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Increased frequencies of pulmonary
regulatory T-cells in latent Mycobacterium
tuberculosis infection

Christian Herzmann*, Martin Ernst”, Stefan Ehlers’, Steffen Stenger-,
Jeroen Maertzdorf’, Giovanni Sotgiu’ and Christoph Lange*

ABSTRACT: Regulation of specific immune responses following exposure to Mycobacterium
tuberculosis in humans and the role of regulatory T (Treg) cells in the immune control of latent
infection with M. tuberculosis are incompletely understood.

Latent infection was assayed by an interferon-y release assay (IGRA) in healthcare workers
regularly exposed to tuberculosis (TB) patients and in household TB contacts in Germany.
Immunophenotypes of bronchoalveolar lavage (BAL) mononuclear cells and peripheral blood
mononuclear cells (PBMCs) were analysed by fluorescence-activated cell sorting.

All TB contacts with latent infection (n=15) had increased (p<0.0001) frequencies of CD4+
CD25+ CD127- Treg cells (median 2.12%, interquartile range (IQR) 1.63-3.01%) among BAL
mononuclear cells compared with contacts (n=25) with negative IGRA results (median 0.68%, IQR
0.32-0.96%) No differences were seen when PBMC immunophenotypes of IGRA+ and IGRA- TB
contacts were compared (IGRA+ median 9.6%, IQR 5.9-10.1%; IGRA- median 7.7%, IQR 4.6-
11.3%; p=0.47). Five out of 25 contacts with negative blood IGRAs showed a positive IGRA from
BAL cells, possibly indicating a limited local immune response.

In Germany, latent infection with M. tuberculosis, as defined by a positive M. tuberculosis-
specific IGRA response on cells from the peripheral blood, is characterised by an increased

frequency of Treg cells in the BAL.

KEYWORDS: Bronchoalveolar lavage, healthcare workers, latent tuberculosis infection, regula-
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acquired by aerosol inhalation, and subse-

quent phagocytosis of the bacteria by alveolar
macrophages and dendritic cells [1, 2]. An
adaptive immune response against mycobacteria
is generated when antigen-presenting cells stimu-
late T-lymphocytes in the draining lymph node
[3]. In mouse models, this occurs 8-10 days after
infection [4, 5]. Protective immunity is generally
associated with interferon (IFN)-y-secreting T-
helper (Th) type 1 cells [6]. Latent infection with
M. tuberculosis (latent tuberculosis infection; LTBI)
is defined by the presence of an adaptive immune
response against M. fuberculosis in the tuberculin
skin test (TST) or in a blood-based IFN-y release
assay (IGRA) in the absence of clinical signs of
tuberculosis (TB) [7].

I nfection with Mycobacterium tuberculosis is

Using this definition, close recent contacts of LTBI
cases carry a risk of approximately 2-13% for the
development of active TB within 2 yrs [8].
However, IGRAs are not useful for the diagnosis
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of active TB due to a high percentage of false-
negative results [9]. Mechanisms that govern local
containment versus the development of active
disease are still incompletely understood. It would
be advantageous if biomarkers that correlate
either with maintenance of effective immune
control of the mycobacteria or with progression
to active disease could be identified.

Regulatory T-lymphocytes (Treg cells) are involved
in the maintenance of self-tolerance and the control
of immune responses to foreign antigens [10].
Several types of Treg cells have been described
and their phenotypic and functional characterisa-
tion is under continuous scientific evaluation. A
prominent, yet not exclusive, marker is the inter-
leukin (IL)-2 receptor a-chain, CD25 [11]. More
specific, yet not purely so, is the transcription factor
forkhead box P3 (FoxP3) expressed in both CD4+
and CD8+ Treg cells [12]. FoxP3 expression is
inversely associated with the expression of the IL-7
receptor CD127 [13, 14]. In peripheral blood
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mononuclear cells (PBMCs) from healthy donors, Liu et al. [13]
reported FoxP3 expression in 86.6% (range 67.4-93.6%) of CD25+
CD127low /- cells, while CD127low /CD25- cells contained only
25.5% (14.8-39.5%) and CD4+ CD127+ CD25+ cells contained
only 22.9% (11.5-39.2%) of FoxP3 expressing cells. Similarly,
SEDDIKI et al. [14] found that 87% of CD4+ CD127low cells fell
within the CD25+ Foxp3+ gate and conversely, 84% of CD25+
Foxp3+ cells were detected within the CD4+ CD127low gate.
Since even CD4+ CD25- FoxP3+ CD127low cells were found to
have Thl-suppressive properties, the lack of CD127 surface
expression is now widely accepted as a marker for Treg cells.

Treg cells play an important role in modulating M. tuberculosis-
specific immune responses [2, 15]. In mice infected with M.
tuberculosis, Treg cells start to expand once phagocytosed
mycobacteria have been transported to mediastinal lymphnodes
[16]. Treg cells are also recruited to the site of infection in active
extrapulmonary TB [17, 18].

Treg cells counteract the Thl adaptive immune response and
delay the priming of effector CD4+ and CD8+ T-cells and their
subsequent accumulation in the lung [16]. In humans with
presumed LTBI (i.e. TST+ or IGRA+) Treg cells in PBMCs expand
ex vivo in cultures infected with M. tuberculosis [19]. Their
presence reduces the frequency of M. tuberculosis-responsive
CD4+ and CD8+ T-cells producing IFN-y [19]. While the
frequencies of circulating Treg cells are similar for healthy,
uninfected subjects and subjects with presumed LTBI, patients
with active TB, especially those with extrapulmonary disease
and extensively drug-resistant TB, show a higher Treg frequency
in the peripheral blood [18-21].

