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A B S T R A C T

Genetic control of host susceptibility to M. avium, an important lung pathogen of immune-compromised in-
dividuals, remains incompletely defined. Apart from the slc11a1 (Nramp1) gene, which plays a pivotal role in
genetic control of a few intracellular pathogens, includingM. avium, in mice, we know nothing about genetic loci
determining susceptibility to and/or severity of M. avium-triggered disease. Previously, our lab developed a
panel of H2-congenic, recombinant mouse strains for identification of the MHC genes involved in the control of
M. tuberculosis infection. In the present study, we applied a few recombinant strains from this panel to study $
possible influence of allelic variations in classical Class II genes on the development of M. avium infection. Our
results demonstrate a clear difference in lung pathology, post-infection survival time, lung neutrophil influx and
corresponding chemokine/cytokine responses, as well as the degree of lung T lymphocyte activation, between
mouse strains differing by the alleles of a single highly polymorphic Class II H2-Aβ gene. Paradoxically, mice
carrying the H2-Aβb allele, which provides a notable protective effect againstM. tuberculosis compared to the H2-
Aβj allele, were more susceptible to M. avium infection as indicated by several parameters of the disease. We
discuss possible reasons for such a reciprocal expression of phenotypes determined by a single allelic variant
during two “similar” infections that may concern differences in virulence, NO-sensitivity, intracellular life style
and antigenic composition between these two mycobacterial species.

1. Introduction

Mycobacterium avium is an opportunistic pathogen for humans, an-
imals and birds, and the most common cause of non-tuberculous my-
cobacterial lung infection worldwide (Griffith, 2010; Griffith et al.,
2007; Ignatov et al., 2012). In humans, M. avium pulmonary infection
affects immune-compromised individuals either locally (emphysema
and chronic bronchitis), or systemically (pneumonia in HIV-positive
patients) (Appelberg, 2006).

Genetic control of host susceptibility to M. avium infection is in-
completely defined. In mice, the major genetic factor of infection con-
trol is the slc11a1 (also known as Nramp1) gene encoding the trans-
membrane protein in phagosomes which pumps out 2+ cations, in-
cluding Fe++, an important nutrient of mycobacteria (Forbes and Gros,
2003; Gomes et al., 1999a, 1999b; Vidal et al., 1996). A homozygous,
non-conservative G169D substitution in the AA sequence of the Slc11a1
protein completely abrogates its function and results in a high level of
susceptibility to M. avium, as demonstrated by comparing Nramp1-

congenic mice (Nakamura, 1992; Orme et al., 1986; Vidal et al., 1993)
and by segregation genetic analysis (Kondratieva et al., 2007). The
influence of the Nramp1 gene on susceptibility to M. tuberculosis in-
fection is much weaker (Nikonenko et al., 1996). In humans, los -of
-function mutations in the coding sequence of the homologous SLC11A1
gene are not known, but polymorphisms in this gene associated with
susceptibility to mycobacteria are well established in different popu-
lations (discussed in (Apt et al., 2017)). However, no data are available
concerning the involvement of other genes in the control of suscept-
ibility to and/or severity of M. avium-triggered disease. An obvious
reason for this gap in our knowledge is the relatively low virulence of
the bacterium, generally considered as relatively benign for the ma-
jority of healthy, HIV-negative individuals, which explains the shortage
of human resources and funding in the field.

