1 and 3 post-infection. The data are expressed as median with interquartile range.
*P < 0.01; ns, non significant. Significance was determined using Mann Whitney U test in GraphPad Prism v8.4.1.
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week 3 post-infection (Figure 3C). CD4"TNF-o'T cells were
significantly higher in the low dose group than the high
dose group at week 1 post-infection. Similarly, Mtb-specific
CD8"TNF-o'T cells exhibited a significant increase in the high
dose group at 3 weeks post-infection compared to the low dose
infection group (Figure 3D). The low dose infection group
maintained a consistent increase in the CD8"TNF-o.'T cells
at 1- and 3-weeks post-infection compared to the pre-infection
levels (Figure 3D).

When BAL cells were stimulated with Mtb CW, the
differences observed between low dose and high dose were
similar to those elicited with ESAT-6/CFP-10. Thus, the
percentages of CD4+IFN-y+ (Figure 4A) and CD4" TNF-0'T
cells (Figure 4B) were significantly lower in the high dose group
compared to the low dose group at week 1 post-infection. No
significant difference was seen in the IFN-y response in the Mtb
CW-specific CD4™T cells between high dose and low dose
infection group at week 3 post-infection (Figure 4A).
Similarly, a delayed IFN-y response in the CD8'T cells in
response to the Mtb CW was observed with a significant
increase in the high dose infection group compared to the low
dose group at 3 weeks post-infection (Figure 4C). As with the
gamma response, the Mtb-specific CD4"TNF- o' T cells
(Figure 4B) and CD8" TNF-0'T cells (Figure 4D) elicited by
Mtb CW stimulation at 3 weeks post-infection was significantly
higher in the high dose group compared to the low dose group.
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FIGURE 3 | Early ESAT-6/CFP-10-specific responses in the BAL. (A) percentage of CD4+IFN-y+ T cells, (B) percentage of CD8+IFN-y+ T cells, (C) percentage of
CD4+TNF-a+ T cells and (D) percentage of CD8+ TNF-oi+ T cells in response to ESAT/6/CFP-10 stimulation in low dose (n = 12) and high dose (n = 6) infection.
The data are expressed as median with interquartile range. *P < 0.05; **P < 0.01; ***P < 0.0001; ns, non significant. Significance was determined using Mann

Thus, an early and consistent TNF-o. response was observed in
the low dose group while a delayed but a more robust TNF-o.
response in both Mtb-specific CD4" and CD8'T cells was
observed in the high infection dose. No significant changes
were observed in the unstimulated samples between the two
doses (Figures S4A, B, D, E).

In addition to the percentage of CD4" and CD8" T cells
positive for cytokine production, we also gated for the percentage
of Mtb-specific T cells expressing surface phenotypic markers
consistent with central memory T cells (Tcm CD28"CD95") and
effector memory T cells (Tem CD28 CD95") in the total Mtb-
specific CD4 and CD8 population in low dose infected animals
(Figure S5). We observed a higher central memory (>75%)
CD4" T cells in response to stimulation, both in the low dose
(Figures S5A, B) and high dose (Figure S6) infection. In
comparison, the effector memory response was less than 20%
at pre-infection, wks 1 and 3 post-infection in both the doses
(Figures S5A, B and S6A, B). There were no significant
differences in the percentages of Tcm and Tem from baseline
to wk 1 and from wk 1 to wk 3 post-infection in response to
stimulation with ESAT-6/CFP-10 and Mtb CW in the both the
doses (Figures S5A, B and S6A, B). Comparable Mtb-specific
central (~40%) and effector memory (~50%) CD8" T cells were
observed in both the doses with no significant changes from pre-
infection to wk 1 and from wk 1 to wk 3 post-infection
(Figures S5C, D and S6C, D).
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FIGURE 4 | Early Mtb CW-specific responses in the BAL. (A) percentage of CD4+IFN-y+ T cells, (B) percentage of CD4+TNF-o+ T cells, (C) percentage of
CD8+ IFN-y+ T cells and (D) percentage of CD8+ TNF-a+ T cells in response to Mtb CW stimulation in low dose (n = 12) and high dose (n = 6) infection. The data
are expressed as median with interquartile range. *P < 0.05; **P < 0.01; ***P < 0.0001; ns, non significant. Significance was determined using Mann Whitney U test

Controlled Early Inflammatory Response in
Low Dose Mtb Infection

There was a significant increase in the percentage of Mtb-specific
CD4" IL-17"T cells in the high dose infected group at week 3
compared to the low dose infected group in response to both,
ESAT-6/CFP-10 and Mtb CW antigens (Figures 5A, B). The low
dose infected group demonstrated a consistent measure of the
CD4" IL-17"T cells from week 1 to week 3 post-infection with no
significant changes compared to the pre-infection levels
(Figures 5A, B). Similarly, the percentage of IL-17" CD8'T
cells in response to Mtb CW stimulation was significantly higher
in the high dose infection group compared to the low dose
infection group at 3 weeks post-infection (Figures 5C, D). No
significant changes were observed in the unstimulated samples
between the two doses (Figures S4C, F).

DISCUSSION

Our results clearly outline the differences in the early Mtb-specific
T cells responses in a low dose versus higher dose infection in a
rhesus macaque model of TB. The macaques exposed to a low-dose
controlled Mtb infection were associated with an early IFN-y and
TNF-o. response in Mtb-specific CD4+ T cells. A high dose
infection caused a significantly higher TNF-ou response in the
CD8" T cells at 3 weeks post-infection but no noticeable changes in

the IFN-y response this early in infection. TNF-ot secreting Mtb-
specific CD4" T cells are a promising candidate to differentiate
between active and latent TB infections (10, 22). In the study by
Harari et al. (22), significant increase in the proportions of Mtb-
specific CD4"T cells expressing TNF-o. was seen in patients with
active disease and proposed to be the strongest predictor of
diagnosis of active disease. Indeed, commensurate with these
findings, we observed a significantly higher TNF-o. response in
the Mtb-specific CD8" T cells in the group infected with a higher
number of bacilli. The difference in our study was that here we
compared two different doses of infection of Mtb in a biologically
relevant animal model. Though the difference between TNEF-o
expression by CD4" T cells was not significantly different between
low dose and high dose infection groups at week 3, there was a
consistent increase in the TNF-o. expression from pre-infection to
week 3 in the high dose group. Hence, while the low dose elicits an
earlier TNF-o response that then remains at similar levels up till 3
weeks post infection, the same response is slower to develop in the
higher dose but more robust as the infection progresses. Previous
studies have shown the detection of Mtb-specific effector CD4" T
cells expressing IFN-y and/or TNF-a. can distinguish between a
latent TB and active TB infection (12, 23). A recent study
demonstrated that increased amounts of TNF-o in an active TB
infection subverted the immune-surveillance by perturbing
dendritic cell mediated antigen transportation to the lymph node
allowing bacterial reserve (24). Further studies on phenotyping the
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FIGURE 5 | Early Mtb-specific IL-17 responses in the BAL. (A) percentage of CD4+IL-17+ T cells in response to ESAT/6/CFP-10 stimulation, (B) percentage of
CD4+IL-17+ T cells in response to Mtb CW stimulation, (C) percentage of CD8+ IL-17+ T cells in response to ESAT/6/CFP-10 stimulation and (D) percentage of
CD8+ IL-17+ T cells in response to Mtb CW stimulation in low dose (n = 12) and high dose (n = 6) infection. The data are expressed as median with interquartile
range. *P < 0.05; **P <0.01; **P < 0.001; ***P < 0.0001; ns, non significant. Significance was determined using Mann Whitney U test in GraphPad Prism v8.4.1.

subsets in our study to distinguish the effector and memory
functions could provide a highly discriminatory readout.

IFN-y producing CD4'T cells are the cornerstone of
protective immunity in pulmonary Mtb infections (25). In the
two doses studied here, the difference in the CD4"IFN-y*
response to Mtb antigens, ESAT-6/CFP-10 and Mtb CW, was
the highest at 1-week post-infection and diminished by week 3
post-infection. IFN-vy deficient mice studies have demonstrated a
lack of survival even in low-dose Mtb infections with progression
to active disease (26, 27). This early gamma response in the low
dose infection alone could be representative of the protective role
of CD4" T lymphocytes in mediating macrophage activation via
iNOS expression (27, 28). IFN-y is known to promote iNOS
expression in macrophages that in turn serves to recruit other
reactive nitrogen intermediates (RNI) (29). Not only is this early
gamma response critical for TB control, it also plays a role in the
long-term survival of the host by working synergistically with the
early TNF-o responses and thus contributing to the granuloma
formation that controls the disease progression (30).
Interestingly, we observed a significantly higher CD8"TFN-y" T
cells in the high dose group in response to stimulation with Mtb
CW at 3 weeks post-infection, but did not see a similar response
to ESAT-6/CFP-10 stimulation. While the role of CD4T cells in
IFN-y production in TB is well documented, the role of CD8" T
cells in the IFN-y production in human TB is less well studied. A
part of the role of the CD8" T cells has been elucidated in mice
experiments, wherein, mice deficient in CD8" T cells were unable
to control Mtb infection (31). Additionally, CD8" T cells have

been shown to undergo phenotypic and functional changes,
comparable to CD4" T cells during pulmonary Mib infection
(32). Mtb-specific CD8" T cells have demonstrated differences in
prevalence, frequency, phenotypic and functional profiles in
latent versus active TB disease (33). Similar to our findings, a
higher Mtb-specific CD8" T cells frequency (60%) was observed
in the TB patients compared to 15% in LTBI patients. These
CD8" T cell responses were directed against ESAT-6/CFP-10 in
vitro stimulation comparable to our study in NHP model. Also,
the IFN-y response in the Mtb-specific CD8" T cells was not very
different between active and LTBI cases like our study, in which
we did not observe a significant difference in the CD8"IFN-y" T
cells in the low dose and high dose when stimulated with
ESAT-6/CFP-10.

While Th1 cells plays a distinct role in rendering protection in
TB via production of IFN-y and activating antimicrobial action
in macrophages (34), Th17 cells implements neutrophilic
inflammation, tissue damage and TB pathology (35). The data
on the role of Th17 cells in TB remains controversial with some
groups reporting a higher frequency correlating with TB
protection in latent patients (36) while others reported lower
expression in latent patients and increased frequencies in active
or multi-drug resistant patients (37-39). Some are of the verdict
that Th17 cells are minimally expressed in TB and do not have a
significant role to play in the protection and/or pathology of TB
in humans (40, 41). In our study, we observed a significant
increase in the IL-17 expressing Mtb-specific CD4" and CD8" T
cells in the high dose infection compared to the low dose at
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3 weeks post-infection. Mtb infection in humans induces IFN-y
and IL-17 and the main source is the CD4"TFN-y'IL-17" T cells
(38). Moreover, the antigen-expanded CD4'IL-17" T cells
correlates with the clinical parameters associated with disease
severity. Given these findings, the expansion of Mtb-specific
CD4'IFN-Y'IL-17" T cells has been proposed as a biomarker
for prediction of clinical outcome in active TB patients (38).
T cells from MDR-TB patients has been shown to express high
levels of IL-17 via the strong TLR-2 dependent TGFf production
by antigen-presenting cells (37). Mouse studies mimicking
human vaccination post Mtb-exposure verified the presence of
increased IL-17 which correlated to lung tissue damage (42).
Conversely, protective role of Th17 responses have also been
reported in the lung tissue following BCG vaccination (43, 44).
However, it is to be noted that it is feasible to observe an
increased bacterial burden with a higher initial inoculum that
could impact the disease kinetics. While this study aims to
identify the very early differences in the adaptive response to
Mtb, it will be critical to follow the kinetics over a longer duration
in future studies to ascertain the true role of IL-17 in this model.
Overall, we have demonstrated a distinct phenotype of Mtb-
specific CD4" and CD8'T cells following in vitro stimulation
with ESAT-6/CFP-10 and Mtb CW early in TB infection in a
biologically and physiologically relevant animal model. Further,
in depth phenotyping of these subsets into tissue resident
memory cells at later time point in future studies would prove
instrumental in improving our understanding of these early
T cells responses and their correlation to disease progression.
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Supplementary Figure 1 | Gating strategy for Mtb-specific responses. The cells
are gated on CD45 and Live/Dead to select live cells and perform red blood cell
(RBC) discrimination. This is followed by singlet gating on SSC and FSC -Area,
width and Height. Total CD4 and CD8 is then gated on total CD3 population.
IFN-v+, TNF-a+ and IL-17+ CD4+ and CD8+ T cells are then gated on total CD4
and CD8 population.

Supplementary Figure 2 | Gating strategy for Mtb-specific central memory and
effector memory T cell responses. The cells are gated on CD45 and Live/Dead to
select live cells and perform red blood cell (RBC) discrimination. This is followed by
singlet gating on SSC and FSC -Area, width and Height. Total CD4 and CD8 is then
gated on total CD3 population. Central (CD28+CD95+) and effector (CD28-CD95+)
memory T cells are then gated on total CD4 and CD8 population in BAL

and PBMCs.

Supplementary Figure 3 | Gating strategy for Mtb-specific cytokine positive cells
in unstimulated, ESAT-6/CFP-10 stimulated and Mtb CW stimulated BAL samples.
(A) CD4+IFN-v+ T cells (B) CD8+ IFN-v+ T cells (C) CD4+IL-17+T cells (D) CD8+
IL-17+T cells (E) CD4+TNF-0+T cells and (F) CD8+TNF-o+T cells.

Supplementary Figure 4 | Unstimulated responses in BAL of low dose

(n = 12) and high dose (n = 6) infected macaques. (A) percentage of CD4+IFN-y+
T cells, (B) percentage of CD4+TNF-a+ T cells, (C) percentage of CD4+IL-17+ T
cells, (D) percentage of CD8+ IFN-y+ T cells, (E) percentage of CD8+TNF-o+ T
cells, (F) percentage of CD8+IL-17+ T cells. The data are expressed as median with
interquartile range. *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001. Significance
was determined using Mann Whitney U test in GraphPad Prism v8.4.1.

Supplementary Figure 5 | Total CD4+ central and Effector memory T cell
response in BAL of low dose infection (n = 12). (A) CD4+Tcm and Tem in response
to ESAT-6/CFP-10 stimulation, (B) CD4+Tcm and Tem in response to Mtb CW
stimulation, (C) CD8+ Tcm and Tem in response to ESAT-6/CFP-10 stimulation.
The data are expressed as median with interquartile range. *P < 0.05; **P < 0.01;
***P < 0.001; ***P < 0.0001. Significance was determined using Mann Whitney U
test in GraphPad Prism v8.4.1.

Supplementary Figure 6 | Total CD4+ central and Effector memory T cell
response in BAL of high dose infection (n = 12). (A) CD4+Tcm and Tem in response
to ESAT-6/CFP-10 stimulation, (B) CD4+Tcm and Tem in response to Mtb CW
stimulation, (C) CD8+ Tcm and Tem in response to ESAT-6/CFP-10 stimulation
and (D) CD8+ Tcm and Tem in response to Mtb CW stimulation. The data are
expressed as median with interquartile range. *P < 0.05; P < 0.01; P < 0.001;
P < 0.0001. Significance was determined using Mann Whitney U test in
GraphPad Prism v8.4.1.
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of Cape Town, Cape Town, South Africa, 4 Statens Serum Institut, Copenhagen, Denmark, ® Foundation of Innovative New
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Reversion of immune sensitization tests for Mycobacterium tuberculosis (M.tb) infection,
such as interferon-gamma release assays or tuberculin skin test, has been reported in
multiple studies. We hypothesized that QuantiFERON-TB Gold (QFT) reversion is
associated with a decline of M.tb-specific functional T cell responses, and a distinct
pattern of T cell and innate responses compared to persistent QFT+ and QFT- individuals.
We compared groups of healthy adolescents (n=~30 each), defined by four, 6-monthly
QFT tests: reverters (QFT+/+/-/-), non-converters (QFT-/-/-/-) and persistent positives
(QFT+/+/+/4). We stimulated peripheral blood mononuclear cells with M.tb antigens (M.tb
lysate; CFP-10/ESAT-6 and EspC/EspF/Rv2348 peptide pools) and measured M.tb-
specific adaptive T cell memory, activation, and functional profiles; as well as functional
innate (monocytes, natural killer cells), donor-unrestricted T cells (DURT: v T cells,
mucosal-associated invariant T and natural killer T-like cells) and B cells by flow
cytometry. Projection to latent space discriminant analysis was applied to determine
features that best distinguished between QFT reverters, non-converters and persistent
positives. No longitudinal changes in immune responses to M.tb were observed upon QFT
reversion. M.tb-specific Th1 responses detected in reverters were of intermediate
magnitude, higher than responses in QFT non-converters and lower than responses
in persistent positives. About one third of reverters had a robust response to CFP-10/
ESAT-6. Among those with measurable responses, lower proportions of Tgowm
(CD45RA+CCR7+CD27+) and early differentiated (CD45RA-) IFN-y-TNF+IL-2- M.tb
lysate-specific CD4+ cells were observed in reverters compared with non-converters.
Conversely, higher proportions of early differentiated and lower proportions of effector
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Immunological Profiling of QuantiFERON-TB Reversion

(CD45RA-CCR7-) CFP10/ESAT6-specific Th1 cells were observed in reverters compared
to persistent-positives. No differences in M.tb-specific innate, DURT or B cell functional
responses were observed between the groups. Statistical modelling misclassified the
majority of reverters as non-converters more frequently than they were correctly classified
as reverters or misclassified as persistent positives. These findings suggest that QFT
reversion occurs in a heterogeneous group of individuals with low M.tb-specific T cell
responses. In some individuals QFT reversion may result from assay variability, while in
others the magnitude and differentiation status of M.tb-specific Th1 cells are consistent
with well-controlled M.tb infection.

Keywords: QuantiFERON reversion, memory T cell, donor unrestricted T cells, innate immune response,
Mycobacterium tuberculosis infection

INTRODUCTION

Immunodiagnostics for Mycobacterium tuberculosis (M.tb)
infection, such as tuberculin skin tests (TSTs) and IFN-y
release assays (IGRAs), were designed and are clinically
interpreted based on the premise that detectable M.tb-specific
immune responses are indicative of viable M.tb infection, i.e.
bacterial persistence. Thus, asymptomatic M.tb infection in the
absence of disease progression is commonly thought to be a
chronic condition that may affect up to a quarter of the global
population (1). However, longitudinal studies have demonstrated
the dynamic nature of M.tb-specific immune responses, whereby
TSTs and IGRAs revert from a positive to a negative test in
some individuals.

Studies conducted during the pre-antibiotic era demonstrated
that TST reversion was associated with a lower risk of disease
progression. Detection of calcified lung lesions in some of these
TST negative individuals, who had no recorded history of
tuberculosis, was suggestive of contained or cleared disease (2).
Guinea pigs that were infected with M.tb (defined by recent TST
conversion upon experimental exposure) and then reverted to a
negative TST had sterile lung lesions indicative of cured infection
(3-5). These findings provide evidence that some individuals can
spontaneously cure M.tb infection and gave rise to the hypothesis
that reversion of immunodiagnostic test results may be
associated with M.tb clearance. Reversion has been observed
naturally (2, 6-14) and in association with antibiotic treatment
(8, 13, 15, 16). Furthermore, a recent Bacille Calmette-Guerin
(BCG) revaccination trial in M.tb-uninfected adolescents
demonstrated vaccine efficacy against sustained M.tb infection,
which was associated with transient IGRA conversion followed
by reversion (IGRA- — IGRA+ — IGRA-) within a 6 month
period (17). The phenomenon of IGRA reversions has posed
challenges to clinicians making decisions about the need for
preventive therapy, for which there is currently no guidance.
Furthermore, as IGRA conversion is increasingly used as an
outcome in vaccine trials, correctly interpreting reversions will
be important to understanding vaccine efficacy.

IFN-y, a T helper 1 (Thl) CD4 T cell associated cytokine,
plays a critical role in the immune response to M.tb and is
expressed by most M.tb-specific T cells (18, 19). Although many

cell types have the capacity to produce IFN-y, such as natural
killer (NK) cells and donor-unrestricted T cells (DURT cells),
including Y0 T cells, mucosal-associated invariant T (MAIT) and
natural killer T-like cells, IFN-y expression by CD4 T cells is
necessary for M.tb control (19, 20). Stimulation with M.tb CFP-
10/ESAT-6 peptides in the IGRA primarily induces IFN-y
expression by MHC-class II restricted CD4 T cells (21),
while DURT and NK cells contribute more significantly
(approximately 50%) to IFN-y production in response to whole
mycobacteria, which also include non-protein antigens (22).

