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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-g (IFN-g)
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 recommendations for future studies.
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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 ofMtb.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-g (IFN-g) 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 toMtb
org February 2021 | Volume 12 | Article 6199881
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Gutierrez et al. Review of Mtb Infection “Resisters”
(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 toMtb 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
multipleMtb 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).
Frontiers in Immunology | www.frontiersin.org 2
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 “TST 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,
SPAN/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.
February 2021 | Volume 12 | Article 619988
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TABLE 1 | Summary of tests and definitions used by household contact studies.

’ definition Other definitions LTBI definition

contact study:
ter at least 12
-up. Retracing
gative QFT tests
and two others
ear follow-up
al negative TST
t QFT test.
n of time in
: 9.5 years.

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-g (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.

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

TB exposure who
FT negative at
to 12 months
ure (TST < 5mm
TB Ag – Nil) <

Persistent LTBI negative
(pLTBI-): TST and QFT negative
at baseline and up to 12 months
following exposure.
’Resisters’ with complete
absence of response: TST =
0mm and IFN-g (TB Ag – Nil) <
0.01 IU/ml.

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

gative (Early
istently IFN-g (TB
IU/ml at baseline
s.

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

TB exposure: TST
ine and 18 months
ure and negative
eline, 3 months
following

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/2x10^5 (30 SFU/million
cells).

s: IGRA negative
at 6 months

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

rters: IGRA
line and at 6

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

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

rters: TST = 0mm
at 3 months.

: IFN-g (TB Ag –

L at baseline and

Cohort 1: (TST converters) 0
mm at baseline and converted to
positive >10 mm by 3 months.
Cohort 2: (converters) IFN-g (TB
Ag – Nil) < 0.35 IU/mL at baseline
and IFN-g (TB Ag – Nil) > 0.35 IU/
mL at 6 months.
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Household
contact study

Study location Risk score used Tests used Cut-offs Resiste

Stein et al. (11,
12)

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

TST (5 tuberculin units
[TU], PPD-S2, Tubersol,
Sanofi Pasteur Limited,
USA)
QFT Gold In-Tube (QFT-
GIT)

TST: 10mm (HIV− contacts) and
5mm (HIV+ contacts)
QFT: IFN-g (TB Ag – Nil) at 0.35
IU/ml

Initial houlsehol
TST negative af
months of follow
study: Three ne
(one at baseline
during the 1-2 y
period) and a fin
following the las
Average duratio
between studie

Mave et al.
(15)

Chennai and Pune,
India

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

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

TST: 5mm
QFT: IFN-g (TB Ag – Nil) at 0.35
IU/ml

HHCs with high
were TST and Q
baseline and up
following expos
and QFT IFN-g
0.35 IU/mL).

Verrall et al.
(16, 17)

Bandung,
Indonesia

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

QFT- GIT IFN-g (TB Ag – Nil) at 0.35 IU/ml Persistently n
clearers): Pers
Ag – Nil) < 0.35
and at 14 week

Hill et al. (18) Banjul, The
Gambia

No risk score used TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)
ELISPOT

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.

HHCs with high
< 5mm at base
following expos
ELISPOT at bas
and 18 months
exposure.

Coulter et al.
(19)

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

in-house IGRA Unknown Non-converte
at baseline and

Medawar et al.
(20)

The Gambia HHCs sleeping in the same room
as index TB case

QFT-GIT Negative QFT: IFN-g (TB Ag – Nil)
≤ 0.2
Positive QFT: IFN-g (TB Ag – Nil) ≥
0.7

QFT nonconve
negative at bas
months

Weiner et al.
(21)

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

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

TST: 10mm
QFT: IFN-g (TB Ag – Nil) at 0.35
IU/ml

Cohort 1
TST nonconve
at baseline and
Cohort 2
Nonconverter
Nil) < 0.35 IU/m
at 6 months.
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TABLE 1 | Continued

Resister’ definition Other definitions LTBI definition

Aissa et al.: TST < 5mm at
baseline (V1) and 8-12 weeks (V2)
Cobat et al.: TST = 0mm at V2
and V2