On the other hand, numerous epidemiological, clinical and experi-
mental studies of M. tuberculosis infection provide ample evidence for
the polygenic nature of tuberculosis (TB) genetic and immunologic
control (reviewed in Apt et al., 2017; Möller et al., 2018). Regarding
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experimental approaches, whole-genome association studies, per-
formed by three independent research groups in three different com-
binations of parental mouse strains, demonstrated that a few quanti-
tative trait loci (QTL) are involved in TB control (see (Apt et al., 2017)
for review). Expectedly, diversity of parental strains and phenotypes
chosen for the analyses resulted in different genome locations of QTLs
revealed by each team, with a single notable exclusion. In two in-
dependent studies (Sánchez et al., 2003; Yan et al., 2006) a QTL in-
volved in TB control has been mapped to the chromosomal region oc-
cupied by the H2 complex (mouse MHC). Later, we showed that in our
strain combination (B6 a more resistant, I/St a more susceptible
partner) the H2-located QTL that controls TB severity is the classical
Class II H2-Aβ gene (Logunova et al., 2015). Identification of this gene
as a conspicuous factor of TB control became possible after the estab-
lishment of a panel of recombinant H2-congenic mouse strains bearing
different small segments from the TB-susceptible I/St (H2j) ancestors on
the resistant B6 (H2b) genetic background. Two strains from this panel
possess very subtle allelic differences in the H2 Class II region: B6·I-100
(H2-AjEj) and B6·I-139 (H2-AjbEj) share the identical H2-Ej allele but
differ by the alleles encoding the β-chain of the H2-A molecule. Re-
markably, these two strains differ profoundly in susceptibility to M.
tuberculosis, being TB-susceptible and resistant respectively (Logunova
et al., 2015).

Since the involvement of the MHC genes in the control of M. avium
infection has not been studied, it seemed logical to use this unique pair
of congenic strains to address this issue. Importantly, our panel of
strains was established on the B6 (Nramp1s) genetic background. Since
the Nramp1r allele is a major repressor of intracellular M. avium sur-
vival, minor to moderate effects of other genes, as expected in this
model, would be notable only if the influence of the major genetic
factor is excluded.

In the present study, we demonstrate that the Class II H2-Aβ gene is
involved in the control of M. avium-triggered disease, and its allelic
variations influence, albeit moderately, several features of pathology
and immunity that underline the differences in infection severity.
Unexpectedly, despite the not very distant genetic kinship between M.
avium and M. tuberculosis (Mignard and Flandrois, 2008), H2-Aβ allelic
phenotypes expressed during the two infections provided a mirror-like
picture: a certain degree of protection against M. tuberculosis de-
termined by the H2-Aβb allelic variant as opposed to increased sus-
ceptibility to M. avium infection.

2. Materials and methods

2.1. Animals

Mice of the inbred recombinant H2-congenic strains B6·I-100
(hereafter, B100), B6·I-139 (hereafter, B139) and B6·I-9.3.19.8 devel-
oped in our lab (Logunova et al., 2015) were bred by brother-sister
matings and maintained under conventional, non-SPF conditions at the
Animal Facilities of the Central Institute for Tuberculosis (CIT, Moscow,
Russia) in accordance with the guidelines from the Russian Ministry of
Health # 755. Mouse strains were established in 2013 using a classical
backcross-intercross-inbreeding scheme and PCR genotyping as de-
scribed earlier (Logunova et al., 2015). To minimize genetic drift, every
three generations progenies of pairs distant from the main lineage were
cut off the family tree. Water and food were provided ad libitum. Fe-
male mice of 2.5 mo of age at the beginning of experiments were used.
All experimental procedures were approved by the CIT Institutional
Animal Care Committee.

2.2. Infection

Mice were infected with the M. avium strain 724R characterized
earlier (Pedrosa et al., 1994), a kind gift of Dr. T. Ulrichs, Max Planck
Institute for Infection Biology, Berlin. Following 3weeks of growth in

Dubos broth at 37 °C, mycobacteria were suspended in sterile saline
containing 0.05% Tween 20 and kept at -80 °C until used. Mice were
infected aerogenically, with 1.5–2.0× 103 viable CFU using an In-
halation Exposure System (Glas-Col, Terre Haute, IN). Animals were
exposed for 40min to an aerosol produced by nebulizing 8ml of a
bacterial suspension in PBS solution with 0,05% Tween-80 at a con-
centration of 1× 107 viable bacilli/ml. Individual body weights and
mortality were monitored twice a week.

M. tuberculosis strain H37Rv, substrain Pasteur was used for axenic
cultures.

2.3. CFU counts

At the indicated time points following infection, the lungs and
spleens from individual mice were homogenized in 2.0 ml of sterile
saline, and 10-fold serial dilutions of 0.05ml samples were plated on
Dubos agar (Difco) and incubated at 37 °C for 20–22 days before M.
avium CFU were counted.

