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Pulmonary non-tuberculous mycobacterial (NTM) infections particularly caused by

Mycobacterium avium complex (MAC) and Mycobacterium abscessus (MAB) are

becoming major health problems in the U.S. New therapies or vaccines which will

help prevent the disease, shorten treatment duration and/or increase treatment success

rates are urgently needed. This study was conducted with the objective of testing the

hypothesis that Bacillus Calmette Guerin (BCG), a vaccine used for prevention of serious

forms of tuberculosis (TB) in children and adolescents in tuberculosis hyperendemic

countries, induces cross-protective T cell immunity againstMycobacterium avium (MAV)

and MAB. Human TB and NTM cross-protective T cells were quantified using flow

cytometric assays. The ability of BCG expanded T cells to inhibit the intracellular growth

of MAV and MAB was assessed in co-cultures with infected autologous macrophages.

In both BCG-vaccinated and M. tuberculosis (Mtb)-infected mice, NTM cross-reactive

immunity was measured using IFN-γ ELISPOT assays. Our results demonstrate the

following key findings: (i) peripheral blood mononuclear cells from TB skin test-positive

individuals contain MAV and MAB cross-reactive T cells, (ii) both BCG vaccination and

Mtb infection of mice induce MAV and MAB cross-reactive splenic cells, (iii) BCG-

expanded T cells inhibit intracellular MAV and MAB, (iv) CD4, CD8, and γδ T cells play

important roles in inhibition of intracellular MAV and MAB and (v) BCG vaccination of

healthy volunteers induces TB and NTM cross-reactive T cells. In conclusion, BCG-

vaccination induces NTM cross-reactive immunity, and has the potential for use as a

vaccine or immunotherapy to prevent and/or treat pulmonary NTM disease.
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INTRODUCTION

In North America, the incidence of pulmonary nontuberculous mycobacteria (NTM) is higher than
the incidence of tuberculosis (TB) (1). In addition, the prevalence of multiple NTM infections and
the mortality rates associated with NTM infections are increasing (2–5). A study of Medicare part
B beneficiaries showed that the prevalence of NTM increased from 20 to 47 per 100,000 persons
between 1997 and 2007, an increase of 8.2% per year (2). A more recent report estimated that the
number of pulmonary NTM cases in the US increased by at least another two-fold between 2010
and 2014 (5). The causes for these increases in prevalence of pulmonary NTM are not known.
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NTM can affect any organ in the body although pulmonary
disease is most common in HIV-negative patients (6–8).
Risk factors such as cystic fibrosis (CF), chronic obstructive
lung disease (COPD), bronchiectasis and thoracic skeletal
abnormalities make NTM, particularly Mycobacterium avium
complex (MAC) and M. abscessus (MAB), deadly pathogens (9–
12). MAC and MAB are the most common causes of pulmonary
NTM (3, 6, 13, 14). Pulmonary MAC and MAB are difficult to
treat for two major reasons. First, the treatment regimens are
very long, requiring the use of multiple drugs for at least 18
months (15). Second, the failure and relapse rates may exceed
40% (16, 17). Therefore, strategies to improve the prevention and
treatment of pulmonary NTM in high risk patients are needed.

Similar toM. tuberculosis (Mtb), MAC andMAB are primarily
intracellular pathogens and cell mediated immunity plays amajor
role in protection (18, 19). Therefore, vaccine strategies for NTM
should be similar to strategies employed for TB, relying mainly
on inducing or boosting protective cell mediated immunity.
Notably, there appears to be an overlap between protective
immunity for TB and that of NTM. For instance, epidemiological
studies indicate that BCG vaccination is associated with marked
decreases in Mycobacterium avium (MAV) disease prevalence
(20). Similarly, latent TB infection decreases the risk of NTM
disease (21) further suggesting the importance of cross-protective
immunity. However, the basis for this cross-protective immunity
and cell types involved in cross protection are not known.

This study was conducted to identify NTM cross-reactive
immunity induced by BCG vaccination in immunocompetent
mice and humans, and to evaluate the protective capacity
of cross-reactive T cells by measuring their ability to kill
intracellular NTM.

MATERIALS AND METHODS

Samples
Peripheral blood mononuclear cells (PBMC) were obtained by
Ficoll-Paque (GE Healthcare, Piscataway, NJ) centrifugation of
blood samples obtained from healthy purified protein derivative
(PPD)-positive volunteers (n = 10). Only frozen PBMC were
used. All PPD-positive volunteers had a history of either latent TB
infection and/or BCG vaccination. The protocol for blood draw
and use of samples was approved by the Saint Louis University
Institutional Review Board (IRB), and informed consent was
obtained from each volunteer.

In addition, PBMC harvested pre- and 43-days post-
BCG vaccination from five volunteers who were enrolled
in a previously published clinical study were used (22). All
volunteers were healthy, 18–45 years old, BCG naive, HIV
and hepatitis C negative, and had no latent TB infection
based on negative QuantiFERON TB-Gold (Cellestis) results. All
five volunteers received a single intradermal vaccination with
TICE R© BCG (Organon Teknika, Durham, NC) containing ∼2
× 106 colony forming units (CFU) in 0.1ml saline over the
deltoid muscle. Intradermal, not percutaneous, was used because
of previous findings showing a better immunogenicity from
intradermal vaccination (23). TB skin test was not performed
after vaccination. However, all five volunteers had detectable

BCG shedding between 4 and 85 days post-vaccination, with
four volunteers having grossly ulcerative lesion at the vaccination
site (22). Screening, BCG vaccination, blood draws and use of
PBMC in the different assays followed the protocol approved
by the Saint Louis University Institutional Review Board, Saint
Louis. Research was carried out according to the principles of
the Declaration of Helsinki. All volunteers signed written consent
forms including permission for future use of their stored samples.

Reagents
Connaught BCG, MAV (ATCC 700898), MAV-whole lysate
(WL), MAB (NR-44261, BEI Resources) andMAB-WLwere used
for in vitro expansion of mycobacterium-specific T cells. The
following antibodies from BD Bioscience were used for flow
cytometric analyses: anti-γδ T cell receptor (TCR) antibody-
phycoerythrin (PE) (clone 11F2), anti-γδ TCR APC (Clone B1),
anti-αβ TCR antibody-fluorescein isothiocyanate (FITC) (clone
B3), anti-CD3 antibody-peridinin chlorophyll protein (PerCP)
(clone SK7), anti-CD4 Pacific Blue (clone RPA-T4), anti-CD8
antibody–PE-Cy7 (clone RPA-T8), anti-IFN-γ APC antibody-
Alexa Fluor 700 (clone B27), and anti-granzyme (GZM)-A
antibody-FITC (clone CB9). Carboxyfluorescein succinimidyl
ester (CFSE) was obtained fromMolecular Probes (Eugene, OR).
Phorbol myristate acetate (PMA; Sigma-Aldrich), ionomycin
(Sigma-Aldrich), and the Cytofix/Cytoperm kit (BD Biosciences)
were used in the preparation of cells for intracellular staining.
CD4 and γδ T cells were purified using negative selection kits and
CD8T cells were purified using a positive selection kit (Miltenyi
biotech, Auburn, CA) to study the cross-protective functions of
different T cell subsets.