However, little is known about the local involvement of
pulmonary Treg cells in human TB in vivo. Their regional
presence and Thl-suppressive function may contribute to the
early stages of mycobacterial infection in the lung. In accordance
with studies in animal and in vitro studies with human cells, we
hypothesised that recent TB contacts with presumed LTBI cases
might differ in the percentage of pulmonary Treg cells from those
with a low likelihood of infection (IGRA-) [16, 18, 22]. We
investigated the pulmonary and systemic role of Treg cells in
IGRA+ and IGRA- TB contacts in order to identify associations
with local and systemic M. tuberculosis-specific immune responses.

METHODS

The study was conducted by the German research consortium
on “Pulmonary Tuberculosis — Host and Pathogen Determinants
of Resistance and Disease Progression”, and was approved by
the ethics committees of all participating German centres (Helios
Klinikum Emil von Behring, Berlin; Evanglische Lungenklinik,
Berlin; Research Center Borstel, Borstel; Klinik Donaustauf,
Donaustauf; Agaplesion Pneumologische Klinik Waldhof, Elger-
shausen; Asklepios Fachkliniken Miinchen-Gauting, Munich;
Krankenhaus Grofthansdorf, Grofshansdorf; Lungenfachklinik,
Immenhausen; and Klinijkum Niirnberg Nord, Nuremburg,
Germany).

Healthcare workers (HCWs) were enrolled if they were
working in a respiratory medicine department, had regular
professional contact with patients with acid-fast bacilli smear-
positive TB and had no evidence of active TB. Household
contacts (HHCs) who were exposed for >40 h in total were
recruited through the public health authority of the City of
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Hamburg and through the Research Center Borstel, Borstel.
Demographic and health-related data were collected using a
standardised questionnaire.

An IGRA (QuantiFERON®-TB Gold In-Tube (Cellestis Ltd,
Carnegie, Australia) or T-SPOT.TBs (Oxford Immunotec,
Abingdon, UK)) was performed according to the manufacturer’s
instructions, with the exception that for the T-SPOT.TBw®, 200,000
mononuclear cells (instead of 250,000 mononuclear cells) were
plated per well for improved visibility of the spots [23, 24] TSTs
were not performed.

A flexible bronchoscopy was performed according to German
guidelines with intravenous and local anaesthesia at the
physicians” discretion [25]. The bronchoscope was wedged into
a sub-segmental bronchus of the middle lobe. Bronchoalveolar
lavage (BAL) was performed with a total volume of 250 mL
sterile normal saline.

PBMCs were prepared by Ficoll-Hypaque density gradient
centrifugation (465x g for 42 min at ambient temperature)
from heparinised blood. After washes with PBS and a second
centrifugation (800 x ¢ for 15 min at 4°C), cells were washed
with PBS and centrifuged again (400 x g for 12 min at 4°C).
Pellets containing large numbers of red blood cells underwent
erythrocytolysis with sterile water and 2 x PBS. PBMC flow
cytometry was performed in a laboratory of the Max Planck
Institute for Infection Biology, Berlin, Germany.

Single-cell suspensions from BAL fluid were obtained by
passing the BAL fluid through a stainless steel sieve (Teesieb
Profi Plus, WMF, Geislingen, Germany) with a mesh aperture
of 0.5 mm.

Lymphocyte and mononuclear cell subsets were defined in cells
from BAL fluid, using monoclonal antibodies against CD3
(MHCDO0305; Invitrogen, Carlsbad, CA, USA), CD4 (MHCDO0401,
Invitrogen), CD16 (MHCD1604, Invitrogen), CD25 (MHCD2505,
Invitrogen), CD40 (CD4005, Invitrogen), CD45RO (MHCD45R0O04,
Invitrogen), CD62L (MHCD62L05, Invitrogen), CD127a (FAB
306P; R&D Systems, Minneapolis, MN, USA), HLA-DR (347402;
BD Pharmingen, Heidelberg, Germany), Toll-like receptor
(TLR)4 (13-9917-80; NatuTec ebioscience, Vienna, Austria) by
flow cytometry (FACSCalibur; Becton Dickinson, Heidelberg,
Germany). BAL cell flow cytometry was performed at a labora-
tory of the Research Center Borstel.

Treg were defined as CD4+ CD25+ CD127- as described above
[13, 14].

Chi-squared or Fisher’s exact test was used to compare
categorical data; Wilcoxon-Mann-Whitney and unpaired t-tests
were used for continuous non-normally and normally distributed
variables, respectively. Statistical significance was defined as a
two-tailed p-value <0.05. Analyses were performed using the
Stata software (version 9.0, StataCorp, College Station, TX, USA).

RESULTS

Between August 2008 and May 2011, 101 TB contacts were
recruited for the trial. Blood samples were taken from all
participants for immunological analysis prior to the BAL
recruitment. BALs were used for fluorescence-activated cell sorter
(FACS) analysis, cell culture (data not shown) and mycobacterial
kill assays (data not shown). The FACS data of 47 BAL samples
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HCWs recruited HHCs recruited

n=42 n=5
Insufficient
BAL samples# [«
n=7
v A4
BAL FACS BAL FACS
n=35 n=5
Insufficient
PMBC samples* [«
n=22
v v
PBMC FACS PBMC FACS
n=13 n=5

FIGURE 1. Recruitment flowchart and fluorescence-activated cell sorter
(FACS) sample processing. HCW: healthcare worker; HHC: household contact;
BAL: bronchoalveolar lavage; PBMC: peripheral blood mononuclear cell. *: number
of regulatory T-cells undeterminable due to indistinctive CD127 staining or sample
failure.