2.4. Histology

At the indicated time points post infection, lung tissue was ex-
amined for pathology. Mice were euthanized by a thiopental overdose.
Lung tissue (left) was frozen using a –20 °C to –60 °C temperature gra-
dient in the electronic Cryotome® (ThermoShandon, UK), and serial 6-
8 μm-thick sections were made across the widest area of the lobe.
Sections were stained with hematoxylin and eosin and examined by an
experienced pathologist (EK) without knowledge of the experimental
group. Development of fibrosis was assessed by immunohistochemistry
using staining with anti-mouse SMA-Cy3 (clone 1A4, Sigma) fluor-
escent antibodies, followed by covering with Prolong-Gold anti-fade
Immumount with DAPI (Invitrogen).

Immunohistochemical assessment of neutrophil influx was per-
formed on lung cryosections fixed with ice-cold acetone and blocked
with 10% normal mouse serum using peroxidase-conjugated anti-Ly-6G
mAbs (BD-PharMingen, San Diego, CA), with hematoxylin counter-
staining. All slides were examined by an experienced mouse pathologist
and photographed using the Axioskop 40 microscope, AxioCam MRc5
camera and AxioVision 4.8.1.0 software for morphometry (Carl Zeiss,
Berlin, Germany).

2.5. Cell suspensions

Lungs were enzymatically digested as described previously (Apt
et al., 1993; Eruslanov et al., 2004). Briefly, the blood vessels were
washed out by heart perfusion via cut vena cava with 0.02mM EDTA-
PBS, the lungs removed, sliced into 1–2mm3 pieces and incubated at
37 °C for 90min in supplemented RPMI-1640 containing 200 U/ml
collagenase and 50 U/ml DNase-I (Sigma-Aldrich, MO). Single cell
suspensions from 4 to 5 mice were obtained individually and washed
twice in HBSS containing 2% FCS and antibiotics. 3× 105 cells were
used for assessment of surface phenotypes and the remaining sample
was used for cell culture.

2.6. Cytokine ELISA

1×106/ml lung cells were cultured in wells of 24-well plates for
48 h in the presence of 10 μg/ml mycobacterial ultrasonic disintegrate
established as previously described (Eruslanov et al., 2004). Cytokine
contents in supernatants were assessed using ELISA MAX kits (Biole-
gend, Germany) for IL-6, IL-10, IFN-γ and TGF-α, and DuoSetELISA kits
(R&D systems, USA) for TGF-β according to the manufacturers' in-
structions.

Immune cell phenotypes were evaluated by flow cytometry using the
following labeled antibodies in different combinations:

From Biolegend, San Diego, CA: PerCp-anti-CD4 (clone GK 1.5),
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APC-anti-CD8 (clone 53–6.7), FITC-anti-CD44 (clone IM7), PE-anti-
CD62L (clone MEL-14), FITC-antiLy-6G (clone 1A8), PE-anti-F4/80
(clone BM8), AF488-CD19 (clone 6D5).

For intracellular IFN-γ staining, 1.5× 106 cells were cultured in 24-
well plates in the presence of 10 μg/ml mycobacterial sonicate for 48 h;
GolgiPlug block (1 μl/ml; BD Biosciences) was added for the last 10 h.
Cells were then stained with anti-IFN-γ mAb XMG1.2 (BD Biosciences)
using the Cytofix/Cytoperm kit (BD Biosciences).