CFSE-Based Flow Cytometric Assay to
Study the Expansion of NTM
Cross-Reactive T Cells
PBMC were labeled with CFSE (Molecular Probes) as
recommended by the manufacturer. CFSE-labeled PBMC (1 ×

106/ml) were stimulated with live mycobacteria or the whole
lysates mentioned above for 7 days at 37◦C. Ranges of antigen
concentrations were tested on samples from two volunteers
and concentrations which were found to be optimal were used
in all experiments. On day 7, the cells were restimulated with
PMA (50 ng/ml) and ionomycin (750 ng/ml) in the presence
of GolgiStop (0.7 µl/ml) for 2 h and studied for intracellular
IFN-γ or GZM-A expression. Flow cytometric acquisition was
performed on a multicolor BD FACS Canto II instrument,
and analyses were done using FlowJo (Tree Star) software.
A minimum of 10,000 events were acquired. Lymphocyte
population was identified based on forward and side scatter.
Then, CD3+ CD4+, CD3+ CD8+ and CD3+ γδ-TCR+ T
cells were regated, and the CFSE low (CFSElo) proliferating
populations positive for IFN-γ and/or GZM-A were identified as
effector subsets. The absolute numbers of effector populations
were calculated by multiplying the percentage of each subset
obtained with flow cytometry by the trypan blue-determined
total viable cell counts. Stimulation indices (SI) were calculated
by dividing the absolute numbers of T cell subsets after antigen
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expansion by the corresponding absolute numbers in controls
rested in medium.

Measurement of Th1/Th2/Th17 Cytokines
in Culture Supernatants
PBMC from BCG-vaccinated or LTBI individuals were
stimulated with BCG or rested in medium for 7 days. On
day 7, cells were washed, pelleted, counted, and they were added
to wells of 96-well plates containing MAV or MAB-infected
autologous macrophages at an effector to target (E:T) ratio
of 10:1. On day 10, cytokines in cocultures were measured
using cytokine Bead Array (CBA), a multiplex assay allowing
simultaneous detection of IL-2, IL-4, IL-6, IL-10, IL-17, TNF-α,
and IFN-γ (BD Bioscience), was used to quantify levels of
secreted cytokines in supernatants from co-cultures of MAV-
and MAB-infected monocytes and T cells. The assays were
performed according to the manufacturer’s instructions and
the data were analyzed using FCAP Array v 3.0 (BD) and a BD
Cytometric Bead Array (BD Biosciences) software, in a FACS
Canto TM flow cytometer (BD).

Testing the Effects of BCG Vaccination and
Mtb-Infection on NTM Cross-Reactive
Immunity in Mice
Three groups of 8 week old C57BL/6 mice (The Jackson
laboratories, Bar Harbor, ME) were used. The first group (n = 4)
was kept without vaccination. The second group (n = 4) was
vaccinated with BCG (10 × 106) delivered intranasally (IN)
under ketamine/xylazine induced anesthesia. The third group
(n= 5) was vaccinated with BCG twice 4 weeks apart. Intranasal
BCG vaccination was shown to be more immunogenic and
protective compared to subcutaneous vaccination (24). Mice
were euthanized 4 weeks after the last vaccination for studies
of cross reactive mycobacterial specific immunity. Splenocytes
(5 × 105 cells/well) were stimulated overnight with live BCG
or MAV at a multiplicity of infection (MOI) of 3, MAV-WL
(10µg/ml) or rested in medium. Frequencies of antigen-specific
T cells were measured by ELISPOT assay (25). The results are
presented as means ± SEs of IFN-γ spot forming cells (SFC)
per million splenocytes. In similar experiments, C57BL/6 mice
(n= 5) were administered a high-dose aerosolized Mtb challenge
(Erdman strain; 5.5 × 107CFU/ml) using a Glas Col Inhalation
Exposure System (IES), resulting in a seeding of 1,700 Mtb CFU.
Mice that did not receive aerosolizedMtbwere used as uninfected
controls. Mice were euthanized 4 weeks after infection, and
IFN-γ ELISPOT assays were performed as described above after
overnight stimulation of splenic cells with MAV-WL or MAB-
WL (20µg/ml).

Testing the Effects of Recent BCG
Vaccination on Cross-Reactive NTM
Immunity in Humans
PBMC harvested pre- and 43-days post-BCG vaccination from
five volunteers were labeled with CFSE as described above.
CFSE labeled PBMC were stimulated with BCG at an MOI of
0.3, MAV-WL at a concentration of 2µg/ml or MAB-WL at a

concentration of 10µg/ml for 7 days. On day 7, cells were stained
for surface (CD3, CD4, CD8, and γδ-TCR) and intracellular
(IFN-γ and granzyme A) markers. Flow cytometric acquisition
and calculations of the absolute numbers of NTM cross-reactive
T cells were performed as described above.

Measuring the Capacity of Cross-Reactive
T Cells to Inhibit Intracellular MAV and
MAB
Mycobacterial growth inhibition assays were performed as
described previously (26). First, we tested various mycobacterial
concentrations for monocyte infection and the duration of the
infection period before selecting a single MOI and time period
of infection for further experiments. Briefly, adherent monocytes
were infected for 4 h with MAB at an MOI of 1, overnight with
MAV at an MOI of 3, or overnight with BCG at an MOI of 3.
Extracellular mycobacteria were removed by washing 3 times. T
cells expanded with BCG for 7 days were added to achieve an E:T
ratio of 10:1, and co-cultures incubated at 37◦C with 5% CO2 for
72 h. Cells were lysed with 0.2% saponin in RPMI 1640 medium,
and the viable BCG bacilli released were quantified by CFU
plating and/or [3H]uridine (GE Healthcare) incorporation. The
percentages of mycobacterial growth inhibition were determined
using the following formula: % inhibition = 100 – [100 × (CFU
or counts per minute (CPM) in the presence of BCG-stimulated
T cells/CFU or CPM in the presence of medium-rested T cells)].
CPM was used for slow growing mycobacteria (BCG and MAV)
and CFU was used for MAB.

RESULTS

T Cells From PPD-Positive Individuals Are
Reactive to NTM Stimulation
To study the effects of prior exposure to TB or BCG on
NTM immunity, we performed a CFSE-based flow cytometric
assay which enables the identification of T cells that proliferate
(become CFSE low) and produce effector molecules in response
to antigen-specific stimuli (27–29). Briefly, PBMC from PPD-
positive subjects were labeled with CFSE and stimulated with
BCG, MAV or MAB. On day 7, the proportions of T cells that
proliferated and expressed IFN-γ or GZM-A were determined by
flow cytometry. Figure 1 shows that Mtb immunity, following
BCG vaccination or latent TB infection, induces NTM cross-
reactive T cells. The responses to MAV were comparable with
the responses to BCG stimulation indicating the abundance of
NTM cross-reactive T cells among BCG and Mtb-specific T cells.
The SIs (mean ± SE) for total CFSEloIFN-γ+CD3+ responses
were 12.2 ± 4.7 and 12.7± 7.5 after stimulation with BCG and
MAV, respectively. These responses to MAV were not markedly
different from the response to BCG (P= 0.5, Wilcoxon matched-
pairs test, n = 5). Experiments to compare the expansion with
BCG, MAV-WL, MAB-WL and Mtb-PPD showed similar results
(Supplement Figure 1). To confirm the presence of NTM cross-
reactive T cells among BCG-specific T cells, we co-cultured
BCG-expanded T cells with MAV- or MAB-infected autologous
macrophages for 3 days and measured Th1/Th2/Th17 cytokines
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FIGURE 1 | Previous exposure to BCG or Mtb induces cross-reactive T cells against NTM. PBMC from BCG-vaccinated and/or latent TB infected individuals (n = 6)

were CFSE-labeled and stimulated with optimal concentrations of live BCG (Connaught) or MAV (ATCC 700898). On day 7, cells were restimulated with