were available for analysis. Of these, five (10.6%) were from
HHCs recruited from the two centres mentioned above and 42
(89.4%) were from HCWs from nine hospitals. The BALs of seven
HCWs did not contain enough mononuclear cells for immuno-
phenotyping. Phenotyping with CD127 was available in 45% (18
out of 40) of the blood samples from TB contacts, mainly for

a)
BAL FACS data complete
n=40
v v
PBMC IGRA+ PBMC IGRA-
(LTBI) (non-LTBI)
n=15 n=25
v v
BAL BAL_
IGRA- n=8 IGRA- n=19 _
IGRA+ n=7 IGRA+ (LTBI) n=5
indeterminate n=1
b)
BAL FACS data complete
n=40
v v v
BAL IGRA+ BAL IGRA- BAL IGRA
n=12 n=27 indeterminate n=1
v v v
PBMC PBMC PBMC IGRA- n=1
IGRA- n=5 IGRA- n=19
IGRA+ (LTBI) n=7 IGRA+ (LTBI) n=8

FIGURE 2. a) Distribution of interferon-y release assay (IGRA) results stratified
by peripheral blood mononuclear cell (PBMC) IGRA; b) distribution of IGRA results
stratified by bronchoalveolar lavage (BAL) IGRA. FACS: fluorescence-activated cell
sorter; LTBI: latent tuberculosis infection.
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y-\:18=5 B Demographic, epidemiological and clinical
characteristics of the enrolled individuals
Variables Groups p-value
IGRA- IGRA+
Subjects n 25 15
Age yrs 44.4+14.3 54.1+£8.2 0.02
Males 6/25 (24.0) 3/15 (20.0) 0.77
Individuals born in Germany 22/25 (88.0) 11/15(73.3)  0.23
Migration background 7/25 (28.0) 3/15 (20.0) 0.57
Grown up in urban area 10/24 (41.7) 8/15 (53.3) 0.42
Current residence in urban area 10/25 (40.0)  8/15 (53.3) 0.41
Previous history of TB 3/25 (12.0) 1/14 (7.14) 0.63
BCG vaccination 11/22 (50.0)  7/13 (53.9) 0.82
Previous TST 17/24 (70.8)  14/15 (93.3)  0.09
Previous positive TST 8/15 (53.3)  12/13 (92.3)  0.02
Previous IGRA 6/23 (26.1) 115 (6.7) 0.13
Previous positive IGRA 1/6 (16.7) 1/1 (100.0) 0.09
Type of contact

Nursing 16/25 (64.0) 11/15 (73.3)  0.54

Medical 3/25 (12.0)  2/15(133)  0.90

Household 4/25 (16.0) 1/15 (6.7) 0.39
Time in profession yrs

<5 5/21 (23.8)  2/14 (143)  0.49

5-10 4/21 (19.1) 1/14 (7.1) 0.32

10-20 6/21 (286) 5114 (357)  0.66

>20 6/21 (286)  6/14 (429)  0.38
Weekly exposure to TB patients h

Unknown/<1 2/21 (9.5) 2/13 (15.4)  0.60

1-10 12/21 (57.1)  9/13 (69.2)  0.48

11-20 1/21 (4.8) 1/13 (7.7) 0.73

>20 6/21 (28.6) 1/13 (7.7) 0.14
TB patients per yr 50 (22.5-60.0) 50 (45.0-150.0) 0.65
Clean room available 2/18 (11.1) 0/10 (0.0) 0.27
Use of FFP masks 10/17 (58.8)  4/12(33.3)  0.18
HIV+ 3/23 (13.0)  3/10 (30.0)  0.24
Close contact definition

Close 1/4 (25.0)

Very close 3/4 (75.0) 1/1 (100.0) 0.58
Resettler” 5/25 (20.0)  4/12 (33.3)  0.38
Organ transplantation 1/24 (4.2) 1/12 (8.3) 0.61
Diabetes mellitus 4/25 (16.0) 3/12 (25.0) 0.51
Pulmonary silicosis 0/25 (0.0) 2/12 (16.7)  0.04
Gastrectomy 2/25 (8.0) 0/12 (0.0) 0.31
Renal failure 2/25 (8.0) 1/12 (8.3) 0.98
Malignancy 4/25 (16.0) 1/12 (8.3) 0.52
IVDU 3/25 (12.0)  3/12(25.0)  0.32
latrogenic immunosuppression 4/25 (16.0) 2/12 (16.7) 0.96
Smoking

Never-smoker 9/22 (40.9) 4/12 (33.3) 0.66

Current smoker 3/22 (13.6) 512 (41.7) 0.07

Ex-smoker 9/22 (40.9)  5/11 (455)  0.80
TB in blood relatives 4/24 (16.7) 2/15 (13.3) 0.78
TB in partner 3/24 (12.5) 115 (6.7) 0.56

Data are presented as mean +sD, n (%) or median (interquartile range), unless
otherwise stated. IGRA: interferon-y release assay; TB: tuberculosis; BCG:
bacille Calmette-Guérin; TST: tuberculin skin test; FFP: filtering face piece;
IVDU: intravenous drug user. *from former German territory.
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1y:\:18=F 8 Frequencies of lymphocyte and monocyte immunophenotypes in bronchoalveolar lavage (BAL) and among peripheral
blood mononuclear cells (PBMCs)

Phenotype IGRA- IGRA+ (LTBI) p-value
Median (IQR) Median (IQR)