2.7. T cell proliferative response

Lymphocytes were obtained from the popliteal lymph nodes of 100
and 139 mice immunized by injection into the rear footpads of 10 μg/
mouse of M. avium sonicate mixed 1:1 with incomplete Freund's ad-
juvant. At day 21 following immunization, lymph node cells were
purified by negative selection using magnetic beads (CD4+ T-cell
Isolation kit II, Miltenyi Biotec) according to the manufacturer's re-
commendations. To assess antigen-specific proliferation, 105 purified
CD4+ T cells were co-cultured with 2×105 mitomycin C-treated
splenic antigen-presenting cells (APC) in a 96-well flat-bottom plate
(Costar), at 37 °C, 5% CO2, in supplemented RPMI-1640 containing
10 μg/ml of M. avium sonicate. Non-stimulated wells served as controls.
Triplicate cultures were pulsed with 0.5 μCi [3H]-thymidine for the last
18 h of 40 h incubation. The label uptake was measured in a liquid
scintillation counter (Wallac, Finland) after harvesting the well's con-
tents onto fiberglass filters using a semi-automatic cell harvester
(Scatron, Norway).

Macrophage cultures, IFN-γ stimulation, and evaluation of NO produc-
tion were performed exactly as described earlier for the M. tuberculosis
system (Majorov et al., 2003), except that multiplicities of infection
(MOI) of macrophage cultures were higher (10–100:1) because of the
much lower virulence ofM. avium compared toM. tuberculosis. To block
NO production, cultures were supplemented with 100mM of specific
inhibitor L-NIL (L-N6-(1-Iminoethyl) lysine, Sigma-Aldrich, MO). Che-
mical NO donor DETA/NO (Diethylenetriamine, Sigma-Aldrich, MO) at
concentrations indicated in Fig. 7 was used in axenic mycobacterial
cultures.

3. Results

3.1. Mice of the B139 strain developed more severe disease after M. avium
infection

First, in mice of the B100 and B139 strains, we assessed the most
prominent features of chronic mycobacterial infections: dynamics of
cachexia, life span post infection, CFU counts in organs and lung pa-
thology. After respiratory M. avium challenge, B139 mice developed
cachexia more rapidly and died earlier compared to B100 mice (Fig. 1A,
B). However, there were no inter-strain differences in lung CFU counts
(Fig. 1C), and splenic CFU counts differed significantly, albeit slightly,
only on week 8 post challenge (Fig. 1D).

Despite the lack of differences in M. avium multiplication in lungs of
B100 and B139 mice, estimation of lung pathology and fibrosis during
infection provided information supporting survival data. At week 8 post
infection, diffuse inflammation of the lung tissue was observed in 139
mice (Fig. 2A, bottom), whereas in B100 mice infectious foci were well
delineated from relatively normal tissue (Fig. 2A, top). At the late stage
of infection (18 weeks), B139 mice displayed significantly larger ne-
crotic lesions compared to B100 mice (Fig. 2B, D). These lesions were
surrounded by fibrotic tissue, and, expectedly, fibrotic zones were
larger in B139 mice (Fig. 2C). Thus, mice of the two strains clearly
differed by manifestations of lung pathology at the early and late phases
of the infectious course. Taken together, our results demonstrate that
mice of the B100 strain carrying j alleles of the Class II genes were more
resistant to M. avium infection compare to B139 mice, which is in a
sharp contrast to M. tuberculosis infection, which provided a reciprocal
picture (Logunova et al., 2015).

3.2. Inflammation and cytokine production in the lungs

Positive roles of early inflammation and granuloma formation in
host defense are well established for M. tuberculosis infection in the
mouse, guinea pig, and macaque models (Kondratieva et al., 2018; Lin
et al., 2006; Turner et al., 2003). To assess what factors are involved in
the earlier lung granuloma formation in B100 mice after M. avium in-
fection, we estimated the level of key pro- and anti-inflammatory
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Fig. 1. Major parameters of M. avium infection in
B100 and B139 mice. Cachexia (A), mortality (B)
and bacillary loads (C, D) following infection. (A, B)
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test).

