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Viral coinfection promotes tuberculosis
immunopathogenesis by type | IFN signaling-
dependent impediment of Th1 cell pulmonary influx

Tae Gun Kang® 27, Kee Woong Kwon® 37, Kyungsoo Kim'#, Insuk Lee@® , Myeong Joon Kim'Z,
Sang-Jun Ha® 2™ & Sung Jae Shin@® 3.6

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is often exacerbated upon
coinfection, but the underlying immunological mechanisms remain unclear. Here, to elucidate
these mechanisms, we use an Mtb and lymphocytic choriomeningitis virus coinfection model.
Viral coinfection significantly suppresses Mtb-specific IFN-y production, with elevated bac-
terial loads and hyperinflammation in the lungs. Type | IFN signaling blockade rescues the
Mtb-specific IFN-y response and ameliorates lung immunopathology. Single-cell sequencing,
tissue immunofluorescence staining, and adoptive transfer experiments indicate that viral
infection-induced type | IFN signaling could inhibit CXCL9/10 production in myeloid cells,
ultimately impairing pulmonary migration of Mtb-specific CD4*+ T cells. Thus, our study
suggests that augmented and sustained type | IFNs by virus coinfection prior to the pul-
monary localization of Mtb-specific Thl cells exacerbates TB immunopathogenesis by
impeding the Mtb-specific Th1 cell influx. Our study highlights a negative function of viral
coinfection-induced type | IFN responses in delaying Mtb-specific Th1 responses in the lung.
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ARTICLE

uberculosis (TB) remains a notorious infectious disease

caused by a single bacterial agent (Mycobacterium tuber-

culosis, Mtb). It has been estimated that almost one-fourth
of the world’s population is latently infected with Mtb and that
nearly 10% of these individuals will progress to an active statel-2
during their lifetime.

Concurrent or sequential infections with other pathogens may
alter TB progression toward exacerbated pulmonary pathology,
and additional infections in patients with active TB disease also
hinder efforts to reduce the worldwide Mtb prevalence. For the
best example, coinfection with human immunodeficiency virus
(HIV) and Mtb causes detrimental outcomes with high mortality
among active TB patients and increases the possibility of reacti-
vation from latent TB infection3->. Additionally, influenza and
helminth infections also exacerbate TB pulmonary pathology®”.
One possible reason for this worsened Mtb pathogenesis is that
helminth coinfection directs a T helper 2 (Th2) cell-skewed
immune response and disrupts the essential protective T helper 1
(Th1) cell response°. Moreover, influenza infection followed by
bacterial infection due to several bacteria has been found to be a
major reason for increasing mortality worldwide!%!1. In animal
models, influenza A virus infection has been shown to cause a
substantial increase in susceptibility to secondary bacterial
infection, including Mtb infection, resulting in increased bacterial
loads and tissue damage and decreased survivall2-14. However,
the underlying mechanism of the alteration of the immune
response to TB upon coinfection remains insufficiently under-
stood due to limited clinical and preclinical experimental data.

Type I interferons (IFNs, mainly IFN-a and IFN-B) have
recently gained increasing attention regarding their function of
TB pathogenesis. While type I IFNs are essential for protection
against virus infection!>10, they were recently found to cause
immunopathological reactions in Mtb infection!”. Data from
both mouse experimental models and humans support the det-
rimental function of type I IFNs in TB outcomes. The over-
expression of type I IFN-related genes was detected in blood at
early stages of Mtb infection prior to progression to active disease,
suggesting that systemic activation of the type I IFN response is
the critical determinant for the onset of active disease from the
latent state!$19. Additionally, transcriptional profiles of blood
samples from patients with active TB yielded an upregulated type
I IFN-inducible gene signature, which correlated with disease
progression and curtailed Mtb treatment success2’. These find-
ings were also validated in diverse patient cohorts with different
genetic and geographical backgrounds2!-23. In mice infected first
with influenza virus, a major in vivo inducer of type I IFN pro-
duction, and then Mtb infection, the pulmonary pathology
deteriorated in a type I IFN-dependent manner24. Moreover, type
I IENs derived from macrophages have been shown to contribute
to Mtb-induced macrophage cell death, and blockade of type I
IFN signaling has been shown to enhance the activity of
rifampin?. Furthermore, the magnitude of Mtb-induced type I
IFN production in mice has been reported to differ according to
the Mtb strain. Mice infected with clinically isolated Mtb strains
such as HN878 and BTB02-171 displayed increased type I IFN
production compared to that of mice infected with laboratory-
adapted strains such as H37Rv20-28. The underlying mechanism
of differential type I IFN production levels for different Mtb
strains in an in vitro macrophage infection system was associated
with their capacity to induce mitochondrial stress, reactive oxy-
gen species generation and host mitochondrial DNA release into
the cytosol?”. Likewise, diverse molecular functions of type I IFN
in Mtb pathogenesis have been proposed based on the altered
innate function of macrophages and neutrophils®0. However, the
effect of type I IFNs on the pulmonary immune system, in

particular T cell immunity, is still unclear in the pathogenesis of
Mtb coinfection with other pathogens.

Here, we investigate the underlying mechanisms by which viral
infection-induced type I IFN signaling disrupts the Mtb-specific
Th1 response prior to recruiting IFN-y-producing T cells to the
lungs from draining lymph nodes (dLNs). Mice were initially
infected with clinically isolated Mtb K and then coinfected with
lymphocytic choriomeningitis virus (LCMV). Coinfected mice
exhibited significant increases in bacterial loads and hyperin-
flammation in the lungs with a dramatic decrease in the Mtb-
specific Thl cell response compared to those of mice infected
with Mtb alone. These detrimental effects of viral coinfection
were abrogated by the blockade or absence of type I IFN sig-
naling. Of note, single-cell RNA sequencing (scRNA-seq) and
lung tissue immunostaining showed that the expression of
CXCL9/10, chemokines that recruit effector T cells from dLNs, in
a pulmonary macrophage subset was significantly repressed in
coinfected mice and that the expression of these chemokines was
restored when the type I IFN receptor was blocked. Surprisingly,
the frequencies of Mtb-specific CD4T T cells in dLNs were not
affected even after virus coinfection, suggesting that virus-
induced type I IFN signaling repressed the expression of pul-
monary CXCL9/10, leading to subsequent failure of Mtb-specific
Th1 cells to migrate from dLNs to infected lung tissues. Indeed, a
predominance of type I IEN signaling abrogated IFN-y-mediated
CXCL9 expression. Overall, our study demonstrates that viral
infection during Mtb progression promotes pulmonary immu-
nopathology along with uncontrolled bacterial growth, suggesting
an underlying mechanism by which virus-induced type I IFNs
inhibit chemokine-dependent pulmonary migration of Mtb-
specific IFN-y-producing T cells.

Results

Coinfection with LCMV exacerbates the pathology of mice
infected with Mtb. We first established a mouse coinfection
model to investigate the effect of virus infection on TB progres-
sion in vivo. Mice were aerogenically infected with Mtb K first
and later coinfected with LCMV Armstrong (Arm), inducing
acute infection, or LCMV Clone 13 (CL13), causing chronic
infection, at 14 days post Mtb infection. Mice were sacrificed at
four weeks post Mtb K infection (Fig. 1a). Large inflammatory
gross pathology and H&E-stained sections of granulomas with
remarkable tissue destruction and central necrosis characteristics
were observed in coinfected mice compared to those in mice
infected with Mtb K alone (Fig. 1b, ¢, and Supplementary Fig. la
and b) regardless of the virus strain. Additionally, abundant acid-
fast bacillus (AFB)-stained bacteria were detected in these
necrotic granuloma lesions (Fig. 1d and Supplementary Fig. 1c).
In line with exacerbated lung pathology, the weight loss of
coinfected mice was greater than that of Mtb K-only infected
mice (Fig. le). Also, larger inflammatory area was detected in the
lungs of coinfected mice (Fig. 1f and Supplementary Fig. 1d).
These results are also supported by elevated bacterial loads in
other organs of coinfected mice, such as the spleen and liver, as
well as in the lung (Fig. 1g and Supplementary Fig. le).