BAL samples
Lymphocytes” 9.9 (3.815-19.83) (n=25) 9.37 (3.87-27.7) (n=15) 0.77
Macrophages” 70 (55.85-82.85) (n=25) 70.12 (57.9-80.68) (n=15) 0.89
Monocytes” 5.8 (3.45-7.28) (n=25) 5.4 (4.43-7.84) (n=15) 0.56
HLA-DR? 18.84 (9.98-23) (n=24) 19.86 (6.69-30.68) (n=15) 0.44
cbie’ 2.485 (1.71-6.355) (n=24) 3.61 (2.04-7.16) (n=15) 0.64
coe2L” 5.37 (3.345-8.23) (n=25) 8.03 (3.87-13.42) (n=15) 0.18
cD25" 2.22 (0.79-4.09) (n=11) 4.25 (2.83-5.48) (n=11) 0.048
coi27' 43.15 (27.03-50.68) (n=11) 24.45 (15.52-34.92) (n=11) 0.03
CD3+ CD4+" 34.55 (28.19-50.45) (n=25) 47.22 (31.77-59.18) (n=15) 0.18
CD3+ CD8+' 27.2 (13.03-37.36) (n=25) 25.07 (13.85-40.65) (n=15) 0.74
CD4+ CD3+ CD45R0" 31.32 (27.37-42.05) (n=25) 46.1 (31.28-57.58) (n=15) 0.10
CD8+ CD3+ CD45R0" 22 (11.79-27.92) (n=25) 18.1 (14.63-22.55) (n=15) 0.74
CD4+ CD25+ CD127-1 0.68 (0.32-0.955) (n=25) 212 (1.63-3.01) (n=15) <0.0001
HLA-DR+* 284 (198-445.1) (n=23) 285.1 (208.5-1106) (n=14) 0.56
TLR4® 70 (49-91) (n=23) 69.65 (42.58-114) (n=14) 0.89

PBMC samples
CD16+f 12.75 (10.5-15.15) (n=20) 12.55 (9.4-19.4) (n=14) 0.96
CD62L+* 55.4 (39.5-67.25) (n=20) 32.1 (27.65-57.6) (N=14) 0.08
CD25+ 20.8 (13.9-50.75) (n=10) 27.6 (15.35-33.05) (n=10) 0.91
CcD127+f 58.25 (37.25-68.65) (n=10) 51.95 (42.6-68.4) (N=10) 0.85
CD40+ HLA-DR+ 10.55 (5.8-14.95) (n=20) 11.1 (9.1-18.55) (n=14) 0.47
CD3+ CD4+ 42.1 (34.45-52.7) (n=20) 44.9 (29.1-54.3) (n=14) 0.90
CD3+ CD8+f 20.65 (13.4-27.65) (n=20) 16.7 (10.25-21.45) (n=14) 0.17
CD4+ CD3+ CD45R0! 16.46 (7.961-25.16) (n=25) 21.57 (11.2-33.81) (n=15) 0.71
CD8+ CD3+ CD45R0/ 4.542 (1.78-9.806) (n=25) 4.744 (3.752-8.051) (N=15) 0.68
CD4+ CD25+ CD127-* 7.7 (4.6-11.3) (n=11) 9.6 (5.9-10.1) (n=7) 0.47
CD40+ HLA-DR*# 83.5 (78.2-86.8) (n=20) 78.65 (60.8-87.75) (n=14) 0.38

Fluorescence-activated cell sorter analysis of lymphocytes and monocytes in BAL or PBMC were performed due to the respective gates in the forward/side-scatter
pattern. HLA: human leukocyte antigen; TLR: Toll-like receptor; IGRA: interferon-y release assay; LTBI: latent tuberculosis infection. *: % of all somatic BAL cells; ': % of

all BAL lymphocytes; *: median fluorescence intensity (MFI) of all BAL monocytes; *: % of all PBMC lymphocytes; ##: MFI of all PBMC monocytes.

technical reasons, ie. weak staining that prevented a clear
distinction between CD127+ and CD127- cells (fig. 1).

Blood samples of 25 HCWs (11 LTBI and 14 non-LTBI) were
tested with the QuantiFERON®-TB Gold In-Tube system, with
a cut-off of 0.35 IU IFN-y. All five HHC blood samples (two
LTBI and three non-LTBI) were tested with the T-SPOT.TBw=
system, and so were the 10 remaining blood samples of HCWs
(three LTBI and seven non-LTBI). All BAL samples were tested
with the T-SPOT.TBw test.

There were 25 (62.5%) IGRA- (21 HCWs and four HHCs) and
15 (37.5%) IGRA+ (14 HCWs and one HHC) participants; the
latter had presumed LTBI by definition. Of the 25 participants
with a negative blood IGRA result, five (20%) had a positive
BAL IGRA result, one (4%) had an indeterminate BAL IGRA
and 19 (76%) were BAL IGRA-. Of the 15 subjects with
presumed LTBI, eight (53.3%) BAL IGRA results were negative
and seven (46.7%) were positive (fig. 2).
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The baseline criteria between the two groups were similar
(table 1). Subjects with presumed LTBI were slightly older (54.1
versus 44.4 yrs; p=0.02), but no other significant differences
were noted regarding the exposure duration, intensity and
protective measures used. Common risk factors for the
development of TB were distributed equally (HIV infection,
malignancy, immunosuppression, diabetes mellitus, gastroin-
testinal surgery, efc.).

Subjects with presumed LTBI had a significantly higher fre-
quency of Treg cells (median 2.12%, interquartile range (IQR)
1.63-3.01%) in the BAL compared to unsensitised participants
(median 0.68%, IQR 0.32-0.96%; p<<0.0001) (table 2). Treg
frequencies were consistently >1.36% and <1.32% of BAL
lymphocytes in the LTBI and IGRA- group, respectively (fig. 3).