I. Linge, et al. Infection, Genetics and Evolution 74 (2019) 103933

3



cytokines produced by the lung cells. As shown in Fig. 3A, lung cells of
B100 mice secreted more pro-inflammatory TNF-α in response to M.
avium antigens, compared to their B139 counterparts. However, there
were no significant inter-strain differences in the production of pro-
inflammatory IL-6 (Fig. 3B) and IFN-γ (Fig. 3C), or anti-inflammatory
IL-10 (Fig. 3D) at the early stage of infection. TGF-β was below the
detection limit in both strains (data not shown). No significant inter-
strain differences in cytokine production were detected at 18 weeks of
infection (data not shown). Again, the whole picture of the early re-
sponse differed from that observed for M. tuberculosis infection, after
which significantly higher levels of all major type 1 pro-inflammatory
cytokines, TNF-α, IL-6, and IFN-γ, were produced by lung cells of more
resistant mice, strain 139 in this case (Logunova et al., 2015).

3.3. Lung neutrophil influx

In several experimental settings, it was demonstrated that duringM.
tuberculosis infection, neutrophils infiltrating infected lung tissue play a
deleterious rather than a protective role (Dallenga et al., 2017;
Eruslanov et al., 2005; Yeremeev et al., 2015). Since the role of neu-
trophils in M. avium-triggered disease is incompletely defined, we as-
sessed the level of neutrophil inflammation in the lungs of infected
B100 and B139 animals. Surprisingly, we observed a higher level of
neutrophil influx in the lungs of more resistant mice at week 8 post-
infection, as assessed by flow cytometry and immune staining (Fig. 4A,
B). Interestingly, no differences in total numbers of CD4+ and CD8+ T
cells, B cells and macrophages between mice of the two strains were

found (data not shown). We then tried to find a mechanistic explana-
tion for the higher level of neutrophil migration to the lungs of B100
mice. To this end, we compared lung tissue samples from infected 100
and 139 mice for the expression of genes encoding a few molecules
playing major roles in neutrophil mobilization to mycobacteria-infected
lungs – IL-17, CXCL-1, and CXCL-2 (Lombard et al., 2016). As shown in
Fig. 4C, the level of expression of all three genes was higher in 100 mice
at week 8 of infection. At later stages of infection, lung neutrophil influx
gradually increased and did not differ between mice of the two strains
(data not shown).

3.4. H2-A allelic variants and T-cell responses: In vitro and in vivo
phenotypes

Since our model system is based upon mouse strains that differ only
by the allelic variants of the H2-A molecule presenting mycobacterial
antigens to CD4+ T-cells, it was logical to address the question about
possible dependence of the disease phenotypes described above on
variations in T cell responses during infection. We first directly com-
pared capacities of the M. avium-specific CD4+ T cells from mice of the
two strains to recognize and respond to a mixture of M. avium antigens
in vitro. Both B100 and B139 CD4+ T cells readily proliferated in re-
sponse to M. avium antigens presented by syngenic APC. Moreover,
notable, albeit diminished, antigen-specific proliferation of highly
purified B100 and B139 cells was induced in the presence of allogenic
APC (Fig. 5A). This was never observed in response to M. tuberculosis
antigens, where all specific CD4+ T cells appeared to be H2-A-restricted
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(Logunova et al., 2015). We hypothesized that, in contrast to M. tu-
berculosis, M. avium antigens may be presented in the context of the H2-
E molecule, whose j allele is identical in B100 and B139 mice, thus
explaining сross-presentation. Indeed, when we used APC from another
congenic mouse strain from the same panel, B6·I-9.3.198, bearing the
H2-AjH2-Enull allelic composition, T cells obtained from B100 (H2-Aj)
mice continued to respond to antigenic stimulation, whereas recogni-
tion by the B139 (H2-Ajb) cells was abrogated (Fig. 5A). Thus, we re-
vealed yet another difference in the genetic control of the two infec-
tions: T cell recognition of M. tuberculosis antigens develops in the
context of a single Class II molecule (H2-A), but M. avium antigens are
presented by both H2-A and H2-E molecules.