PMA/ionomycin and the total percentages of CFSElo (proliferating) and IFN-γ producing T cells were determined by flow cytometry. (A) Flow cytometry plots of a

single volunteer. Lymphocytes gated on the basis of forward and side scatter and then regated on CD3+ cells were analyzed for CFSE and IFN-γ expression by use of

FlowJo software. The number in the upper left quadrant of each dot plot refers to the percentage of CFSElo IFN-γ+CD3+T cells detected after in vitro stimulation. (B)

Composite data from 6 volunteers. Stimulation indices were calculated by dividing the absolute numbers of CFSElo IFN-γ+CD3+ T cells in cultures containing BCG or

MAV by the absolute numbers of CFSElo/IFN-γ+ CD3+T cells in medium-rested cultures. Stimulation with MAV led to expansion of effector T cells comparable to the

level obtained with BCG stimulation (P > 0.05, Wilcoxon matched-pairs test). The bars show ranges and the lines show mean values. NS, not significant.

in culture supernatants using CBA. The experimental outline is
shown in Figure 2A. Figures 2B,C show fold changes (mean ±

SE) of cytokines following restimulation with MAV and MAB
compared to medium-rested T cells. The cytokine concentration
in the different cocultures is shown in Supplement Figure 2. In
control cultures containing BCG-expanded T cells, there was no
measurable IL-2 and Il-10 but IL17, IFN-γ, TNF-α, and IL-6
concentrations (mean pg/ml ± SE) were 11.3 ± 10.5, 213 ± 80,
188 ± 9.8, 231 ± 39, respectively.Exposure of BCG-expanded
T cells to MAV-infected macrophages increased the production

of IL17, TNF-α, and IFN-γ by 156 ± 62, 11 ± 1.7, 10.3 ± 2.9
pg/ml (Mean ± SE), respectively. Similarly, exposure of BCG-

expanded T cells to MAB-infected macrophages increased IL-17

and IFN-γ in by 7.2± 1.6, and 5.6± 2 pg/ml. These results do not
address the possibility that the PPD-positivity of volunteers or

in vitro T cell responses could be from prior exposure to NTMs.

Therefore, in subsequent experiments, in addition to further

characterizing NTM cross-reactive T cells, we performed well-

controlled murine and human experiments to avoid interference

of prior NTM infection on cross-reactive T responses.

NTM Cross-Reactive T Cells From PPD+

Individuals Are Capable of Inhibiting
Intracellular NTM Replication
To further elucidate the function of NTM cross-reactive
T cells, we adopted our in vitro protection assay, in use
for several years for studies of TB-specific immunity, for
studies of MAV and MAB intracellular replication (26, 30–
32). In order for this assay to work effectively, NTM need to
replicate intracellularly within human macrophages. Therefore,
we first studied the growth kinetics of MAV and MAB inside
human macrophages. Supplement Figures 3A,B demonstrate
that both MAV and MAB replicate efficiently inside human
macrophages. Next, we tested the capacity of cross-reactive
T cells to inhibit intracellular NTM growth by co-culturing
infected macrophages with in vitro expanded BCG-specific T
cells as described in Methods. Figure 3A shows that BCG-
expanded T cells inhibit intracellular MAV and MAB. The
levels of inhibition of intracellular MAV or MAB by BCG-
expanded T cells were similar to or better than the levels
of intracellular BCG inhibition. These results indicate the
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FIGURE 2 | MAV and MAB cross-reactive immunity includes Th1 and Th17 responses. (A) Schematic of experiments conducted to measure MAV or MAB

cross-reactive immunity. PBMC from BCG-vaccinated or latent TB infected individuals (n = 6) were stimulated with BCG or rested in media for 7 days. Then, these

expanded cells were co-cultured with MAV- or MAB-infected autologous monocytes at an E:T ratio of 10:1. On day 3 of co-culture, Th1, Th2, and Th17 responses

were measured in co-culture supernatants using CBA. Fold changes for each cytokine was calculated by dividing the amount of cytokine produced following

restimulation with MAV or MAB by the amount produced in medium-rested cultures. (B) Exposure of BCG-expanded T cells to MAV-infected macrophages increased

IL-17, IFN-γ, and TNF-α by 156 ± 62, 11 ± 1.7, 10.3 ± 2.9 pg/ml (Mean ± SE), respectively. IL-10, IL-6, and IL-2 showed no marked changes with fold changes

(mean ± SE) of 0.3 ± 0.1, 0.9 ± 0.2, 0.9 ± 0.2 pg/ml, respectively. (C) Similarly, exposure of BCG-expanded T cells to MAB-infected macrophages increased IL-17

and IFN-γ in by 7.2 ± 1.6, and 5.6 ± 2, mean fold ± SE. There were no marked changes in the levels of TNF-α, IL-10, IL-6, and IL-2 with fold changes (mean ± SE) of

1.2 ± 0.3, 0.2 ± 0.2, 0.6 ± 0.3, 0.8 ± 0.4 pg/ml, respectively.

FIGURE 3 | BCG-specific T cells cross-protect against MAV and MAB. Total PBMC or subsets of T cells purified after 7 days of optimal BCG stimulation were

co-cultured with autologous macrophages infected with MAV or MAB (E:T of 10). Residual mycobacteria quantified 3 days after co-culture and percent inhibition

calculated by dividing the number of residual mycobacteria in the presence BCG-stimulated PBMC by the number of residual mycobacteria in control cultures

containing medium-rested PBMC. (A) BCG-expanded T cells inhibit intracellular MAV (n = 8) and MAB (n = 5) as potently as they inhibit intracellular BCG (n = 8).

BCG-expanded T cells inhibited intracellular MAV better than intracellular BCG (**p < 0.01, Mann-Whitney U test). (B) Pure CD4, CD8, and γδ T cells inhibited

intracellular MAV, and the level of inhibition was similar to inhibition by total BCG-expanded PBMC. (C) Pure CD4, CD8, and γδ T cells inhibited intracellular MAB, and

the level of inhibition is similar to the levels of inhibition mediated by total BCG-expanded PBMC.

potential of BCG-expanded NTM cross-reactive T cells to protect
against NTMs.

CD4, CD8 and γδ T Cell Subsets Induced by
BCG Vaccination Inhibit Intracellular NTM
We next identified the different subsets of T cell to inhibit
intracellular MAV and MAB. Briefly, we purified CD4, CD8,
and γδ T cell subsets from BCG-expanded PBMC using
immunomagnetic cell selection kits (Miltenyi biotech). Purified
CD4, CD8, and γδ T cells were co-cultured with MAV or
MAB-infected autologous macrophages as described above.
Typical flow cytometric plot of the purity of subsets of T cells
used in these experiments is shown in Supplement Figure 4.