When the subjects were stratified according to their BAL-based
IGRA rather than the PBMC IGRA, the differences in Treg
frequencies in the BAL remained significant (fig. 4). Higher

VOLUME 40 NUMBER 6 1453
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FIGURE 3. Frequency of regulatory T-cells (Treg) stratified by interferon-y
release assay (IGRA) status from peripheral blood mononuclear cells (PBMCs).
Tregs percentages of lymphocytes in a) PBMC and b) BAL. Bars represent median
and interquartile range.

BAL Treg cell frequencies were associated with a positive BAL
IGRA (median 1.42%, IQR 0.99-2.39%) compared to a negative
BAL IGRA (median 0.91%, IQR 0.35-1.41%). No differences
were found for blood Treg cells (median 9.1%, IQR 6.3-9.85%
versus median 7.75%, IQR 5.05-11.65%). Correlating individual
Treg cell frequencies from BAL and PBMC for subjects in
which both measurements were available did not reveal any
new insights (fig. 5).

No differences in the BAL cells or PBMC were found between
contacts with presumed LTBI and IGRA- subjects on analysis
of several other immunophenotypes (table 2) of lymphocytes
(human leukocyte antigen (HLA)-DR, CD62L, CD3 CD4 and
CD3 CDS8) or monocytes (HLA-DR, CD40 and TLR4).

No differences were seen in bacille Calmette-Guérin-vacci-
nated and -nonvaccinated subjects. The differences in Treg cell
frequencies remained significant when HIV-infected indivi-
duals were excluded from the analysis.

DISCUSSION

Treg cells seem to be involved in the regulation of M.
tuberculosis-specific immune responses [2, 15, 26]. Their role in
active TB has been described but their function during the early
and latent stages of M. tuberculosis infection is unknown [18, 27—
31]. Although our hypothesis may have been influenced by a
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FIGURE 4. Frequency of regulatory T-cells (Treg) stratified by interferon-y
release assay (IGRA) status from bronchoalveolar lavage cells (BAL). Tregs
percentages of lymphocytes in @) PBMC and b) BAL. Bars represent median and
interquartile range. *: p=0.96; *: p=0.02.

potential publication bias because nonsignificant results may
not have been published, we postulated that TB contacts with
presumed LTBI would differ in the percentage of pulmonary
Treg cells compared with non-LTBI contacts.

Higher frequencies of Treg cells were found in the BAL of all
subjects with presumed LTBI compared with IGRA- indivi-
duals. This is potentially an indication of ongoing inflammation
triggered by a regional mycobacterial infection. Recruitment of
Treg cells to the site of infection has been described in patients
with active TB [18, 27, 30, 31]. Furthermore, the predominant
production of both proinflammatory IFN-y and anti-inflamma-
tory interleukin (IL)-10 by CD4+ cells in the BAL of patients with
pulmonary TB was noted over 10 yrs ago [32]. It is therefore
possible that the recruitment of Treg cells results in a situation
where, despite the prevention of inflammation-induced tissue
damage, mycobacteria may escape the control of the immune
system [16]. Supporting this notion, a pivotal Treg cytokine,
transforming growth factor (TGF)-B; promotes intracellular
growth of M. tuberculosis in vitro [33].

Notably, a positive M. tuberculosis-specific IGRA from the BAL
was also associated with a higher frequency of BAL Treg cells.
This contradicts in vitro experiments where the presence of Treg
cells reduced IFN-y production and cellular immune responses
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FIGURE 5. Relationship between regulatory T-cells (Treg) frequencies in
bronchoalveolar lavage (BAL) and peripheral blood mononuclear cells (PBMCs) in
subjects with a) positive PBMC interferon-y release assay (IGRA) status and b)
negative PBMC IGRA status.

to M. tuberculosis antigens in nearly all studies [18, 19, 27, 28, 34,
35]. However, in vitro experiments measure an immune response
before and after Treg cell arrival in a predefined setting with
constant numbers of effector T-cells and mycobacteria. Inn vivo,
the recruitment of Treg cells is secondary to regional inflamma-
tion triggered by a changing M. tuberculosis burden and dynamic
cellular immune responses. This lack of standardisation renders
the assessment of local immune responses prior to and after the
advent of Treg cells challenging, if not impossible.

Unfortunately, the observational character of our data does not
allow a closer characterisation of pulmonary Treg cells. Their
role as suppressor cells or bystanders should be investigated in
further studies. That the phenomenon reflects inflammation-
induced secondary recruitment of Treg cells to the lungs with
the aim to control excessive inflammatory processes but without
effect on mycobacterial load cannot be excluded. Conversely,
Treg cells seem to play a key role in the balance between tissue
integrity and antimycobacterial immune responses, as seen in a
macaque model, in which higher post-infection Treg cell
frequencies were found in the BAL of animals who developed
LTBI rather than active TB [24]. Further studies are required to
investigate whether Treg cells are associated with the risk of
developing active disease in humans. Using this approach, the
proportion of individuals with positive M. tuberculosis-specific
immune responses who benefit from preventive antibiotic
therapy could possibly be identified more clearly.
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In this study, individuals with or without presumed LTBI
showed similar frequencies of circulating Treg cells. In active TB,
the immunological balance fails, inflammation increases and
larger numbers of Treg cells are recruited to the site of infection,
indicated by higher frequencies of circulating Treg cells [18, 19,
28, 29, 36]. Supporting this finding, infected macaques show
decreasing numbers of circulating Treg cells during the first
weeks following infection, as these are recruited to the lung.
After about 5-6 months, however, peripheral Treg cells increase
only in animals that develop active disease [24].