Functional and phenotypic characteristics of T cells,
specifically CD4 T cells, are known to track antigen burden
(23). We have recently demonstrated that relative proportions of
M.tb lysate (cross-reactive with BCG)-specific IL-2+ and TNF+
stem cell memory (Tscym) and central memory (Tcyy) cells are
higher in IGRA- compared to IGRA+ individuals, suggesting
that low or no in vivo M.tb antigen exposure is associated with
higher proportions of early differentiated mycobacteria-specific
T cell subsets (24). These findings are supported by a study on
resisters, tuberculosis household contacts (HHC) who remain
TST and IGRA negative, showing that these individuals have
detectable M.tb-specific antibodies and low levels of IFN-y-
independent (CD154+TNF+IL-2+) CD4 T cell responses (25).
Expression of CD154, TNF and IL-2 is a hallmark of quiescent
Tscm and Ty cells, which maintain long-lasting immunity in
the absence of antigen exposure (23, 26). Further, we and others
have demonstrated that high T cell activation, measured by
CD38, HLA-DR or Ki-67 expression, is associated with recent
M.tb infection, high risk to tuberculosis progression, or on-going
tuberculosis disease (27-32). These data suggest that levels of
M.tb-specific T cell activation are likely associated with M.tb
antigen load, which in animal models peaks during primary
infection, decreases to a plateau during established infection, and
increases again during disease (33).

Acknowledging that measuring in vivo M.tb load in humans
is not possible, we hypothesized that if reversion is associated
with controlled infection this would be reflected in immune
features associated with antigen load. Specifically, we would
expect an increase in the relative proportions of M.tb-specific
cells with Tscy and Tcy phenotypes, IFN-y-independent
(CD154+, IL-2+ and/or TNF+) functional responses and lower
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T cell activation in reverters compared to persistent QFT+
individuals. Since magnitude and functional profiles of
antigen-specific T cells can be modulated by their interaction
with innate cells, we further hypothesized that reverters would
have reduced expression of pro-inflammatory cytokines (IFN-y,
IL-6 and/or TNF), increased expression of regulatory cytokines
(IL-10) and/or reduced Thl polarization (IL-12) by innate
immune cells compared to persistently QFT+ individuals.

To test our hypotheses, we measured memory and functional
profiles of M.tb-specific T cells, and functional features of
myeloid, NK, DURT and B cells in persistent IGRA+
individuals, reverters and non-converters. We further
integrated features from both adaptive and innate immune
responses and applied statistical modelling to define the
relationship between IGRA reverters, persistent IGRA+
individuals and non-converters.

METHODS
Study Design

South African adolescent participants were selected from a large
epidemiological study conducted in the Worcester region of
Western Cape, South Africa, between July 2005 and February
2009 [University of Cape Town Human Research Ethics
Committee protocol references: 045/2005, 102/2017; (34)]. All
adolescents were assumed to be BCG vaccinated at birth,
according to the South African expanded program of
immunization. M.tb infection status was determined using
QuantiFERON-TB Gold In-Tube (QFT, Qiagen) and
peripheral blood mononuclear cells (PBMC) were collected at
enrolment and at 6-monthly intervals during 2 years of follow-up
in a subset of the cohort. TST was also performed at yearly
intervals. Adolescent participants provided written, informed
assent and their parents or legal guardians provided written,
informed consent. All participants were between 12-18 years old
and enrolled at public high schools. Participants who were
pregnant, lactating or who had chronic medical conditions at
enrolment were excluded. We retrieved stored PBMC from
healthy adolescents based on serial QFT test results, as defined
below, and sample availability.

Definition of Study Groups

QFT reverters were defined as adolescents with two positive QFT
tests followed by two negative QFT tests 6 months apart
(Supplementary Figure 1). To reduce the likelihood of
technical fluctuations around the assay cut-off, we selected
reverters with at least one QFT positive and one negative test
result outside the QFT uncertainty zone: 0.2-0.7 IU/mL
[Supplementary Figure 1; (35)], wherever possible.

Persistent QFT+ individuals had 4 consecutive QFT positive
tests, at least two of which with IFN-y >0.7 IU/mL, 6 months
apart over 18 months. This group has been described in detail in
[(24, 36); Supplementary Figure 1].

QFT non-converter adolescents had 4 consecutive QFT
negative tests (< 0.2 IU/mL) 6 months apart (Supplementary

Figure 1). QFT non-converters were not selected based on TB
exposure history, in this high transmission setting, and likely
include a heterogeneous population of naive participants, as well
as previous TB exposed but uninfected individuals. Only 4 non-
converters reported past TB exposure (all more than 1 year prior
to study enrolment, Supplementary Table 1). We chose an
upper limit of QFT response of 0.2 IU/mL, below the QFT
uncertainty zone, to increase the likelihood that these individuals
were truly M.tb “unsensitized” at the time of sampling, and could
represent a meaningful negative control group.

Control groups (non-converters and persistent QFT+) were
randomly selected from a pool of participants with available
samples and matched to QFT reverters based on age at
enrolment (+ 1 years), gender, ethnicity and school [which
relates to socio-economic and M.tb exposure status (37),
Supplementary Table 1].

Measurement of M.tb-Reactive Adaptive
and Innate Cells

M.tb-reactive adaptive (T cells) and innate cells [monocytes, NK,
DURT and B cells (in their antigen-presenting cell capacity)]
were detected using two different PBMC intracellular cytokine
staining (ICS) and flow cytometry protocols.

The adaptive T cell protocol has been previously described in
detail (24). Briefly, cryopreserved PBMC were stimulated with no
antigen, peptide pools (15 mer peptides overlapping by ten
amino-acids, 1ug/mL) spanning the full length of CFP-10/
ESAT-6 (antigens in the QFT assay, GenScript Biotechnology)
or Rv3615c¢ (EspC) (33), Rv2348 and Rv3865 (EspF) (collectively
referred to as EspC/EspF/Rv2348 peptide pool, GenScript
Biotechnology), M.tb lysate (H37Rv, 10pg/mL, BEI resources)
or Staphylococcus enterotoxin B [SEB (positive control), 1ug/
mL, Sigma Aldrich] for 18 hours, with brefeldin A (5ug/mL,
Sigma Aldrich) and monensin (2.51g/mL, Sigma Aldrich) added
after the first 3 hours of stimulation.

For the innate PBMC-ICS protocol, cryopreserved PBMC
were stimulated with no antigen, M.tb lysate (H37Rv, 10ug/mL,
BEI resources) or heat-killed Escherichia coli (E.coli, 107 bacteria
per 10° PBMC, in-house preparation) for 6 hours, with brefeldin
A (5ug/mL, Sigma Aldrich) and monensin (2.5ug/mL, Sigma
Aldrich) added after the first 2 hours of stimulation (see
Supplementary Methods for details).

Cells were then stained with fluorescent-labelled antibodies
(Supplementary Tables 2, 3) and detected using flow cytometry
to identify phenotypic marker and cytokine expression.

Data Analysis

Adaptive T Cell Analysis Pipeline

M.tb-specific lymphocytes, CD4 and CD8 T cells stimulated
using the adaptive T cell protocol were identified using the gating
strategy illustrated in Supplementary Figure 2. Most analyses
from the adaptive T cell protocol focused on CD4 T cells because
CD8 T cell responses were predominantly not different to
background response in most individuals (data not shown).
We then followed the analysis pipeline previously described
(24): we utilized COMPASS (38), Pestle and SPICE (39) to
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analyze expression of all antigen-specific cytokine combinations.
We then identified individuals, referred to as responders, with
total IFN-y+ lymphocyte or Th1 cytokine+ CD4 T cell responses
significantly [false discovery rate (FDR) < 0.01] higher than
background (unstimulated) using MIMOSA (40) and a fold-
change over background > 3. Since we had longitudinal samples,
we applied the responder definition to each study visit for each
participant. To prevent the introduction of bias, we first
determined if frequencies of IFN-y+ lymphocytes or Thl
cytokine+ CD4 T cells were significantly different between
visits stratified by QFT status (detailed in Supplementary
methods; Supplementary Figure 3). We then exported FCS
files of IFN-y+ lymphocytes or Thl cytokine+ CD4 T cells
from all visits that passed the responder criteria and
concatenated FCS files based on QFT status to get a
representative FCS file for each participant-QFT status
combination (Supplementary Figure 4). Concatenated FCS
files containing IFN-y+ lymphocytes were used for tSNE
analysis to identify cell clusters contributing to the total IFN-
v+ lymphocyte response (detailed in Supplementary Methods).
Thl cytokine+ CD4 T cells were used for CITRUS analysis to
identify unique T cell features that could distinguish between two
groups, i.e. persistent QFT+ versus pre-reverter, pre- versus post-
reverter and post-reverter versus non-converter [Supplementary
Figure 5; (41)]. We also used Th1 cytokine CD4 T cell responses
to calculate functional differentiation score [Supplementary
Equation 1; (42)].

Innate Cell Analysis Pipeline

M.tb-specific innate (monocytes and NK cells), DURT, B cells and
T cells stimulated using the innate PBMC-ICS protocol were
identified using the gating strategy illustrated in Supplementary
Figure 6. Since spontaneous cytokine expression was detected in
several innate cell subsets, as expected, analyses included responses
measured in unstimulated samples, stimulated samples, as well as
stimulated minus unstimulated samples. Since our flow cytometry
panel included several functions that are known not to be
expressed by all the cell subsets measured (i.e. are biologically
irrelevant) we excluded variables that were not measurable in two-
thirds of the samples [details about data filtering are provided in
(43)]. Additional information about tSNE analyses of this dataset
is provided in the Supplementary Methods.

Statistical Analysis

The adaptive T cell experimental protocol was performed on all
study participant visits, where possible, while the innate protocol
was performed on PBMC from all reverters visits, were possible,
but on only two (consecutive) visits from persistent QFT+
individuals and non-converters. To prevent the introduction of
bias due to repeated sampling from the same donor, we
calculated a representative functional response based on QFT
status for each individual. Firstly, to determine if functional
responses (single cytokine, co-expression patterns, etc.) were
significantly different between visits stratified by QFT status,
we performed a Kruskal-Wallis test to compare responses
detected at all 4 QFT negative and positive visits in non-

converters and persistent QFT+, respectively (Supplementary
Figures 3A, B). Wilcoxon signed-rank tests were used to
compare functional responses detected at paired QFT negative
and QFT positive visits in reverters (Supplementary Figure 3C).
If none of the functional responses were significantly different
(p > 0.05) between visits with the same QFT status, we calculated
the median response for each participant based on QFT status.
This resulted in a single value for each QFT non-converter and
persistent QFT+ individual, and two values for QFT reverters
according to QFT status (QFT+ = pre-reverter and QFT- = post-
reverter), which were then used for inter- and intra-group
comparisons: persistent QFT+ vs pre-reverter (Mann-Whitney
test); pre- vs post-reverter (Wilcoxon signed-rank test) and post-
reverter vs non-converter (Mann-Whitney test).

Bonferroni and Benjamini-Hochberg (FDR <0.05) methods
were used to correct for multiple comparisons for up to 4
comparisons or more than 4 comparisons, respectively.

Projection to Latent Space Discriminant Analysis
Modelling Pipeline

Several data pre-processing steps were applied prior to building
the projection to latent space discriminant analysis (PLS-DA)
(30) model, detailed in the Supplementary Methods.

Feature Selection

We tuned and built a least absolute shrinkage and selection
operator (LASSO) model (44) to the integrated dataset in order
to identify features that could stratify the two control groups
(persistent QFT+ and non-converters) in the model. The model
was therefore blinded to the differences between the reverters
and the control cohorts. 10-fold cross-validation (CV) was
repeated 500 times and the optimal shrinkage parameter, A,
was defined as the average A across the 500 repeats. The final
LASSO model was built using the optimal value of A and the
most stratifying features were identified as the non-zero
coefficients in the final model.

PLS-DA

PLS-DA is a classification model that aims to classify samples
into known groups and identify variables that drive the
discrimination between the groups. The PLS-DA model (45)
was built within the ropls R package (R package version 1.22.0.
doi:10.18129/B9.bioc.ropls) to the vast standardized and MFA-
imputed dataset containing the features selected by the LASSO
model. The group status, namely persistent QFT positive, pre-
reversion, post-reversion and non-converter, was defined as
the response.

Model Validation

The performance of the PLS-DA model was assessed via a cross-
validation procedure. For 1000 bootstrapped samples, 70% of the
observations were set aside to make up the training set, and the
remaining 30% the testing set. For each iteration, the data was split
such that there were equal proportions of the four groups in the
testing set (10 observations per group). The PLS-DA model was
built to the training set of observations and the test set was used to
assess the ability of the model to predict a new outcome based on
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its training. The performance was reported as the average
misclassification error across the 1000 bootstrapped iterations.

RESULTS

TST Dynamics

We defined M.tb infection using QFT only, but also had access to
TST results, which were performed annually. We therefore
determined the concordance between QFT and TST for each
study group. We observed very good concordance of 95% and
88% between QFT and TST in persistent QFT+ individuals and
non-converters, respectively (Supplementary Figure 7;
Supplementary Table 4). However, the majority of QFT
reverters were persistently TST+ throughout follow up, which
resulted in a poor concordance between QFT and TST tests,
with a 45% agreement between the two immuno-diagnostics
(Supplementary Figure 7; Supplementary Table 4).

QFT Reversion Is Associated With
Maintenance of Functional M.tb-Specific
CD4+ T Cells

We utilized tSNE analysis to determine the cellular composition
of CFP-10/ESAT-6- and M.tb lysate-specific IFN-y+
lymphocytes in responders only. Too few reverters and non-
converters had a robust IFN-y+ lymphocyte response to CFP-10/
ESAT-6 to be included in this analysis (Supplementary Table 5).
tSNE analysis (and confirmatory flow cytometry gating)
confirmed CD4 T cells as the major source of IFN-y in
persistent QFT+ individuals (regardless of stimuli) and (pre-
and post-) reversion, while CD4 T cells accounted for <50% of
M.tb lysate-specific IFN-y+ lymphocytes in non-converters
(Supplementary Figure 8). Based on these results, we decided
to focus our T cell analysis on CD4 T cells.

Our experimental protocol detected CFP-10/ESAT-6-specific
IFN-y+ CD4 T cells that highly correlated with QFT responses
(Figure 1A), confirming that PBMC-ICS and flow cytometry were
suitable techniques to characterize M.tb-specific immune
responses detected by QFT. However, CFP-10/ESAT-6-specific
IFN-y+ CD4 T cells did not decrease upon QFT reversion, and
frequencies of these cells were maintained at similar levels
throughout the study follow-up and did not correlate with
quantitative QFT values (Figures 1A, B). Some QFT reverters
(n=8) had either both pre-reversion or post-reversion QFT values
within the uncertainty zone (Supplementary Figure 1).
Regardless, the frequencies of their CFP-10/ESAT-6-specific
IFN-y+ CD4 T cells fell in the same dynamic range and showed
no change over time as participants with at least one QFT positive
value above 0.7 IU/mL and one QFT negative value below 0.2 IU/
mL (data not shown). Since we did not observe a difference in
frequencies of IFN-y+ CD4 T cells across different visits, we
calculated median responses for each participant stratified by
QFT status. No significant differences in CFP-10/ESAT-6-
specific IFN-y+ CD4 T cells, nor IFN-y+ CD8 T cells or IFN-y+
lymphocytes, were observed pre- and post-reversion (Figure 1C).

We then determined whether recognition of other M.tb-
specific immunodominant antigens or expression of IFN-y-

independent cytokines were also maintained in reverters.
EspC/EspF/Rv2348- and M.tb lysate-specific IFN-y+ CD4 T
cells did not significantly decrease upon QFT reversion
(Figure 1D). Frequencies of CFP-10/ESAT-6- and M.tb lysate-
specific IFN-y+ CD4 T cells detected pre-reversion were
significantly lower than those in persistent QFT+ individuals,
while those detected post-reversion were significantly higher
than non-converters, respectively (Figure 1D). On the other
hand, the magnitude of EspC/EspF/Rv2348-specific [IFN-y+ CD4
T cells observed pre- and post-QFT reversion was similar to
persistent QFT+ individuals and non-converters, respectively
(Figure 1D), probably due to high variability. Lastly, as
observed for IFN-y+ CD4 T cells, frequencies of TNF+ and IL-
2+ CFP10-/ESAT-6-specific CD4 T cells did not decrease upon
QFT reversion, and responses detected in reverters were of
intermediate magnitude between non-converters and persistent
QFT+ (Supplementary Figure 9A). The magnitude of CD154+
and CD107+ CFP10-/ESAT-6-specific CD4 T cells was not
different between groups. (Supplementary Figure 9A).

Next, we investigated changes in M.tb-specific CD4 T cell
cytokine co-expression profiles, and specifically whether QFT
reversion was associated with preferential maintenance of IFN-
v-independent responses (observed in resisters) compared to
persistent QFT+ individuals. The probability of detecting
polyfunctional responses [polyfunctionality score calculated by
COMPASS (38)] and frequencies of cytokine co-expressing CD4
T cell subsets were not significantly different pre- and post-
reversion, with no enrichment of IFN-y-CD154+TNF+IL-2+
CD4 T cells (Figures 2A, B and Supplementary Figure 9B).
Group comparisons confirmed previous observations, where
CFP-10/ESAT-6 polyfunctionality scores and the frequencies
of IFN-v+ co-expressing M.tb-specific cells in reverters were
lower than persistent QFT+ individuals but higher than non-
converters (Figures 2A, B and Supplementary Figures 9B).
Exceptions to this were comparable M.tb lysate-specific
polyfunctionality scores and frequencies of CFP-10/ESAT-6 IFN-y-
CD4 T cell subsets (including CD154+TNF+IL-2+) between
persistent QFT+ individuals and pre-reverters (Figures 2A, B and
Supplementary Figure 9B).

Further characterization of M.tb-specific CD4 T cells focused
only on participants with robust Th1 responses (Supplementary
Table 6), and only groups with at least one third of participants
with a Thl response were included. Definition of “responders”
ignored expression of CD154 and CD107 because of their high
background in unstimulated samples. Based on these arbitrary
criteria, CFP-10/ESAT-6-specific responses in non-converters
and EspC/EspF/Rv2348-specific responses in all groups were
not further studied. Importantly, only 30-40% reverters had
robust responses to CFP-10/ESAT-6, which were detectable in
97% of persistent QFT+ individuals.

Next, we compared proportions of Thl cells expressing
different combinations of IFN-y, TNF and IL-2 in responders
only. IEN-y- CD4 T cells accounted for less than a quarter of
M.tb lysate-specific CD4 T cells in persistent QFT+ individuals
and reverters, compared to almost 40% of M.tb lysate-specific
CD4 T cells in non-converters and only minor differences were
observed across the study groups (Supplementary Figure 10A).
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FIGURE 1 | Immunodominant M.tb-specific IFN-y+ CD4 T cells are maintained during QFT reversion. (A) Immune responses detected by flow cytometry (% of CFP-
10/ESAT-6-specific IFN-y+ CD4 T cells) and QFT-ELISA (IFN-y+ 1U/mL). All participants and all visits are shown (n = 321). Dotted line and shaded area represent the
QFT cut-off (0.35 IU/mL) and the uncertainty zone (0.2-0.7 1U/mL), respectively. The Spearman’s correlation coefficient (r) was calculated on the entire cohort (black)
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(P10-ES6: n = 28; Esp: n = 23; M.tbL: n = 27, blue) and non-converters (P10-ES6: n = 28; Esp: n = 27; M.tbL: n = 28, grey). P-values were calculated using the
Wilcoxon signed rank test for comparison of responses from reverters only, and Mann-Whitney test for persistent QFT+ vs pre-reversion and post-reversion vs non-
converters. P-values < 0.05 for (A), < 0.01 for (B) and < 0.0125 (for C, D) were considered significant after correction for multiple comparisons.

On the other hand, more than half of CFP-10/ESAT-6-specific
responses in reverters were IFN-y-, compared to less than 30% in
persistent QFT+ individuals. Additionally, pre-reverters
exhibited higher proportions of CFP-10/ESAT-6-specific IFN-
v-TNF+IL-2+, but lower proportions of IFN-y+TNF+IL-2+
compared with persistent QFT+ (Supplementary Figure 10A).
Overall, reverters had a lower functional differentiation score
compared to persistent QFT+ individuals in response to CFP-10/
ESAT-6 and a higher functional differentiation score compared
to non-converters in response to M.tb lysate (Figure 2C).

Taken together, these results suggest that although functional
responses to diverse M.tb antigens are maintained even upon
QFT reversion, reverters have intermediate magnitudes of M.tb-
specific CD4 T cells responses and these cells are in intermediate
states of functional differentiation compared to persistent QFT+
and non-converters.