Due to the earlier occurrence of death with LCMV CL13
coinfection (Supplementary Fig. 1f), LCMV Arm was used in
subsequent experiments as the coinfection pathogen model. We
further analyzed the dose-dependent effect of bacteria or viruses
on pulmonary pathology. When mice were infected with a lower
dose of Mtb or LCMV Arm (Supplementary Fig. 1g-i), they also
exhibited a similar range of pulmonary pathology. In summary,
viral coinfection during Mtb infection exacerbated pulmonary
pathology and increased bacterial loads in vivo.
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Fig. 1 Severe immunopathology with necrotic granulomas in Mtb K and LCMV Arm-coinfected mice and differential pathogenesis of coinfected mice
depending on the Mtb strain. a C57BL/6 mice were infected with Mtb alone or with Mtb followed by subsequent infection with LCMV Arm at 14 days
post Mtb infection. At 31 days post Mtb infection, the mice were sacrificed. b Gross pathology or ¢, H&E staining of lungs in each group. d Acid-fast
staining of the lung in each group. (10x, scale bars, 2 mm; 400x, scale bars, 50 pm). e The weight of mice at the indicated time points (n=4 or 5). f The
data represent the percentage of the superior lobe of the right lung showing inflammation and are shown as center, bounds of box-and-whisker and
percentile plots showing the minimum and maximum values (n=5). g, Bacterial load in the organs of each group (n=15). C57BL/6 mice were infected
with the indicated Mtb strains. Some mice from each group were subsequently infected 2 weeks later with LCMV Arm. At 4.5 weeks post Mtb infection,
the mice were sacrificed. h Gross pathology or i H&E staining of lungs in each group. Scale bars, 2 mm. j Bacterial load in the lungs of each group. Data
were analyzed by e-g, two-tailed unpaired Student's t test. Graphs show the mean £ SEM. b, ¢, d, f, g The data are representative of at least two
independent experiments or h-j, a single experiment. Source data are provided as a Source Data file.
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Next, we infected mice with diverse Mtb strains (H37Ra,
H37Rv, Erdman, HN878, K, and M2) to investigate a possible
association between aggravated immunopathology and different
Mtb strains. Mice infected with HN878, K, or M2 showed
exacerbated pathology along with excessive bacterial growth in
the lung, whereas those infected with H37Ra, H37Rv, or Erdman
showed less severe pathological profiles (Fig. 1h-j) and bacterial
loads comparable to those with Mtb infection alone. Thus,
pathology exacerbation was dependent on the Mtb strain.

Neutrophilia and a diminished Thl response are distinct fea-
tures during coinfection. We next investigated the immunolo-
gical factors related to severe pathology in a coinfection model. In
line with recent findings regarding the correlation between neu-
trophil infiltration and exacerbated pulmonary pathology®!-*2 and
our results above, we found a striking and gradual increase in the
frequency and number of neutrophils at 7 days post LCMV Arm
infection (Fig. 2a), while no significant differences in monocyte
populations were observed (Supplementary Fig. 2b) between
coinfection and Mtb infection alone. We also investigated other
immune cell populations that infiltrated Mtb-infected lungs fol-
lowing viral coinfection. The frequencies of CD4" and CD8*
T cells and dendritic cells (DCs) in coinfected mice dramatically
decreased, while the frequencies of NKG2D™ cells among CD8*
T cells increased at 7 days post LCMV Arm infection (Supple-
mentary Fig. 2b).

Levels of proinflammatory cytokines in Mtb-infected lung
lysates, including IL-6 and TNF, were significantly upregulated
(Fig. 2b), while IL-10 levels in the coinfected group were
comparable with those in the Mtb-infected group at 7 days post
LCMV Arm infection (Supplementary Fig. 2c). No significant
differences in the levels of other cytokines, including IL-1a and
IL-1PB, were detected between the coinfected and Mtb-infected
groups (Supplementary Fig. 2d). Previous studies have reported a
detrimental effect of type I IFN during Mtb infection due to
increased production of CCL2, which is mainly responsible for
neutrophil infiltration to the infection site3*34, In line with these
results, IFN-a, CCL2, and CXCL1 levels in the lungs of the
coinfected group were higher and more sustained than those in
the lungs of the Mtb-only infected group (Fig. 2c, d). Taken
together, these results suggest that coinfection leads to excessive
inflammation, including elevated neutrophil populations, and
sustained high levels of chemokines and IFN-a.

The protective function of Mtb-specific IFN-y-producing
T cells for early host resistance to Mtb is well documented. We
analyzed IFN-y levels in the lungs of mice at 7 days post LCMV
Arm infection. The overall IFEN-y levels in lung lysates decreased
more in the coinfected group than in the Mtb-only infected group
(Fig. 2e). Next, we determined the frequency of DPMtb324,_10,-
specific CD8™ T cells by tetramer staining. These cells were barely
detected in the coinfected group, in contrast to the Mtb-only
infected group (Fig. 2f). Ex vivo restimulation with ESAT-6 or
Mtb32 pools containing all peptides for functionality analysis of
Mtb-specific T cells from among suspended single lung cells
implied that ESAT6-specific CD4™" T cells from the Mtb-infected
group produced IFN-y and TNF at abundant levels, whereas the
function of ESAT6-specific CD4™ T cells in coinfected mice
dramatically decreased at 7 days post LCMV Arm infection.
Additionally, the frequency of IFN-y- and TNF-producing
Mtb32-specific CD8F T cells decreased (Fig. 2g, h). Hence, not
only the number of T cells but also the function of Mtb-specific
T cells dramatically decreased in the coinfected group compared
to those in the Mtb-infected group. Notably, even without ex vivo
restimulation, IFN-y expression was still observed in CD4*
T cells of the Mtb-infected group but not in those of the

coinfected group (5.3% vs. 0.3%), indicating the presence of an
Mtb-specific Thl response in the lung during infection with Mtb
alone. In addition, we further analyzed the kinetics of IFN-y and
ESAT6-specific T cell responses. At 14 days post LCMV Arm
infection, both total IFN-y and ESAT6-specific T cell responses in
the lung were similar between the Mtb K alone-infected and
coinfected groups (Supplementary Fig. 2e, f), suggesting that
ESAT6-specific T cell responses were transiently delayed at 7 days
post LCMV Arm infection. Taken together, these data suggest
that the absence of Mtb-specific IFN-y-producing T cells and the
increased neutrophil levels contribute to the severity of TB
outcomes in Mtb-virus coinfected mice.

Preexisting Mtb-specific Thl cells in the lung restrain virus
coinfection-induced exacerbation of TB pathogenesis. Next,
using BCG vaccination and time-dependent viral infection models,
we examined whether diminished Th1 responses are a major cause
of viral coinfection-driven TB immunopathology or a consequent
outcome. The BCG vaccine, the only available TB vaccine, elicits T
cell responses in vivo> by early augmentation of Mtb-specific IFN-
y-producing T cell recruitment to the lung. Vaccination with BCG
Pasteur 1173P2 was performed three months before Mtb infection
(Supplementary Fig. 3a). At 14 days post Mtb infection, Mtb-
infected mice without BCG vaccination barely elicited IFN-y
responses in the lung, whereas Mtb-infected mice with BCG vac-
cination showed significantly increased frequencies and numbers
of Mtb-specific CD4T T cells that were able to produce IFN-y
upon restimulation with purified protein derivative (PPD) (Sup-
plementary Fig. 3a). Despite viral coinfection, the BCG-vaccinated
group displayed less severe pulmonary pathology, fewer granuloma
lesions (Supplementary Fig. 3b and 3c), lower bacterial loads in the
lung (Supplementary Fig. 3d), and less neutrophil infiltration
(Supplementary Fig. 3e) than the unvaccinated group. Addition-
ally, cells from the BCG-vaccinated and coinfected group secreted
significantly more IFN-y (Supplementary Fig. 3f, g) upon resti-
mulation with PPD at 21 days post Mtb infection than cells from
the unvaccinated and coinfected groups, suggesting that the BCG-
primed generation of Mtb-specific T cells in the lung might ame-
liorate the exacerbated pulmonary pathology induced by viral
coinfection. In the same context, we further investigated whether
the exacerbated pathology and elevated Mtb loads were also
influenced by preexisting IFN-y-producing T cells at different time
points of LCMYV infection (Supplementary Fig. 3h). At 21 days Mtb
post-infection, when Mtb-specific IFN-y-producing T cells already
existed in the lung (Supplementary Fig. 3i), LCMV Arm coinfec-
tion had no detrimental effect on TB pathogenesis, while only mice
infected with LCMV Arm at 14 days after Mtb infection showed
exacerbated gross pathology (Supplementary Fig. 3j) and more
severe granuloma lesions in the lung, with necrosis characteristics
and a high bacterial burden (Supplementary Fig. 3k, 1). Overall,
LCMV Arm coinfection-induced TB immunopathogenesis occurs
in a time-specific manner, indicating that viral coinfection-driven
TB immunopathology is a result of significantly hindered Thl
responses at a specific time point.