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 cohort
Double negatives: TST < 5mm
and QFT-GIT IFN-g (TB Ag – Nil) <
0.35 IU/mL
Val de Merne cohort (Aissa et al.)
Negative: (i) TST < 5 mm at both
V1 and V2, ii) < 5 mm at V1, when
only one visit was done
Uninfected subjects: HHCs with
a negative TST and a null IFN-g
production South African cohort
Uninfected: TST < 5 mm and a
null IFN-g production

Vietnam study Double
positives: TST ≥ 5mm and a
positive QFT-GIT IFN-g (TB Ag –

Nil) ≥ 0.35 IU/mL.
French study Positive: TST i)
≥ 5 mm at both V1 and V2, ii) < 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-g
production > 175 pg/mL)

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

d

ol
ots
le
trol

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

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 negative result at
enrollment

HHCs with IGRA positive result at
enrollment
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Household
contact study

Study location Risk score used Tests used Cut-offs

Aissa et al.
(22) and Cobat
et al. (23)

Val de Merne,
Paris, France

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

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

Aissa et al.: 5mm
Cobat et al.: 0mm

Quistrebert
et al. (24)

Southern Vietnam No risk score used 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

TST: 5mm
QFT: IFN-g (TB Ag – Nil) at 0.35
IU/ml

Chen et al.
(25)

Shanghai, China Based on shared air space with an
individual with pulmonary TB in the
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)

ELISPOT (TS-SPOT;
Beijing Jinhao, China)

Positive if either Panel Test
(containing ESAT-6/CFP-10/
Rv3615c peptides pool) showe
at least six spot-forming cells
(SFCs) more than the negative
control when the negative contr
≤5 SFCs; or if the number of sp
in Panel Test was at least doub
the number in the negative con
when the negative control >5
SFCs

Vorkas et al.
(26)

Port-au-Prince,
Haiti

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

QFT-GIT Not specified
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TABLE 2 | Summary of tests and definitions used by community-based studies.

er’ definition Other definitions LTBI definition

m at baseline TST > 0mm at baseline
only.

egatives at a
e point. TST <
IFN-g response
r PPD or ESAT-6
L.

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

ected
tly TB,
n and IGRA
(HITTIN): HIV+
ho had
ed a period of
D4 counts, who
mptoms or
previous TB,
consecutive
GRA readings,
= 0mm.

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.

the study was on
s/incident TB
definition of
nconverter

Converters: IFN-g (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).

(Continued)
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Community-
based study

Study location Risk score used Tests used Cut-offs Resis

Cobat et al.
(27)

Cape Town,
South Africa

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

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

TST: 0mm TST = 0m
only.

Gallant et al.
(28)

Cape Town,
South Africa

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

TST (2 TU, PPD RT23,
Statens Serum Institut,
Denmark)
In-house IGRA

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

Double n
single tim
5mm and
to BCG o
< 63 pg/

Kroon et al.
(29)

Cape Town,
South Africa

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

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

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.

HIV-1-in
persiste
tubercul
negative
persons
experienc
very low
had no s
history of
had three
negative
and a TS

Mahomed et
al. (30)

Worcester,
South Africa

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
enrollment.

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

TST: 5mm
QFT-GIT: IFN-g (TB Ag – Nil) at
0.35 IU/ml

Focus of
converter
cases. N
resister/n
given.
t

m
f
n
i

w

C
y

I
T

o
o
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TABLE 2 | Continued

Cut-offs Resister’ definition Other definitions LTBI definition

QFT-GIT: IFN-g (TB Ag – Nil) at
0.2, 0.35 and 0.7 IU/ml

Stringent
nonconverters: IFN-g (TB
Ag – Nil) < 0.2 IU/ml at
baseline, day 360, and
day 720.

Stringent QFT persistent
positives: IFN-g (TB Ag –

Nil) > 0.7 IU/ml at baseline,
day 360, and day 720.
“Uncertain” converters:
IFN-g (TB Ag – Nil) < 0.35
IU/ml at baseline, and IFN-g
> 0.35 IU/ml at day 360,
with at least one result
within the uncertainty zone
of 0.2-0.7 IU/ml.

Stringent converters:
IFN-g (TB Ag – Nil) < 0.2
at baseline and > 0.7 at
day 360).

QFT-GIT: IFN-g (TB Ag – Nil) at
0.35 and 4.0 IU/ml

Nonconverters: IFN-g
(TB Ag – Nil) < 0.35 IU/ml
at baseline, day 336 and
end of study.