QFT Reversion Is Not Associated With a
Shift Towards a Less Differentiated T Cell
Memory Phenotype

Less differentiated T cell memory and IFN-y- functional
phenotypes have been associated with lower antigen loads (23,
42). To determine if this is also true for M.tb-specific CD4 T cells
during QFT reversion, we measured the proportions of M.tb-
specific Thl cells expressing different memory phenotypes in
reverters and compared them to control groups. We defined
memory subsets based on co-expression of CD45RA (RA), CCR7
(R7), CD27 (27) and KLRG-1 (G1). The predominant memory
subsets in all groups, regardless of stimulation, were transitional
(Ttym) and effector (Tg) memory T cells (Supplementary
Figure 10B). We observed higher proportions of CFP-10/
ESAT-6-specific Ty cells in pre-reverters than in persistent
QFT+ individuals, and lower proportions of M.tb lysate-specific
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Tscm cells post-reversion compared with non-converters
(Supplementary Figure 10B).

To obtain more granular results, we next evaluated whether a
combination of memory and functional markers could be used to
identify subsets that were significantly different between groups
using an unbiased approach, CITRUS [as described in (24)]. The
composition of each differentially expressed T cell cluster
(Supplementary Table 7) identified using CITRUS, was confirmed
by manual gating on all responders (Supplementary Figure 5B).

In line with previous analyses, pre-reverters showed higher
proportions of CFP-10/ESAT-6-specific early differentiated
IFN-y- Thl cells, and lower proportions of more differentiated
effector IFN-y+ Thl cells compared to persistent QFT+
individuals (Figure 3A).

Despite detecting differences in cellular composition using
CITRUS, proportions of manually gated CFP-10/ESAT-6-
specific early differentiated CD27+TNF+ Thl cells (cluster
932) were not significantly different pre- versus post-reversion
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(p = 0.067; Figure 3B). Similarly, the 3 M.tb lysate-specific =~ converters (Figure 3D), while no other differences were detected

clusters identified by CITRUS as differentially expressed in
persistent QFT+ compared to pre-reverters were not different
when gated manually (p > 0.05; Figure 3C). On the other hand,
we confirmed lower proportions of M.tb lysate-specific TNF+
Tscm (cluster 2662) cells in post-reverters compared to non-

between these 2 groups.

Based on these results, we can conclude that M.tb-specific
CD4+ T cells from QFT reverters are less differentiated
compared to persistent QFT individuals, and are more similar
to non-converters.
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QFT Reversion Is Not Associated With a
Decrease in T Cell Activation

Results described above suggest that QFT reversion was not
associated with a decrease in functional activity nor a change in T
cell memory subsets. Since we and others have shown that T cell
activation may correlate with M.tb bacterial burden (29, 31, 36),
we determined whether QFT reversion was associated with a
decrease in T cell activation. Overall, no difference in proportions
of activated (HLA-DR+) M.tb-specific (Th1 cytokine+) CD4 T
cells, regardless of stimulation, were detected pre- and post-
reversion, as well as compared to persistent QFT+ individual and
non-converters (Figure 4).

QFT Reversion Is Not Associated

With Modulation of Innate, DURT,

and B Cell Responses

Since multiple cell types can contribute to IFN-y production in
response to mycobacteria, including NK and DURT cells, and
innate cells can also modulate IFN-y expression in classical T
cells, we further explored the potential role of these cells in
QFT reversion.

To confirm the capability of innate, DURT and B cell subsets to
produce IFN-y+ in response to M.th, we utilized tSNE analysis
(Supplementary Figure 11) (46, 47). NK cells, classical CD3+ T
cells and MAIT cells were the main contributors to lymphocyte
IEN-y expression in response to M.tb lysate stimulation
(Supplementary Figures 11A, B). As expected, spontaneous
IFN-y expression in unstimulated samples was mostly detected in
NK cells, some T cell subsets and, surprisingly, B cells. NK and Y5 T
cells were the two major IFN-y producers in response to E. coli.

We further used tSNE analysis to visualize which other
cytokines innate, DURT and B cell subsets produce in response
to M.tb lysate in all participants combined (Supplementary
Figure 12) or reverters only (Figure 5A). Granzyme B in
combination with IFN-y and/or TNF was mostly expressed by
NK cells; IFN-y was expressed by NK and most T cell subsets; IL-
6 was expressed by MAIT, some B cells and “ungated” cells

(probably CD14- myeloid cells); TNF was expressed by NK cells,
MAIT, classical T cells and B cells. The expression of IL-10 and
IL-12 was very low and variable in all cell types in response to
M.tb stimulation.

To compare innate, DURT and B cell responses
longitudinally in reverters and cross-sectionally across study
groups, frequencies of cytokine+ cells in unstimulated samples
were subtracted from those in the M.tb lysate-stimulated
samples. For cell types expressing multiple functional markers,
co-expression profiles were also evaluated (data not shown). We
found no statistical differences in innate, DURT and B cell
responses over time in reverters, nor when reverters were
compared with persistent QFT+ and non-converters
(Figure 5B and data not shown). Except for monocytes,
responses were generally low and variable, and unfortunately
only half the number of participants in each group could be
included in this analysis.

Overall, we confirmed that M.tb lysate induces cytokine
production by innate, DURT and B cells, however, these
functional responses did not differ upon QFT reversion or
across study groups in the small subset of participants included
in this analysis.

QFT Reverters Are More Similar to
Non-Converters Than Persistent

QFT+ Individuals

To further explore the relationship between QFT reverters and
the control groups, the two (adaptive and innate) datasets were
integrated and fitted to a PLS-DA model using LASSO selected
features (Figure 6). The feature selection was based on persistent
QFT+ and non-converters, then the model was applied to the
reverters to evaluate whether they constituted a distinct
population from the control groups. The LASSO model,
blinded to the QFT reverters, identified seven stratifying
features (all from the adaptive dataset) that could best
distinguish persistent QFT+ and non-converters (Figure 6B,
right). Using these seven features as exploratory variables and
the four groups (persistent QFT+, pre-reverters, post-reverters
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FIGURE 4 | QFT reversion is not associated with a decrease in T cell activation.
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FIGURE 5 | M.tb lysate-reactive innate, DURT and B cell responses do not change upon QFT reversion. (A) tSNE visualization of M.tb-reactive lymphocyte cell
subsets expressing any cytokine (Granzyme B (GrB), IL-6, IL-10, IL-12, IFN-y, TNF) in QFT reverters (all visits included). (B) Background-subtracted frequencies of
M.tb-reactive TNF+ B cells, IFN-y+ NK cells, IL-6+ MAIT cells, TNF+ y3 T cells, IL-6+ NKT-like cells, TNF+ T cells and IL-6+ monocytes detected pre- and post-
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symbol). P values were calculated by Wilcoxon signed rank test and p < 0.017 were considered significant.

and non-converters) as a response, a PLS-DA model was built to
the vast scaled and MFA-imputed integrated dataset. In two
dimensions, the model captured 71% of the total variability and
was able to successfully separate persistent QFT+ and non-
converter observations. The pre- and post-reversion groups
greatly overlapped with each other and were positioned in
between the controls (Figure 6A). The reverters, regardless of
QFT status, had intermediate loading scores on latent component
one, which were significantly different from both control groups
(Figure 6B, left). The persistent QFT positives loaded negatively
on the first component and the top variables that drove this were
two CFP-10/ESAT-6-specific IFN-y+ CD4+ T cell subsets. The

non-converters, on the other hand, loaded positively on the first
component and the expression of CCR7 on M.tb-lysate-specific
total Thl cells drove this separation (Figure 6B, right). The
second latent component, which captured 21% of the total
variability, could successfully separate the persistent QFT
positives from the other three groups, but failed to differentiate
the non-converters from the QFT reverters (Supplementary
Figure 13A). The main features distinguishing reverters and
non-converters from persistent QFT+ were M.tb lysate-specific
IEN-y- CD4 T cells (Supplementary Figure 13B).

The performance of this PLS-DA model was then assessed via a
cross-validation procedure and the average misclassification error
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after 1000 bootstrapped iterations was 0.48. The misclassification
rate of persistent QFT positives and non-converters were 10% and
15%, respectively, while the misclassification rates of pre- and
post-reverters were 92% and 72%, respectively. The average
confusion matrix across the bootstrapped samples (Figure 6C)
showed that about half of the observations from both reverter
groups were misclassified as non-converters, which is twice as
many as those that were classified as persistent QFT positives, or
correctly classified as reverters.

Since reverters were not separated according to QFT status, a
second PLS-DA model was built to assess whether the reverters
could be stratified according to CFP-10/ESAT-6 responder status
defined by MIMOSA (40). Responder and non-responder
reverters were still not significantly different from each other
and were significantly different from the control cohorts
(Supplementary Figure 13C).

Finally, a LASSO model was built including all 3 groups (i.e.
QFT reverters, persistent positives and negatives) as a class
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outcome and similar variables to the LASSO model that was
blinded to the reverters were identified. Consequently, the
performance remained the same, with the reverters frequently
misclassified (data not shown).

Taken together, statistical modelling performed on all
available data confirmed that innate, DURT and B cell
responses did not contribute to the stratification of the study
groups, and that M.tb-specific CD4 T cell responses in reverters
were overall more similar to those detected in non-converters
compared to persistent QFT+.

DISCUSSION

Based on TST reversion studies in humans and guinea pig animal
models, researchers hypothesize that QFT and/or TST reversion
is associated with M.tb clearance or a reduction of bacterial
burden (7). We found that QFT reversion was observed in a
heterogenous group of individuals. In our cohort, none of the
classical T cell, innate, DURT and B cell features we measured
changed upon QFT reversion, suggesting that at least in some
individuals reversion is due to QFT variability. However,
reverters consistently displayed intermediate magnitude and
differentiation status of M.tb-specific CD4 T cell responses
compared to non-converters and persistent QFT+ individuals.
Overall, reverters shared more similar features with non-
converters compared to persistent QFT+ individuals,
suggesting that reverters are generally exposed to very low or
no antigen in vivo, which is consistent with well-controlled or
previously cleared M.tb infection.

In our cohort of QFT reverters, functional and memory M.tb-
specific CD4 T cell profiles did not change upon QFT reversion in
response to a variety of M.tb immunodominant antigens.
However, less than half of the reverters were classified as CD4 T
cell responders to CFP-10/ESAT-6 stimulation both before and
after reversion. This highlights the heterogeneity of QFT reverters,
which include individuals who have low M.tb-specific immune
responses which fluctuate around the QFT cut-off, as well as
individuals who have low but detectable M.tb-specific responses
despite falling below the QFT cut-off. M.tb-specific cytokine-
producing CD4 T cells detected in reverters were of
intermediate magnitude that fell between those observed in
non-converters and persistent QFT+. These results are not
consistent with findings by Jenum and colleagues, who reported
that magnitude and cytokine co-expression profile of M.tb-
specific Th1 CD4 T cells were not significantly different between
IGRA reverters (n=6) and IGRA+ individuals [n=14, (9)]. M.tb-
specific T cell activation (HLA-DR expression), which is likely
associated with in vivo bacterial load during recent infection and
active tuberculosis disease (29, 31, 32, 36), was very low and not
significantly different across study groups. Based on these results,
we found no clear evidence against the reversion = clearance
hypothesis. In fact, the low level of activation in all groups suggests
that even persistently QFT+ individuals are exposed to low
bacterial burden in vivo, which does not trigger higher T cell
activation than M.tb-uninfected individuals (non-converters).

We detected higher levels of CFP-10/ESAT-6-specific Tty
and early-differentiated IFN-y-TNF+IL-2+ memory subsets, but
lower levels of IFN-y+TNF+ Tg cells and functional
differentiation in reverters compared with persistent QFT+.
Further, with the exception of lower proportions of M.tb
lysate-specific Tscy, memory/functional subsets were not
significantly different between reverters and non-converters.
These findings suggest that reverters likely have a controlled,
low-grade M.tb infection, or may have even had cleared
infection, prior to detection of the QFT reversion. These
results also highlight that once M.tb infection is established,
immunological memory, consisting of both effector and Tscp/
Tcum cell subsets, is sustained even upon QFT reversion.

We hypothesized that distinct innate, DURT and B cell
responses could contribute to controlling M.tb infection or
modulate IFN-y production resulting in QFT reversion.
Overall, we observed no significant differences in these
immune responses to M.tb lysate stimulation pre- and post-
QFT-reversion for any of the functional molecules (IFN-v, IL-6,
TNF, IL-10, IL-12 and Granzyme B) expressed by different cell
types (including monocytes, B, NK and DURT cells), nor
differences between the groups. Unfortunately, this analysis
was conducted on a small subset of participants, and therefore
it was likely underpowered to detect small differences.

To evaluate whether a combination of features from the
adaptive T cell as well as the innate, DURT and B cell datasets
could better capture changes in the reverters, or classify them as
distinct from persistent QFT+ and non-converters, we integrated
and modelled all the outcomes generated in separate
experiments. Performing LASSO feature selection prior to
fitting the PLS-DA model improved the computational
efficiency of the model and was used to identify the most
differentiating features in the dataset that could discriminate
between persistent QFT+ and non-converters. The LASSO
model, and hence the PLS-DA model, were therefore blinded
to the relationship between the reverters and the control cohorts.
The model did not distinguish between QFT+ and QFT-
reverters (i.e. pre- and post-reversion), nor between reverters
who did or did not respond to CFP-10/ESAT-6 antigen
stimulation, thereby confirming that overall there were no
distinct immunological features that changed upon reversion.
However, the model did not consistently identify the reverters as
either one of the control cohorts, suggesting that the reverters are
a biologically distinct but heterogeneous group of individuals
with intermediate features between QFT+ and QFT- control
groups. The initial PLS-DA model built to the integrated dataset
was validated via a cross-validation procedure and yielded a poor
average performance, with pre- and post-reverter observations
that were more often misclassified than correctly classified.
Specifically, the majority of the observations in the pre- and
post-reverter groups were misclassified as non-converters more
than they were correctly classified as reverters or misclassified as
persistent QFT positives. This suggests that immune features
measured in reverters are more similar to non-converters than
persistent QFT positives, implying that the QFT reverters may
have cleared, or at least controlled M.tb infection to a very low

Frontiers in Immunology | www.frontiersin.org

132

August 2021 | Volume 12 | Article 712480


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

Mpande et al.

Immunological Profiling of QuantiFERON-TB Reversion

load. However, given the small sample size of the dataset, using
the misclassification error rate is a misleading performance
metric and is difficult to draw definitive conclusions.

We acknowledge that this study has several other limitations,
including discordance between QFT and TST responses in
reverters; the majority of reverters were persistently TST
positive during follow-up. This result suggests that TST may
be a more sensitive test to detect less immunodominant or low
mycobacteria-reactive responses than QFT. Purified protein
derivative administered for TST consists of hundreds of
antigens, in addition to the two antigens used in QFT. In
addition, the long time frame (48-72 hours) between purified
protein derivative injection and measurement of induration
allows recruitment of lymphoid tissue-resident memory cells
and for early differentiated cells to proliferate and induce a
delayed-type hypersensitivity reaction, while QFT is a shorter
ex vivo assay that detects circulating effector IFN-y+ T cells. Our
finding that early differentiated M.tb-specific CD4 T cells
persisted in reverters is therefore consistent with their
sustained TST reactivity even upon QFT reversion. Due to the
limited amount of samples available, we could not perform long-
term cell stimulations, which may have further confirmed higher
proportions of early differentiated M.tb-specific CD4 T cells in
reverters compared to persistent QFT positives (48).

We may have observed different M.tb-specific memory and
functional kinetics if we had selected participants with
concordant QFT and TST reversion. Unfortunately, not
enough individuals with this phenotype in our larger
adolescent cohort study had sufficient PBMC available.

We measured M.tb-specific responses to CFP-10/ESAT-6,
other M.tb-specific immunodominant antigens EspC/EspF/
Rv2348 (49); and to M.tb lysate, which includes antigens cross-
reactive with BCG and environmental mycobacteria. We cannot
exclude that T cell responses to other M.tb antigens expressed at
varying abundance by M.tb bacilli with different metabolic states,
such as the Ag85 complex or latency-associated proteins (50, 51),
may be associated with reversion.

We did not measure expression of other cytokines or
functions known to contribute to M.tb control, such as IL-17,
which might be associated with protective immunity in non-
human primates (46, 47). We did not include IL-17 in our panel
because mycobacterial stimulation of human PBMC induces very
low IL-17 production by T cells (52), which would have been
insufficient to allow phenotyping of these cells.

Finally, we do not know when the cohort of reverters studied
here acquired infection, as they were selected to be QFT+ for >6
months before reversion. Whether immune features associated
with transient infection (QFT conversion followed by rapid
reversion) or potential clearance of established infection
(sustained remote QFT conversion followed by reversion)
share similarities remains unknown.

We propose that QFT reverters represent a heterogenous
grouping of individuals in the tuberculosis spectrum. This
grouping includes individuals with detectable, pre-reversion
levels of IFN-v in the QFT assay, which are not robustly and
universally detectable at a single cell level by flow cytometry, as
well as post-reversion QFT- individuals with early differentiated

T cell responses detected by flow cytometry and TST. In some
individuals QFT reversion may therefore be simply due to
technical variability of the assay. In other individuals, the low
magnitude of M.tb-specific CD4 T cells responses and the
memory and functional profiles observed in QFT reverters
shared more characteristics with non-converters than
persistently infected (QFT+) individuals, which is consistent
with low or no in vivo antigen exposure and may indicate
controlled or cleared M.tb infection.
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High Dimensional Immune Profiling
Reveals Different Response Patterns
in Active and Latent Tuberculosis
Following Stimulation With
Mycobacterial Glycolipids

Carolina S. Silva™2", Christopher Sundling®**, Elin Folkesson®*, Gabrielle Froberg®*,
Claudia Nobrega 2, Jodo Canto-Gomes "2, Benedict J. Chambers®, Tadepally Lakshmikanth®,
Petter Brodin®”, Judith Bruchfeld®>*, Jéréme Nigou® Margarida Correia-Neves >3

and Gunilla Kéllenius*

' Life and Health Sciences Research Institute, School of Medicine, University of Minho, Braga, Portugal, 2 ICVS/3B’s, PT
Government Associate Laboratory, Braga, Portugal, 3 Division of Infectious Diseases, Department of Medicine Solna, Center
for Molecular Medicine, Karolinska Institutet, Stockholm, Sweden, 4 Department of Infectious Diseases, Karolinska University
Hospital, Stockholm, Sweden, ® Center for Infectious Medicine, Department of Medicine, Huddinge, Karolinska Institutet,
Stockholm, Sweden, ¢ Science for Life Laboratory, Department of Women’s and Children’s Health, Karolinska Institutet,
Stockholm, Sweden, 7 Department of Immunology and Inflammation, Imperial College London, London, United Kingdom,

8 Institut de Pharmacologie et de Biologie Structurale, Université de Toulouse, Centre National de la Recherche Scientifique
(CNRS), Université Paul Sabatier, Toulouse, France

Upon infection with Mycobacterium tuberculosis (Mtb) the host immune response might
clear the bacteria, control its growth leading to latent tuberculosis (LTB), or fail to control its
growth resulting in active TB (ATB). There is however no clear understanding of the
features underlying a more or less effective response. Mtb glycolipids are abundant in the
bacterial cell envelope and modulate the immune response to Mtb, but the patterns of
response to glycolipids are still underexplored. To identify the CD45" leukocyte activation
landscape induced by Mtb glycolipids in peripheral blood of ATB and LTB, we performed
a detailed assessment of the immune response of PBMCs to the Mtb glycolipids
lipoarabinomannan (LAM) and its biosynthetic precursor phosphatidyl-inositol
mannoside (PIM), and purified-protein derivate (PPD). At 24 h of stimulation, cell
profiing and secretome analysis was done using mass cytometry and high-multiplex
immunoassay. PIM induced a diverse cytokine response, mainly affecting antigen-
presenting cells to produce both pro-inflammatory and anti-inflammatory cytokines, but
not IFN-y, contrasting with PPD that was a strong inducer of IFN-y. The effect of PIM on
the antigen-presenting cells was partly TLR2-dependent. Expansion of monocyte subsets
in response to PIM or LAM was reduced primarily in LTB as compared to healthy controls,
suggesting a hyporesponsive/tolerance pattern derived from Mtb infection.

Keywords: tuberculosis, mycobacterial glycolipids, active tuberculosis (ATB), latent tuberculosis (LTB),
hyporesponsiveness, lipoarabinomannan (LAM), phosphatidylinositol mannoside (PIM)
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INTRODUCTION

It is estimated that approximately 25% of the world population is
latently infected with Mycobacterium tuberculosis (Mtb) (1).
However, only about 10% of individuals with latent TB (LTB)
are estimated to develop active TB (ATB) (2). It is clear therefore
that in most cases Mtb infection is well controlled, but our
understanding of what makes an effective immune response that
controls and/or clears Mtb is limited.