Type I IFN signaling blockade rescues necrotic immuno-
pathology and Mtb-specific T cell responses in coinfected mice.
Next, since a positive correlation between the type I IFN signature
and TB immunopathology in TB-susceptible mouse models3¢-38
have been reported and we observed elevated and sustained IFN-a
levels in lung lysates (Fig. 2c), we investigated the effect of type I
IFN induced by LCMV Arm on TB immunopathology. Therefore,
we blocked in vivo type I IFN receptor (IFNAR-1) signaling at
specific time points (Fig. 3a) to investigate the relationship between
type I IEN signaling and the pulmonary pathology induced by
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LCMV Arm infection. The coinfected group with IFNAR-1
blockade showed significantly reduced pulmonary pathology
exacerbation comparable to the pathology in the control group
(Fig. 3b, ¢, and Supplementary Fig. 4a). The lungs of mice in this
group also had markedly reduced bacterial loads (Fig. 3d). Fur-
thermore, coinfected mice with curtailed Mtb-specific Thl
immunity regained CD4* and CD8' T cell functionality both
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without and with ex vivo restimulation, according to both their
frequency and absolute number (Fig. 3e, f). Consistent with the
above results, the pulmonary pathology (Fig. 3g, h) and lung
bacterial burden of type I IFN receptor knockout (Ifnarl—/~) mice
were remarkably reduced (Fig. 3i), indicating that type I IFN sig-
naling induced by LCMV Arm infection is a major determinant of
TB immunopathology upon viral coinfection.
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Fig. 2 Neutrophilia and increased inflammatory cytokine levels along with significantly reduced Mtb-specific T cell responses in coinfected mice.

C57BL/6 mice were infected with Mtb. After 14 days, some mice were subsequently infected with LCMV Arm. a Frequency and number of CD11btLy6G*
cells. The numbers in the plot indicate the percentage of CD11btLy6G cells (n = 4). The protein levels of b TNF and IL-6 and ¢ IFN-a in lung homogenates
were analyzed by CBA and ELISA, respectively (n =3 or 4). d Chemokine levels in lung homogenates were analyzed by multiplex analysis (n=3 or 4). e At
7 days after LCMV Arm infection, the IFN-y level in lung homogenates was analyzed by ELISA (n = 6 or 10). f Frequencies of DPMtb3243.10--specific CD8*
T cells identified by tetramer staining were analyzed by flow cytometry. The numbers in the plots indicate the percentage of tetramer-positive cells among
CD8* T cells (n=6). g-h, Lung lymphocytes were isolated at 21 days post Mtb infection and analyzed by flow cytometry. The frequencies of IFN-y- and
TNF-producing CD47 T cells or CD8* T cells were analyzed by flow cytometry. Data were analyzed by two-tailed unpaired Student's t-test. Plots show the
mean £ SEM (n=10, 11, 12). a-d These data are representative of at least two experiments or e-h pooled from two or three independent experiments.
a-d Data were analyzed by two-way ANOVA with post hoc Tukey's test or e-h, two-tailed unpaired Student's t-test. Graphs show the mean = SEM. Source

data are provided as a Source Data file.

We also detected elevated levels of several factors in coinfected
mice. Neutrophils are the most abundant cells during TB and
have been shown to contribute to pulmonary pathology
exacerbation. CD8% T cells have also been shown to trigger
immunopathology through a NKG2D-dependent mechanism in a
mouse coinfection model with LCMV and Leishmania major®®.
Here, the levels of CD8T and NKG2D* CD8' T cells also
increased in coinfected mice (Supplementary Fig. 2b). We
performed in vivo blockade or depletion of the above factors at
early time points to investigate the effects of neutrophils,
immunosuppressive 1L-10, and NKG2D+ CD8* T cells on
pulmonary pathology (Supplementary Fig. 5a). In contrast to
blocking type I IFN signaling, the regulation of Gr-1%* cells,
including neutrophils, IL-10 signaling and CD8TNKG2D™ cells,
did not affect the pulmonary pathology (Supplementary Fig. 5b,
¢) or lung bacterial burden of coinfected mice (Supplementary
Fig. 5d). Furthermore, since the levels of inflammatory cytokines,
such as IL-6 and TNF, and neutrophils increased at 7 days post
LCMV Arm coinfection (Fig. 3 and Supplementary Fig. 2b), we
also analyzed the effect of depletion or blockade of each factor
(Supplementary Fig. 5e). The pulmonary pathology and lung
bacterial burden were not diminished by blockade or depletion,
and even worsened immunopathology was observed compared to
that in isotype control group (Supplementary Fig. 5f-h). Surpris-
ingly, unlike pre-blocking type I IEN signaling before viral
coinfection (Fig. 3), the blockade of type I IFN signaling after
LCMV Arm coinfection had no effect on TB immunopathology
(Supplementary Fig. 5g), indicating that TB-associated immuno-
pathology occurred upon viral coinfection once type I IFN
signaling was activated.

Although CD11b*TLy6G™ cells are generally considered neu-
trophils, these cells have also been shown to suppress the adaptive
immune response in specific environments, such as the tumor
microenvironment. These cell populations are therefore defined as
myeloid-derived suppressor cells (MDSCs)# . CD11b*Ly6G™ cells
have also been shown to have a suppressive function in Mtb
infection*142, To investigate their characteristics in our mouse TB
model, we isolated CD11b*tLy6G™ cells from the lungs of Mtb-
infected and coinfected mice and measured the bacterial burden in
these cells (Supplementary Fig. 5i). The CD11bTLy6Gt cells of
coinfected mice showed higher bacterial loads than those of Mtb-
infected mice (Supplementary Fig. 5j). We also cocultured naive
T cells with isolated CD11b*tLy6G* cells in the absence or
presence of CD3 and CD28 stimulation to investigate the
suppressive capacity of these CD11b+Ly6G™ cells. T cells cultured
with only CD3 and CD28 stimulation showed a proliferation index
similar to that of those cultured with CD11bTLy6G™ cells isolated
from infected lungs (Supplementary Fig. 5k, I). In summary, here,
CD11b*Ly6Gt cells did not contribute to the pulmonary
pathology exacerbation and acted as Mtb-permissive neutrophils
rather than T cell-suppressive MDSCs.

Next, we considered the possibility that Mtb infection may
alter the immune response to LCMV and consequently impede
the control of viral infection. This effect may in turn contribute to
the immunopathology in coinfected mice. Hence, we also
analyzed the LCMV-specific immune response. The serum virus
titers of LCMV-infected and coinfected groups after 3 days of
LCMV Arm infection were similar. The virus was eliminated at
7 days post LCMV infection in both groups (Supplementary
Fig. 6a). However, in contrast to the effect of type I IFN on
bacterial loads, type I IFN receptor blockade increased the serum
virus titer (Supplementary Fig. 6a). Both groups also showed a
significant IFN-y response to the LCMV peptides GPgg.g0
(Supplementary Fig. 6b and 6¢) and GP33_41/276.286 (Supplemen-
tary Fig. 6d, e) for CD4" and CD8T T cells, respectively. LCMV-
specific T cell responses were also curtailed upon IFNAR-1
blockade (Supplementary Fig. 6¢, e). These data suggest that
exacerbation of pulmonary pathology was triggered by type I IFN
induced by LCMV Arm infection, not by LCMV Arm itself, and
that the action of type I IFN signaling in host protection against
bacterial and viral infections may be different.

Cognate interactions between antigen (Ag)-specific CD4+
T cells and Ag/MHC complexes expressed on Ag-presenting
cells are required to optimally induce Thl responses. Since
DCs activate T cells through diverse functional interactions, we
also analyzed DC functional surface markers during Mtb
infection. The level of MHCII molecules on DCs was reduced
in LNs (Supplementary Fig. 6f, g) and pulmonary lesions
(Supplementary Fig. 6h, i) of the coinfected mice. In addition
to Mtb-specific T cell responses, MHCII levels on DCs
were rescued by IFNAR-1 blockade in vivo (Supplementary
Fig. 6g, i). Thus, downregulation of MHCII levels on DCs may
be insufficient to generate optimal Thl responses in both LNs
and lungs.