We then compared the dynamics of the lung T cell populations
during the infection. The absolute numbers of CD4+ and CD8+ T cells
in the lungs remained stable and did not differ between B100 and B139
mice throughout infection (Fig. 5B). However, two important para-
meters of T cell immunity clearly demonstrated inter-strain differences.
First, both CD4+ and CD8+ T cell populations in more resistant B100
mice contained significantly more activated (CD44hiCD62Llo), i. e.

recently recruited and continuing to respond, cells compare to more
susceptible B139 mice (Fig. 5C). Second, the numbers of antigen-spe-
cific, IFN-γ-producing CD4+ T cells in the lungs and spleens was higher
in B100 compared to B139 mice at week 18 post-challenge (Fig. 5D).
Moreover, analogous experiments performed in the parental, H2-E-ne-
gative H2-Ab B6 strain and its recombinant H2-E-negative, H2-Aj B6·I-
9.3.19.8 derivative strain clearly demonstrated that the H2-A-de-
termined antigen-specific IFN-γ production is responsible for the inter-
strain differences, and that the H2-Aj allelic variant is associated with
higher numbers of IFN-γ-producing CD4+ T cells in both organs
(Fig. 5E). Taken together, these observations suggest that more resistant
mice retain adaptive, protective, H2-Aj-dependent T cell immune re-
sponse in infected organs for a longer time.

3.5. Macrophages of B100 and B139 mice: M. avium Growth, IFN-γ
stimulation, NO production

Macrophages are generally considered to be key cells providing a
number of microbicidal actions which contain mycobacterial growth
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(O'Garra et al., 2013). The lack of differences between the lung M.
avium CFU counts in B100 and B139 mice (Fig. 1) suggested that the
bactericidal functions of macrophages from mice of the two strains
were similar. However, since the genetic difference between the strains
concerns the Class II H2-Aβ gene involved in T cell activation (Fig. 5),
we decided to compare B100 and B139 macrophage bacteriostatic
functions in two different types of M. avium-infected cell cultures: pure
macrophages vs. macrophages plus immune CD4+ T cells. As shown in
Fig. 6A, peptone-attracted peritoneal macrophages from the mice of
both strains displayed similar moderate bacteriostatic effects which
depended neither on the presence of immune CD4+ T cells nor on the
presence of external IFN-γ.

Anticipating that bacteriostatic activity of artificially activated
peritoneal macrophages may not reflect the processes developing in
activated lung macrophages during real infection, we then checked the
activity of lung macrophages obtained from mice at chronic stages of
the disease. As shown in Fig. 6B, lung macrophages recovered from
18wk-infected B100 and 139 mice did not differ in anti-M. avium ac-
tivity irrespective of the presence of immune T cells and external IFN-γ.

It is well known that IFN-γ-activated macrophages elevate inducible
nitric oxide synthase (iNOS) expression with subsequent release of ni-
tric oxide (NO) known to be one of the main natural agents against M.
tuberculosis in mice (Macmicking et al., 1997). On the other hand, it was
clearly demonstrated that M. avium is resistant to NO action (Gomes
et al., 1999a, 1999b; Tomioka et al., 1997). Since a higher level of IFN-γ
secretion by CD4+ T cells from B100 mice was detected (Fig. 5), we
assessed the level of NO production by lung macrophages from infected
animals at the chronic stage of infection. Lung macrophages extracted
from B100 mice spontaneously produced less NO compared to B139
macrophages (Fig. 6C). However, additional in vitro stimulation of
macrophages with live M. avium and/or IFN-γ increased profoundly NO
production by B100, but not B139 macrophages (Fig. 6D).

To find out whether the level of NO production directly influences

M. avium survival, we performed a series of experiments in an attempt
to either block NO production or provide an extracellular source of
reactive nitrogen. As shown in Fig. 7A, blockage of NO-production in
IFN-γ-stimulated lung macrophages with specific low m. w. inhibitor
NIL did not alter their moderate bacteriostatic capacities.

One possible explanation of M. avium resistance to NO within
macrophages could be physical separation between bacilli and the NO
source: unlikeM. tuberculosis,M. avium cannot escape from phagosomes
due to a deletion of the RD1 genomic region (van Ingen et al., 2009),
whereas the location of iNOS is cytosolic. To check this possibility, we
supplemented axenic M. avium and M. tuberculosis cultures with the
chemical NO donor DETA/NO and estimated survival of bacteria by
measuring [3H]-uracil uptake. As shown in Fig. 7B, a moderate decrease
in M. avium viability was observed at DETA/NO concentrations 25–50-
fold higher than those sufficient for a sub-total inhibition of [3H]-uracil
uptake byM. tuberculosis cells. This result provides direct evidence that,
unlike M. tuberculosis, M. avium is resistant to reactive nitrogen inter-
mediates.