Research on the host response to Mtb has so far mainly
focused on protein-based antigens. However, the immune
response to Mtb is initiated mainly through the interaction of
Mtb cell envelope components, mostly glycolipids, with distinct
cells of the innate immune system (3), which trigger activating or
repressive responses in terms of cytokine production (4, 5). The
ability of Mtb lipids to traffic outside infected cells (6-8) renders
the direct contact of Mtb cell envelope glycolipids with distinct
immune cells an important aspect of the immune response (9).
Lipoarabinomannan (LAM) is a major glycolipid of the Mtb
cell wall and has been studied quite extensively for its
immunomodulatory properties (10, 11), compared to its
biosynthetic precursors, the phosphatidyl-inositol mannosides
(PIM, and PIMg). Many host cell receptors take part in the
initial interaction between mycobacteria and innate immune
cells (12, 13). TLRs and C-type lectins are involved in this
process, resulting in activation of several antimicrobial
mechanisms by macrophages (M@s) and dendritic cells (DCs)
(14-17).

In addition to the extensive interaction with innate immune
cells, PIM and LAM are also both recognized by CD1b-restricted
T cells (9, 18-21). In fact, it was observed that purified-protein
derivate (PPD) positive individuals respond through CD1-
restricted T cells to several mycobacterial lipids, including PIM
and LAM (18) and that this response may vary between
individuals with ATB and LTB. Mtb whole lipid extract was
shown to induce proliferation of CD1-restricted CD4" and, to a
smaller extent, CD8" T cells in LTB. Interestingly, the same was
observed for ATB patients only after the first two weeks of anti-
TB treatment (22). A subset of LAM reactive CD1-restricted T
cells co-expressing perforin, granulysin, and granzyme B (GrzB),
mostly CD8", are more frequent in LTB than in individuals who
developed ATB (evaluated after TB treatment) (22). Similarly,
glycerol monomycolate-specific T cells are more frequent in LTB
than ATB patients (18) and the response of these cells may vary
between ATB and LTB individuals.

B cell-mediated immunity in Mtb infection has been less
explored compared to monocyte- and T cell-mediated responses,
although recent data strengthen the relevance of these cells in the
immune response to Mtb. Recently it was shown that Mtb LAM
induces IL-10 production by B cells and that these cells (B10)
inhibit CD4" Tyl polarization leading to increased Mtb
susceptibility in mice (23). The response of B cells to LAM was
shown to occur in a TLR2-dependent manner (23).

In the present study, we performed a detailed assessment and
simultaneous comparison of the immune response to PIM, LAM
and PPD from Mtb in peripheral blood mononuclear cells
(PBMCs) from individuals with ATB or LTB and compared

with healthy controls (HC). We performed immune profiling
by secretome analysis and mass cytometry measuring
simultaneously 37 cellular markers at the single-cell level to
allow high-resolution of the cellular composition and secretion.
We identified distinct subsets within memory T cells, NK cells,
B cells and monocytes/DCs that were altered by PPD, PIM and
LAM stimulation and further evaluated the role of TLR2 in
this process.

MATERIALS AND METHODS
Study Participants

Participants were recruited in 2018 within an ongoing
prospective cohort of adult (218 years) TB patients and
contacts attending the TB Centre, Dept of Infectious Diseases
Karolinska University Hospital Stockholm (Supplemental
Table 1). ATB cases were defined upon microbiological (PCR
and/or culture) verification. LTB participants were defined as
asymptomatic, IGRA positive, close contacts to ATB cases.
Healthy controls (HC) were defined as IGRA negative students
and hospital staff without known previous Mtb exposure.
Exclusion criteria were pregnancy, autoimmune diseases and
HIV co-infection or other immunodeficiencies. ATB and LTB
participants were screened with standard biochemical set-up
and radiology.

Antigens

Tuberculin PPD (RT 50) was obtained from Statens Serum
Institute, and PHA from In vivogen. LAM and PIMs were
prepared as previously described in detail (5). Briefly, heat-
killed bacteria were frozen and thawed several times, sonicated
and extracted in 40% hot phenol for 1 h at 70°C. ManLAM and
PIM were obtained from the water and phenol phases
respectively. The dialyzed water phase was submitted to affinity
chromatography on Concanavalin A-Sepharose. After elution,
bound material was subjected to hydrophobic interaction
chromatography on Phenyl-Sepharose (Amersham, Sweden).
Bound ManLAM was eluted and further separated from other
glycolipids by gel filtration on Sephacryl S-100 (Amersham,
Sweden). The phenol phase obtained above was washed 3
times with PBS and extracted with an equal volume of 2% SDS
in PBS overnight at room temperature. The resulting water phase
was precipitated with of ice-cold ethanol. PIMs contained in the
precipitate were purified to homogeneity by gel filtration on
Sephacryl S-100. PIM contains both PIM, and PIMy isoforms,
differing in number of fatty acyl constituents (5).

PBMC Isolation

Venous blood from each participant was collected into EDTA
tubes and PBMCs were purified through density gradient
centrifugation using Lymphoprep' " (Stemcell) according to the
manufacturer’s instruction, with some modifications. The cell
isolation primarily removes granulocytes and red blood cells.
Briefly, white blood cells were counted using a HemoCue
instrument and the blood was diluted to a maximum of
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240x10° cells per 22.5 ml that were then layered onto 10 ml
Lymphoprep. The cells were centrifuged at 400g for 30 min
without any break. The mononuclear cell layer was collected into
a new 50 ml tube and resuspended to 45 ml with PBS. The cells
were spun at 300g for 10 min with break after which the cells
were resuspended into 1-5 ml PBS and filtered using a 100 um
poor size cell strainer and counted on a Countess (ThermoFisher
Scientific). The cells were centrifuged at 400g for 10 min with
break and resuspended with freeze media (90% FBS
supplemented with 10% DMSO) and placed in a CoolCell
freezing container (Sigma) before moving to -80°C overnight
followed by long-term storage in liquid nitrogen.

PBMC Stimulation

PBMC:s from 5 patients with ATB, 5 with LTB and five HCs were
thawed at 37°C followed by addition of 1 mL RPMI-1640 media
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin (P/S) and 250 U/mL Benzonase (all from
ThermoFisher). The cells were washed twice (300¢ for 5 min)
in media followed by resuspension in RPMI-1640 culture media
supplemented with 10% FBS, 1% P/S, 0.3 g/L L-Glutamine
and 25 mM HEPES and counted. The cells were then plated
in 24-well plates at 2x10° PBMCs/mL in culture media
containing either 5 pg/mL PHA, 10 ug/mL PPD, or 25 pg/mL
LAM or PIM, or left untreated (PBS), for 24 h in a 37°C 5% CO,
incubator. 4 h before collection, 5 pg/mL of brefeldin A and
2 UM Monensin (both ThermoFisher) were added to each well.
PHA was used as positive control for PBMCs responsiveness
(Supplemental Figures 1, 2). The choice of concentration of
LAM and PIM was based on titrations with cytokine secretion
into supernatants as read-out (data not shown). The 24 h
stimulation did not alter cell numbers between the conditions
(Supplemental Figure 3).

Mass Cytometry Staining and Acquisition

After 24 h, cells were collected by centrifugation after a 15 min
incubation with 2 mM EDTA. Supernatants were stored at -80°C
and cells were fixed usin1g the PBMC:s fix kit (Cytodelics AB) and
barcoded using Cell-ID" " 20-Plex Pd Barcoding Kit (Fluidigm
Inc.), according to the manufacturer’s recommendations.
Samples were washed with CyFACS buffer (PBS with 0.1%
BSA, 0.05% sodium azide and 2mM EDTA) and Fc receptors
were blocked with 200 UL of blocking buffer (Cytodelics AB) for
10 min at RT. Cells were incubated with 200 pL of antibody
cocktail (Supplemental Table 2) for 30 min at 4°C, washed with
CyFACS buffer, and fixed with 1% formaldehyde. For
intracellular staining, cells were permeabilized using an
intracellular fixation and permeabilization kit (eBiosciences
Inc.) according to the manufacturer’s instructions.
Subsequently, 200 pl of intracellular antibody cocktail
(Supplemental Table 3) was added and incubated for 45 min
at RT. Cells were washed, fixed in 4% formaldehyde at 4°C
overnight, and stained with DNA intercalator (0.125 uM
MaxPar® Intercalator-Ir, Fluidigm Inc.) on the following day.
After that, cells were washed with CyFACS buffer, PBS and MiliQ
water, counted and adjusted to 750,000 cells/mL. Samples were
acquired in a CyTOF2 (Fluidigm) mass cytometer at a rate of

250-400 events/s using CyTOF software version 6.0.626 with
noise reduction, a lower convolution threshold of 200, event
length limits of 10-150 pushes, a sigma value of 3, and flow rate
of 0.045 ml/min.

Analysis of Mass Cytometry Data

The mass cytometry FCS data files were gated for different cell
subsets: CD45" leucocytes, CD45"CD3"CD20" T cells,
CD45"CD3°CD7" NK cells, CD45"CD3 "HLA-DR" antigen-
presenting cells (APCs), and CD45" leukocytes producing IL-2,
IL-4, IL-5, IL-6, IL-10, IL-17A, IEN-Y, TNF-0, GrzB, and GM-
CSF using FlowJo"" v10.6.1. The gated populations were
exported to new FCS files that were then analyzed using the R-
package Cytofkit v1.12.0, which includes an integrated pipeline
for mass cytometry analysis (24). Cytofkit was run in R-studio
version 1.1.463 and R version 3.6.1. For analysis of total
leukocytes, 5000 cells were used per sample. For analysis of
gated T cells, NK cells, and APCs, 10000 cells were used per
sample. For analysis of cytokine" cells, a ceiling of 5000 cells were
included per sample. Dimensionality was reduced using Barnes-
Hut tSNE with a perplexity of 30 with a maximum of 1000
iterations. Clustering was then performed using density-based
machine learning with ClusterX (24) and cell subsets were
identified by visual inspection of marker expression for each
cluster. The Cytoftkit analysis was performed using PBS, PPD,
PIM, and LAM FCS files together, whereas PHA stimulated cells
were evaluated independently, using only PBS and PHA
FCS files.

Secretome Analysis of Culture
Supernatants

Cell culture supernatants (n=75) were randomized in a 96-well
plate and analyzed with a multiplex proximity extension assay
(PEA) (25), enabling simultaneous quantification of 92
inflammatory markers from the Olink inflammation panel
(Supplemental Table 4). Markers where all samples were
below the limit of detection of the assay were removed from
subsequent analysis. The samples were run by the Translational
Plasma Profile Facility at SciLifeLab, Stockholm, Sweden.

TLR2-Dependence of PBMCs Activation

To investigate TLR2-dependent PBMCs activation by the Mtb
glycolipids PIM and LAM, frozen PBMCs from HC (n=5) were
thawed in a 37°C water bath, washed 2 times in complete media
(RPMI-1640 culture media supplemented with 10% FBS, 1% P/S,
1 mM sodium pyruvate and 10 mM HEPES) and plated as
described for mass cytometry. Prior to stimulation, the cells were
pre-incubated for 30 min at 37°C with 5 ug/mL of anti-TLR2
monoclonal antibody (clone T2.5, In vivoGen) or with an isotype
control (mIgGl, eBiosciences).

Flow Cytometry

Cells stimulated in the presence or absence of anti-TLR2
antibody for 24 h were collected after an additional 15 min
incubation with 2 mM EDTA. The cells were then washed with
FACS buffer (PBS with 0.3% BSA and 2 mM EDTA) and Fc
receptors were blocked with 20 UL of blocking buffer Fc Receptor
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Binding Inhibitor (eBiosciences) for 10 min at 4°C. The cells
were incubated with 50 pL of antibody cocktail (Supplemental
Table 5) for 30 min at RT, washed with PBS and incubated with
Fixable Viability Dye eFluor' " 450 (eBiosciences) for 30 min at
4°C. For intracellular staining, the cells were permeabilized using
the FoxP3 intracellular fixation and permeabilization kit
(eBiosciences) according to the manufacturer’s instructions.
Subsequently, 50 ul of intracellular Ab cocktail (Supplemental
Table 5) was added and incubated for 30 min at 4°C. Finally, the
cells were washed, resuspended in PBS and kept at 4°C until
acquisition on the next day. The cells were acquired on a 12-color
LSRII flow cytometer using FACSDiva software (Becton
Dickinson, Franklin Lakes, NJ); data analysis was performed
using FlowJo ™ v10.6.1. Gating strategies are represented in
Supplemental Figure 4.

Statistical Analysis

Comparisons of a single variable for paired data for >2 groups
were evaluated by Friedman’s test followed by Dunnet’s post-hoc
test. Comparisons of a single variable for unpaired data for >2
groups were evaluated by using a Kruskal-Wallis test followed by
Dunn’s post-test. Comparisons of >1 variable for paired data
were evaluated using repeated measures 2-way ANOVA followed
by Dunnett’s post-hoc test. Differences were considered
significant when p<0.05. Statistical analyzes were performed
using Prism9 (GraphPad Software, USA).

Study Approval

Written informed consent was received from all participants before
inclusion in the study, whereby they were pseudoanonymized.
The study was approved by the Regional Ethical Review Board
at the Karolinska Institute in Stockholm (approval numbers 2013/
1347-31/2 and 2013/2243-31/4) and by the Ethics Committee
for Research in Life and Health Sciences of the University of
Minho, Portugal (approval number SECVS 014/2015) and it is
in accordance with the Declaration of Helsinki.
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RESULTS

Effect of Stimulants on Cell Types and
Cytokine Production

To investigate the effect of the Mtb glycolipids LAM and PIM on
the immune response, PBMCs from individuals with ATB or
LTB, and HC (Supplemental Table 1) were thawed and
stimulated for 24 h; PPD was used as a control for responses
to Mtb proteins, while mock stimulation (PBS) or
phytohemagglutinin (PHA) were used as negative and positive
culture controls, respectively. Proteins released into the culture
supernatant were analyzed using the Olink proximity-extension
assay (PEA), that allows for simultaneous measurement of 92
inflammatory markers. Cells were analyzed using mass
cytometry for changes in the expression of 27 surface and 10
intracellular markers (Figure 1 and Supplemental Tables 2, 3).

To assess the effect of LAM, PIM, and PPD on secretion of
cytokines and chemokines from stimulated PBMCs, we assessed
the culture supernatant for relative levels of 92 different soluble
inflammatory markers (Figure 2). Of these, we observed changes
in protein levels for 58 proteins. LAM and PIM stimulation
produced very similar marker profiles, with a slightly stronger
effect from PIM, suggesting a similar mechanism of action. PPD
induced a markedly different response, with considerably higher
IFN-y levels, but also several other inflammatory proteins, such
as IL1oe and CCL8, compared to LAM and PIM, suggesting a
different mechanism of action (Figure 2A).

There were also some indications of different levels of secretion
between the groups (ATB/LTB/HC), primarily with a greater effect
observed for HC compared with ATB or LTB (Figure 2B). IL-1a,
IL-10, IL-18, and VEGF were detected at higher levels in HC
compared with LTB or ATB while CCL8 was significantly
decreased in HC compared with ATB and/or LTB. CCL8
functions as a strong monocyte chemoattractant but has also
been associated with multiple other effects on leukocyte
behavior, suggesting that its lower levels could be due to its

Cell export— Cluster analysis — Cluster definition — Statistic analysis

Cytokine* All groups combined Separate by

All groups combined

group and stimulation

Cytokine+
3

tSNE2
e
1

CD45* or lineage
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—

e
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FIGURE 1 | Schematic of the study outline. (A) PBMCs from three groups, including active TB (ATB, red), latent TB (LTB, blue) and healthy controls (HC, black) were
(B) stimulated for 24 h with the the mycobacterial glycolipids LAM or PIM. Control stimulations included PPD, or phytohemagglutinin (PHA), or mock stimulation (PBS).
(C) Culture supematants were analyzed by proximity extension assay (PEA), while (D) cells were analyzed by mass cytometry. Cells were either pre-gated for cytokine-
secreting cells or different cell subsets prior to dimensionality reduction and cluster analysis. *p<0.05, **p<0.001, “**p<0.0001.
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FIGURE 2 | Secretion of inflammatory proteins after stimulation with LAM, PIM, and PPD. Culture supernatants were assessed for 92 protein markers using the

Olink inflammation panel after 24 h of culture. Only markers above background levels were included (n=58). The graphs show normalized protein expression (ANPX)
for stimulated (LAM, PIM, or PPD) minus unstimulated (PBS) PBMCs (A, n=15/group) and separated into individuals with active TB (ATB; red), latent TB (LTB, blue),
and healthy controls (HC, black) (B, n=5/group). The lines indicate the mean and error bars indicate SEM. The protein markers were grouped into different functional
groups (yellow highlight), where GF correspond to growth factors. Statistics was evaluated using two-way ANOVA followed by Dunnet’s posthoc test with significant

differences between ATB or LTB against HC indicated by #, corresponding to a p-value < 0.05.

increased uptake from the culture supernatant by activated
monocytes (26). Another possibility is that it is produced to a
larger extent in PPD stimulated cultures, potentially via synergistic
effects from IFN-y and IL-1 as has been proposed previously (27).

Intracellular Cytokine Production in
Response to Stimulation

To evaluate the effect of each stimulus on intracellular production
of cytokines and GrzB, regardless of the experimental group, the
cumulative frequency of cytokine™ cells among CD45" leukocytes
was compared to that of unstimulated cells (PBS; Figures 3A, B).
As expected, PPD stimulation resulted in an increase in IFN-y-
producing cells, but also led to higher levels of IL-2, IL-6, IL-10, IL-
17A, TNF-o. and GrzB-producing cells. Unlike PPD, PIM did not
stimulate production of IFN-y but instead stimulated early

production of IL-4 and GM-CSF. In addition, PIM stimulation
led to increased levels of IL-2%, IL-6", IL-10%, IL17A* and TNF-o
cells (Figure 3B). To better understand if the cytokines were
produced one their own or in combinations, we assessed
polyfunctionality of the stimulated cells using the R-package
COMPASS (28). Since GrzB is functionally distinct from the
cytokines, it was excluded from the analysis. In total, 512
different combinations of cytokines, as defined by a Boolean
gating strategy in FlowJo were included in the analysis. We
observed that all stimulations resulted in polyfunctional cytokine
production, although responses to LAM were significantly lower
than to PIM and PPD (Supplemental Figure 5).