These results contrast the results of BURL et al. [21], who reported
a lower expression of FoxP3 mRNA, a surrogate marker of Treg
cells, in the blood of TB contacts with presumed LTBI compared
with IGRA- subjects. According to the macaque model, however,
the time since M. tuberculosis exposure determines the numbers of
circulating Treg cells. This interval is often unknown in humans.

High frequencies of Treg cells are also found in the BAL and
blood of patients with other granulomatous lung diseases, such
as sarcoidosis and Churg-Strauss syndrome, where they also
correlate with disease activity [37-39]. In TB, the numbers of
circulating Treg cells decrease after resection of pulmonary
cavities [36]. Therefore, Treg cells or their surrogate markers
(TGF-P1 and IL-10) merit further investigation for the monitor-
ing of TB treatment response.

Five out of 25 M. tuberculosis-exposed subjects without LTBI
showed a specific immune response in the BAL. The interpretation
of this finding is challenging since no published trial has
addressed this issue. In one study on HHCs with presumed
LTBI (defined as a positive TST), 50% (five out of 10 subjects)
showed a >3-fold frequency of IFN-y-secreting cells in BAL
compared with PBMCs upon stimulation with the mycobacter-
ial antigen Ag85 [40]. Apparently, this compartmental enrich-
ment was associated with recent M. fuberculosis exposure as it
was found in only 12% (one of 13) of TST-positive control
subjects without recent exposure. In contrast to our own study,
SCHWANDER et al. [40] did not include M. tuberculosis-exposed,
TST-, subjects, preventing a direct comparison.

The phenomenon of localised specific immune responses in
healthy TB contacts remains elusive. DHEDA et al. [41] found a
positive M. tuberculosis-specific IGRA in the BAL of five out of
48 non-TB lung disease patients, but of these only two had a
negative blood IGRA result (one patient with a carcinoma and
one with a lymphocytic interstitial pneumonitis). BAL IGRAs
were also assessed in two studies from our own group. In a
large European study, JAFARI et al. [42] found a negative blood
IGRA in 118 out of 250 non-TB patients and 14 (12%) of them
had a positive BAL IGRA; in a smaller trial, 40 out of 84 subjects
with a confirmed non-TB diagnosis had a negative blood IGRA
and six (15%) of them had a positive BAL IGRA [43]. This trial
included 10 subjects with a non-tuberculous mycobacterial
infection, four of which had a negative blood IGRA, but none
had a positive BAL IGRA. The non-TB patients in all three
studies were suspected of having active TB but were eventually
diagnosed with another active respiratory disease. This is a very
different setting to our current investigation addressing healthy
individuals. Their findings, however, underline that in patients
without active TB, the correlation between systemic and local
immune response to M. tuberculosis varies.
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Since BAL cells are strikingly different from PBMCs cells in
terms of functional capabilities and phenotype, one potential
reason includes the discordant recognition of antigens [44].
Mycobacterial uptake, accessory function and infectability of
alveolar macrophages are greater than that of PBMCs, with
potential implications for antigen presentation [44]. In patients
with active TB, cultured lymphocyte proliferation and IFN-y
production in response to the 10-kDa culture filtrate protein and
other antigens is more pronounced in BAL cells than PBMCs.
No such differences were seen in response to ESAT-6 [45]. Both
antigens are used in commercially available IGRAs and may, in
part, explain the discordance between IGRA results from
PBMCs and BAL. Other hypothetical explanations include a
compartmentalisation effect or a recent M. tuberculosis exposure
triggering a localised pulmonary IFN-y response first, followed
by a systemic response.

Our study has several limitations. First, we investigated a
heterogeneous cohort. For professionally active HCWs, the
timepoint and amount of exposure to M. tuberculosis is not
clearly defined. In contrast, our HHCs were exposed very
closely to one contagious patient only. Second, the number of
available blood samples for Treg analysis was small due to
technical difficulties, i.e. indistinctive or weak CD127 staining
and sample failure (fig. 1). Third, we could not establish the role
of BAL Treg cells in subjects with presumed LTBI. As there is no
established method for depletion or enrichment of functional
Treg cells from BAL fluid, we were unable to investigate their
influence on IGRA results.

To our knowledge, this study represents the largest cohort of
BAL sampling in healthy TB contacts. Subjects with presumed
LTBI showed increased frequencies of Treg cells in the BAL
compared with IGRA- subjects. We speculate in accordance
with other studies and animal models that their recruitment to
the lung reflects the attempt of the immune system to prevent
tissue damage by reducing inflammation. The role of Treg cells
as markers for the progression to active disease and as markers
for treatment response merits further investigation.

SUPPORT STATEMENT

This work was supported by the German Ministry for Education and
Science (BMBF; grant ““TB or not TB": pulmonary tuberculosis — host
and pathogen determinants of resistance and disease progression”).