A high level of sustained type I IFNs induced by intratracheal
administration of poly I:C also exacerbates TB pathology. We
detected a detrimental process of type I IFN signaling in TB
pathology. To investigate whether pulmonary lesions are
generated due to temporal type I IFN production induced by
nonviral agents, mice were systemically exposed to poly I: C,
which is a potent inducer of type I IFN responses in vivo. To
induce enhanced and sustained type I IFN signaling, we
intratracheally injected poly I: C into mice three times at 14,
15, and 16 days post Mtb infection (Supplementary Fig. 7a). At
26 days post Mtb infection, the pulmonary lesions were dete-
riorated after multiple poly I: C treatments, and this effect was
dramatically alleviated by type I IFN receptor blockade (Sup-
plementary Fig. 7b, c). In addition, the reduction in body
weight in the multiple poly I:C-injected group was severe,
which was not observed when the type I IFN receptor was
blocked (Supplementary Fig. 7d). These results were also
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supported by changes in the bacterial loads among three
groups (Supplementary Fig. 7e). In aspects of Mtb-specific T
cell responses, IFN-y-producing Mtb-specific CD4* and CD8 "
T cells were curtailed by poly I: C injection, but these reduced
functionalities were reinvigorated by type I IFN receptor
blockade (Supplementary Fig. 7f). Multiple poly I: C injections
exacerbated pulmonary pathology, but the extent was less than
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that with viral coinfection. Additionally, the IFN-a levels and
their sustainability in serum and lung lysates were significantly
higher in LCMV Arm-infected mice than in triple poly I:
C-injected mice (Supplementary Fig. 8a, b), which was corre-
lated with the degree of pulmonary lesion exacerbation. Hence,
the degree of pathology exacerbation was dependent on type I
IEN levels and their sustainability in vivo.
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Fig. 3 Beneficial effect of early type I IFN signaling blockade on exacerbated pulmonary pathology and Mtb-specific T cell responses in vivo. a At —1, 1,
and 3 days after LCMV Arm infection, a monoclonal anti-IFNAR-1 antibody (alFNAR-1) was administered i.p. into coinfected mice. The mice were sacrificed
at 31 days post Mtb infection. b Gross pathology or ¢, H&E staining of the lungs in each group. Scale bars, 2 mm. d Bacterial loads in the lungs of each group
(n=4 or 5). Isolated lung lymphocytes were restimulated ex vivo with e, an ESAT6 peptide pool for CD4* T cells (n=4, 6, 7, 8, 9) or f an Mtb32 peptide
pool for CD8* T cells (n=4, 8, 13). The frequencies of IFN-y- and TNF-producing CD4* T cells or CD87 T cells were analyzed by flow cytometry.

g-i C57BL/6 or IfnarT=/— mice were infected with Mtb. Some mice from each group were subsequently infected 14 days later with LCMV Arm. The mice
were sacrificed at 31 days post Mtb infection. g Gross pathology or h H&E staining of the lungs in each group. Scale bars, 2 mm. i Bacterial loads in the
lungs of each group (n =4 or 5). The data were analyzed by e-f, two-tailed unpaired Student's t-test and d, i one-way ANOVA with post hoc Tukey's test.
Plots show the mean + SEM. d, i, These data are representative of at least two independent experiments. e-f, The results were pooled from two or three

independent experiments. Source data are provided as a Source Data file.

Single-cell analysis shows type I IFN-mediated downregulation
of Cxcl9/10 expression and the Th1 response in the lung during
viral coinfection. To further understand the type I IFN-mediated
exacerbation of the T cell response and pathology during coin-
fection, we applied recently advanced single-cell transcriptome
analysis technology with four different groups of mice: G1. naive,
G2. infected with Mtb alone, G3. coinfected with Mtb and LCMV,
and G4. coinfected and treated with type I IFN receptor blockade
(Fig. 3a). We performed both scRNA-seq and scTCR-seq for
CD45" immune cells isolated from the lungs at 21 days post Mtb
infection (7 days post LCMV infection) (Fig. 4a). Dimension
reduction analysis of transcriptome profiles for pulmonary
immune cells using uniform manifold approximation and pro-
jection (UMAP) showed 18 distinct cell clusters (c1-c18), in
which both myeloid and lymphoid cells existed in considerable
proportions (Fig. 4b). We identified major cell types based on
classical marker gene expression for both lymphocytes and
myeloid cells: B, T, CD8T T, CD4" T, regulatory T, and natural
killer (NK) cells, neutrophils, and macrophages, as shown in the
corresponding cell clusters (Supplementary Fig. 9a). UMAP
clustering for each group of mice showed that the levels of both
lymphocytes and myeloid cells significantly increased after Mtb
infection. When mice were coinfected with LCMV, the propor-
tions of some macrophage/monocyte clusters (c3 and c4) sig-
nificantly increased but decreased upon type I IFN receptor
blockade. Regarding T cell clusters, coinfection resulted in a
tendency of CD4-1 (c6) cluster depletion and CD8-1 (c5) cluster
enrichment, but the CD4-1 cluster was rescued by type I IFN
receptor blockade (Fig. 4c). Some clusters expressing both mye-
loid markers and TCR were excluded from the analysis because
they seemed to be doublets. Reconstruction of myeloid clusters
during coinfection led us to investigate gene expression patterns
related to inflammatory cytokines and chemokines. Given our
earlier observation of type I IFN-mediated TB pathology
exacerbation during coinfection, we tried to find candidate
inflammatory genes whose expression was reduced upon coin-
fection compared to that with Mtb infection alone but rescued by
type I IEN receptor blockade. Interestingly, the Cxcl9 and Cxcl10
genes were dominantly expressed after Mtb infection (Fig. 4d),
and the Macrophage-2 (c3) cluster was the predominant source of
Cxcl9 and one of the dominant sources of Cxcl10, along with the
Neutrophil-2 cluster among myeloid clusters (Supplementary
Fig. 10a). The Cxcl9 and Cxcl10 expression in Macrophage-2 (c3)
significantly increased after Mtb infection and decreased upon
coinfection but was partially restored by type I IFN receptor
signaling blockade (Fig. 4d, e). In addition to scRNA-seq analysis,
we also investigated the predominant source of CXCL9 at the
protein level in myeloid cell populations by flow cytometry
analysis. In the Mtb K alone-infected group, CD11bTF4/80T cells
were the dominant cell type expressing CXCL9 (Supplementary
Fig. 10b, c¢). We also found that the frequency and number of
CD11b*F4/80TCXCL9T cells significantly decreased in the

coinfected group, but this decrease was rescued by type I IEN
receptor blockade (Supplementary Fig. 10b, c).

Next, we performed UMAP dimension reduction analysis for
only T cell populations to further analyze T cell gene expression
along with clonotype. CD4* and CD8% T cells were subdivided
into 4 and 3 clusters, respectively (Fig. 4f). Based on gene
signature enrichment, one naive and two effector populations
were defined for both CD4" T and CD8™ T cells (Supplemen-
tary Fig. 11a). Regulatory T cells were also identified among
CD4T T cells as CD4-4 (c7). Regarding the pattern of T cell
clonotypes, we observed that the proportion of IFN-y-
expressing CD41 T cells with expanded clonotypes profoundly
increased post Mtb infection. However, upon coinfection, the
proportion of IFN-y-expressing expanded clonotypes of CD4+
T cells dramatically decreased, and this tendency was rescued by
type I IFN receptor blockade (Fig. 4g). Consistent with the
UMAP data, whereas the coinfected group exhibited low
numbers of expanded clonotypes in effector CD4T T cell
clusters, the Mtb-only infected and type I IFN receptor blockade
groups displayed an increased number of expanded clonotypes
(Fig. 4h). Given our earlier flow cytometric data regarding the
presence of IFN-y-producing CD4" T cells but not CD8%
T cells in the lung even without ex vivo antigen restimulation
(Fig. 2h), the upregulated expression of genes related to Thl
and activation signatures in Mtb-infected mice seemed to be
consistent (Fig. 4i and Supplementary Fig. 11b). Additionally,
consistent with our previous data (Fig. 3e), type I IFN blockade
seemingly promoted the Thl response even in coinfected mice
(Fig. 4i and Supplementary Fig. 11b). Cx3crl expression in
effector CD41 T cell clusters was downregulated in the
coinfected group and was partially rescued by type I IEN
receptor blockade (Supplementary Fig. 10d). Unlike the
tendency for CD4™ T cells, expression of effector molecule-
encoding genes, such as Gzmb and Prfl, and effector CD8" T
cell signatures increased more in coinfected mice independent
of type I IFN receptor blockade (Supplementary Fig. 1lc, d).
The number of expanded clonotypes appeared to increase in
effector CD8% T cell clusters of both coinfected groups
compared with those of the Mtb alone-infected group
(Supplementary Fig. 1le). Because LCMV infection induces
effector CD8% T cell expansion more rapidly than CD4T T cell
expansion at early time points, both the coinfected and type I
IFN receptor blockade groups exhibited similar CD8F T cell
phenotypes. Furthermore, since the enhanced and similar
phenotypes of the C4-1 (c2) cluster were commonly exhibited
in both the Mtb alone-infected and type I IFN receptor
blockade groups, with alleviated pulmonary lesions, the
proportion of effector clusters of CD4T T cells may be
important for TB protection in vivo. Overall, the single-cell
analysis of pulmonary immune cells provided some clues, such
as decreased CXCL9/10 expression and Thl responses during
coinfection, to explain type I IFN-mediated pathology.
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Type I IFN receptor signaling significantly inhibits CXCL9
protein expression in the lung upon virus infection of Mtb-
infected mice. Since coinfection led to reduced Cxcl9/10 tran-
scription in one subset of pulmonary macrophages, which was
restored by type I IFN receptor blockade, we examined whether
the protein expression level would also show a similar pattern in
pulmonary macrophages by using multiplex immunofluorescence
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staining. In the inflammatory region of the lungs of Mtb-infected
mice, CXCL9 was detected at a similar level between the Mtb
alone-infected and type I IFN receptor blockade groups, but the
CXCL9 expression levels and signal intensities were the lowest in
the coinfected group (Fig. 5a, ¢). Additionally, in nonin-
flammatory regions, CXCL9 was rarely expressed in coinfected
mice, and this pattern was rescued by type I IEN receptor
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Fig. 4 Pulmonary immune cell landscape and cell state remodeling by type I IFNs produced in response to viral infection during Mtb infection. a Single-
cell suspensions of CD45% pulmonary immune cells from the indicated 4 groups at 21 days post Mtb infection were analyzed by scRNA-seq or scTCR-seq
as described in the STAR methods. b UMAP plots of cells from all scRNA-seq samples, colored according to cell type. ¢ UMAP plots of all scRNA-seq
clusters among the naive, Mtb alone-infected, coinfected, and type | IFN receptor blockade groups. d Heatmap of normalized expression of selected
inflammatory cytokine and chemokine genes in each myeloid cluster. e Violin plots showing the expression of the indicated marker gene in the indicated
myeloid clusters. f UMAP plots of T cells across all samples, colored according to identified clusters. g UMAP plots of expanded clonotypes and Ifng-
expressing cells in T cell clusters. h The number of unique or expanded clonotype cells in effector CD4+ T cell clusters is summarized in the bar graph.
i Violin pots showing the expression of the indicated marker gene from the indicated T cell clusters. N/A indicates “not available” populations, which
means that the gray bar represents the nonunique or expanded clonotypes. The CD45 immune cells were pooled from mice (n = 3) in each group. e, i two
way with Wilcoxon rank-sum test. The data were analyzed by Wilcoxon rank sum test.