To get an overview of which cell types that were responsible
for the cytokine production, we identified the cell subsets
producing each cytokine, regardless of the group and stimuli.
We observed that myeloid cells (identified through the
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FIGURE 3 | Stimulation-induced cytokine production. (A) Representative gates for identification of cytokine producing CD45" cells via intracellular staining. (B) The
frequency of cytokine positive cells out of CD45" cells for each stimulation at 24h. All donors merged (n=15/stimulation). Statistics was evaluated by Friedman’s test
with Dunnet’s posttest where every group was compared with unstimulated cells (PBS). *p<0.05, *p<0.01, ***p<0.0001. (C) For each cytokine, the pie-charts
indicate the frequency of cell type responsible for its production: B cells (blue), myeloid cells (red), NK cells (green), T cells (yellow), and others (grey).

expression of CD33) contributed strongly to the early production ~ LTB to LAM, PIM, and PPD stimulations. This effect was mainly
of IL-2, IL-6, IL-10, TNF-0, and GM-CSF. This is consistent with  attributed to a reduced production of IL-10 and IL-6. For ATB
myeloid cells being the main source of pro-inflammatory  this effect was only observed in response to LAM (Figure 4D).
cytokines such as IL-6 and TNF-o (29) (Figure 3C). This In summary, individuals with ATB or LTB responded with
pattern largely overlapped with the cytokines stimulated by  less cytokine production by especially myeloid cells and
PIM, indicating that myeloid cells could be the main effector =~ somewhat by B and T cells upon stimulation with Mtb antigens.
cells stimulated by Mtb glycolipids. T cells were the main To further analyze the effect of LAM, PIM, and PPD on
cytokine producers of IFN-y, IL-4, IL-5, IL-17A, and GrzB,  cytokine production by individual cell subsets between the three
while NK cells primarily produced IFN-y, IL-2, IL-6, IL-17A,  groups (ATB, LTB, and HC), we proceeded with dimensionality
TNF-0, and GrzB. We also identified B cells, producing  reduction using t-stochastic neighbour embedding (t-SNE) and
primarily IL-2, IL-4, IL-5, IL-17A, and TNF-q, although to a  cluster analysis. This was performed by pooling all PBS, PPD,
smaller extent compared with the other cell subsets (Figure 3C). ~ PIM, and LAM mass cytometry data files together followed by
In summary, stimulation with Mtb glycolipids and PPDled to  analysis using Cytofkit (24). To allow a high level of resolution in
a polyfunctional cytokine response associated with production  the analysis, cytokine producing CD45" cells were gated for the
from multiple cell subsets. individual cytokines (see gates in Figure 3A) which were then
analyzed separately (Supplemental Figure 6, 7).
Reduced Cytokine Production in
Individuals With Active- or Latent TB Qualitatively Different T Cell Responses to
To investigate the overall cytokine response profile of the main ~ PIM and PPD
cell populations in individuals with ATB, LTB and HC, we  Stimulation with PPD resulted in an increased number of T cells
pooled all the cytokine-producing cells of each cell population  (identified as CD3") producing IFN-y, IL-2, IL-5, IL-6, IL-17A,
after subtracting the number in unstimulated conditions foreach ~ TNF-0, and GrzB compared with LAM and/or PIM. Stimulation
donor and compared the cumulative production of cytokines  with PIM contributed to higher numbers of IL-2*, TNF-0/", and
within the different groups (Figure 4). For T cells, we observeda ~ GM-CSF" T cells compared with LAM stimulated cells
reduced cytokine production in individuals with ATB and LTB  (Figure 5A). Of all cells producing IFN-y at 24 h, T cells
to PIM stimulation (Figure 4A). There was no overall significant ~ represented 39%, comprising 11 different clusters (clusters 2, 3,
effect on cytokine” NK cells associated with Mtb-infection 5, 8, 10, 11, 12, 14 15, 16, and 24) (Figure 5B). Four of these
(Figure 4B). For B cells, the overall cytokine production was  clusters (clusters 5, 11, 12, and 15) were significantly elevated by
reduced in individuals with ATB upon LAM and PIM  PPD stimulation compared to PIM and/or LAM (Figure 5C).
stimulation compared with HC, primarily due to a reduced  These clusters corresponded to different CD4" and CD8" T cells
production of IL-5 (Figure 4C). For myeloid cells, a similar  subsets, including central memory (CD4"CD45RA™CD27",
reduction of cytokine® cells was observed in individuals with  cluster 5), effector memory (CD45RA™CD27", clusters 11 and
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15), and effector memory T cells re-expressing CD45RA
(TEMRA - CD8"CD45RA"CD27", cluster 12; Figure 5D).

Approximately 23% of all IL-2 producing cells were identified
as T cells (Figure 5E). These cells comprise six clusters, of which
two (clusters 6 and 8) were significantly higher following PPD
stimulation compared with LAM and/or PIM (Figure 5F).
Cluster 6 corresponded to polyfunctional CD4" T cells, co-
producing IFN-y and TNF-a, while cluster 8 was composed of
cells producing only IL-2 (Figure 5G).

Although the regulatory effect of IL-6 on T cells is well known
(30), the literature on IL-6 producing T cells is limited. We
identified one cluster of IL-6" T cells (cluster 5) corresponding to
5.3% of total IL-6" leukocytes after 24 h of stimulation
(Figure 5H). This cluster was significantly elevated by PPD
stimulation compared to LAM and was mainly attributed to
ATB and HC, but not LTB individuals (Figure 5I). Cluster 5 was
a mixed cluster consisting of cells expressing CD8", CD4", and
double negative (DN) T cells (data not shown) with 36% of the
cells co-producing GrzB (Figure 5J).

Approximately 14% of the GM-CSF" cells were T cells,
represented by four different clusters (Figure 5K). Cluster 13
was significantly increased upon PIM stimulation compared to
LAM and PPD (Figure 5L). The effect was more prominent in
HC individuals compared to LTB. This cluster corresponded
mostly to naive (CD45RA"CD27") CD8" T cells (Figure 5M).

T cells represented 62% of the IL-17A" cells (Figure 5N). Four
out of 12 clusters (clusters 5, 14, 15, and 16) were increased by
PPD compared with PIM and/or LAM stimulations, while
clusters 1 and 2 were increased by PIM compared with PPD
(Figure 50 left). In addition, the analysis of individual clusters
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FIGURE 4 | Overall effect of stimulation on cytokine production from individuals with active- and latent TB and healthy controls. Average number of cytokine™® cells
following 24 h of stimulation with LAM, PIM, or PPD of PBMCs from individuals with active TB (ATB), latent TB (LTB), or healthy controls (HC) among (A) CD3* T
cells, (B) CD3"CD7* NK cells, (C) CD20* B cells, and (D) CD33* myeloid cells. The groups average number of cytokine-producing cells were compared using the
Friedman test followed by Dunn’s posttest. *p<0.05, **p<0.01, **p<0.001.

showed that stimulation with LAM reduced cluster 1 in ATB,
compared with HC individuals. Also, cluster 16 was higher in LTB
compared with HC upon PIM stimulation (Figure 50 right).
Three of these clusters corresponded to polyfunctional T cells
(clusters 5, 14, and 15), with clusters 5 and 15 co-producing IFN-
v, and cluster 14 co-producing IFN-y and TNF-o. (Figure 5P).
In summary, T cell responses were mainly observed upon
stimulation with PPD. The T cells producing IFN-v, IL-2, IL-6,
and IL-17A, some of those with a polyfunctional phenotype,
were significantly increased with PPD compared with LAM and/
or PIM. Interestingly, however, PIM stimulation led to an
increase in GM-CSF-producing T cells, particularly in HC
individuals, potentially indicating a different mechanism for
GM-CSF induction also associated with disease status.

NK Cells Are Primarily Stimulated by PPD
As for T cells, the NK cells (identified as CD3"CD7") showed
minor responses to PIM and LAM, and were mainly affected by
PPD stimulation, which resulted in significantly higher numbers
of NK cells producing IFN-y, IL-2, IL-6, IL-17A, and GM-CSF,
compared to PIM and LAM (Figure 6A). Most of IFN-y
producing cells at 24 h of stimulation were NK cells. They
represented 51% of all IFN-y-producing cells and could be
further divided into 9 clusters (clusters 1, 6, 7, 13, 19, 21, 22,
23, and 25) (Figure 6B). Of these, four clusters were significantly
increased following PPD stimulation, compared with LAM and
PIM (Figure 6C). All of these clusters were CD57" but expressed
different levels of CD56 suggesting that they belonged to different
NK subsets. Moreover, all clusters expressed GrzB while cluster
13 also expressed IL-17A (Figure 6D).
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FIGURE 5 | Cytokine production by stimulated T cells. (A) The number of cytokine-producing T cells per 1000 total CD45" cells for each stimulation at 24 h with the
background (unstimulated) cytokine-production removed. (B) Cluster analysis of IFN-y secreting cells with clusters 2, 3, 5, 8, 10, 11, 12, 14, 15, 16, and 24
corresponding to T cells. (C) Clusters significantly affected by stimulation with (D) cluster histograms indicating CD4, CD8, CD45RA, and CD27. (E) Cluster analysis
of IL-2 secreting cells with clusters 5, 6, 8, 12, 14, and 15 corresponding to T cells. (F) Clusters significantly affected by stimulation with (G) cluster histograms
indicating IFN-y and TNF-a secretion. (H) Cluster analysis of IL-6 secreting cells with cluster 5 corresponding to T cells. (I) Cluster 5 is significantly affected by
stimulation (left) and comparison of PPD stimulation on donors with active TB (ATB), latent TB (LTB) and healthy controls (HC) in cluster 5 (right). (J) Cluster
histogram indicating GrzB secretion. (K) Cluster analysis of GM-CSF secreting cells with cluster 2, 8, 12, and 13 corresponding to T cells. (L) Cluster 13 is
significantly affected by stimulation (left) and comparison of PIM stimulation on donors with ATB, LTB and HC in cluster 13 (right). (M) Cluster dot plots indicating
CD4, CD8, CD45RA, and CD27 expression. (N) Cluster analysis of IL-17A secreting cells with cluster 1, 2, 5, 8, 9, 10, 11, 14, 15, 16, 17, and 18 corresponding to T
cells. (0) Clusters significantly affected by stimulation (left) and comparison of PIM and LAM stimulation on donors with active ATB, LTB and HC in clusters 1 and 16,
respectively (right) (P) Cluster histograms indicating IFN-y, TNF-a, and IL-2. Statistical differences between stimulations in (A, 1, L) were evaluated by Friedman’s test
with Dunnet’s posttest, while comparisons within multiple clusters (C, F, O left panels) were evaluated by a matched-pair two-way ANOVA with Geissner-
Greenhouse correction followed by Tukey’s posttest (n=15/stimulation). Groups (ATB/LTB/HC) (I, L, O right panels) were compared using Kruskal-Wallis with Dunn’s

* *k *kk *kkk
posttest (n=5/group) p<0.05, p<0.01, p<0.001, p<0.0001.

IL-2-producing NK cells constituted 24% of all IL-2" cells and
represented two clusters (cluster 1 and 9) (Figure 6E). Cluster 1
was significantly increased by PPD, compared with LAM
stimulation (Figure 6F). Both clusters were CD57~ while
cluster 1 expressed intermediate levels of CD56 and no CD27
while cluster 9 expressed high levels of CD56 and CD27
(Figure 6G). Both clusters co-produced IL-6 (Figure 6G). NK
cells represent approximately 8% of all GM-CSF-producing cells
at 24 h of stimulation (Figure 6H). The cytokine was produced
by two clusters (4 and 16), one of which (cluster 16) was
significantly higher in response to PPD compared with LAM
and PIM stimulation (Figure 6I). Similar to PPD-mediated IL-2
secreting NK cells, GM-CSF was primarily produced by CD57~
NK cells where >50% expressed intermediate CD56 levels while
almost no cells expressed CD27 (Figure 6]). Cluster 16 cells were
also co-producing IFN-v (Figure 6]). Approximately 25% of all
IL-6-producing cells at 24 h were identified as NK cells
(Figure 6K), and two out of the six clusters (3 and 12) were
significantly increased in numbers by PPD stimulation compared
to LAM (Figure 6L). These two clusters belonged to different NK
subsets with cluster 3 corresponding to CD56"#"CD57 NK cells,
of which 48% also expressed CD27, while cluster 12 was
composed of CD56™CD57"CD27" NK cells (Figure 6M). The
IL-17A producing NK cells were composed of two clusters at 24 h.
However, they were not significantly different between the
different stimulations (data not shown).

Thus, similar to T cells, NK cells were primarily induced to
secrete cytokines through stimulation with PPD compared with
the Mtb glycolipids LAM and PIM. The stimulation led to
cytokine production by CD56™ and CD56"¢" NK cells,
independent on the expression of CD57. In summary, these
results show that stimulation with PPD leads to rapid activation
of different NK cell subsets with production of primarily pro-
inflammatory cytokines.

Atypical B Cells Are a Major Source of
Polyfunctional Cytokine Responses
Following PIM Stimulation

Compared with T cells and myeloid cells, B cells (defined as CD3~
HLA-DR'CD20") were minor producers of the measured
cytokines (Figure 3). There was however a primarily PIM-
derived effect leading to significantly increased numbers of IL-4,

IL-10, and GM-CSF producing B cells in comparison to LAM and/
or PPD stimulation (Figure 7A). There were two B cell clusters
producing IL-4 (cluster 6 and 12) (Figure 7B), but only cluster 6
was significantly increased by PIM stimulation, with PPD leading
to the lowest numbers of cells in this cluster (Figure 7C). Cluster 6
was enriched for switched memory (CD27'IgD") and double
negative (DN; CD277IgD") B cells, while cluster 12 was enriched
for naive B cells (CD27 1gD") (Figure 7D). Cluster 6 was further
enriched for CD11c" B cells, which are associated with recent B
cell activation and formation of atypical B cells during infection or
inflammatory conditions (31).

B cells producing IL-10 and GM-CSF were also significantly
expanded by PIM stimulation (Figures 7E-J). As B cells
responding to PIM stimulation presented a highly homogenous
phenotype, we further evaluated the cells for co-expression of the
three cytokines (Figure 7K). We found that 42% of GM-CSF-
producing B cells also produced IL-4 and IL-10. Compared with
total B cell populations, the phenotype of the polyfunctional cells
was highly enriched for double negative (DN - IgD"CD27")
B cells but also for unswitched and switched memory B cells
(CD27") compared with total B cell populations (Figure 7L). The
polyfunctional B cells were also approximately 10-fold enriched
for CD11c" B cells compared with total B cells, suggesting that
atypical B cells can respond to PIM stimulation (Figure 7L). We
also quantified the levels of HLA-DR on the cell surface of the
polyfunctional B cells and compared with the levels on total B
cells and found an increased expression of HLA-DR on cells from
cluster 7 (Figure 7M), consistent with previous reports on
atypical B cells in mice and humans (32, 33).

Rapid Polyfunctional Response of Myeloid
Cells to PIM Stimulation
The production of cytokines by CD33" myeloid cells was
compared for each stimulation (Figure 8A). PIM stimulation
led to a robust increase of cells producing IL-2, IL-4, IL-6, IL-10,
TNF-a, compared to PPD, and of IL-6, IL-17A, TNF-o and GM-
CSF in comparison to LAM (Figure 8A). Interestingly, IL-10
producing cells were induced by both PIM and PPD (Figure 8A),
contrasting with the other cytokines that were primarily induced
by PIM.

To understand if the effect of stimulation was associated with
specific myeloid subsets, we further investigated the impact of
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posttest (n=5/group) *p<0.05, *p<0.01, **p<0.001, ***p<0.0001.

stimulation on individual cell clusters. The IL-2 producing
myeloid cells constituted 43.6% of all IL2-producing cells and
were composed of four different clusters (cluster 3, 4, 7, and 13), of
which three were differently affected by the stimuli (Figure 8B).
For cluster 3 and 13, PIM stimulation led to significantly more IL-
2" cells compared with PPD and/or LAM, while cluster 7 was
higher in LAM compared to PPD (Figure 8C). Cluster 7
expressed CD14, while clusters 3 and 13 were mostly negative
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FIGURE 6 | Cytokine production by stimulated NK cells. (A) The number of cytokine-producing NK cells per 1000 total CD45™ cells for each stimulation at 24 h with
the background (unstimulated) cytokine-production removed. (B) Cluster analysis of IFN-y secreting cells with clusters 1, 6, 7, 13, 19, 21, 22, 23, and 25
corresponding to NK cells. (C) Clusters significantly affected by stimulation with (D) cluster histograms indicating CD56 expression and GrzB and IL-17A secretion.
(E) Cluster analysis of IL-2 secreting cells with cluster 1 and 9 corresponding to NK cells. (F) Clusters significantly affected by stimulation with (G) cluster dot plots
showing CD56, CD57, and CD27 expression and histograms indicating IL-6 production. (H) Cluster analysis of GM-CSF secreting cells with cluster 4 and 16
corresponding to NK cells. (I) Cluster 16 significantly affected by stimulation. (J) Cluster’s dot plots showing CD56, CD57, and CD27 expression and histogram
indicating IFN-y secretion. (K) Cluster analysis of IL-6 secreting cells with cluster 1 and 9 corresponding to NK cells. (L) Clusters significantly affected by stimulation
(left) and comparison of PIM stimulation on donors with active TB (ATB), latent TB (LTB) and healthy controls (HC) in cluster 12 (right). (M) Cluster’s dot plots
showing CD56, CD57, and CD27 expression. Numbers in dot plots indicate the percentage within the cluster. Statistical differences between stimulations in (A, F, 1)
were evaluated by Friedman’s test with Dunnet’s posttest, comparisons within multiple clusters (C, L left) were evaluated by a matched-pair two-way ANOVA with
Geissner-Greenhouse correction followed by Tukey’s posttest (n=15/stimulation). Groups (ATB/LTB/HC) (L, right) were compared using Kruskal-Wallis with Dunn’s

for CD14 (Supplemental Figure 7). Cluster 3 was associated with
the co-production of IL-6 (Figure 8C).

Approximately 29% of all IL-4 producing cells after 24 h of
stimulation expressed CD33. (Figure 8D). These cells were
further distributed into three clusters (3, 7, and 11), of which
cluster 7 and 11 were significantly higher in number following
PIM stimulation compared with LAM and PPD stimulation.
LAM stimulation also led to more IL-4 producing cells compared
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IgD and CD27 or CD11c and CD27 surface expression. (E, G) A similar analysis for IL-10 secreting cells and (H-J) GM-CSF secreting cells. (K) IL-4 and IL-10 co-
expression among GM-CSF* B cells (green) and total B cells (grey). (L) Overlay scatter plot of GM-CSF*IL-4*IL-10" triple-secreting B cells (red) and total B cells
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*p<0.01, **p<0.001. n=15 for each group. Scatter and overlay plots show data concatenated from all samples and donors (n=60).

to PPD (Figure 8E). Both cluster 7 and 11 produced several other  significantly reduced in individuals with LTB compared with
cytokines in addition to IL-4, with cluster 7 also producing IL-10, ~ ATB and HC (Figure 8F).

and cluster 11 producing IL-6, and IL-10 (Figure 8E). IL-6 was the most frequent cytokine produced following PIM
Interestingly, this effect of multiple cytokine production, was  stimulation (Figure 8A). Approximately 70% of all IL-6 secreting
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IL-4 secreting with cluster 3, 7, and 11 corresponding to myeloid cells. (E) Clusters significantly affected by stimulation (left) and co-expression with IL-6 and IL-10
(right). (F) Comparison of PIM stimulation on donors with active TB (ATB), latent TB (LTB) and healthy controls (HC) in cluster 11. (G) Myeloid clusters secreting IL-6
(H) significantly affected by stimulation. (I) Cell surface phenotype of indicated cluster. (J) Differential effect of PIM stimulation on cluster 7 cells in ATB, LTB, and HC.
(K) Myeloid clusters secreting IL-10 with (L) clusters significantly affected by stimulation (left panel) and histograms indicating IL-10 co-expression with IL-6. (M)
Myeloid clusters secreting TNF-a (N) significantly affected by stimulation (left) with co-expression of GM-CSF and IL-6 (right). (O) Myeloid clusters secreting GM-CSF.
(P) Clusters differently affected by stimulation (left) with co-expression of TNF-a and IL-6 (right). Statistical differences between stimulations in (A) were evaluated by
Friedman’s test with Dunnet’s posttest, while comparisons within multiple clusters (C, E, H, L, N, P) were evaluated by a matched-pair two-way ANOVA with
Geissner-Greenhouse correction followed by Tukey’s posttest (n=15/stimulation). Groups (ATB/LTB/HC) (F, J) were compared using Kruskal-Wallis with Dunn’s
posttest (n=5/group) *p<0.05, *p<0.01, **p<0.001, ***p<0.0001.
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cells at 24 h were myeloid cells (Figure 8G) with 5 out of 7
clusters showing a significant increase following PIM stimulation
compared with PPD and/or LAM (Figure 8H). Several subsets of
myeloid cells responded with IL-6 production, including
CD11c"CD14°CD123” DCs (cluster 1 and 6), intermediate/
non-classical monocytes (CD11c*CD14™~"CD123", cluster 7),
and classical monocytes (CD11¢"CD14"CD1237, cluster 9).
Among these, the cluster 6 DCs also produced GM-CSF, in
addition to IL-6 (Figure 8I). Similar to the IL-4'IL-6" co-
producing cluster 11 (Figure 8F), the intermediate/non-
classical monocyte cluster 7 contracted in individuals with
LTB, compared with those with ATB and HC (Figure 8]).
Myeloid cells were the main cell subset identified within IL-
10, TNF-oo and GM-CSF-producing cells, especially following
stimulation with PIM (Figures 8K, M, O). One IL-10 cluster, two
TNF-o clusters and five GM-CSF clusters were significantly
increased compared with LAM and PPD (Figures 8L, N, P).
Of these, parts of TNF-o cluster 9 and GM-CSF cluster 14 likely
corresponded to the same polyfunctional cells as both clusters
secreted TNF-0,, GM-CSF, and IL-6 (Figures 8L, N). From the
two IL-10 clusters that were affected by PIM, one only produced
IL-10 while the other co-produced IL-6. GM-CSF cluster 1, 3,

Isotype a-TLR2

1 2.83%

0.58%

IL-6

—_—kkk

-e- Isotype
- TLR2

FIGURE 9 | IL-6 production by myeloid cells upon PIM stimulation is
regulated via TLR2. Dot plots of IL-6 gating within myeloid cells (top) and
percentage of cells producing IL-6 within myeloid cells (bottom). PBMCs were
pre-treated with anti-TLR2 or isotype control and then stimulated with PIM,
LAM, and PHA during 24 h. IL-6 production was evaluated by flow cytometry.
Statistical differences between anti-TLR2 and isotype were evaluated by a
paired t test (n=9) **p<0.001. NC, negative control. The red and black colors
correspond to two independent experiments.

and 9 also co-produced IL-6, but not TNF-a, while cluster 6 only
produced GM-CSF.