CPM and CFU values for MAV and MAB, respectively
are shown in Supplement Figure 5. Percent inhibition was
calculated to determine the relative abilities of each T cell
subset to inhibit intracellular MAC and MAB. Figure 3B

shows that CD4, CD8, and γδ T cells efficiently inhibited
intracellular MAV with percent inhibitions of 62% ± 15.6,
56% ± 6.7, and 42% ± 6.4, respectively. Furthermore,
Figure 3C demonstrates that CD4, CD8, and γδ T cells also
inhibited intracellular MAB with percent inhibitions of 68%
± 11.7, 63% ± 8.3 and 74% ± 3.3, respectively. These
results further confirm that CD4, CD8, and γδ T cells
induced by BCG are important for cross-protection against
MAV and MAB.
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BCG Vaccination Expands NTM
Cross-Reactive Immunity
To better understand changes in NTM immunity after BCG
vaccination and Mtb infection, we vaccinated mice with one or
two-doses of BCG, 4 weeks apart. Figure 4A demonstrates that
BCG-induced MAV cross-reactive immunity assessed by IFN-
γ ELISPOT assays detectable in splenic cells following in vitro
stimulation with BCG or MAV antigens. Mice vaccinated with
one or two doses of BCG had significantly higher numbers
of MAV cross-reactive splenic cells compared to unvaccinated
controls (P < 0.05). Similarly, Mtb infected mice had higher
numbers of MAV andMAB cross-reactive splenic cells compared
to uninfected controls (P < 0.05, Figure 4B).

We further tested the effects of BCG administration on
NTM T cell immunity in humans. For this purpose, we used
pre- and post-vaccination PBMC from recently BCG-immunized
volunteers living in the U.S. The volunteers had no prior history
of BCG vaccination and had no history of travel to high
TB endemic countries. Figure 5 shows that these individuals
had some baseline T cell responses to both MAV and MAB.
However, these responses were significantly higher in post-BCG
vaccination samples. The total proliferating cells in medium
rested PBMC and PBMC stimulated with the different antigens
are shown in Supplement Figure 6. Typical gating of CFSE
and other markers are shown in Supplement Figure 7. Figure 5
shows that absolute numbers/ml of culture (median/IQR) of
MAV-responsive CFSEloIFN-γ+ CD4+ T cells increased from
1,321/2,214 in pre-vaccination PBMC to 5,379/3,480 in post-
vaccination PBMC (P = 0.03, Wilcoxon-matched pairs test,
n = 5). Similarly, CFSEloIFN-γ+ CD8+ T cells increased from
1,909/2,002 to 3,647/5,361 (P= 0.03, Wilcoxon-match pairs
test, n = 5), and CFSEloIFN-γ+γδ TCR+ T cells increased
from 272/556 to 428/1,018 (P = 0.062, Wilcoxon-matched
pairs test, n = 5). In addition, absolute numbers of MAV
cross-reactive CFSEloGZM-A+CD8+ T cells increased from
1,555/1712 to 3,068/4910 (P = 0.03, Wilcoxon matched-pairs
test), absolute numbers of MAB cross-reactive CFSEloIFN-
γ+CD4+T cells increased from 853/1247 to 2,367/3118 and
CFSEloGZM-A+CD4+T cells increased from 7,235/11758 to
16,449/18,050 (P = 0.03, Wilcoxon matched-pairs test).

DISCUSSION

Epidemiological evidences suggest that BCG vaccination and
latent TB infection decrease the risk of developing NTM disease
but the exact mechanisms have not been studied (20, 21). Because
cross-protective immunity seems to be a plausible explanation,
we carried out robust immunological tests. Previous studies have
shown that pathogen effector T cells proliferate and produce
effector molecules such as IFN-γ (28, 29). We have used similar
assays which measure proliferation and expression of effector
molecules in our vaccine studies before (33, 34). We selected
MAV and MAB for these studies since they are the most
common causes of pulmonary NTM in North America (12)
and demonstrated, for the first time, that both BCG and Mtb
infection induce MAV and MAB cross-reactive T cells. In most

FIGURE 4 | BCG vaccination or Mtb infection of mice induces MAV and MAB

reactive immunity. (A) Groups of C57BL/6 mice (n = 4–5 per group) were

vaccinated once or twice intranasally with BCG. Four weeks later mice were

euthanized. Splenic cells were harvested from vaccinated and control mice.

Cells were rested in medium or stimulated overnight with live BCG at MOI of 3,

MAV at MOI of 3, and MAV-WL in IFN-γ ELISPOT assays. Shown are the

means ± SE of IFN-γ SFC per million splenic cells. The number of IFN-γ SFC

following stimulation with BCG, MAV, and MAV-WL were significantly higher in

mice which received one or two BCG vaccinations compared to unvaccinated

mice (*P < 0.05, Mann-Whitney U test). The number of mycobacteria-induced

IFN-γ SFC were similar following one versus two BCG vaccination (P > 0.05).

(B) C57BL6 infected with aerosolized Mtb (n = 5) were euthanized 4 weeks

after infection. Splenic cells from uninfected and infected mice were used in

IFN-γ ELISPOT assays. Mtb-infected mice had significantly more MAV and

MAB cross-reactive IFN-γ SFC compared to uninfected mice (*P < 0.05,

Mann-Whitney U test).

of our assays, live NTM was used when quantification of residual
mycobacteria was required, and whole lysates of NTM alone or in
combination with live NTMwere used for flow cytometric assays.

In humans, it is widely known that HIV/AIDS patients with
low CD4 counts have a high risk of developing disseminated
MAC, indicating the importance of CD4T cells in NTM
immunity (35). In HIV-negative patients, pulmonary NTM is the
most common form of NTM disease (36). HIV-negative patients
without predisposing lung disease who develop pulmonary MAC
have increased numbers of CD4 and CD8T cells as well as
higher levels of TNF-α, IL-1β, IL-6, and IL-8 in bronchoalveloar
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FIGURE 5 | BCG vaccination in humans induces MAV and MAB cross-reactive T cells. Paired pre-and post-vaccination PBMC from recently BCG vaccinated

volunteers living in St. Louis, MO (n = 5) were used. PBMC were labeled with CFSE and stimulated with BCG, MAB WL, or MAB WL. Medium rested PBMC were

used as negative controls. On day 7, cells were restimulated with PMA/ionomycin for 2 h, viable cells were counted and cells were stained for surface and intracellular

markers for flow cytometry study. (A–C) show the data for proliferating and IFN-γ producing T cells. (D–F) show the data for proliferating and GZM-A producing T

cells. There were significantly higher absolute numbers (AN, per ml of cultures) of BCG-reactive CFSElo IFN-γ+CD4+ T cells (P = 0.03, Wilcoxon Matched Pairs test),

MAV WL reactive CFSElo IFN-γ+CD4+ T cells (P = 0.03), MAV WL reactive CFSElo IFN-γ+CD8+ T cells (P = 0.03), MAV WL reactive CFSEloGranzyme A+CD8+ T

cells (P = 0.03), MAB WL reactive CFSElo IFN-γ+CD4+ T cells (P = 0.03), and MAB WL reactive CFSEloGranzyme A+CD4+ T cells (P = 0.03), indicating that BCG

induces NTM cross-reactive immunity. *P < 0.05.

fluid (BAL), suggesting the possibility that both CD4 and CD8T
cells contribute to MAC immunity (37). In fact, the CD4T cell
number in lung air way cells decreases as the bacterial load
increases, likely due to apoptosis (38–40). A similar finding
was obtained with MAB; increased bacterial load causes a
decrease in the number of MAB specific T cells (41). This could
be the main reason why patients with advanced pulmonary
MAC or MAB have a decreased Th1 response with low levels
of IFN-γ (42–44) which is reversible with effective antibiotic
treatment (45, 46). Unfortunately, pulmonary NTM is difficult
to manage with high failure rates, and the emergence of drug-
resistant NTMs have made management of these cases more
challenging, if not impossible, indicating the need for vaccines

and host-directed immunotherapies. Our study provides the first
evidence that T cells expanded with BCG cross-react with MAV
and MAB, with further increases in proliferating and IFN-γ
expressing T cells as shown in CFSE-based assays or increased
production of IFN-γ, TNF-α, and IL-17 as shown with CBA
assays. These findings indicate that BCG induces cross-reactive
NTM immunity similar to immune responses seen in patients
with NTM during antibiotic therapy (37, 44). This is likely due to
shared antigens between BCG, Mtb and clinically relevant NTM.