blockade (Fig. 5a, ¢). The CXCL9 protein was visible mostly in the
cytoplasm (Fig. 5b). Then, we investigated the cellular source of
CXCL9 in Mtb-infected pulmonary lesions. Generally, CXCL9 is
secreted by either immune cells, such as macrophages and
monocytes, or by nonimmune cells, including endothelial and
epithelial cells*3#4, Lung tissue staining with multiple antibodies
against CXCL9, CD11b, CD31, and PDPN showed that PDPN+
lung epithelial cells appeared to express CXCL9 in the nonin-
flammatory regions, while CD11b™ cells mainly expressed
CXCL9 in the inflammatory region (Fig. 5d). Collectively, our
data suggest that type I IFNs exacerbate pulmonary pathology by
inhibiting the migration of Mtb-specific T cells to pulmonary
lesions via the regulation of CXCL9 expression in a type I IFN-
dependent manner.

Type I IFN suppresses the proliferation and functionality of
Mtb-specific T cells in vivo. Along with the negative effects of
type I IFN induced by LCMV Arm infection in TB pathogenesis
depicted above, we next investigated whether the effect of type I
IFN on CD4™T T cell proliferation and functionality occurred in an
Mtb Ag-specific manner in vivo. For this purpose, we purified
CD47 T cells from naive P25-Tg mice (Ly5.1T), engineered them
to express a TCR specific for the immunodominant Mtb antigen
Ag85B*, and adoptively transferred them to naive mice (Ly5.27).
At 1 day after adoptive transfer, the mice were infected with Mtb
and subsequently infected with LCMV Arm 14 days after Mtb
infection (Fig. 6a). The frequency and number of P25 cells in the
lungs were reduced in coinfected mice, and type I IFN signaling
blockade rescued the frequency of total P25 cells (Fig. 6b). In
addition, we further analyzed the kinetics of P25 cells in the lungs.
The frequency and number of P25 cells at 3 weeks post Mtb
infection were higher than those at 2 weeks post Mtb infection,
which suggested that a major influx and accumulation of P25 cells
occurred between 2 and 3 weeks after Mtb infection (Supple-
mentary Fig. 12a). This accumulation tendency would fit our
overall model of coinfection with LCMV starting at 3 weeks post
Mtb infection, showing no impact on pathology and indicating that
establishment of robust Thl responses could alleviate coinfection-
mediated pulmonary pathology and bacterial outgrowth (Supple-
mentary Fig. 3h-1). Similar to the total P25 cells in the lung, the
frequency of Ki-67+ cells among P25 cells was also reduced in
coinfected mice and increased upon type I IFN signaling blockade
(Fig. 6¢). The frequency of CD44 " cells among P25 cells, which is
the activation marker of T cells, was decreased in coinfected mice
and rescued by type I IFN signaling blockade (Fig. 6¢). Given our
earlier data regarding type I IFN-dependent regulation of CXCL9
and CXCL10 (Figs. 4e and 5c¢), we checked the expression of their
chemokine receptor CXCR3 and T-bet, a Thl-associated tran-
scription factor. There was no significant difference between three
groups, similar to the expression of Ki-67 and CD44 in P25 cells,
although CXCR3 expression slightly decreased in the coinfected
group, which tended to be rescued by type I IEN receptor blockade
(Supplementary Fig. 12b). We also examined the function of P25

cells ex vivo. For this purpose, we harvested the lung, and sus-
pended single cells from the infection site were stimulated with
Ag85B peptides. At 21 days post Mtb infection, P25 cells from the
Mtb-infected group produced IFN-y and TNF at abundant levels,
whereas the function of P25 cells in coinfected animals dramati-
cally decreased. This curtailed activity was regained upon type I
IEN signaling blockade (Fig. 6d). Additionally, the lung bacterial
loads were inversely correlated with the frequency and number of
P25 cells or IFN-yT P25 cells in the lung, which suggests that Mtb-
specific T cells and their functions in the lungs play a important
function of host protection from pulmonary pathology induced by
viral coinfection (Fig. 6e and Supplementary Fig. 12d). Taken
together, these data demonstrate that type I IFN suppresses the
proliferation and function of Mtb-specific T cells in vivo and that
the dampened Thl immune response contributes to pulmonary
pathology exacerbation.

Decreased migration of Mtb-specific T cells from dLNs to lung
tissue is related to diminished levels of CXCL9 and CXCL10
induced by type I IFN. To elucidate the timing-specific negative
function of type I IFN signaling in the remarkable down-
regulation of Mtb-specific Thl responses in the coinfection
model, we next examined an initial event in the dLN, which is the
first location of Mtb-specific T cell generation?. We found that
the frequency and number of P25 cells in the lungs significantly
decreased in coinfected mice compared to those in Mtb alone-
infected mice, whereas those in the dLNs were not different in
these two groups of mice (Fig. 7a, b). Interestingly, the reduced
frequency and number of P25 cells in the lung of coinfected mice
was rescued by type I IFN receptor blockade, suggesting that the
pulmonary migration of Mtb-specific CD4™ T cells was hindered
by type I IFN signaling in the coinfected group. Along with the
normal frequency of P25 cells in LN, in our scRNA-seq data, the
expression levels of Cxcl9 and Cxcl10 in the lung tended to be
downregulated in the coinfected group. CXCL9 and CXCL10 are
major chemokines that facilitate the migration of T cells to their
focal sites*”. Hence, we hypothesize that the migration of Mtb-
specific T cells from LNs to the pulmonary infection site is hin-
dered by type I IFN signaling downregulating local CXCL9 and
CXCL10 expression. Therefore, we analyzed the in vivo levels of
chemokines in the lungs. At 7 days post LCMV infection, the
protein levels of CXCL9 and CXCLI10 in the lungs of coinfected
mice were lower than those in the lungs of Mtb-infected mice.
These chemokine levels increased with type I IFN receptor
blockade (Fig. 7c, d). Cxcl9 and Cxcl10 mRNA levels decreased in
the coinfected group, and the Cxcl9 mRNA expression level sig-
nificantly increased upon type I IEN receptor blockade (Fig. 7c,
d). Additionally, the CXCL9 and CXCLI10 levels were positively
correlated with the frequencies of P25 cells and IFN-y* P25 cells
in the lung (Fig. 7e, f). Moreover, the levels of these chemokines
were significantly negatively correlated with bacterial loads
(Fig. 7g), supporting the hypothesis that the chemokines are
significantly involved in Mtb-specific CD4T T cell recruitment to
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Fig. 5 Rescued CXCL9 expression through type | IFN receptor blockade in pulmonary regions. Seven days post LCMV infection, we analyzed CXCL9
expression in the lung by multiplex immunofluorescence staining. a Representative images of CXCL9 (yellow) immunofluorescence and DAPI (blue)
staining in noninflammatory or inflammatory regions of lung tissues. Scale bars, 800 pm or 50 pm. b Representative images of CXCL9 and DAPI staining in
lung tissues. Scale bars, 30 pm. € The number of CXCL9™ cells in each randomly selected region was counted and is summarized in the bar graphs (n=4).
One-way ANOVA with post hoc Tukey's test. Plots show the mean + SEM. d Representative images of CXCL9 (yellow), CD11b (white), CD31 (magenta),
and PDPN (green) immunofluorescence and DAPI (blue) staining of lung tissues. Scale bars, 40 pm. The data are representative of single experiments.
Source data are provided as a Source Data file.
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pulmonary lesions and contribute to uncontrolled Mtb growth
in vivo. Furthermore, in our results, when IFN-y was pre-
dominantly produced during Mtb infection before viral coinfec-
tion, the host was protected against type I IFN-induced
immunopathology (Supplementary Fig. 3). Thus, we hypothe-
sized that there may be counterregulation between type I IFNs
and IFN-y on CXCL9/10 expression. To validate the regulation of
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% P25/ CD4* cells