In summary, several myeloid cell subsets rapidly responded to
stimulation by producing cytokines. The response was primarily
induced by PIM and included phenotypes of cells producing
both single and multiple cytokines. Among the most
polyfunctional responses were cells producing IL-4, IL-6, and
IL-10, or TNF-o, GM-CSF and IL-6.

Stimulation of Myeloid Cells With PIM Is
Partially TLR2 Dependent

PIM and LAM stimulation induced a robust immune response in
myeloid cells (Figure 8A). To investigate the mechanism
responsible for this effect, and in particular the dependence on
interaction with TLR2, PBMCs from HC were treated with anti-
TLR2 blocking antibody before stimulation with PIM, LAM and
PHA. Blocking TLR2 led to a reduction in the percentage of
CD33"IL-6" myeloid cells upon PIM stimulation, but not with
LAM or PHA (Figure 9). We did not observe any significant
effect of blocking TLR2 on IL-6 production from T cells, NK
cells, or B cells (data not shown), although the frequency of IL-6"
cells was very low on those cell subsets.

DISCUSSION

In the present study, we show that LAM and PIM induce
responses in PBMCs from Mtb-infected individuals that can be
distinguished from those obtained from HC. In addition, we
show that the responses to these glycolipids are clearly different
from those elicited by PPD. The responses involve both
expansion and contraction of particular cell subsets and
production and secretion of distinct patterns of cytokines
and chemokines.

When analyzing intracellular cytokine production, we found
that PIM mainly induced antigen-presenting cells to produce a
defined set of pro-inflammatory cytokines consisting of IL-2,
IL-6, IL-17A, TNF-o. and GM-CSF, the anti-inflammatory IL-10
as well as IL-4, but not IFN-y. LAM triggered responses that
tended to be similar to the ones generated by PIM, but weaker in
most instances. Classical and intermediate monocytes are known
to secrete high levels of pro-inflammatory cytokines in response
to microbial products (34). In addition, compared to non-
classical monocytes, they were previously shown to exhibit a
greater polyfunctional pro-inflammatory response (IL1-c, IL1-f,
IL-6, IL-8, IL-10, and TNF-o) to lipomannan from
Mpycobacterium smegmatis, a TLR-2 agonist (34). Here we
show that PIM induced multifunctional monocytes producing
cytokines in a combination of either pro-inflammatory IL-2,
IL-6, GM-CSF and TNF-0, or IL-4 and the anti-inflammatory
IL-10. In particular GM-CSF, which is increasingly recognized
for its potential role in innate resistance to TB (35), was in our
study mainly produced by myeloid cells upon PIM stimulation.

This response contrasted with the quite well-known immune
response triggered by PPD, which was dominated primarily by
T and NK cells. They produced predominantly the pro-
inflammatory cytokines IFN-y, IL-2, IL-6, IL-17A, TNF-a, and
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GrzB, but also IL-10, although no IL-4. While T cells
simultaneously producing combinations of cytokines have been
extensively investigated in the context of the immune response in
TB (36-38), we extended these findings to several other cell
types. Our results reveal that multiple subsets of myeloid cells,
NK, B and T cells respond to glycolipids and/or to PPD, with the
production of different combinations of cytokines such as
classical functional T cells producing IFN-vy, IL-2 and TNF-q,
but also other combinations, such as IL6 and GrzB or IL-17A and
TNF-a with or without IFN-y.

B cells producing IL-10 and GM-CSF are known to be present
at relatively low frequencies in human peripheral blood (39, 40).
This is in agreement with our finding that B cells were minor
producers of IL-10 and GM-CSF, even after stimulation. We did
however identify subsets of polyfunctional B cells that produced
a combination of GM-CSF, IL-4 and IL-10. These cells were
enriched among DN (CD277IgD") B cells and unswitched and
switched memory B cells (CD27"). The polyfunctional B cells
were also approximately 10-fold enriched among B cells
expressing CD11c, which was recently associated with B cell
activation and formation of atypical B cells (31), also known to
expand during ATB (41). Human GM-CSF-expressing B cells
are notable for being among the highest producers of both TNE-
o and IL-6, and most in vitro-induced human IL-10" B cells are
also reported to secrete TNF-o. and/or IL-6 (42). However,
human B cell subsets have been reported to show a near-
mutually exclusive expression of GM-CSF and IL-10 (39). By
contrast, in our study, B cells stimulated by PIM did not co-
produce GM-CSF with TNF-o or IL-6, but rather with IL-4 and
IL-10, indicating a different pathway of stimulation.

PIM and LAM did not trigger detectable polyfunctional T
cells, although we identified several polyfunctional T cell subsets
producing combinations of IFN-V/IL-2/IL-6/TNF-o/IL-17A that
were expanded by PPD stimulation, which is in agreement with
previous reports of polyfunctional Mtb-specific T cells producing
IFN-v in combination with IL-2 and TNF-a. (36, 37, 43).

One important observation in this study was that upon
stimulation with PIM and LAM, cells and supernatants from
individuals with ATB or LTB produced less cytokines than the
cells from HC. This is obvious for myeloid cells and to a lesser
extent for B and T cells. The hyporesponsive state in monocytes
in response to PIM and LAM is compatible with trained
immunity leading to a tolerogenic cellular response. Trained
immunity is defined as a long-term adaptation of innate immune
cells leading either to an enhanced responsiveness or a tolerance
state to a subsequent challenge (44, 45). Chronic or repeated
stimulation through TLRs can render immune cells unresponsive
to subsequent challenges with the same or different TLR ligands
(46-48) or other bacterial components (49). Our results support
the hypothesis that continuous stimulation with LAM and PIM,
in ATB and LTB individuals lead to a reduced response to these
molecules compared with HC.

The response of myeloid cells to PPD was weaker in LTB
compared to HC, indicating hyporesponsiveness also to PPD.
This is in line with earlier observations of depression of PPD-
induced proliferative responses by monocytes from TB patients
(50, 51), where direct stimulation of monocytes primed during

Mtb infection appear to be responsible for in vitro suppression of
PPD responses (50). Interestingly we also found that T cells were
somewhat hyporesponsive to PIM. The overall cytokine
production was reduced in individuals with ATB upon PIM
stimulation. These results are in agreement with the systematic
review by Li et al. that found lower levels of IL-17 and IFN-yin
ATB when compared to LTB (52). An additional interesting
observation in our study was that PIM expanded a cluster of
GMCSF" CD8" T cells in HC but not in LTB patients. This
hyporesponsiveness to PIM might be caused by T cell exhaustion
or tolerance in Mtb infected individuals. Exhaustion of T cells
represents a state of functional hyporesponsiveness due to
persistent antigen exposure and inflammation reported for TB
and other chronic infections (53-55). This effect can also be
induced by repeated exposure to mycobacterial antigens (56),
including direct exposure of T cells to LAM (57).

Antigen-specific CD4" T-cell activation can be directly
inhibited by LAM (58-61) and PIM (59). By interfering
with very early events in TCR signaling, LAM and PIM may
drive cells to a state of anergy (59, 61), which could provide
another explanation of the poor response of cells from ATB
and LTB individuals to Mtb glycolipids. Alternatively, the
hyporesponsiveness could be indirect, through upstream effects
of hyporesponsive myeloid cells, since PIM and LAM also induce
proliferation of specific T cells upon presentation by CDI1
molecules on myeloid cells.

IL-6 is known to be strongly induced in monocytes and DCs
upon TLR2 ligation (62). We observed that PIM stimulation
induced IL-6 production mainly in myeloid cells (DCs and
classical/nonclassical monocytes). Moreover, treatment with an
anti-TLR2 antibody led to partial inhibition of PIM-induced IL-6
production in myeloid cells, suggesting that PIM induces IL-6
production through TLR2. This is in line with other studies
where it was observed that PIMs and ManLAM from Mtb induce
pro-inflammatory cytokine production in human and mouse
Me@s via recognition by TLR2 (63-65). However, IL-6
production was not completely abolished suggesting that other
mechanisms of PIM stimulation likely remain, or residual IL-6
production may be due to incomplete blocking rather than
additional signaling pathways.

LAM and PIM had in general very similar effects, although
LAM induced a weaker response than PIM. Presuming that LAM
and PIM act through the same TLR2 pathway the different
responses are potentially associated with structural differences,
where a common active site may be partly masked in LAM
compared to PIM. Nigou et al. showed that LAM induces a
weaker signal through TLR2 compared to PIM, suggesting that
the bulky arabinan domain may mask the mannan chain in such a
way that they behave like molecules with a mannan restricted to a
single mannosyl unit (65). This is also in line with observations by
Shukla et al. that PIMg induces TLR2-mediated extracellular-
signal-regulated kinase (ERK) activation and TNF-a. secretion in
Mgs, while LAM was not an effective functional activator of TLR2
signaling (66). The weaker effect of LAM compared to PIM may
also in part depend on the fact that the LAM that was used in the
present study has a higher molecular weight compared to PIM
resulting in a lower molar concentration.
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In contrast to the glycolipids, PPD displayed a markedly
different response, mainly by inducing IFEN-y. PPD contains a
complex mixture of proteins, including the antigens ESAT-6 and
CFP10 that are the antigens used in the Mtb specific IFN-y release
assays. We did not identify which antigens in PPD that were
responsible for the immune responses presented in this study.
However, since PPD is still widely used in clinical testing, the high
level of details presented here may be useful to better understand
how individual immune cell subsets react with Mtb proteins.

The hyporesponsive state of monocytes observed in ATB and
LTB in response to PIM was more prominent in LTB. The
immune profile in LTB is thought to represent a more protective
pattern than in ATB (67, 68). It is possible that during LTB a
continuous level of stimulation maintains a pool of protective
memory cells (18), while at the same time inducing tolerance in
monocytes, which could indicate protection of the host from
excessive production of pro-inflammatory cytokines and control
of lung tissue damage (69).

In conclusion, the detailed high dimensional overview of the
cellular source of cytokines produced in response to stimulation
with the various antigens, suggesting several novel sources of
important cytokines (NK cell and B-cell in particular), will
provide a hypothesis- generating resource for future work.
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Pharmacological Poly (ADP-Ribose)
Polymerase Inhibitors Decrease
Mycobacterium tuberculosis Survival
in Human Macrophages

Cassandra L. R. van Doorn”, Sanne A. M. Steenbergen, Kimberley V. Walburg
and Tom H. M. Ottenhoff"

Department of Infectious Diseases, Leiden University Medical Center, Leiden, Netherlands

Diabetes mellites (DM) is correlated with increased susceptibility to and disease
progression of tuberculosis (TB), and strongly impairs effective global TB control
measures. To better control the TB-DM co-epidemic, unravelling the bidirectional
interactivity between DM-associated molecular processes and immune responses to
Mycobacterium tuberculosis (Mtb) is urgently required. Since poly (ADP-ribose)
polymerase (PARP) activation has been associated with DM and with Mtb infection in
mouse models, we have investigated whether PARP inhibition by pharmacological
compounds can interfere with host protection against Mtb in human macrophage
subsets, the predominant target cell of Mtb. Pharmacological inhibition of PARP
decreased intracellular Mtb and MDR-Mtb levels in human macrophages, identifying
PARP as a potential target for host-directed therapy against Mtb. PARP inhibition was
associated with modified chemokine secretion and upregulation of cell surface activation
markers by human macrophages. Targeting LDH, a secondary target of the PARP
inhibitor rucaparib, resulted in decreased intracellular Mtb, suggesting a metabolic role
in rucaparib-induced control of Mtb. We conclude that pharmacological inhibition of PARP
is a potential novel strategy in developing innovative host-directed therapies against
intracellular bacterial infections.

Keywords: tuberculosis, host-directed therapy, poly (ADP-ribose) polymerase, rucaparib, human macrophages

INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb). Around 10
million new TB cases and 1.4 million deaths are reported annually and one quarter of the world’s
population is latently infected with Mtb (1). Different risk factors have been identified for
progression of latent TB infection (LTBI) to active disease, including age, malnutrition,
coinfection with human immunodeficiency virus (HIV) or cytomegalovirus (CMV), and diabetes
mellitus (DM) (1-3). In addition, recent studies have shown that DM is also associated with poorer
clinical TB outcome following anti-bacterial treatment. Current estimates are that 15% of the global
TB burden is now associated with DM (4, 5). Host-directed therapy (HDT) offers the potential for
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PARP Inhibition Decreases Mycobacterium tuberculosis

better treatment of Multi-Drug-Resistant (MDR)-TB, as well as
shorten current standard (6-9 month) treatment regimens,
thereby reducing toxicity, enhancing treatment compliance and
as a result reducing emergence of de novo drug resistance. To
better control the TB-DM co-epidemic, unravelling the
bidirectional interactions between DM-dysregulated molecular
processes and immune responses to Mtb is essential.

Macrophages (MFs) are known for their dual role in TB
pathogenesis, as they provide a primary host niche for Mtb
during infection while also being key host effector cells
eliminating Mtb, and therefore represent key target cells in
developing and evaluating novel therapeutic strategies for TB/
DM, including innovative HDT. MFs are classically subdivided
into pro-inflammatory macrophages (M1) and anti-
inflammatory macrophages (M2), representing the polar ends
of the macrophage spectrum. Both M1 and M2 have been
reported in tuberculous granulomas, with M2 predominating
in granulomas from patients with active TB (6).

Poly (ADP-ribose) polymerase (PARP) activation has been
associated with cancer, diabetes and endothelial dysfunction in
experimental mouse models and in humans (7-10). PARP-deficient
mice and mice treated with PARP inhibitor PJ34 were resistant to
streptozocin-induced diabetes, and pharmacological inhibition of
PARP has been proposed for the treatment of DM (11-13).
Interestingly, in addition, PARP inhibitors have recently been
proposed as HDT compounds for reducing TB-induced
inflammation (14), thereby providing a potential mechanistic link
between the TB-DM co-morbidity at the molecular level. Several PARP
inhibitors (PARPi) have been clinically approved for the treatment of
cancer or are currently being evaluated in clinical trials for the
treatment of advanced BRCA1/2 mutant ovarian and breast cancers,
which can accelerate translation to HDTs against Mtb. PARP
encompasses a family of enzymes involved in different cellular
processes such as control of genomic stability, programmed cell
death and DNA repair. When assisting in the repair of single-strand
DNA nicks, PARP enzymes bind to single-stranded DNA breaks (SSB)
or double-stranded DNA breaks (DSB) to generate PAR polymers on
itself (auto-PARylation), histones and chromatin-associated proteins,
which together leads to chromatin relaxation and recruitment of repair
proteins. Inhibition of PARP results in accumulation of SSB due to
delayed DNA repair. Given the dual role of PARP activation on
diabetes and tuberculosis infection, we hypothesized that small
molecule inhibitors that interfere with PARP activation at the cellular
level may be able to redirect macrophage function in response to Mtb
infection. Such chemical compounds could be valuable tools as part of
immunomodulatory HDT regimens.

In the current study, we explore the potential of PARP
inhibitors in the treatment of intracellular Mtb infections in
human macrophages. We demonstrate that pharmacological
inhibition of PARP decreases intracellular Mtb in human
macrophages and modulates the immune response of Mtb-
infected human macrophages. To our knowledge, the potential
of targeting PARP for HDT in a human model of Mtb-infection
has not been reported yet, and our work identifies PARPi as
novel HDT compounds against Mtb and possibly other
intracellular infectious diseases.

RESULTS

Pharmacological Inhibition of PARP
Reduces Mtb Survival in Human
Macrophages in a Host-Directed Manner
To study whether PARP may play a role during Mtb infections in
human macrophages, we first evaluated intracellular Mtb
survival after treatment with four clinically relevant PARPi
(Figures 1A, B). We selected 10 uM as a relatively high PARPi
concentration, which has been shown to target PARP in vitro
(15-17) and which allowed us to directly compare drug efficacy
of PARPi with each other and with control kinase inhibitor H-89
(18, 19). Rucaparib significantly decreased intracellular Mtb
CFUs in M1 and M2 more efficiently than H-89 (Figure 1C,
n=6). Additionally, niraparib and pamiparib decreased
intracellular Mtb in M1 and A-966492 decreased intracellular
Mtb in M2, suggesting cell-specific effects of PARP inhibition on
bacterial load for these compounds. Furthermore, we assessed
the effect of PARPi on cytotoxicity using uninfected
macrophages from four different donors, to ascertain that
PARPi was not detrimental to healthy human macrophages.
PARPi did not affect host-cell integrity and was not cytotoxic
(Figure 1D). Next, we used a flow cytometry-based method (18)
to evaluate whether the inhibition of Mtb outgrowth by PARPi
was accompanied by a decrease in the percentage of cells
harboring Venus-expressing Mtb. Rucaparib, but not other
PARPi, significantly reduced the percentage of Mtb-infected
cells both in M1 and M2 (Figure 1E, n=8), further
corroborating the Mtb-inhibiting effect of rucaparib in human
macrophages. To exclude that PARPi had direct microbicidal
effects, liquid Mtb cultures were treated with PARPi in the
absence of macrophages in two independent experiments
(Figure 1F). None of the PARPi limited bacterial growth
directly, indicating that PARPi restrict intracellular outgrowth
of Mtb by modulating host pathways.

To investigate whether PARPi-induced inhibition of
intracellular bacterial growth was specific for Mtb, we
evaluated whether pharmacological inhibition of PARP also
restricted growth of other intracellular pathogenic bacteria,
including Mycobacterium avium (Mav), Salmonella enterica
serovar Typhimurium (Stm) and methicillin-resistant
Staphylococcus aureus (MRSA). Interestingly, niraparib, but not
other PARPI, significantly decreased Stm CFUs in M1 and M2
(Figure 2A, n=6) without exhibiting direct microbicidal effects in
two independent experiments (Figure 2B). Rucaparib did not
significantly diminish Mav, Stm or MRSA CFUs, suggesting that
the effect of rucaparib is specific for Mtb. These results imply that
both rucaparib and niraparib inhibit specific species of bacteria
through modeling of host signaling pathways.

Taken together, these data suggest that PARP activity is
involved in Mtb survival in human macrophages, and that
although there is some difference in their efficacy against Mtb-
infected M1 compared to Mtb-infected M2, pharmacological
inhibition of PARP is a promising strategy to target intracellular
Mtb. Moreover, the effects of different PARP inhibitors are highly
specific to certain pathogen species.
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FIGURE 1 | Identification of PARP as potential host target during Mtb infections in human macrophages. (A) Chemical structures of the PARPI used in this study.
The benzamide moiety that is shared between all PARP inhibitor structures is highlighted in light green. (B) Schematic representation of the experimental setup used
in C and E. (C) Mtb H37Rv-infected M1 and M2 were treated overnight with PARPi (10 uM), H-89 (10 uM) or an equal volume of vehicle control DMSO (0.1% v/v).
CFU data represent the median + interquartile range of six different donors. Dots represent the mean from triplicate wells of a single donor. CFUs are expressed as
percentage of vehicle control (i.e. DMSO). Differences were significant by RM one-way ANOVA with Dunnett’s multiple test correction against DMSO. (D) Percentage
of live M1 and M2 (i.e. Pl-negative cells) after overnight treatment with PARPi (10 uM) or an equal volume of vehicle control DMSO (0.1% v/v). Data represent the
median + interquartile range from four different donors. Differences were tested by Friedman’s test with Dunn’s multiple test correction against DMSO. (E) Percentage of
M1 and M2 infected with Venus-expressing Mtb H37Rv that were treated as in (C) Data represent the median + interquartile range from eight different donors. Differences
were significant by Friedman’s test with Dunn’s multiple test correction against DMSO. (F) Liquid Mtb H37Rv growth (in the absence of cells) was monitored for 14 days
after addition of positive control RIF (20 pg/ml), PARPI (10 uM) or vehicle control DMSO (0.1% v/v). Data represent the means + S.D. of triplicate wells from a representative
experiment out of two independent experiments. Differences were significant by RM two-way ANOVA with Dunnett’s multiple test correction against DMSO. **p < 0.01.