Because concomitant exposure to NTM may give false-
positive results, we performed experiments in mice after BCG
vaccination and Mtb infection. These experiments generated
similar results, with increases in NTM cross-reactive splenic cell
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responses detected following BCG or Mtb infection. Previous
studies in animals have shown that T cell immunity involving
CD4 and CD8T cells is important for protection against NTM
disease. Intranasal infection of mice or intra-bronchial infection
of non-human primates with MAC leads to activation of both
CD4 and CD8T cells (19, 47). Similarly, mice or guinea pigs
infected with aerosolized MAB exhibit an early influx of IFN-
γ+ T cells preceding successful clearance (48). Further studies
have shown that depletion of CD4T cells or neutralization of
IFN-γ causes worsening ofMAC andMAB infection inmice (49–
51). Control of MAC and MAB infection also requires other key
cytokines such as TNF-α and IL-12 (49, 52–54). Notably, TNF-α-
deficient mice are unable to control MAC infection (53). Knock
out of IL-12 in mice leads to a predictably marked decrease in
the number of IFN-γ producing mycobacteria-specific T cells
recruited to the lung and a significant increase in bacterial
load (49, 54).

Like Mtb, MAC and MAB are intracellular mycobacteria
which interfere with the functions of antigen presenting cells
(APC). BothMAC andMAB inhibit phagosome-lysosome fusion
and therefore, prevent their killing by APC (55, 56). As infection
progresses, their unabated replication in professional APCs
causes apoptosis, thereby facilitating further spreading (57–59).
Interestingly, both MAC andMAB escape the phagosome during
apoptosis and infect newly recruited uninfected APC making
them niches for survival and further replication (58–60). Our
results on intracellular growth kinetics confirm that both MAV
and MAB replicate efficiently inside human macrophages. In
the absence of effector T cells, the effects of key cytokines with
autocrine activities such as TNF-α on macrophages are not
sustainable as these organisms are able to reduce macrophage
responsiveness and suppress signal transducers (61, 62). Thus,
we optimized a functional assay to measure the effects of BCG-
expanded T cells on the intracellular growth of MAV and MAB.
These functional assays measuring the ability of effector T cells
to inhibit the growth of intracellular mycobacteria have been
used as biomarkers of potential protection in new TB vaccine
trials (32, 34, 63). Our results demonstrated that BCG-expanded
T cells inhibit intracellular MAV and MAB with the same
potency as they inhibit intracellular BCG. Furthermore, BCG-
expanded purified CD4, CD8, and γδ T cells exhibit potent MAV
and MAB inhibitory activities, confirming that all of these 3
subsets of T cells are important for NTM immunity in humans.
Our study has the following limitations: (1) clinical strains of
NTM were not used and (2) samples from mice and humans
with immunodeficiency and/or structural lung disease were not
included although these are the most common risk factors for
pulmonary NTM (6, 64). In conclusion, our findings indicate
that BCG induces MAV and MAB cross-reactive T cells with

the ability to inhibit intracellular replication. These findings
highlight the potential of BCG and other new TB vaccines
for cross-protective prophylactic and immunotherapeutic effect
against clinically relevant NTM. Future studies should address
the effects of cross-reactive T cells on clinical strains of
NTM in models that include structural lung disease and/or
immunodeficiency that are common in patients at high risk
of developing pulmonary NTM. Models demonstrating the
immune deficits in NTM patients will better provide information
on which dysfunctional cell phenotypes require modulation
to ultimately induce protective immunity by vaccination. In
addition, the mechanisms of inhibition of intracellular NTM
need to be studied further to have better understanding of the
potential of BCG as NTM vaccine.

ETHICS STATEMENT

The protocol for collection and use of human samples was
approved by the Saint Louis University Institutional Review
Board (IRB), and informed consent was obtained from each
volunteer. Human research was carried out according to the
principles of the Declaration of Helsinki.

Murine studies were approved by the Saint Louis University’s
institutional animal care and use committee and all the animal
experiments were done in accordance with biosafety regulations
of the Saint Louis University.

AUTHOR CONTRIBUTIONS

GA conceptualized the study. FH, CE, and GA performed the
experiments. GA and DH supervised the study. GA and FH
analyzed the data. GA wrote the manuscript with input from all
authors. All authors approved the final manuscript.

FUNDING

Start up fund from the Saint Louis University.

ACKNOWLEDGMENTS

This work was supported from institute’s start up fund for
GA. The following reagent was obtained through BEI resources,
NIAID, NIH;Mycobacterium abscessus, Strain 103, NR-44261.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00234/full#supplementary-material

REFERENCES

1. Iseman MD, Marras TK. The importance of nontuberculous mycobacterial

lung disease. Am J Respir Crit Care Med. (2008) 178:999–1000.

doi: 10.1164/rccm.200808-1258ED

2. Adjemian J, Olivier KN, Seitz AE, Holland SM, Prevots DR. Prevalence of

nontuberculous mycobacterial lung disease in U.S. Medicare beneficiaries.

Am J Respir Crit Care Med. (2012) 185:881–6. doi: 10.1164/rccm.201111-

2016OC

3. Cassidy PM, Hedberg K, Saulson A, McNelly E, Winthrop KL.

Nontuberculous mycobacterial disease prevalence and risk factors: a changing

epidemiology. Clin Infect Dis. (2009) 49:e124–9. doi: 10.1086/648443

4. Mirsaeidi M, Machado RF, Garcia JG, Schraufnagel DE. Nontuberculous

mycobacterial disease mortality in the United States, 1999-2010: a

Frontiers in Immunology | www.frontiersin.org 8 February 2019 | Volume 10 | Article 234

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00234/full#supplementary-material
https://doi.org/10.1164/rccm.200808-1258ED
https://doi.org/10.1164/rccm.201111-2016OC
https://doi.org/10.1086/648443
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Abate et al. BCG Induces Immunity Against NTM

population-based comparative study. PLoS ONE (2014) 9:e91879.

doi: 10.1371/journal.pone.0091879

5. Strollo SE, Adjemian J, Adjemian MK, Prevots DR. The burden of pulmonary

nontuberculous mycobacterial disease in the United States. Ann Am Thorac

Soc. (2015) 12:1458–64. doi: 10.1513/AnnalsATS.201503-173OC

6. Johnson MM, Odell JA. Nontuberculous mycobacterial pulmonary

infections. J Thorac Dis. (2014) 6:210–20. doi: 10.3978/j.issn.2072-1439.