% IFN-y* / P25 cells

CXCL9 and CXCL10 expression by type I and type II IFNs
in vitro, we treated RAW264.7 cells, a monocyte/macrophage
mouse cell line, with type I and type II IFNs. The CXCL9 level
was increased by IFN-y treatment in a dose-dependent manner.
When RAW264.7 cells were cotreated or pretreated with type I
IENs in the presence of IFN-y, the CXCL9 expression was sig-
nificantly decreased (Fig. 7h, i). However, when RAW264.7 cells
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Fig. 6 Suppressed Mtb-specific T cell proliferation and function by type I IFN signaling. a Naive CD4+ T cells were isolated from the spleens of P25 mice
(Ly5.1%) and adoptively transferred via i.v. injection to C57BL/6 naive mice (Ly5.2T). At 1 day after transfer, the mice were infected with Mtb. Some mice
from each group were subsequently infected 14 days later with LCMV Arm. At -1 and 1 day after LCMV Arm infection, anti-IFNAR-1 antibodies were
administered i.p. into coinfected mice. The mice were sacrificed at 21 days post Mtb infection. b-d, Ly5.17 donor P25 cells in the lung were analyzed by flow
cytometry. b The frequency and number of Ly5.1F P25 cells among CD4* T cells. Numbers in the plots indicate the percentage of Ly5.17 transferred cells
among CD4+ T cells (n=8, 9, 15, 16). ¢ The frequencies of Ki-67+ and CD447 cells among Ly5.17 transferred cells were analyzed by flow cytometry and
are summarized in the graph. Numbers in the plots indicate the percentage of Ki-67+ or CD44% cells among Ly5.1 -transferred cells (n=4). d, Isolated
lung lymphocytes were restimulated ex vivo with Ag85B peptides, stained, and assessed for Ly5.1% cells among CD4+ T cells (n = 4, 8,10, 12,15, 17). e The
correlation between the frequency of P25 cells or IFN-y* P25 cells in the lung and bacterial loads was analyzed (n =8, 15, 17). The data were analyzed by
b-d, one-way ANOVA with post hoc Tukey's test or e, two-way test with Pearson’s correlation. Plots show the mean = SEM. b, d, e, The data are pooled
from two or three independent experiments or ¢, are representative of a single experiment. Source data are provided as a Source Data file.

were pretreated with IFN-y and then type I IFNs were added,
CXCL9 expression was not affected by type I IFNs (Fig. 7j),
indicating that the CXCL9 regulation was dependent on the
sequence of type I and type II IFN signaling. In addition, the
BCG-vaccinated group, which showed ameliorated exacerbation
of pulmonary pathology induced by viral coinfection, already
exhibited enhanced expression of CXCL9 at the time of LCMV
Arm coinfection (14 days post Mtb infection) (Supplementary
Fig. 13a, b). These data together with the result showing a higher
Mtb-specific Thl immune response in the lungs of the BCG-
vaccinated mice (Supplementary Fig. 3a-g) suggest that acceler-
ated generation of pulmonary Mtb-specific Thl cells post Mtb
infection in BCG-vaccinated mice, compared to that in unvacci-
nated mice, could contribute to IFN-y-induced CXCL9 produc-
tion in the lung, which subsequently leads to rapid accumulation
of Mtb-specific Thl cells that are sufficient to control bacterial
outgrowth and pulmonary pathogenesis. Furthermore, when mice
were injected with multiple poly I: C, they exhibited the reduced
expression of CXCL9 in CD11bTF4/80" populations and this
curtailed expression of CXCL9 was rescued by type I IFN receptor
blockade (Supplementary Fig 13c and 13d), which suggest that
type I IFN induced by poly I: C injection inhibited the expression
of CXCL9 in vivo. In contrast, CXCL10 was expressed in response
to both type I IFNs and IFN-y without additional effects or sig-
naling sequences (Fig. 7h-j). In summary, these data suggest that
type IL IFN is required for the expression of CXCL9 and CXCL10
in lung infection sites, which play a critical function of Mtb-
specific Thl cell migration from LNs, and that type I IFNs
induced by viral coinfection may obstruct this process when type
I IFN signal transmission precedes IFN-y signaling.

Discussion

The risk of TB-associated mortality due to coinfection with other
infectious agents has been increasingly reported and has received
greater attention since the emergence of HIV and COVID-1948,
Nevertheless, our understanding of the underlying mechanisms in
coinfection with Mtb and viruses remains insufficient, particu-
larly regarding T cell responses.

A very recent study elucidated the immunological mechanism
underlying exacerbation of Mtb pathogenesis by chronic viral
coinfection. In the model, mice were first infected with virus, and
Mtb was then coinfected. The authors suggested that increased
TNF levels induced by virus and coinfection hindered DC-
mediated Mtb Ag delivery to LNs and increased Mtb replication
along with redirected CD4™ T cell differentiation from Thl to
Th17-type T cells, which led to worse pulmonary inflammation°.
Intriguingly, in our coinfection model, mice were infected in
opposite order, resulting in a type I IFN-CXCL9 axis during Mtb
and virus coinfection being a major host determinant of the
exacerbation of Mtb infection pathogenesis. Additionally, we
found that TNF blockade did not support improvements in TB
pathogenesis in our coinfection model. Thus, notably, the

immunopathology of TB with viral coinfection immunologically
differs according to the infection order. Nevertheless, both studies
identified that curtailed CD4% T cell responses in Mtb-infected
lungs are a main cause of the progression to severe TB regardless
of the viral coinfection order.

Type I IFNs were also recently identified as potential mediators
of the pathology induced by other types of infectious agents,
including mycobacteria®®. Although positive effects of type I IFNs
on immune cell activation have been reported in several earlier
in vitro Mtb infection studies®!”2, type I IFNs exacerbate pul-
monary pathology in vivo. In mouse Mtb infection studies,
IFNAR-1-deficient mice exhibited reduced bacterial loads and
enhanced host survival compared to those of WT mice’3>4,
Moreover, when Mtb-infected mice were treated with poly-ICLC
to stimulate type I IFN production at a high level via TLR3
activation, significant increases in lung bacterial loads together
with necrotic granulomas were observed, but this phenomenon
did not occur in mice lacking IFNAR-137. The authors explained
the severe TB progression in their model as the counter-
regulation between two inflammatory cytokines, IL-1 and type I
IFN, through the balance of PGE2 production. However, the
effect of type I IFNs on Mtb-specific T cells remains unclear. Mtb-
specific T cells were shown to be activated by antigen-presenting
cells in pulmonary dLNs and to migrate to pulmonary infection
sites at 2 weeks post Mtb infection®>. We demonstrated that type
I IFNs led to retention of Mtb-specific CD4* T cells in LNs and
delayed their migration into the pulmonary infection site. How-
ever, in our coinfection model, it remains unclear whether type I
IEN signaling is acting directly or indirectly on the T cell
response. It is well known that both innate and adaptive immune
cells are affected by type I IFN signaling during bacterial or viral
infection because both cell types ubiquitously express type I IFN
receptor in their surface®. According to our current study, it is
conceivable that type I IFN signaling might downregulate IFN-y-
mediated expression of CXCL9 and CXCL10 in innate immune
cells, thereby hindering the migration of Mtb-specific T cells into
the lung and finally leading to severe TB pathogenesis. In addition
to this possibility, T cells also could be directly altered by type I
IEN signaling. In a previous study, type I IFN signaling had a
direct influence on the clonal expansion of CD4" T cells during
LCMV infection®®. Furthermore, another report suggested that
effects of type I IFN to CD8* T cells may depend on the timing of
type I IEN exposure. For example, if CD8 T cells are exposed to
type I IFN signaling before antigen encounter, type I IFNs would
be harmful to T cell proliferation. However, if they are exposed
simultaneously to antigen and type I IFNs, type I IFN signaling
positively acted on T cell proliferation®’. Since the direct or
indirect effect of type I IFNs on Mtb-specific T cells during TB is
still unclear, thus, further studies should be conducted to deter-
mine whether the direct action of type I IFN on Mtb-specific T
cell responses will affect pathological exacerbation of TB. Fur-
thermore, by using IFNAR-1 blockade and complementary
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application of type I IFN receptor knockout mice, we clearly show
that much of the exacerbated pathology caused by coinfection is
due to type I IFN signaling. However, Mtb-specific T cell
responses or expression of CXCL9 and CXCL10 was not fully
restored by IFNAR-1 blockade, which suggests that some type I
IFN-independent mechanisms stimulated by LCMV infection
may also contribute to exacerbated pulmonary pathology in