The Translational Potential of PARPi for Mtb Dutch outbreak strain (strain 2003-1128), both resistant to
Clinical Application rifampicin (RIF) and isoniazid (INH). Although drug-susceptible
To evaluate the translational potential of PARPi for the = and MDR Mtb strains are expected to respond similarly to HDT
development of HDT, we first tested whether PARPi displayed =~ compounds, previous experiments by our laboratory suggested
activity against macrophages infected with two different multi-  that in selective cases compound efficacy may differ between Mtb
drug resistant (MDR)-Mtb strains: an MDR-Mtb strain  strains (20). Here, rucaparib significantly decreased intracellular
belonging to the Beijing genotype (strain 16319) and an MDR- ~ MDR-Mtb and A-966492 showed activity against the MDR-Mtb
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FIGURE 2 | PARPI niraparib decreases intracellular Stm. (A) Mav, Stm and MRSA CFUs after overnight treatment of infected M1 and M2 with PARPi (10 uM), H-89
(10 uM) or an equal volume of vehicle control DMSO (0.1% v/v). Data represent the median + interquartile range from at least four different donors. Dots represent
the mean from triplicate wells of a single donor. CFUs are expressed as percentage of vehicle control (i.e. DMSO). Differences were significant by Friedman’s test
with Dunn’s multiple test correction against DMSO. (B) Liquid Mav, Stm and MRSA growth (in the absence of cells) was monitored during treatment with RIF (20 pg/ml;
positive control for Mav), gentamicin (50 pg/ml; positive control for Stm and MRSA), PARPI (10 uM) or vehicle control DMSO (0.1% v/v). Data represent the means +
S.D. of triplicate wells from a representative experiment out of two independent experiments. Differences were significant by RM two-way ANOVA with Dunnett’'s multiple
test correction against DMSO. *p < 0.05, **p < 0.01, ***, ***p < 0.0001.

Dutch outbreak strain (Figures 3A, B, n=6), highlighting the
potential of PARPI to control intracellular outgrowth not only of
drug-sensitive but also MDR-Mtb strains.

Next, the interaction of PARPi with first-line antibiotics was
studied. Macrophages from five donors were infected with Mtb
and treated with PARPi in the presence or absence of a non-
toxic, suboptimal dose of RIF or INH (Figure 3C) (20, 21). As
expected, PARPi significantly decreased Mtb CFUs in M1
(Figure 3D). In M2, however, several HDT compounds,
including rucaparib, niraparib and positive control H-89
increased Mtb CFUs in two donors, illustrating the typically
high variation in the response of donors to HDT compounds.
Niraparib, pamiparib and rucaparib significantly enhanced the
activity of INH against intracellular Mtb in M1. The coefficient of
drug interaction (CID) of niraparib, pamiparib and rucaparib
with RIF was close to 1 in M1, suggesting that these PARPi had
an additive effect to the antibiotic treatment and not a synergistic
effect (Supplementary Table 1). Furthermore, compared with

other PARPI, pamiparib seemed to enhance the activity of RIF in
M2 and of INH in M1 and M2, albeit not significant.

PARPi Induce Immunomodulatory Effects
in Mtb-Infected Human M1 and M2

To investigate whether the effect of PARPi against Mtb correlated
with macrophage activation during Mtb infection, cytokine and
chemokine production was quantified in the supernatants of
Mtb-infected macrophages that were treated with PARPi or
vehicle control DMSO overnight. Mtb-infection induced
cytokine and chemokine production in M1 and M2 and
tended to induce tumor necrosis factor (TNF)-o, macrophage
inflammatory protein (MIP)-10,,MIP-1f and IP-10 and
fractalkine in M1 and M2 (Figure 4A and Supplementary
Table 2, n=8). Exposure to PARPi altered the cytokine and
chemokine response of M1 and M2 upon Mtb infection
(Figure 4B and Supplementary Table 2, n=4): pamiparib and
rucaparib both increased MIP-1o and MIP-1f secretion by M1
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FIGURE 3 | The clinical potential of PARPI for host-directed therapy against Mtb. (A) Multidrug-resistant (MDR) Mtb CFUs after overnight treatment with PARPi (10
uM), H-89 (10 uM) or an equal volume of vehicle control DMSO (0.1% v/v) in M1 and M2. Data represent the median =+ interquartile range from six different donors.
Dots represent the mean from triplicate wells of a single donor. CFUs are expressed as percentage of control (i.e. DMSO). Differences were significant by Friedman’s
test with Dunn’s multiple comparison test against DMSO. (B) MDR-Mtb CFUs after overnight treatment with PARPi (10 uM), H-89 (10 uM) or an equal volume of
vehicle control DMSO (0.1% v/v) in M1 and M2. Differences were significant by RM one-way ANOVA with Dunnett’s multiple comparison test against DMSO. (C) Mtb
H37Rv CFUs after overnight treatment with RIF (0.05 pg/ml), INH (0.4 pg/ml) or an equal volume of vehicle control DMSO (0.1% v/v) in M1 and M2. Data represent
the median + interquartile range from five different donors. CFUs are expressed as percentage of control (i.e. DMSO). Differences were significant by RM one-way
ANOVA with Dunnett’s multiple comparison test against DMSO. (D) Mtb H37Rv CFUs after overnight treatment with PARPi (10 uM), H-89 (10 uM) or an equal
volume of vehicle control DMSO (0.1% v/v) in the presence or absence of a suboptimal dose of RIF (0.05 pug/ml) or INH (0.4 ug/ml) in M1 and M2. Data represent
the median + interquartile range from five different donors. CFUs are expressed as percentage of DMSO in the absence of antibiotics. Differences were significant by
RM two-way ANOVA with Dunnett’s multiple comparison test against the DMSO controls in the presence or absence of antibiotics. *p < 0.05, **p < 0.01, **p < 0.001,
< 0.001.

and significantly decreased IFN-0:2 secretion by M2 comparedto  can modify the cytokine and chemokine response to
DMSO. Correlation plots between the cytokines and chemokines ~ Mtb infection.

that were significantly modified by PARPi and Mtb CFUs did not Next, we investigated the expression levels of activation markers
identify a positive correlation between secretion profiles of  on the surface of Mtb-infected M1 and M2 that were treated with
macrophages and Mtb loads (Supplemental Figure 1).  PARPi overnight. Mtb-infection tended to increase macrophage
Collectively, these data suggest that pamiparib and rucaparib  activation markers in M1 and M2 (Figure 4C, n=4). Surprisingly,
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FIGURE 4 | PARP inhibitors induce immunomodulatory effects in human macrophages. (A) Heatmap displaying median cytokine/chemokine levels in the
supernatants of Mtb H37Rv- or mock-infected M1 and M2 obtained from eight donors. Shown are the relative cytokine/chemokine secretion levels (>10 pg/ml) on a
white to red color scale (min=0; max=1). Differences were tested using a Wilcoxon matched-pairs signed rank test. (B) Heatmap displaying median log2 fold change
(FC) cytokine/chemokine levels relative to vehicle control DMSO in the supernatants of Mtb H37Rv-infected M1 and M2 obtained from four donors. Mtb H37Rv-
infected macrophages were exposed to PARPi (10 uM) or an equal volume of DMSO (0.1% v/v) overnight. Differences were significant by Friedman’s test with
Dunn’s multiple comparison test against DMSQO. (C) Heatmap displaying relative geometric mean fluorescence intensity (gMFI) of proteins on the surface of Venus-
expressing Mtb H37Rv-infected M1 and M2 obtained from four donors. Shown are the relative (geometric mean fluorescence intensity) gMFI levels on a white to red
color scale (min=0; max=1). Differences were tested using a Wilcoxon matched-pairs signed rank test. (D) Heatmap displaying log2 FC gMFI of proteins on the
surface of Venus-expressing Mtb H37Rv-infected M1 and M2 obtained from four donors relative to vehicle control DMSO. Macrophages were exposed to PARPI
(10 uM) or an equal volume of DMSO (0.1% v/v) overnight. Differences were significant by Friedman’s test with Dunn’s multiple comparison test against DMSO.

rucaparib, but not other PARP;, tended to decrease expression of
CD192 and CD209 and expression of human leucocyte antigen
(HLA)-DR on the surface of Mtb-infected M1 and M2 (Figure 4D
and Supplemental Figure 2, n=4). Furthermore, the expression of
costimulatory molecule CD86 on the surface of M2 tended to be
increased by rucaparib, and was significantly increased by
pamiparib. These data suggest that rucaparib increases
macrophage activation and possibly antigen presentation.

Given that several HDT compounds with demonstrated
efficacy against intracellular Mtb in macrophages exert their
activity by activating autophagy (22-25), we next assessed
whether treatment with PARPi induced autophagy and
lysosomal maturation. Accumulation of autophagic and
lysosomal vesicles was quantified by confocal imaging on Mtb-
infected and PARPi-treated macrophages from four donors that
were stained with CYTO-ID or Lysotracker, respectively.
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Formation of autophagic or lysosomal vesicles could not be
detected after 4h treatment with PARPi compared to DMSO
(Supplemental Figures 3A, B). To examine the effect of PARPi
on the autophagic flux, macrophages from three donors were
treated with PARPI in the presence or absence of bafilomycin Al
(Baf) which is an autophagy inhibitor that prevents fusion
between autophagosomes and lysosomes. As expected,
treatment with Baf induced microtubule-associated protein
light chain 3 (LC3)-II accumulation in M1 and M2
(Supplemental Figure 3C). However, PARPi did not increase
LC3-1II protein levels, regardless of the presence of Baf. Also,
PARPi did not increase LAMP1 protein levels, suggesting that
PARPi do not act via induction of autophagic and/or lysosomal
pathways to control intracellular Mtb in human macrophages.

Collectively, our data demonstrate that PARPi modulate the
immune response of Mtb-infected human macrophages via
cytokine/chemokine expression and surface markers, which
play a role in antigen presentation and chemotaxis. Our data
also suggest that a role of induction of autophagy and phagosome
maturation in PARP-induced Mtb control is not likely
mechanistically involved in the mode of action.

Lactate Dehydrogenase, a Secondary
Target of Rucaparib, Induces Mtb Control
in Human Macrophages

Hexose-6-phosphate dehydrogenase (H6PD) and lactate
dehydrogenase (LDH) were recently identified as additional
target molecules of rucaparib (26). We therefore hypothesized
that these metabolic targets might play a role in the more
profound inhibitory effect of rucaparib on Mtb survival
compared to other PARPi (Figures 1C, E, 3A, 5A). Lactate
levels were significantly decreased in the supernatants of Mtb-
infected M1 and M2 that had been treated with rucaparib
compared to DMSO, suggesting that rucaparib indeed
impaired LDH activity (Figure 5B, n=4). Interestingly, none of
the other selected PARPi significantly affected lactate levels,
compatible with the fact that none of these have been reported
to modulate LDH activity. To study whether inhibition of H6PD
or LDH could have contributed to the effect of rucaparib
on Mtb control, we treated Mtb-infected macrophages
with the specific LDH-inhibitor FX-11 or the G6PD-inhibitor
6-aminonicotinamide (6-AN) and determined intracellular
Mtb levels in a flow cytometry-based assay, which allows a
more rapid quantification of intracellular Mtb levels compared
to classical CFU assays and generally showed a greater effect
window of rucaparib compared to CFU assay (Figure 1C
versus 1E). Interestingly, FX-11 significantly decreased the
percentage of Mtb-infected M1 (n=7) and M2 (n=8), whereas
no eftect of 6-AN on intracellular Mtb could be detected
(Figure 5C). FX-11 did not affect the percentage of live M1
cells (n=6), but did decrease the percentage of live cells in a
subset of M2 cultures (n=5). Together, these data suggest
that inhibition of LDH, but not G6PD, likely contributed to
the Mtb-decreasing effect of rucaparib. Corroborating this
hypothesis, FX-11 treatment significantly decreased lactate
levels in the supernatant of Mtb-infected M1, corresponding

with decreased LDH activity (Figure 5E, n=6). FX-11 treatment
did not result in decreased lactate levels in M2, which is likely a
result of cellular toxicity in M2 (Figures 5D, E). Collectively,
these data suggest that LDH could be involved in rucaparib-
induced inhibition of Mtb and identifies LDH as potential host
target during Mtb infections.

DISCUSSION

In search of new potential treatments against TB, we have
studied a series of PARPi, which are being considered for
treatment of type 2 diabetes, for their ability to improve
intracellular growth control by infected human M1 and M2 as
novel candidate HDT therapeutics. Here, we showed that clinical
compounds targeting PARP were able to decrease the
intracellular survival of Mtb, suggesting that pharmacological
inhibition of PARP can be a novel tool for TB treatment. PARPi
had no direct antimycobacterial activity, suggesting that PARPi
act in a HDT like fashion. In line with this, macrophage
treatment with PARPi was associated with the modulation of
macrophage function at the cytokine level and surface marker
level. Lactate dehydrogenase (LDH) was identified as an
additional target molecule for rucaparib’s activity against
intracellular Mtb which might explain the more profound
inhibitory effect of rucaparib on Mtb survival compared to
other PARPi. To our knowledge, the potential of PARPi as
HDTs against Mtb has not been demonstrated before.

PARPs are host proteins involved in cellular processes acting
via PARylation of their targets. It has recently been shown that
PARP1 activation is triggered in mouse lungs upon Mtb infection
(27). Importantly, genetic PARP1 depletion resulted in decreased
lung bacterial burden in female mice. Here, we studied the role of
PARP inhibition in a human and clinically relevant context. All
clinical PARPi used in this study are known PARP1 and PARP2
inhibitors and have the ability to inhibit multiple proteins of the
PARP family (28-31). Our data suggest that the efficacy of
PARPi on bacterial clearance is specific for Mtb and does not
translate to other intracellular bacteria, including the closely
related species Mav. While not investigated here, this suggests
that PARP is not a key target for MRSA, Stm and Mav, although
the exact role of PARP during other bacterial infections remains
to be resolved.

Several PARP inhibitors, such as olaparib and talazoparib, can
be metabolized by the hepatic enzyme CYP3A4, which is induced
by the first-line TB antibiotic RIF (32-34). Rucaparib, however,
is less sensitive to metabolization by CYP3A4 and the sensitivity
of other PARPi remains to be determined. In our in vitro
infection model, pamiparib had a significant additive effect to
RIF in M1 and seemed to have an additive effect to RIF in M2
and to INH in both M1 and M2. This possible additive effect of
pamiparib to RIF and INH in M2 was unexpected, since
pamiparib did not show activity against Mtb in the absence of
antibiotics in these cells. Although we observed differences in the
cellular response to pamiparib in M1 versus M2 based on
cytokine/chemokine secretion, it remains currently undefined
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FIGURE 5 | Increased Mtb control by pharmacological inhibition of lactate dehydrogenase in human macrophages. (A) Schematic representation of metabolic
pathway modulation by rucaparib, 6-AN and FX-11. Glycolysis is depicted in green; the pentose phosphate pathway (PPP) is depicted in orange. (B) Determination
of lactate production in the supernatants of Mtb H37Rv-infected M1 and M2 that were treated with PARPi (10 pM) or an equal volume of vehicle control DMSO
(0.1% v/v) overnight. Data represent the median =+ interquartile range from four different donors. Dots represent the mean from duplicate wells of a single donor.
Differences were significant by RM one-way ANOVA with Dunnett’s multiple comparison test against DMSO. (C) Percentage of M1 and M2 infected with Venus-
expressing Mtb H37Rv that were treated with G6PD-inhibitor 6-aminonicotinamide (6-AN, 100 pM) or LDH-inhibitor FX-11 (100 pM) or an equal volume of vehicle
control DMSO (0.1% v/v) overnight. Data represent the median + interquartile range from at least seven different donors. Differences were significant by RM one-way
ANOVA with Dunnett’s multiple comparison test against DMSO. (D) Percentage of live M1 and M2 (i.e. Pl-negative cells) after overnight treatment with 6-AN (100
uM) or FX-11 (100 uM) or an equal volume of vehicle control DMSO (0.1% v/v). Data represent the median + interquartile range from at least five different donors.
Differences were significant by RM two-way ANOVA with Dunnett’s multiple test correction against DMSO. (E) Determination of lactate production in the
supernatants of Mtb H37Rv-infected M1 and M2 that were treated with FX-11 (100 uM) or an equal volume of vehicle control DMSO (0.1% v/v) overnight. Data
represent the median + interquartile range from six different donors. Differences were significant by RM one-way ANOVA with Dunnett’s multiple comparison test
against DMSO. *p < 0.05, *p < 0.01, **p < 0.001.

which exact mechanisms were responsible for the difference in alpha (TNF-a) and interferon gamma (IFN-y) levels (45, 46).
the efficacy of pamiparib against Mtb in M1 versus M2. This  Here, we show that the inflammatory response of Mtb-infected
requires further investigation. macrophages is modified by pharmacological inhibition of

In addition to their role in DNA repair, mammalian PARPs ~ PARP. At the cytokine level, pamiparib and rucaparib induced
display properties that are associated with and are likely to  expression of chemokines MIP-1o and MIP-1f in M1. We
impact host-pathogen interactions. Firstly, PARPs are induced  furthermore show that the higher MIP-1o. and MIP-1f levels
by the production of interferon-stimulated genes (ISGs),  did not correlate directly with increased inhibition of
implicating a role during virus infection (35-38). The impact  intracellular Mtb, compatible with their primary role in
of PARP activity on virus replication remains controversial, as ~ chemotactic cellular recruitment. Decreased MIP-1a
both promotion and reduction of viruses by PARP have both  expression is associated with diabetes in Mtb-infected human
been described, which is likely dependent on the virus (as  monocyte-derived macrophages and in Mtb-infected diabetic
reviewed by (39). Moreover, an elevated type I IFN response  mice (47-49). This suggests that macrophages obtained from
correlates with progression to active TB in humans (40-42) and  diabetic patients or mice may be impaired in the recruitment of
has been implicated in susceptibility to Mtb in mouse models ~ immune cells to Mtb sites of infection. Additionally, alveolar
(43, 44). Secondly, PARPs are involved in pro-inflammatory = macrophages of diabetic mice feature decreased TNF-a. secretion
gene expression. Macrophages from PARP-deficient mice were ~ (47). Mice that have impaired TNF-o. secretion and mice and
unable to induce nuclear factor kappa B (NF-kB)-mediated = humans treated with anti-TNF-o antibodies are more susceptible
activation in response to lipopolysaccharide (LPS), limiting  to Mtb infection, highlighting a direct protective effect of TNF-o.
inducible nitric oxide synthase (iNOS), tumor necrosis factor  against Mtb (50-52). Here, TNF-a. was significantly induced by
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pamiparib treatment and it tended to be induced by A-966492
and rucaparib in M1. However, like for MIP-1a., higher TNF-o
levels did not correlate directly with decreased intracellular Mtb
levels. Together, these data demonstrate that PARPi treatment
alters the cytokine/chemokine response of human macrophages
during infection with Mtb. These effects are not directly
correlated with intracellular Mtb control by macrophages, but
these cytokines/chemokines could exert effects in vivo via other
cells such as recruitment of immune cells. The potential of
PARPi to improve recruitment of immune cells to sites of
infection remains to be elucidated and could play an important
role in the in vivo activity of PARPi against Mtb.

When evaluating the activation status of Mtb-infected
macrophages in response to PARPi treatment, rucaparib
appeared to increase the expression of HLA-DR and CD86, in
contrast to other PARPi. As previously published, monocyte-
derived macrophages (MDMs) obtained from type 2 diabetes
(T2D) patients displayed lower levels of HLA-DR and CD86
compared to MDMs obtained from healthy individuals upon
n vitro Mtb infection (48). Collectively, these observations support
the hypothesis that rucaparib is able to reverse diabetes-induced
functional effects of macrophages and suggest that rucaparib
could increase antigen presentation by human macrophages to
specific T-cells.

Several studies have shown that diabetes was associated with a
decrease in Mtb phagocytosis capacity in human and murine
macrophages (47, 48, 53), possibly resulting from highly
glycosylated proteins that impair recognition of bacterial
components. Phagocytosis as mechanism of action of PARPi
can be excluded in our current study, since PARPi were added
well after phagocytosis, and further cell-to-cell exchange of Mtb
bacteria was prevented by supplementing the culture medium
with low dose gentamicin.

Multiple PARPi, including niraparib, rucaparib and
talazoparib have recently been described to induce autophagy
in cancer cell lines, as detected by increased LC3-I to LC3-II
conversion on western blot analysis (54, 55). In our current
study, induction of autophagy could not be detected, however,
perhaps because non replicating primary cells (M1, M2) were
used instead of cell lines.

Proteome and metabolome profiling have recently revealed
additional targets for PARPi which could contribute to Mtb
control in our human macrophage infection model. In vitro
kinase profiling showed that olaparib and rucaparib have a
relatively similar affinity for members of the PARP family, but
differ substantially in their affinity for protein kinases (29, 56).
Our observation that rucaparib performed significantly better
against Mtb than other PARPi suggests that unique kinases
targeted by rucaparib might contribute to its effect against
Mtb. The reported unique additional targets of rucaparib
include cyclin dependent kinase 1 and 16 (CDK1, CDKI6),
pim-3 oncogene (PIM3), hexose-6-phosphate dehydrogenase
(H6PD) and lactate dehydrogenase (LDH) (26, 28, 56, 57).
Here we show that rucaparib decreased lactate production in
Mtb-infected M1 and M2. Moreover, the specific LDH inhibitor
EX-11 had a similar effect as rucaparib on intracellular Mtb load.