Converters: IFN-g (TB
Ag – Nil) >4.00 IU/ml at
baseline, day 336 and
end of study.

TST: 0mm and 5mm
QFT-Plus: Both antigen tube
readings of IFN-g (TB Ag – Nil) at
0.35 IU/ml

"Uninfected" : Miners
who had a negative QFT-
Plus up to one year after
baseline. A stricter
definition was also used
as those with a negative
QFT-Plus and TST = 0
mm after one year of
follow-up.

"TB infected": Miners
who had a positive
QFT-Plus up to one
year after baseline. A
stricter definition was
also used as those with
a postive QFT-Plus and
a TST > 5mm after one
year of follow up.

ELISPOT ≥24 spots for ESAT-6,
CFP-10, or both

“Highly exposed but
uninfected” (HEBUI):
Negative ELISPOT at
baseline only

"Latent": Positive
ELISPOT at baseline
only
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Community-
based study

Study location Risk score used Tests used

Nemes et al.
(31)

Worcester,
South Africa

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
enrollment.

QFT-GIT

Andrews
et al. (32)

Worcester,
Ceres &
Robertson,
South Africa

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

QFT-GIT

Simmons
et al. (33)

North West
Province, South
Africa

None. Risk is inferred from
work exposure in gold mines,
a high incidence environment.

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

Li et al. (34) Beijing, China None. Risk inferred from
working at Beijing Chest
Hospital ≥3 years

ELISPOT (T.SPOTTB;
Oxford Immunotec)
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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
HHCs 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 ELISPOTs at
baseline, at 3 months and at 18 months (16). In addition, all
HHCs 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
Frontiers in Immunology | www.frontiersin.org 7
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-g 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-g (TB Ag –
Nil) < 0.2 IU/ml and positive if IFN-g (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-off
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
February 2021 | Volume 12 | Article 619988
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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-
g production after stimulating peripheral blood mononuclear
cells (PBMCs) with ESAT-6 and null production of IFN-g was
defined as a negative IGRA. A positive IGRA result was defined
as IFN-g > 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-g 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
Frontiers in Immunology | www.frontiersin.org 8
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 “TB 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). HighMtb 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-
g was measured after whole blood was stimulated with live BCG,
PPD or ESAT-6 and positive responders were initially defined as
IFN-g 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-g production [128/415 (31%)], and
infected subjects as those with both positive TST and IGRA
result (IFN-g 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, i.e., Cape
Town. In addition, the criteria included a history of living with a
low CD4+ count (either with two CD4+ < 350 cells/mm3 counts
at least 6 months apart or a single CD4+ count < 200 cells/mm3)
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/mm3 (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+)
Frontiers in Immunology | www.frontiersin.org 9
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-g (TB Ag – Nil) < 0.35 IU/ml to < 0.2 IU/ml and an
increase from IFN-g (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-g
(TB Ag – Nil) < 0.2 IU/ml at baseline, day 360, and day 720.
Stringent QFT persistent positives were defined as IFN-g (TB Ag
– Nil) > 0.7 IU/ml at baseline, day 360, and day 720. Stringent
QFT converters were defined as IFN-g (TB Ag – Nil) < 0.2 IU/ml
at baseline and IFN-g > 0.7 IU/ml at day 360. Lastly “uncertain”
converters were defined as IFN-g (TB Ag – Nil) < 0.35 IU/ml at
baseline, and IFN-g > 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 IU/
ml, 53% had a discordant positive TST result, compared to 15%
in the group with QFT IFN-g values <0.2 IU/ml. In total 43% of
those with QFT IFN-g 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 MVA85A 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-g (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-g
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
Frontiers in Immunology | www.frontiersin.org 10
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 ofMtb 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 toMtb 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 goldmines 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
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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). AlthoughWeiner
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 toMtb, or they were exposed but cleared infection. This
could be either due to their own immunity or after receivingMtb
sterilizing prophylactic therapy such as Isoniazid. It is therefore
imperative that documentation ofMtb 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-g assays do not measure
similar aspects of host immunity and may depend on the host as
well as the frequency and exposure setting ofMtb 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-l inked
immunosorbent spot (ELISPOT) assay. IGRA performs better as
a marker ofMtb 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-g reading between
0.2–0.7 IU/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 TBAg1 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 toMtb 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
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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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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-g 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
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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 toMtb 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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