14

coinfected mice. Since the risk of TB-associated mortality due to
coinfection with other infectious agents has been increasingly
reported, further research should be conducted with diverse
mouse coinfection models.

In contrast to type I IFNs, IFN-y has a central function for
protecting the host from bacterial infections. Regarding the balance
between type I IFNs and IFN-y, it has been reported that type I
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Fig. 7 Curtailed migration of Mtb-specific T cells by negative regulation of chemokines by type I IFN. a The frequency and b, number of Ly5.1" donor
P25 cells in the dLNs and lungs were analyzed by flow cytometry and are summarized in the graph.a (n=4, 5,10, 11,12,13) or b, (n= 8, 9, 14, 15). At day 7
post LCMV Arm infection, ¢ CXCL9 or d CXCL10 protein and RNA levels in lung homogenates were analyzed by ELISA and gRT-PCR, respectively (n=15,
11, 15). The correlations between chemokine levels and e, the frequency of P25 cells in the lung (n= 4, 11, 13), f, IFN-y T cells in the lung (n=4, 11, 13) and
g, bacterial loads were analyzed (n=15, 11, 14). h-j The CXCL9 or CXCL10 protein and RNA levels in the culture supernatant of RAW264.7 cells in the
indicated groups treated with type | IFNs and type Il IFN. The data were analyzed by a-d, h, one-way ANOVA with post hoc Tukey's test or e-g, two-way
test with Pearson’s correlation. Plots show the mean + SEM. a-g, The data are pooled from two independent experiments or h, representative of at least
two independent experiments (n =3, 5 wells/group) or i, j, representative of a single experiment. Source data are provided as a Source Data file.

IFNs exert a negative effect, downregulating the IFN-y respon-
siveness of innate immune cells, such as macrophages and
monocytes*®>°. Additionally, during Mtb infection, IFN-y-induced
nitric oxide synthase and 1L12/24 p24 production by pulmonary
myeloid cells was curtailed by type I IFNs in vivo®. However, the
effect of the timing of the production of IFN-y and type I IFNs on
host immunity in vivo has not been fully elucidated. Here, we
showed that viral coinfection-induced exacerbated pulmonary
pathology and uncontrolled Mtb growth due to the action of type I
IFNs were prevented when mice were immunized with BCG or
infected with LCMV at 3 weeks post Mtb infection, and both
groups had Mtb-specific IFN-y-producing T cells that already
existed to some extent in the lung. Therefore, the timely balance
between the amounts of type I IFNs and the preexistence of Mtb-
specific IFN-y-producing T cells in the lung might be critical
determinants of exacerbated immunopathology in vivo.

Because scRNA-seq can define the transcriptomic heterogeneity
of complex immune cell populations and thus identify immune cell
subsets in an unbiased manner, it is well suited for the study of
complex inflammatory diseases. Indeed, Cai et al. performed
scRNA-seq using human PBMCs from healthy controls and
individuals with latent or active tuberculosis®!. Additionally,
Esaulova et al. recently described the immune landscape of TB
latency and disease in the lungs of nonhuman primates, defining
the features of pulmonary active TB, such as the accumulation of
IFN producers and responders in the lung®2. Here, single-cell
analysis provided clues to discover the mechanism by which viral
infection disrupts immune responses and exacerbates Mtb-
mediated pathology. In-depth and unbiased profiling of pulmon-
ary immune cell populations led us to discover that Cxcl9/10
expression in pulmonary macrophages is enhanced upon coinfec-
tion but not after type I IFN receptor blockade, which was also
validated with multiplex immunofluorescence analysis and ELISA.
Consistent with our findings, Esaulova et al. also suggested that
both type I and II IEN signals accumulate in pulmonary active
disease, but they could not identify the events thereaftero2. In
comparison, we further tracked the next events after increased
CXCL9/10 expression. To end this, it was necessary to use scTCR-
seq because CXCL9/10 recruits effector T cells into inflamed tis-
sues, and actively proliferating clones are easily tracked by scTCR-
seq. As expected, expanded clones of CD47 T cells producing IFN-
y were substantially detected in the Mtb infection-only control
group and type I IFN blockade coinfection group but not in the
coinfection group. Therefore, the single-cell technology-based
experimental findings led to the hypothesis that the relationship
between type I and II IFNs may play an essential function for the
pulmonary migration of Mtb-specific CD4" T cells.

In general, earlier infiltration of Ag-specific T cells to the
infection site is important for the protection of the host against
pathogens. Although a delayed T cell response is a signature of
Mtb infection, rapid migration of Ag-specific T cells to the pul-
monary site is mostly important for protection against Mtb63:64
and is predominantly mediated by the chemokine and chemokine
receptor axis®. The chemokines CXCL9 and CXCL10, which
bind to the chemokine receptor CXCR3, egress T cells from

lymphoid organs to the inflammation site®®. Although CXCL9
and CXCL10 are well known to be important for the recruitment
of T cells to inflamed sites, the functions of these chemokines
during Mtb infection are still unclear and controversial. In a
mouse model of TB, lung-resident IL-17 cells were shown to be
critical for the induction of CXCL9 and CXCL10, which were
required for the accumulation of IFN-y* memory T cells
in vivo®”. In contrast, in humans, plasma CXCL9 levels were
reported to correlate with TB disease severity®®%. Here, we
highlighted the decreased CXCL9 and CXCL10 levels in coin-
fected mice, resulting in depletion of Ag-specific T cells in the
lung along with retention of those T cells in the dLNs of coin-
fected mice. Therefore, considering the previously described
functions of CXCL9 and CXCL10 along with our results, sys-
temically increased CXCL9 levels detected in human plasma
might be the result of severe pulmonary pathology, not the cause
of the local infected lesions. Regarding expression regulation,
CXCL10 production is generally induced strongly by IFN-y and
partly by type I IFN. In contrast, CXCL9 is predominantly
induced by IFN-y and not type I IFN70-72 In line with these
previous reports on the regulation of CXCL9 and CXCL10, in our
experiments with RAW264.7 cells, CXCL9 was induced by IFN-y
but not by type I IFNs in vitro. Surprisingly, we found that type I
IFNs directly inhibited CXCL9 expression induced by IFN-y.
Therefore, it is conceivable that the decrease in CXCL9 levels in
the lungs of coinfected mice was due to directly elevated type I
IEN levels induced by viral infection followed by perturbation of
Mtb-specific T cell migration from the LN to the pulmonary
infection site. Furthermore, although CXCL10 gene is well known
as a type I IFN-stimulated gene, it was somewhat surprising that
its expression was elevated in the lung after type I IEN signaling
blockade in our coinfection model. However, given that type I
IFN receptor blockade increased IFN-y levels of T cells in the
lung of coinfected mice, it is possible that the effect of the
increased IFN-y production of T cells for CXCL10 production is
greater than that of reduced type I IEN signaling, resulting in an
increase in CXCLI10 expression in the lung. In addition, the type I
IFN and IFN-y signaling pathways has been known to share the
phosphorylated-STAT1 transcription factor. Therefore, since the
type I IFN signaling was inhibited by type I IFN receptor
blockade, most of phosphorylated-STAT1 would be used to the
strengthen IFN-y signaling pathway for CXCL10 expression.
Although an early protective function of neutrophils has been
reported’>74, neutrophilia in TB-susceptible models is a common
trait aggravating TB pathogenesis’>’¢. However, the function of
neutrophils in TB immunopathology remains controversial: via T
cell suppression via MDSCs versus creating a permissive intra-
cellular niche for Mtb growth. Additionally, it has been reported
that neutrophils had an MDSC phenotype and suppressive
function against T cells in TB-susceptible 12952 mice*!. Recently,
neutrophils were shown to contribute to pulmonary disease
through type I IFN-induced neutrophil extracellular trap
formation38. In our mouse infection model, we detected higher
levels of neutrophil infiltration and higher Mtb numbers in lung
neutrophils from the coinfected group than in those from the
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Mtb-infected group. However, mice had similar bacillary loads
and pulmonary pathology despite attenuated TB pathogenesis
upon depletion of granulocyte populations, and similar to tumor-
associated granulocytes, neutrophils had no MDSC function
in vitro, indicating that the elevated neutrophil levels upon
coinfection might be a consequence of the Mtb-permissive cell
type, not the causative factor via MDSC suppression of Mtb-
specific T cell responses.