Taken together, our results demonstrate that allelic differences in
the H2-A molecule influence, albeit moderately, progression of the M.
avium-triggered disease, and that T cell-dependent variations in the
degree of lung tissue inflammation, rather than the control of bacterial
populations, account for the differences in major “late” phenotypes –
survival time and lung tissue necrosis.

4. Discussion

Despite mycobacterial diseases having a long history of being stu-
died, their genetic control by the host is still poorly characterized. This
is especially true for infection induced by M. avium – a less virulent and
less thoroughly investigated mycobacterial agent. In fact, the Nramp1
gene is the only well-established regulator of M. avium infection
(Kondratieva et al., 2007; Nakamura, 1992; Orme et al., 1986; Vidal
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et al., 1993). However, M. avium is an important pathogen for immune
compromised individuals (Appelberg, 2006), and gaining new knowl-
edge about genetic control of the corresponding infection may shed
more light on its pathogenesis and host immunity. Here we demonstrate
that the classical Class II H2-Aβ gene, whose involvement in TB control
was identified previously (Logunova et al., 2015), is also involved in the
control ofM. avium infection. Paradoxically, allelic variants of this gene
influence progression of two infections in opposite directions: mice
carrying the H2-Aβb allele (strain B139) are more resistant to TB
compared to mice of the B100 (H2-Aβj) strain, whereas the latter are
more resistant to M. avium, as indicated by the expression of two major
disease phenotypes – life span and lung pathology (Figs. 1, 2).

Additional evidence for prominently different consequences of host
interactions with the two mycobacterial species was obtained by com-
paring the protective vs. deleterious role of neutrophil migration to-
ward locations of invading pathogens in the lung. A negative role of
neutrophil inflammation during TB infection was convincingly de-
monstrated in several studies (Mishra et al., 2017; Nandi and Behar,
2011; Yeremeev et al., 2015), and recently neutrophilic areas of in-
flammation were described as predominant sites of M. tuberculosis re-
plication in mice (Mishra et al., 2017). On the other hand, the protec-
tive role of neutrophils in response against M. avium was demonstrated
in in vivo neutrophil depletion experiments performed in M. avium-
susceptible C57BL/6 mice (Appelberg et al., 1995). In the present work,
we show that a massive, early lung neutrophil influx, accompanied by a
higher expression of genes encoding neutrophil attractants CXCL1,
CXCL2, and IL-17, characterizes mice of the B100 strain which are more
resistant to M. avium (Fig. 4). Different roles of neutrophils in the two
mycobacterial infections may be due to a difference in virulence of the
two species. It is well established that murine and human neutrophils
effectively engulf but poorly kill intracellular M. tuberculosis (Berry
et al., 2010; Corleis et al., 2012; Eruslanov et al., 2005). However,
bactericidal capacities of neutrophils might be sufficient for dimin-
ishing the growth of much less virulent M. avium, which lacks the RD1
locus containing genes for the major mycobacterial virulence and im-
mune dominant factors (Ganguly et al., 2008).

The two mouse strains under study differ exclusively by the allelic
variants of the Class II H2-Aβ molecule operating via the presentation
of antigenic peptides recognized by the CD4+ T lymphocytes to drive
proliferation and IFN-γ production. Although the dogma of a protective
role of CD4+ T cell-derived IFN-γ in tuberculous lung tissue was re-
cently challenged (Sakai et al., 2016), a detailed analysis of slowly
developing TB infection caused by a genetically attenuated M. tu-
berculosis strain in mice confirmed the protective nature of this pathway
(Kondratieva et al., 2018). In addition, it was convincingly shown that