2013.12.24

7. Shah NM, Davidson JA, Anderson LF, Lalor MK, Kim J, Thomas

HL, et al. Pulmonary Mycobacterium avium-intracellulare is the main

driver of the rise in non-tuberculous mycobacteria incidence in England,

Wales and Northern Ireland, 2007-2012. BMC Infect Dis. (2016) 16:195.

doi: 10.1186/s12879-016-1521-3

8. Velayati AA, Rahideh S, Nezhad ZD, Farnia P, Mirsaeidi M. Nontuberculous

mycobacteria in Middle East: current situation and future challenges. Int J

Mycobacteriol. (2015) 4:7–17. doi: 10.1016/j.ijmyco.2014.12.005

9. Yoo JW, Jo KW, Kang BH, Kim MY, Yoo B, Lee CK, et al. Mycobacterial

diseases developed during anti-tumour necrosis factor-alpha therapy. Eur

Respir J. (2014) 44:1289–95. doi: 10.1183/09031936.00063514

10. Brode SK, Jamieson FB, Ng R, Campitelli MA, Kwong JC, Paterson JM, et al.

Increased risk of mycobacterial infections associated with anti-rheumatic

medications. Thorax (2015) 70:677–82. doi: 10.1136/thoraxjnl-2014-

206470

11. Longworth SA, Vinnard C, Lee I, Sims KD, Barton TD, Blumberg EA.

Risk factors for nontuberculous mycobacterial infections in solid organ

transplant recipients: a case-control study. Transpl Infect Dis. (2014) 16:76–83.

doi: 10.1111/tid.12170

12. Prevots DR, Marras TK. Epidemiology of human pulmonary infection with

nontuberculous mycobacteria: a review. Clin Chest Med. (2015) 36:13–34.

doi: 10.1016/j.ccm.2014.10.002

13. Olivier KN, Weber DJ, Wallace RJ Jr., Faiz AR, Lee JH, Zhang Y,

et al. Nontuberculous mycobacteria. I: multicenter prevalence study

in cystic fibrosis. Am J Respir Crit Care Med. (2003) 167:828–34.

doi: 10.1164/rccm.200207-678OC

14. Seddon P, Fidler K, Raman S, Wyatt H, Ruiz G, Elston C, et al. Prevalence of

nontuberculousmycobacteria in cystic fibrosis clinics, United Kingdom, 2009.

Emerg Infect Dis. (2013) 19:1128–30. doi: 10.3201/eid1907.120615

15. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F,

et al. An official ATS/IDSA statement: diagnosis, treatment, and prevention

of nontuberculous mycobacterial diseases. Am J Respir Crit Care Med. (2007)

175:367–416. doi: 10.1164/rccm.200604-571ST

16. Maekura R, Okuda Y, Hirotani A, Kitada S, Hiraga T, Yoshimura K,

et al. Clinical and prognostic importance of serotyping Mycobacterium

avium-Mycobacterium intracellulare complex isolates in human

immunodeficiency virus-negative patients. J ClinMicrobiol. (2005) 43:3150–8.

doi: 10.1128/JCM.43.7.3150-3158.2005

17. de Mello KG, Mello FC, Borga L, Rolla V, Duarte RS, Sampaio EP,

et al. Clinical and therapeutic features of pulmonary nontuberculous

mycobacterial disease, Brazil, 1993-2011. Emerg Infect Dis. (2013) 19:393–9.

doi: 10.3201/eid1903.120735

18. Fujita J, Ohtsuki Y, Shigeto E, Suemitsu I, Yamadori I, Bandoh S,

et al. Pathological findings of bronchiectases caused by Mycobacterium

avium intracellulare complex. Respir Med. (2003) 97:933–8.

doi: 10.1016/S0954-6111(03)00120-3

19. Winthrop K, Rivera A, Engelmann F, Rose S, Lewis A, Ku J, et al. A rhesus

macaque model of pulmonary nontuberculous mycobacterial disease. Am J

Respir Cell Mol Biol. (2016) 54:170–6. doi: 10.1165/rcmb.2015-0256RC

20. Trnka L, Dankova D, Svandova E. Six years’ experience with the

discontinuation of BCG vaccination. 4. Protective effect of BCG vaccination

against the Mycobacterium avium intracellulare complex. Tuber Lung Dis.

(1994) 75:348–52. doi: 10.1016/0962-8479(94)90080-9

21. Horsburgh CR Jr, Hanson DL, Jones JL, Thompson SEIII. Protection from

Mycobacterium avium complex disease in human immunodeficiency virus-

infected persons with a history of tuberculosis. J Infect Dis. (1996) 174:1212–7.

doi: 10.1093/infdis/174.6.1212

22. Blazevic A, Xia M, Turan A, Tennant J, Hoft DF. Pilot studies

of a human BCG challenge model. Tuberculosis (2017) 105:108–12.

doi: 10.1016/j.tube.2017.05.001

23. Kemp EB, Belshe RB, Hoft DF. Immune responses stimulated by percutaneous

and intradermal bacille Calmette-Guerin. J Infect Dis. (1996) 174:113–9.

doi: 10.1093/infdis/174.1.113

24. Derrick SC, Kolibab K, Yang A, Morris SL. Intranasal administration of

Mycobacterium bovis BCG induces superior protection against aerosol

infection with Mycobacterium tuberculosis in mice. Clin Vaccine Immunol.

(2014) 21:1443–51. doi: 10.1128/CVI.00394-14

25. Blazevic A, Eickhoff CS, Stanley J, Buller MR, Schriewer J, Kettelson EM, et al.

Investigations of TB vaccine-induced mucosal protection in mice. Microbes

Infect. (2014) 16:73–9. doi: 10.1016/j.micinf.2013.09.006

26. Abate G, Spencer CT, Hamzabegovic F, Blazevic A, Xia M, Hoft DF.

Mycobacterium-specific gamma9delta2 T cells mediate both pathogen-

inhibitory and CD40 ligand-dependent antigen presentation effects

important for tuberculosis immunity. Infect Immun. (2015) 84:580–9.

doi: 10.1128/IAI.01262-15

27. Abate G, Eslick J, Newman FK, Frey SE, Belshe RB, Monath TP, et al. Flow-

cytometric detection of vaccinia-induced memory effector CD4+, CD8+, and

gamma delta TCR+ T cells capable of antigen-specific expansion and effector

functions. J Infect Dis. (2005) 192:1362–71. doi: 10.1086/444423

28. Lauvau G, Vijh S, Kong P, Horng T, Kerksiek K, Serbina N, et al. Priming

of memory but not effector CD8T cells by a killed bacterial vaccine. Science

(2001) 294:1735–9. doi: 10.1126/science.1064571

29. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, Hallahan

CW, et al. HIV-specific CD8+ T cell proliferation is coupled to perforin

expression and is maintained in nonprogressors. Nature Immunol. (2002)

3:1061–8. doi: 10.1038/ni845

30. Spencer CT, Abate G, Sakala IG, Xia M, Truscott SM, Eickhoff CS,

et al. Granzyme A produced by gamma(9)delta(2) T cells induces human

macrophages to inhibit growth of an intracellular pathogen. PLoS Pathog.