This suggests that LDH inhibition could be the major
mechanism of action of rucaparib, and as such could be a
promising target pathway in developing HDT against Mtb.
In agreement with our findings, oral administration of FX-11
was recently described to decrease intracellular Mtb levels
in mouse BMDM in a host-directed manner (58). Based on
our data, we cannot exclude additional effects of rucaparib on
further (secondary) targets during Mtb infection in human
macrophages. Similarly, studying the potentially additive effects
of the already described unique additional targets of niraparib
are interesting in the development of novel HDT against
Mav and Stm. Deoxynucleoside kinase (DCK) is a reported
additional target of niraparib, and analysis of a published
dataset of infected M2 showed that DCK is significantly
upregulated 4h post Stm, but not Mtb infection (56, 59). Taken
together, these data suggest that DCK is an interesting candidate
for HDT against Stm.

There are several limitations of the current study. First, the
current study has the limitation of small sample size. Although a
small sample is common among studies with (primary) cells due
to the laborious nature of these experiments, this could have
resulted in insufficient statistical power between groups.
Furthermore, we applied a single-dose administration of HDT
compounds with a relatively short effect time (i.e. after overnight
infection), which is an experimental setup that we generally use
for the identification of novel HDT compounds (18, 20, 60).
Although applying other compound concentrations, repeated
doses or a longer treatment exposure could have resulted in a
bigger effect size, the host targets (PARP and LDH) that we
identified in our in vitro human macrophage model were
recently published as host targets using in vivo mouse models
as discussed above (27, 58). This agreeing set of independent
findings underscores the power and validity of our approach,
which aims to decipher novel pathways involved in host defense
against intracellular bacterial infections in humans, and develop
corresponding novel HDT.

In summary, we identified PARP as a host target for HDT
during Mtb infections, and confirmed that PARP inhibition is a
promising avenue in the development of HDT against Mtb.
Furthermore, our data show that also off-target kinase
pharmacology of PARP inhibitors may expand the current
clinical scope of PARP inhibitors and that these molecules
deserve serious consideration in the development of
repurposed HDT against intracellular bacterial infections.

MATERIALS AND METHODS

Reagents and Antibodies

Dimethyl sulfoxide (DMSO), staurosporine solution from
Streptomyces sp. (STSP), H-89 dihydrochloride hydrate (H-89),
bafilomycin Al (Baf), 6-aminonicotinamide (6-AN), lactate
dehydrogenase A inhibitor (FX-11), rifampicin (RIF), gentamicin,
tetracycline hydrochloride, ethylenediaminetetraacetic acid (EDTA)
and Hoechst 33342 were obtained from Sigma-Aldrich
(Zwijndrecht, The Netherlands). PARP inhibitors (A-966492,
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niraparib, pamiparib and rucaparib) and isoniazid (INH) were
purchased from SelleckChem.

PE anti-human CD209 (1:50, clone 9E9A8), PerCP/Cy5.5 anti-
human CD192 (CCR2, 1:20, clone K036C2), PE/Cy7 anti-human
CD40 (1:100, clone 5C3), Alexa Fluor® 647 anti-human CD163
(1:50, clone CHI/61), APC/Cy7 anti-human CD206 (1:50, clone 15-
2) and BV785 anti-human CDI14 (1:200, clone M5E2) were
purchased from Biolegend (London, United Kingdom). APC-
R700 anti-human CD80 (1:200, clone 1307.4), V500 anti-human
HLA-DR (1:100, clone G46-6) and BV711 anti-human CD86
(1:100, clone 2331) were purchased from BD Bioscience (Vianen,
The Netherlands). BV605 anti-human CD197 (CCR7, 1:200, clone
G043H7) was purchased from Sony Biotechnology (Weybridge,
United Kingdom). Mouse monoclonal anti-human beta actin
(1:2000, clone mAbcam 8226) and rabbit polyclonal anti-human
LAMP1 (1:500) were purchased from Abcam (Amsterdam, The
Netherlands). Rabbit polyclonal anti-human LC3-I/II (1:250) was
purchased from Cell Signaling Technology (Leiden, The
Netherlands). Secondary stabilized peroxidase conjugated
antibodies goat anti-rabbit IgG (H+L) (1:10,000) and goat anti-
mouse IgG (H+L) (1:10,000) were purchased from Thermo Fisher
Scientific (Breda, The Netherlands).

Cell Culture

Human peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats of healthy anonymous donors
(Dutch, adults) after written informed consent (Sanquin Blood
Bank, Amsterdam, The Netherlands) by density gradient
centrifugation over Ficoll/amidotrizoaat as described earlier
(61). The use of buffy coats for research purposes was
approved by the Institutional Review Board of the Leiden
University Medical Center, The Netherlands. Magnetic cell
sorting using anti-CD14-coated microbeads (Miltenyi Biotec,
Auburn, CA) was used to isolate CD14+ monocytes. CD14+
cells were cultured for six days at 37°C/5% CO, in Gibco Roswell
Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS), 2
mM L-Alanyl-L-Glutamine (PAA, Linz, Austria), 100 units/ml
penicillin (Thermo Fisher Scientific), 100 pg/ml streptomycin
(Thermo Fisher Scientific) and either 5 ng/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF, Thermo
Fisher Scientific) to promote M1 differentiation or 50 ng/ml
macrophage colony-stimulating factor (M-CSF, R&D Systems,
Abingdon, United Kingdom) to promote M2 differentiation.
Cytokines were added again at day 3 of differentiation in equal
concentrations. The M1 and M2 macrophage phenotypes were
subsequently validated by flow cytometry based surface marker
expression (M1: CD14'°%, CD163'", CD11b"¢" M2: CD14"8",
CD163"¢" CD11b™") and by quantifying IL-10 and IL-12p40
production by Enzyme-Linked Immuno Sorbent Assay (ELISA)
following stimulation of cells in the presence or absence of 100
ng/ml lipopolysaccharide (LPS) for 24h (In vivoGen, San Diego,
United States) as described before (60).

Bacterial Culture )
Mycobacterial strains were cultured at 37°C in Difco "
Middlebrook 7H9 Broth (BD Bioscience) containing 10% acid-

albumin-dextrose-catalase (ADC, BD Bioscience), 0.5% Tween-
80 (Sigma-Aldrich), 2% Glycerol (Sigma-Aldrich) and 50 pg/ml
hygromycin B (Thermo Fisher Scientific) when appropriate. The
following bacterial strains were used: Mtb H37Rv, Venus-
expressing Mtb H37Rv (strain mc’8120), DsRed-expressing
Mtb H37Rv (18), MDR-Mtb Beijing family strain 16319 (62),
MDR-Mtb Dutch outbreak strain 2003-1128 (62),
Mycobacterium avium subsp. avium Chester strain 101
(ATCC, Wesel, Germany), DsRed-expressing Salmonella
enterica serovar Typhimurium (Stm) strain SL1344 (18) and
GFP-expressing methicillin-resistant Staphylococcus aureus
(MRSA) strain USA300 JE2.

In Vitro Infection and Compound
Treatment

Adherent cells were harvested by trypsinization and gentle scraping
in FBS and seeded in RPMI 1640 medium supplemented with 10%
FBS and 2 mM L-Alanyl-L-Glutamine on Costar 96-well flat
bottom culture plates (30,000 cells/well) or on Costar 24-well flat
bottom culture plates (300,000 cells/well) (Corning, Amsterdam,
The Netherlands) and incubated overnight at 37°C/5% CO,.
Mycobacterial cultures were diluted to an early log-phase
corresponding with an OD600 of 0.25 one day prior to infection
in 7H9 broth containing 10% ADC, 0.5% Tween-80 and 2%
Glycerol. DsRed-expressing Strm was recovered from frozen stock
and cultured in Difco'" Luria-Bertani (LB) broth (BD Bioscience)
containing 100 pg/ml ampicillin (Sigma-Aldrich) overnight at 37°C.
Bacterial suspension was diluted 1:33 in LB broth and grown for 3-
4h to reach a log-phase with an OD600 between 0.4-0.6. GFP-
expressing MRSA was recovered from frozen stock and cultured in
Tryptic Soy (TS) broth (BD Bioscience) containing 5 pg/ml
tetracycline hydrochlorine overnight at 37°C. Bacterial suspension
was diluted 1:33 in TS broth and grown for 2-3h to reach a log-
phase with an OD600 between 0.4-0.6. MRSA was harvested by
centrifugation and resuspended in cold PBS supplemented with 5
mM EDTA. The indicated bacteria were diluted in RPMI 1640
medium (10% FBS and 2 mM L-Alanyl-L-Glutamine) to reach a
multiplicity of infection (MOI) of 10. Accuracy of the MOI was
validated bX' plating a serial dilution of the mycobacterial inoculum
on Difco™ Middlebrook 7H10 agar (BD Bioscience) plates
containing 10% oleic acid-albumin-dextrose-catalase (OADC, BD
Bioscience) and 5% glycerol, by plating St on Difco'™ LB agar
plates (BD Bioscience) or by plating MRSA on TS agar (BD
Bioscience). For mock infections, 7H9 broth was diluted in RPMI
1640 medium (10% FBS and 2 mM L-Alanyl-L-Glutamine) in equal
concentrations (v/v) as the infection inoculum. Cells in flat-bottom
96-well plates containing 100 pl RPMI 1640 medium (10% FBS and
2 mM L-Alanyl-L-Glutamine) per well were inoculated with 100 pl
bacterial suspension or mock solution. Cells in flat-bottom 24-well
plates containing 500 ul RPMI 1640 medium (10% FBS and 2 mM
L-Alanyl-L-Glutamine) per well were inoculated with 500 pl
bacterial suspension or mock solution. Plates were centrifuged for
3 min at 800 rpm to increase bacterial uptake and incubated for 1h
for Mtb, Mav or MRSA infection or for 20 minutes for St infection
at 37°C/5% CO,. Extracellular bacteria were removed by washing
with fresh RPMI 1640 medium supplemented with 10% FBS, 2 mM
L-Alanyl-L-Glutamine and 30 pg/ml gentamicin sulphate for 10
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min. Cells were incubated at 37°C/5% CO, in RPMI 1640 medium
supplemented with 10% FBS and 2 mM L-Alanyl-L-Glutamine and
5 pg/ml gentamicin sulphate in the presence of H-89 (10 uM), A-
966492 (10 uM), niraparib (10 uM), pamiparib (10 uM), rucaparib
(10 uM), 6-AN (100 M), FX-11 (100 puM), Baf (10 nM), INH (0.4
pg/ml), RIF (0.05 pg/ml) or an equal amount of vehicle control
DMSO (0.1% v/v) until readout. To calculate the coefficient of drug
interaction (CID) the following formula was used: CID = AB/(AxB),
where A indicates the ratio between antibiotic to the control group
(DMSO, without antibiotics), B indicates the ratio between HDT
compound to the control group and AB indicates the ratio between
the treatments combined to the control group (63). A CID of 1
indicates an additive effect, <1 a synergistic effect and >1 an
antagonistic effect.

CFU Assay

Cells in 96-well flat bottom plates (30,000 cells/well) were
washed with PBS and lysed in 0.05% sodium dodecyl sulfate
(SDS) solution (Thermo Fisher Scientific). Serially diluted cell
lysates were plated on 7H10 Agar containing 10% OADC and 5%
Glycerol (Mtb and Mav), LB agar (Stm) or TS agar (MRSA) and
incubated at 37°C. CFUs were determined from triplicate wells.

Cellular Toxicity Assay

The number and percentage of dead cells based on plasma
membrane integrity of the adherent cell population was
quantified by analysis of microscopy images. Cells in 96-well
flat bottom plates (30,000 cells/well) were stained with 2 pg/ml
propidium iodide (Sigma-Aldrich) and 2 pg/ml Hoechst 33342
(H3570, Sigma-Aldrich) in 40 pl/well phenol red-free RPMI
(Sigma-Aldrich) supplemented with 10% FBS and 2 mM
L-Alanyl-L-Glutamine and incubated for 5 min at room
temperature (RT). Cells were imaged using a Leica AF6000 LC
fluorescence microscope (Leica Microsystems, Wetzlar,
Germany) combined with a 10x dry objective. Total and dead
cell numbers were quantified by respectively counting the nuclei
and the number of propidium iodide-positive cells using Image]J
software (64). STSP (2.5 uM) was included as a positive control
for cell death (Supplemental Figure 4).

Extracellular Bacterial Growth Assay
Compounds were diluted in Difco'" Middlebrook 7H9 Broth
(Mtb, Mav), Difco”" LB Broth (Stm) or TS Broth (MRSA) and
were added to log-phase bacterial cultures in flat bottom 96-well
plates (ODggo of 0.1). RIF (20 pg/ml) was added as positive
control for reduction of Mtb and Mav growth and gentamicin
(50 pg/ml) was added as positive control for reduction of Stm
and MRSA growth. Bacterial plates were incubated at 37°C.
Absorbance was measured directly after plating and at
indicated times at a 550 nm wavelength on a Mithras LB 940
plate reader (Berthold Technologies, Bad Wildbad, Germany).

Western Immunoblot Analysis

Cells (300,000 cells/well in 24-wells plates) were lysed with 100 ul/
well EBSB buffer (10% v/v glycerol, 3% SDS, 100 mM Tris-HCI, pH
6.8) supplemented with one tablet of cOmplete'" EDTA-free
protease inhibitor cocktail (Sigma-Aldrich) and one tablet of

phosphatase inhibitor cocktail (PhosSTOP EASYpack, Sigma-
Aldrich) per 10 ml. Cell lysates were boiled for 10 minutes at 95°
C and stored at -20°C until use. Total protein concentrations were
determined using a Pierce' " BCA protein assay kit (Thermo Fisher
Scientific) according to manufacturer’ instructions and protein
concentrations were equalized and diluted in Laemmli sample
buffer (Biorad) containing [-mercaptoethanol (Sigma-Aldrich).
Samples were loaded on a 15-well 4-20% Mini-PROTEAN®
TGX™ Precast Protein Gel (Bio-Rad Laboratories, Veenendaal,
the Netherlands) and Amersham ECL Rainbow Molecular Weight
Marker was added as reference (Sigma-Aldrich). Proteins were
transferred to methanol-activated Immun-Blot PVDF membranes
(Biorad) in Tris-glycine buffer (25 mM Tris, 192 mM glycine and
20% methanol). Membranes were blocked for 1h in polysorbate 20
tris-buffered saline (TTBS) supplemented with 5% w/v non-fat dry
milk and incubated with the indicated antibodies in 5% non-fat dry
milk/TTBS overnight at 4°C. Membranes were washed thrice for 15
min in TTBS and stained with secondary antibodies in 5% non-fat
dry milk/TTBS for 2h at RT. Membranes were washed for 30 min
with TTBS prior to revelation using enhanced chemiluminescence
(ECL)™ Prime Western Blotting System reagent (GE Healthcare,
Hoevelaken, The Netherlands). Imaging was performed on
ChemiDoc XRS+ (Bio-Rad) or on an iBright Imaging System
(Invitrogen, Breda, The Netherlands). Protein bands were
quantified using ImageJ/Fiji software (64) and normalized to actin.

Cytokine and Chemokine Secretion by
Multiplex Beads Assay

Human cytokine/chemokine levels were determined using the
MilliPlex Human Cytokine/Chemokine magnetic bead premixed
41-plex kit (Millipore Billerica, MA, USA) as described before (60).
Culture supernatants were collected and sterilized by using a 96-well
filter plate containing a 0.2 um PVDF membrane (Corning)
following centrifugation. The following analytes were measured
on a Bio-Plex 100 with Bio-Plex ManagerTM software v6.1
(Biorad): sCD40L, EGF, FGF-2, FIt3 ligand, Fractalkine
(CX3CL1), G-CSF, GM-CSF, GRO (CXCL1), IFN-y, IFN-02,
IL-10, IL-1B, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8
(CXCLS8), IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17a,
IP-10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MDC (CCL22),
MIP-1a. (CCL3), MIP-1B (CCL4), PDGF-AB/BB, RANTES
(CCL5), TGF-a, TNF-a, TNF-B, VEGF, Eotaxin (CCL11) and
PDGF-AA.

Flow Cytometry

Adherent and floating cells (300,000 cells/well in 24-wells plates)
were washed in PBS/0.1% BSA (Merck, Darmstadt, Germany) and
Fc receptors were blocked with 5% human serum (HS) in PBS for
10 min at RT. Cells were washed in PBS/0.1% BSA and stained with
antibodies diluted in PBS/0.1% BSA for 30 min at 4°C. Cells were
washed in PBS/0.1% BSA and fixed with 1% paraformaldehyde for
1h at 4°C. Fluorescence minus one (FMO) control samples were
included to define background fluorescence for each stain.
Fluorescence staining was measured using a FACSLyric'" flow
cytometer with FACSDiva software (BD Bioscience). Geometric
mean fluorescence intensity (gMFIs) was recorded for each sample.
Data were analyzed using FlowJo v10 software.
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Lactate Assay

Cell culture supernatants were collected and sterilized by using a
96-well filter plate containing a 0.2 pm PVDF membrane
(Corning) following centrifugation. Undiluted sodium l-lactate
(Sigma-aldrich) standard (0-8 mM, 5 ul) or sample (5 ul) was
added to a flat-bottom 96-well plate (Greiner Bio-One, Alphen
a/d Rijn, The Netherlands). 200 pl of reaction mix (0.74 mM
NAD, Roche Applied Science, Woerden, The Netherlands;
0.4 mM glycine, Sigma-Aldrich; 0.4 M hydrazine hydrate,
Sigma-Aldrich) was added to allow conversion of lactate
to pyruvate by lactate dehydrogenase (LDH): Lactate + NAD"
<-> Pyruvate + NADH + H". Hydrazine hydrate was added to
avoid conversion of the newly formed pyruvate back to lactate.
Baseline NADH levels were measured using the SpectraMax i3x
plate reader at OD340 before the addition of 2 pl of three times
diluted LDH from rabbit muscle (Roche Applied Science) to each
well to initiate the lactate to pyruvate conversion. Following the
addition of LDH, plates were incubated on a shaker at RT for
90 mins and the OD340 was measured again using a SpectraMax
i3x plate reader.

Immunostaining and Confocal Microscopy
For confocal microscopy, cells were cultured on pre-washed
black glass bottom poly-d-lysine coated 96-well plates (no. 1.5,
MatTek Corporation, Ashland, MA, USA) at a density of 30,000
cells/well in RPMI 1640 medium supplemented with 10% FBS
and 2 mM L-Alanyl-L-Glutamine and incubated overnight at 37°
C/5% CO,. Cells were infected with DsRed-expressing Mtb
H37Rv as described above and treated with compound (10
uM) or an equal volume of DMSO (0.1% v/v) for 4h. Culture
medium was replaced with a solution of 75 nM LysoTracker®
Deep Red (Thermo Fisher Scientific) and 1x CYTO-ID® Green
2.0 (1:500, Enzo Life Sciences, Bruxelles, Belgium) for 30 min at
37°C/5% CO, to stain lysosomal and autophagic vesicles,
respectively. Cells were washed twice with PBS and fixed with
Pierce' " 1% w/v formaldehyde (Thermo Fisher Scientific) for 1h
at RT, washed twice with PBS and then stored at 4°C. Prior to
imaging, plates were incubated with 2 pug/ml Hoechst 33342 for 5
min at RT and imaged using a SPSWLL confocal microscope
(Leica) using a 63X oil immersion objective. Each treatment
condition was performed in triplicate wells and three images
were taken from each well. For image analysis, lysotracker and
CYTO-ID channel background was subtracted using a rolling
ball algorithm with a 10 pixel radius in Fiji/Image] (64).
Lysotracker area and CYTO-ID area were specified for each
image using Cellprofiler 3.1.9 (65) and were normalized to cell
count based on Hoechst 33342 staining.

Statistical Analysis

All statistical analyses were carried out using GraphPad Prism 8
software (Graphpad Software, San Diego, CA, USA). Normal
distribution of data sets was evaluated using the Shapiro-Wilk
normality test. Correlation was evaluated with a Spearman’s rank
correlation test. Parametric paired data were tested with a paired
t-test when comparing two groups and with RM one-way
ANOVA or two-way ANOVA followed by Dunnett’s multiple

comparison test versus control when comparing three or more
groups. Nonparametric paired data were tested with Wilcoxon
matched-pairs signed rank test when comparing two groups and
with Friedman’s test followed by Dunn’s multiple comparison
test versus control when comparing three or more groups.
Statistical tests were considered significant when p<0.05 at 95%
confidence interval.
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