STATEMENT OF INTEREST
A statement of interest for C. Lange can be found at www.erj.ersjournals.
com/site/misc/statements.xhtml

ACKNOWLEDGEMENTS

The authors express their gratitude for the technical assistance of
F. Daduna and J. Hofmeister (Research Center Borstel, Borstel, Germany),
and thank T. Schaberg (Deakoness Hospital, Rotenburg, Germany), for
his co-ordinating activities for this study. Study subjects were recruited
at the study sites by M. Allewelt, D. Anacker (both Evanglische
Lungenklinik, Berlin, Germany) F. Kunitz (Helios Klinikum Emil von
Behring, Berlin), S. Blaas (Klinik Donaustauf, Donaustauf, Germany),
J. Dohling (Research Center Borstel), M. Fischer (Klinikum Niirnberg
Nord, Nuremberg, Germany), A. Glaewe (Research Center Borstel),
P. Hammerl (Lungenfachklinik, Immenhausen, Germany), S. Jaletzky
(Deakoness Hospital), L. Krabbe (Research Center Borstel), S. Kohr
(Pneumologische Klinik Waldhof, Elgershausen, Germany), B. Lehnigk
(Krankenhaus Grofhansdorf, Groffhansdorf, Germany), A. Neher
(Asklepios Fachkliniken Miinchen-Gauting, Munich, Germany),

1456 VOLUME 40 NUMBER 6

C. HERZMANN ET AL.

J. Paepke (Helios Klinikum Emil von Behring) and N. Vorreiter
(Lungenfachklinik, Immenhausen).

REFERENCES

1 Eum SY, Kong JH, Hong MS, et al. Neutrophils are the
predominant infected phagocytic cells in the airways of patients
with active pulmonary TB. Chest 2009; 137: 122-128.

2 Cooper AM. T cells in mycobacterial infection and disease. Curr
Opin Immunol 2009; 21: 378-384.

3 Abrams D, Levy Y, Losso MH, et al. Interleukin-2 therapy in
patients with HIV infection. N Engl | Med 2009; 361: 1548-1559.

4 Wolf AJ, Desvignes L, Linas B, et al. Initiation of the adaptive
immune response to Mycobacterium tuberculosis depends on
antigen production in the local lymph node, not the lungs. | Exp
Med 2008; 205: 105-115.

5 Reiley WW, Calayag MD, Wittmer ST, ef al. ESAT-6-specific CD4 T
cell responses to aerosol Mycobacterium tuberculosis infection are
initiated in the mediastinal lymph nodes. Proc Natl Acad Sci USA
2008; 105: 10961-10966.

6 Stenger S, Modlin RL. T cell mediated immunity to Mycobacterium
tuberculosis. Curr Opin Microbiol 1999; 2: 89-93.

7 Mack U, Migliori GB, Sester M, et al. LTBI: latent tuberculosis
infection or lasting immune responses to M. tuberculosis? A TBNET
consensus statement. Eur Respir | 2009; 33: 956-973.

8 Diel R, Goletti D, Ferrara G, et al. Interferon-y release assays for the
diagnosis of latent Mycobacterium tuberculosis infection: a systema-
tic review and meta-analysis. Eur Respir | 2011; 37: 88-99.

9 Metcalfe JZ, Everett CK, Steingart KR, et al. Interferon-y release
assays for active pulmonary tuberculosis diagnosis in adults in
low- and middle-income countries: systematic review and meta-
analysis. | Infect Dis 2011; 204: Suppl. 4, S1120-51129.

10 Shalev I, Schmelzle M, Robson SC, et al. Making sense of
regulatory T cell suppressive function. Semin Immunol 2011; 23:
282-292.

11 Sakaguchi S, Sakaguchi N, Asano M, et al. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor
a-chains (CD25). Breakdown of a single mechanism of self-
tolerance causes various autoimmune diseases. | Immunol 1995;
155: 1151-1164.

12 Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell
development by the transcription factor FoxP3. Science 2003; 299:
1057-1061.

13 Liu W, Putnam AL, Xu-Yu Z, et al. CD127 expression inversely
correlates with FoxP3 and suppressive function of human CD4+ T
reg cells. | Exp Med 2006; 203: 1701-1711.

14 Seddiki N, Santner-Nanan B, Martinson ], et al. Expression of
interleukin (IL)-2 and IL-7 receptors discriminates between human
regulatory and activated T cells. ] Exp Med 2006; 203: 1693-1700.

15 McGuirk P, Higgins SC, Mills KH. The role of regulatory T cells in
respiratory infections and allergy and asthma. Curr Allergy Asthma
Rep 2010; 10: 21-28.

16 Shafiani S, Tucker-Heard G, Kariyone A, et al. Pathogen-specific
regulatory T cells delay the arrival of effector T cells in the lung
during early tuberculosis. | Exp Med 2010; 207: 1409-1420.

17 Chen X, Zhou B, Li M, et al. CD4" CD25" FoxP3" regulatory T cells
suppress Mycobacterium tuberculosis immunity in patients with
active disease. Clin Immunol 2007; 123: 50-59.

18 Guyot-Revol V, Innes JA, Hackforth S, ef al. Regulatory T cells are
expanded in blood and disease sites in patients with tuberculosis.
Am ] Respir Crit Care Med 2006; 173: 803-810.

19 Garg A, Barnes PF, Roy S, et al. Mannose-capped lipoarabino-
mannan- and prostaglandin E2-dependent expansion of regula-
tory T cells in human Mycobacterium tuberculosis infection. Eur |
Immunol 2008; 38: 459-469.

EUROPEAN RESPIRATORY JOURNAL



C. HERZMANN ET AL.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Davids M, Nurse B, Binder A, et al. Decreased interferon-y and
increased CD4+CD25+FOXP3+ regulatory T-cells in patients with
extensively drug resistant tuberculosis. World Immune Regulation
Meeting V. Davos, Switzerland; 2011..

Burl S, Hill PC, Jeffries DJ, et al. FOXP3 gene expression in a
tuberculosis case contact study. Clin Exp Immunol 2007; 149: 117-122.
Green AM, Mattila JT, Bigbee CL, et al. CD4" regulatory T cells in a
cynomolgus macaque model of Mycobacterium tuberculosis infec-
tion. J Infect Dis 2010; 202: 533-541.