(2013) 9:e1003119. doi: 10.1371/journal.ppat.1003119

31. Spencer CT, Abate G, Blazevic A, Hoft DF. Only a subset of phosphoantigen-

responsive gamma9delta2 T cells mediate protective tuberculosis immunity. J

Immunol. (2008) 181:4471–84. doi: 10.4049/jimmunol.181.7.4471

32. Worku S, Hoft DF. Differential effects of control and antigen-specific T

cells on intracellular mycobacterial growth. Infect Immun. (2003) 71:1763–73.

doi: 10.1128/IAI.71.4.1763-1773.2003

33. Frey SE, Newman FK, Kennedy JS, Ennis F, Abate G, Hoft DF, et al.

Comparison of the safety and immunogenicity of ACAM1000, ACAM2000

and Dryvax in healthy vaccinia-naive adults. Vaccine (2009) 27:1637–44.

doi: 10.1016/j.vaccine.2008.11.079

34. Hoft DF, Blazevic A, Abate G, Hanekom WA, Kaplan G, Soler JH, et al. A

new recombinant bacille Calmette-Guerin vaccine safely induces significantly

enhanced tuberculosis-specific immunity in human volunteers. J Infect Dis.

(2008) 198:1491–501. doi: 10.1086/592450

35. Karakousis PC, Moore RD, Chaisson RE. Mycobacterium avium complex in

patients with HIV infection in the era of highly active antiretroviral therapy.

Lancet Infect Dis. (2004) 4:557–65. doi: 10.1016/S1473-3099(04)01130-2

36. Thomson RM, NTM working group at Queensland TB Control Centre,

Queensland Mycobacterial Reference Laboratory. Changing epidemiology of

pulmonary nontuberculous mycobacteria infections. Emerg Infect Dis. (2010)

16:1576–83. doi: 10.3201/eid1610.091201

37. Yamazaki Y, Kubo K, Sekiguchi M, Honda T. Analysis of BAL

fluid in Mycobacterium avium-intracellulare infection in individuals

without predisposing lung disease. Eur Respir J. (1998) 11:1227–31.

doi: 10.1183/09031936.98.11061227

38. Yamazaki Y, Kubo K, Takamizawa A, Yamamoto H, Honda T, Sone

S. Markers indicating deterioration of pulmonary Mycobacterium avium-

intracellulare infection. Am J Respir Crit Care Med. (1999) 160:1851–5.

doi: 10.1164/ajrccm.160.6.9902019

39. Zhong J, Gilbertson B, Cheers C. Apoptosis of CD4+ and CD8+ T cells

during experimental infection with Mycobacterium avium is controlled by

Fas/FasL and Bcl-2-sensitive pathways, respectively. Immunol Cell Biol. (2003)

81:480–6. doi: 10.1046/j.1440-1711.2003.01193.x

40. Roger PM, Bermudez LE. Infection of mice with Mycobacterium avium

primes CD8+ lymphocytes for apoptosis upon exposure to macrophages. Clin

Immunol. (2001) 99:378–86. doi: 10.1006/clim.2001.5037

41. Je S, Quan H, Na Y, Cho SN, Kim BJ, Seok SH. An in vitro model of

granuloma-like cell aggregates substantiates early host immune responses

Frontiers in Immunology | www.frontiersin.org 9 February 2019 | Volume 10 | Article 234

https://doi.org/10.1371/journal.pone.0091879
https://doi.org/10.1513/AnnalsATS.201503-173OC
https://doi.org/10.3978/j.issn.2072-1439.2013.12.24
https://doi.org/10.1186/s12879-016-1521-3
https://doi.org/10.1016/j.ijmyco.2014.12.005
https://doi.org/10.1183/09031936.00063514
https://doi.org/10.1136/thoraxjnl-2014-206470
https://doi.org/10.1111/tid.12170
https://doi.org/10.1016/j.ccm.2014.10.002
https://doi.org/10.1164/rccm.200207-678OC
https://doi.org/10.3201/eid1907.120615
https://doi.org/10.1164/rccm.200604-571ST
https://doi.org/10.1128/JCM.43.7.3150-3158.2005
https://doi.org/10.3201/eid1903.120735
https://doi.org/10.1016/S0954-6111(03)00120-3
https://doi.org/10.1165/rcmb.2015-0256RC
https://doi.org/10.1016/0962-8479(94)90080-9
https://doi.org/10.1093/infdis/174.6.1212
https://doi.org/10.1016/j.tube.2017.05.001
https://doi.org/10.1093/infdis/174.1.113
https://doi.org/10.1128/CVI.00394-14
https://doi.org/10.1016/j.micinf.2013.09.006
https://doi.org/10.1128/IAI.01262-15
https://doi.org/10.1086/444423
https://doi.org/10.1126/science.1064571
https://doi.org/10.1038/ni845
https://doi.org/10.1371/journal.ppat.1003119
https://doi.org/10.4049/jimmunol.181.7.4471
https://doi.org/10.1128/IAI.71.4.1763-1773.2003
https://doi.org/10.1016/j.vaccine.2008.11.079
https://doi.org/10.1086/592450
https://doi.org/10.1016/S1473-3099(04)01130-2
https://doi.org/10.3201/eid1610.091201
https://doi.org/10.1183/09031936.98.11061227
https://doi.org/10.1164/ajrccm.160.6.9902019
https://doi.org/10.1046/j.1440-1711.2003.01193.x
https://doi.org/10.1006/clim.2001.5037
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Abate et al. BCG Induces Immunity Against NTM

against Mycobacterium massiliense infection. Biol Open (2016) 5:1118–27.

doi: 10.1242/bio.019315

42. Sadek M, Yue FY, Lee EY, Gyenes G, Jones RB, Hoffstein V,

et al. Clinical and immunologic features of an atypical intracranial

mycobacterium avium complex (MAC) infection compared with those

of pulmonary MAC infections. Clin Vaccine Immunol. (2008) 15:1580–9.

doi: 10.1128/CVI.00173-08

43. Kim SY, Koh WJ, Kim YH, Jeong BH, Park HY, Jeon K, et al. Importance of

reciprocal balance of T cell immunity in Mycobacterium abscessus complex

lung disease. PLoS ONE (2014) 9:e109941. doi: 10.1371/journal.pone.0109941

44. Kim SY, Koh WJ, Park HY, Jeon K, Kwon OJ, Cho SN, et al. Changes

in serum immunomolecules during antibiotic therapy for Mycobacterium

avium complex lung disease. Clin Exp Immunol. (2014) 176:93–101.

doi: 10.1111/cei.12253

45. Jeon K, Kim SY, Jeong BH, Chang B, Shin SJ, Koh WJ. Severe vitamin D

deficiency is associated with non-tuberculous mycobacterial lung disease: a

case-control study. Respirology (2013) 18:983–8. doi: 10.1111/resp.12109

46. Vankayalapati R, Wizel B, Samten B, Griffith DE, Shams H, Galland MR, et al.

Cytokine profiles in immunocompetent persons infected withMycobacterium

avium complex. J Infect Dis. (2001) 183:478–84. doi: 10.1086/318087

47. Gilbertson B, Germano S, Steele P, Turner S, Fazekas de St Groth

B, Cheers C. Bystander activation of CD8+ T lymphocytes during

experimental mycobacterial infection. Infect Immun. (2004) 72:6884–91.

doi: 10.1128/IAI.72.12.6884-6891.2004

48. Ordway D, Henao-Tamayo M, Smith E, Shanley C, Harton M, Troudt J, et al.

Animal model of Mycobacterium abscessus lung infection. J Leukocyte Biol.