protection againstM. tuberculosis provided by CD4+ T cell-secreted IFN-
γ is based not only on macrophage activation but also on impaired
neutrophil survival in the lungs due to the inhibition of IL-17 produc-
tion (Nandi and Behar, 2011). Results for M. avium infection presented
herein illustrate remarkable differences in the genetic regulation and
pathogenesis of the two infections along with the CD4+ T cell – IFN-γ –
neutrophil axis. Indeed, carriers of the “M. tuberculosis-susceptible” H2-
Aβj allele appeared to be M. avium-resistant (Figs. 1, 2) and displayed
massive lung neutrophil influx and higher il17a gene expression
(Fig. 4), despite increased amounts of activated, IFN-γ-producing lung T
cells (Fig. 5). This is in sharp contrast to data obtained previously forM.
tuberculosis infection (Logunova et al., 2015; Nandi and Behar, 2011).

One of the reasons why the two infections induce such a divergent
picture of host response and pathology, which is easy to suggest but
difficult to prove directly, is a diverse antigenic composition of the two
mycobacterial species. M. tuberculosis and M. avium are distant enough
phylogenetically to accumulate differences in their proteomes and li-
pidomes sufficient for a significant discrepancy in antigenic structure.
The lack of the Exs-5 secretion system (RD1 locus) in the M. avium
genome mentioned above is a good example. Indirect evidence of the
existence of such antigenic differences is provided by our results on the
H2 restriction of antigen recognition in the two models of infection.
When we checked the capacity of CD4+ T cells to recognize M. avium
antigens in the context of different allelic variants of the MHC Class II
molecules, it appeared that these antigens are effectively presented not
only by the H2-A but also by the H2-E molecules (Fig. 5). This is
completely different from the presentation of M. tuberculosis antigens,
which occurs exclusively in the context of the H2-A molecule
(Logunova et al., 2015). However, physical elution from Class II mo-
lecules loaded with M. tuberculosis and M. avium antigen cocktails and
characterization of peptide profiles will be needed to directly prove this
hypothesis – a task that is extremely expensive and laborious.

Yet another difference between the two mycobacterial infections
concerns the efficacy of T cell-macrophage interactions in myco-
bacterial killing and the role of NO production in this process. Neither
activated, M. avium-specific CD4+ T cells, nor external IFN-γ elevated
the capacity of macrophages to constrain M. avium growth (Fig. 6),
which again differs from analogous activities in the M. tuberculosis
system (Logunova et al., 2015). This discrepancy may be due to serious
differences between the two mycobacterial species regarding sensitivity
to NO production by the host cells. The key action of IFN-γ on infected
macrophages is activation of iNOS with subsequent elevation of NO
production. Reactive nitrogen intermediates are known as essential M.
tuberculosis-killing compounds for decades in mice (Nathan and Xie,
1994). On the other hand, in many studies exploring different strains of
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M. avium, it was shown that these bacteria are resistant to NO (Flórido
et al., 1999; Lousada et al., 2006; Pearl et al., 2012; Tomioka et al.,
1997). Moreover, iNOS−/− mice appeared to be even more resistant
to highly virulent M. avium compared to the wild type mice (Gomes
et al., 1999a, 1999b). We also did not find any sign of NO anti-M. avium
activity in our experiments exploring NO-blocking and NO-supplying
strategies (Fig. 7).

Overall, our data suggest that the host response to the two myco-
bacterial pathogens is differentially regulated by the alleles of the Class
II H2-Aβ gene. However, the sequence of immune and inflammatory
reactions follows a somewhat stereotypic pattern in a “blind” manner.
The evolutionary fixed set of interrelated innate and acquired immune
reactions against mycobacterial pathogens provides a moderate degree
of allele-specific protection against M. tuberculosis but is not effective
against M. avium despite the lower virulence of this species. Our con-
clusions concern fine genetic differences with moderate to weak influ-
ences on infectious immunity. However, at the populational level, such
subtle variations resulting from recombination events within certain
immunologically active genetic regions may be more important for
gradual evolutionary shifts than nonsense or missense mutations that
produce phenotypes that are extreme and subjected to rapid elimina-
tion by natural selection.
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