Cellestis. QuantiFERON&-TB Gold (In-Tube Method). www.
cellestis.com /IRM/Company /ShowPage.aspx?CPID=1171 Date
last accessed: October 10, 2012.

Oxford Immunotec. T-SPOT.TB 96. www.oxfordimmunotec.com/
96-UK Date last accessed: October 10, 2012.

Haussinger K, Ballin A, Becker HD, et al. Empfehlungen zur
Sicherung der Qualitat in der Bronchoscopie. [Recommendations
for quality standards in bronchoscopy]. Pneumologie 2004; 58:
344-356.

Urdahl KB, Shafiani S, Ernst JD. Initiation and regulation of T-cell
responses in tuberculosis. Mucosal Immunol 2011; 4: 288-293.
Sharma PK, Saha PK, Singh A, et al. FoxP3+ regulatory T cells
suppress effector T-cell function at pathologic site in miliary
tuberculosis. Am | Respir Crit Care Med 2009; 179: 1061-1070.
Marin ND, Paris SC, Velez VM, et al. Regulatory T cell frequency
and modulation of IFN-y and IL-17 in active and latent
tuberculosis. Tuberculosis 2010; 90: 252-261.

Li L, Lao SH, Wu CY. Increased frequency of CD4* CD25"#" Treg
cells inhibit BCG-specific induction of IFN-y by CD4" T cells from
TB patients. Tuberculosis 2007; 87: 526-534.

Toossi Z, Hirsch CS, Wu M, et al. Distinct cytokine and regulatory
T cell profile at pleural sites of dual HIV/tuberculosis infection
compared to that in the systemic circulation. Clin Exp Immunol
2011; 163: 333-338.

Welsh K], Risin SA, Actor JK, ef al. Immunopathology of
postprimary tuberculosis: increased T-regulatory cells and DEC-
205-positive foamy macrophages in cavitary lesions. Clin Dev
Immunol 2011; [Epub ahead of print DOI: 10.1155/2011/307631].
Gerosa F, Nisii C, Righetti S, et al. CD4" T cell clones producing
both interferon-y and interleukin-10 predominate in bronchoal-
veolar lavages of active pulmonary tuberculosis patients. Clin
Immunol 1999; 92: 224-234.

Hirsch CS, Yoneda T, Averill L, et al. Enhancement of intracellular
growth of Mycobacterium tuberculosis in human monocytes by
transforming growth factor-p1. J Infect Dis 1994; 170: 1229-1237.

EUROPEAN RESPIRATORY JOURNAL

34

35

36

37

38

39

40

a1

42

43

44

45

VOLUME 40 NUMBER 6

TUBERCULOSIS

Periasamy S, Dhiman R, Barnes PF, et al. Programmed death 1 and
cytokine inducible SH2-containing protein dependent expansion
of regulatory t cells upon stimulation with Muycobacterium
tuberculosis. | Infect Dis 2011; 203: 1256-1263.

Li L, Qiao D, Zhang X, et al. The immune responses of central and
effector memory BCG-specific CD4" T cells in BCG-vaccinated
PPD* donors were modulated by Treg cells. Immunobiology 2011;
216: 477-484.

Wu YE, Peng WG, Cai YM, et al. Decrease in CD4+CD25+FoxP3+
Treg cells after pulmonary resection in the treatment of cavity
multidrug-resistant tuberculosis. Int | Infect Dis 2010; 14: e815-e822.
Mroz RM, Korniluk M, Stasiak-Barmuta A, ef al. Increased levels of
Treg cells in bronchoalveolar lavage fluid and induced sputum of
patients with active pulmonary sarcoidosis. Eur | Med Res 2009; 14:
Suppl. 4, 165-169.

Miyara M, Amoura Z, Parizot C, et al. The immune paradox of
sarcoidosis and regulatory T cells. | Exp Med 2006; 203: 359-370.
Saito H, Tsurikisawa N, Tsuburai T, et al. The proportion of
regulatory T cells in the peripheral blood reflects the relapse or
remission status of patients with Churg-Strauss syndrome. Int
Arch Allergy Immunol 2011; 155: Suppl. 1, 46-52.

Schwander SK, Torres M, Carranza CC, ef al. Pulmonary mono-
nuclear cell responses to antigens of Mycobacterium tuberculosis in
healthy household contacts of patients with active tuberculosis
and healthy controls from the community. | Immunol 2000; 165:
1479-1485.

Dheda K, van Zyl-Smit RN, Meldau R, et al. Quantitative lung T
cell responses aid the rapid diagnosis of pulmonary tuberculosis.
Thorax 2009; 64: 847-853.

Jafari C, Thijsen S, Sotgiu G, et al. Bronchoalveolar lavage enzyme-
linked immunospot for a rapid diagnosis of tuberculosis: a
Tuberculosis Network European Trials Group study. Am | Respir
Crit Care Med 2009; 180: 666—-673.

Jafari C, Kessler P, Sotgiu G, et al. Impact of a Mycobacterium
tuberculosis-specific interferon-y release assay in bronchoalveolar
lavage fluid for a rapid diagnosis of tuberculosis. | Intern Med
2011; 270: 254-262.

Schwander S, Dheda K. Human lung immunity against
Mycobacterium tuberculosis: insights into pathogenesis and protec-
tion. Am | Respir Crit Care Med 2011; 183: 696-707.

Sable SB, Goyal D, Verma I, et al. Lung and blood mononuclear cell
responses of tuberculosis patients to mycobacterial proteins. Eur
Respir ] 2007; 29: 337-346.

1457