(2008) 83:1502–11. doi: 10.1189/jlb.1007696

49. Saunders BM, Cheers C. Inflammatory response following intranasal infection

with Mycobacterium avium complex: role of T-cell subsets and gamma

interferon. Infect Immun. (1995) 63:2282–7.

50. Petrofsky M, Bermudez LE. CD4+ T cells but Not CD8+ or gammadelta+

lymphocytes are required for host protection against Mycobacterium avium

infection and dissemination through the intestinal route. Infect Immun.

(2005) 73:2621–7. doi: 10.1128/IAI.73.5.2621-2627.2005

51. Steindor M, Nkwouano V, Mayatepek E, Mackenzie CR, Schramm D,

Jacobsen M. Rapid detection and immune characterization ofMycobacterium

abscessus infection in cystic fibrosis patients. PLoS ONE (2015) 10:e0119737.

doi: 10.1371/journal.pone.0119737

52. Rottman M, Catherinot E, Hochedez P, Emile JF, Casanova JL, Gaillard JL,

et al. Importance of T cells, gamma interferon, and tumor necrosis factor

in immune control of the rapid grower Mycobacterium abscessus in C57BL/6

mice. Infect Immun. (2007) 75:5898–907. doi: 10.1128/IAI.00014-07

53. Florido M, Appelberg R. Characterization of the deregulated immune

activation occurring at late stages of mycobacterial infection in TNF-deficient

mice. J Immunol. (2007) 179:7702–8. doi: 10.4049/jimmunol.179.11.7702

54. Silva RA, Florido M, Appelberg R. Interleukin-12 primes CD4+ T cells

for interferon-gamma production and protective immunity during

Mycobacterium avium infection. Immunology (2001) 103:368–74.

doi: 10.1046/j.1365-2567.2001.01237.x

55. Frehel C, Offredo C, de Chastellier C. The phagosomal environment

protects virulent Mycobacterium avium from killing and destruction by

clarithromycin. Infect Immun. (1997) 65:2792–802.

56. Mohagheghpour N, van Vollenhoven A, Goodman J, Bermudez LE.

Interaction of Mycobacterium avium with human monocyte-derived

dendritic cells. Infect Immun. (2000) 68:5824–9. doi: 10.1128/IAI.68.10.5824-

5829.2000

57. Whang J, Back YW, Lee KI, Fujiwara N, Paik S, Choi CH, et al.Mycobacterium

abscessus glycopeptidolipids inhibit macrophage apoptosis and bacterial

spreading by targeting mitochondrial cyclophilin D. Cell Death Dis. (2017)

8:e3012. doi: 10.1038/cddis.2017.420

58. Roux AL, Viljoen A, Bah A, Simeone R, Bernut A, Laencina L,

et al. The distinct fate of smooth and rough Mycobacterium abscessus

variants inside macrophages. Open Biol. (2016) 6:160185. doi: 10.1098/rsob.

160185

59. Early J, Fischer K, Bermudez LE. Mycobacterium avium uses apoptotic

macrophages as tools for spreading. Microb. Pathog. (2011) 50:132–9.

doi: 10.1016/j.micpath.2010.12.004

60. Bernut A, Herrmann JL, Kissa K, Dubremetz JF, Gaillard JL, Lutfalla

G, et al. Mycobacterium abscessus cording prevents phagocytosis and

promotes abscess formation. Proc Natl Acad Sci USA. (2014) 111:E943–52.

doi: 10.1073/pnas.1321390111

61. Wagner D, Sangari FJ, Kim S, Petrofsky M, Bermudez LE.

Mycobacterium avium infection of macrophages results in progressive

suppression of interleukin-12 production in vitro and in vivo. J Leukocyte

Biol. (2002) 71:80–8. doi: 10.1189/jlb.71.1.80

62. Vazquez N, Greenwell-Wild T, Rekka S, Orenstein JM, Wahl SM.

Mycobacterium avium-induced SOCS contributes to resistance to IFN-

gamma-mediated mycobactericidal activity in human macrophages. J

Leukocyte Biol. (2006) 80:1136–44. doi: 10.1189/jlb.0306206

63. Fletcher HA, Tanner R, Wallis RS, Meyer J, Manjaly ZR, Harris S,

et al. Inhibition of mycobacterial growth in vitro following primary but

not secondary vaccination with Mycobacterium bovis BCG. Clin Vaccine

Immunol. (2013) 20:1683–9. doi: 10.1128/CVI.00427-13

64. Chan ED, Iseman MD. Underlying host risk factors for nontuberculous

mycobacterial lung disease. Semin Respir Crit Care Med. (2013) 34:110–23.

doi: 10.1055/s-0033-1333573

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Abate, Hamzabegovic, Eickhoff and Hoft. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 10 February 2019 | Volume 10 | Article 234

https://doi.org/10.1242/bio.019315
https://doi.org/10.1128/CVI.00173-08
https://doi.org/10.1371/journal.pone.0109941
https://doi.org/10.1111/cei.12253
https://doi.org/10.1111/resp.12109
https://doi.org/10.1086/318087
https://doi.org/10.1128/IAI.72.12.6884-6891.2004
https://doi.org/10.1189/jlb.1007696
https://doi.org/10.1128/IAI.73.5.2621-2627.2005
https://doi.org/10.1371/journal.pone.0119737
https://doi.org/10.1128/IAI.00014-07
https://doi.org/10.4049/jimmunol.179.11.7702
https://doi.org/10.1046/j.1365-2567.2001.01237.x
https://doi.org/10.1128/IAI.68.10.5824-5829.2000
https://doi.org/10.1038/cddis.2017.420
https://doi.org/10.1098/rsob.160185
https://doi.org/10.1016/j.micpath.2010.12.004
https://doi.org/10.1073/pnas.1321390111
https://doi.org/10.1189/jlb.71.1.80
https://doi.org/10.1189/jlb.0306206
https://doi.org/10.1128/CVI.00427-13
https://doi.org/10.1055/s-0033-1333573
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	BCG Vaccination Induces M. avium and M. abscessus Cross-Protective Immunity
	Introduction
	Materials and Methods
	Samples
	Reagents
	CFSE-Based Flow Cytometric Assay to Study the Expansion of NTM Cross-Reactive T Cells
	Measurement of Th1/Th2/Th17 Cytokines in Culture Supernatants
	Testing the Effects of BCG Vaccination and Mtb-Infection on NTM Cross-Reactive Immunity in Mice
	Testing the Effects of Recent BCG Vaccination on Cross-Reactive NTM Immunity in Humans
	Measuring the Capacity of Cross-Reactive T Cells to Inhibit Intracellular MAV and MAB

	Results
	T Cells From PPD-Positive Individuals Are Reactive to NTM Stimulation
	NTM Cross-Reactive T Cells From PPD+ Individuals Are Capable of Inhibiting Intracellular NTM Replication
	CD4, CD8 and γδ T Cell Subsets Induced by BCG Vaccination Inhibit Intracellular NTM
	BCG Vaccination Expands NTM Cross-Reactive Immunity

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