In summary, viral coinfection during Mtb infection led to TB
immunopathogenesis by downregulating the expression of the T
cell migratory chemokines CXCL9/10 in infected lung tissues.
Immunopathological characteristics were ameliorated by blocking
type I IFN signaling but not by neutrophil or other inflammatory
cytokine depletion, suggesting that type I IFNs are a key negative
factor delaying the Mtb-specific Thl cell response in the lung.
Type I IFNs produced in response to viral infection affected the
expression levels of factors related to T cell migration from the
LN to pulmonary infection sites, such as CXCL9 and CXCL10,
eventually delaying the Mtb-specific Th1 cell response in the lung
and thereby inducing exacerbation of pulmonary pathology with
uncontrolled bacterial growth. Thus, our current study has shown
another negative function of type I IFN signaling and/or virus
coinfection during Mtb infection, and reinforcing the early and
timely Mtb-specific T cell responses in the lung might be a useful
strategy to protect the host from viral coinfection or type I IFN-
driven inflammatory tissue damage in TB.

Methods

Mice. Specific pathogen-free female C57BL/6 (B6) mice (The Jackson Laboratory,
JAX:000664) at 5 to 6 weeks of age were purchased from Japan SLC, Inc., and
maintained under barrier conditions in a biosafety level 3 (BSL-3) biohazard animal
room at the Medical Research Center of Yonsei University College of Medicine and
B6 mice at 6 to 8 weeks of age were used for experiments. P25 (C57BL/6-Tg(H-2Kb-
Tcra, Terb)P25Ktk/j)(The Jackson Laboratory, JAX:011005) mice were purchased
from Jackson Laboratory (Bar Harbor, ME)*°. Ifnarl ~/~ mice (B6.129S2-Ifnarlt-
mlAgt/Mmjax) (The Jackson Laboratory, JAX:32045) were kindly gifted from Dr.
Heung Kyu Lee (KAIST, Daejun, Republic of Korea). CD45.1 mice (B6.SJL-Ptprca
Pep3b/Boy]) (The Jackson Laboratory, JAX:002014) were obtained from laboratory
of Young-Chul Sung (POSTECH, Republic of Korea). For experiments, each female
mice at 6 to 8 weeks of age were used and background strain of all mice used is
C57BL/6 (B6) mice (The Jackson Laboratory, JAX:000664). Animal maintenance and
procedures were performed with approval of the IACUC of Yonsei University
College of Medicine (permit number: 2016-0305). All animal studies were performed
in accordance with Korean Food and Drug Administration (KFDA) guidelines. The
mice were housed at temperature (23 + 3°C), humidity range 40-60, and 12 h light-
dark cycle (7 am on and 7 pm off).

Preparations of Mtb strains. Mtb H37Rv (ATCC 27294) and H37Ra (ATCC
25177) were purchased from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). The Mtb K strain (from the Beijing lineage, which is pre-
dominant in Korea””) was obtained from the strain collection of the Korean
Institute of Tuberculosis (Osong, Chungchungbuk-do, Republic of Korea). The
Mtb HN878, Erdman and M2 strains were obtained from the strain collection of
the International Tuberculosis Research Center (Changwon, Gyeongsangnam-do,
Republic of Korea). The BCG vaccine (Pasteur 1173P2) was kindly provided by Dr.
Brosch from the Pasteur Institute (Paris, France). All Mtb strains used in this study
were cultured and prepared as previously described”s.

Infection, counts, and titration. For bacterial infections, mice were exposed to
Mtb strains in the calibrated inhalation chamber of an airborne infection apparatus
for 60 min, delivering a predetermined dose (Glas-Col, Terre Haute, IN, USA) of
approximately 130 to 230 viable bacteria. To enumerate the bacteria, serial dilu-
tions of organ homogenates were plated onto Middlebrook 7H11 agar plates
(Becton Dickinson, San Diego, CA, USA) supplemented with amphotericin B,
2 mg/mL 2-thiophenecarboxylic acid hydrazide (Millipore Sigma), and 10% oleic
albumin dextrose catalase (Difco Laboratories, Detroit, MI, USA). After incubation
at 37 °C for 3 to 4 weeks, bacterial colonies were counted, and the results are
presented as the mean log;(CFU per organ.

For viral infections, mice were infected intraperitoneally (i.p.) with 1 x 10° or
2 x 10° PFU of LCMV Arm 53b, a triple-plaque-purified isolate of LCMV ARM
CA1371, or intravenously (i.v.) with 2 x 10° PFU of LCMV CL13, a variant derived
from an LCMV ARM CA1371 carrier mouse. The viruses were obtained from Rafi
Ahmed (Emory Vaccine Center, Atlanta).

For virus titration, three to five drops of blood were collected from the retro-
orbital sinus at the indicated time points, and the serum was immediately stored at
—70 °C. Viral titers of serum samples were determined by plaque assay on Vero cells.
Briefly, 3.5 x 10° Vero cells were plated in 35-mm wells in 6-well dishes (Costar), and
the plates were incubated at 37 °C. When the monolayers were confluent, the
medium was removed, and serum samples (total volume of 200 uL) were added to
the cells. After absorption for 1h at 37 °C, the cells were overlaid with 4 mL of 1%
agarose (SeaKem GTG agarose; Lonza) in Medium 199 (Gibco Laboratories)
supplemented with 10% FBS, penicillin/streptomycin (100 U/ml), and L-glutamine
(2 mM)(Gibco Laboratories). The plates were incubated for 4 days at 37 °C and then
overlaid with 3 mL of 1% agarose in Medium 199 containing 1% neutral red
(Thermo Fisher Scientific). Plaques were counted the following day. The detection
limit (one plaque in the well) was 50 PFU/mL, as indicated by a dashed line.
Undetectable samples were given a value of 20 PFU for display on the plot.

BCG immunization. For BCG immunization, mice were immunized with BCG
Pasteur 1173P2 via subcutaneous injection (2.0 x 10% CFUs/mouse), and 3 months
following BCG immunization, mice were challenged with the aerosolized Mtb K
strain. At 4 weeks after the Mtb challenge, mice from each group were euthanized
to analyze the bacterial load, histopathology and immune responses. For the
coinfection group, mice were ip. injected with LCMV Arm at 2 weeks post Mtb
infection.

Histopathology. For histopathological analysis, the right superior lobes of the
lungs were preserved in 10% neutral buffered formalin overnight and embedded in
paraffin. Then, the lungs were sectioned at 4-5 pm and stained with hematoxylin
and eosin (H&E) and Ziehl-Neelsen stain. The severity of inflammation in the
lungs was evaluated using Image] (National Institutes of Health, USA, v1.53).
Briefly, for quantitative histopathological analysis of H&E staining, all slides were
scanned using an Olympus BX43 microscope with a 4x objective (Olympus Optical
Co., Tokyo, Japan), and a pathologist assessed and quantified histopathology in a
blinded manner. Each slide image per mouse was evaluated with the ToupTek
Toup viewer program (v4.11, Toup View Co., Zhejiang, China) to quantify the total
size of the inflamed lesions in each mouse. The measured area was presented as
mm?.

Cell isolation. To create a single-cell suspension, each lung was chopped into small
pieces and incubated in RPMI supplemented with 1.3 mM EDTA at 37°C in a
shaking incubator for 30 min. After incubation, the small fragments were incubated
again in complete medium solution containing 0.1% collagenase type II (Wor-
thington Biochemical, Lakewood, NJ, USA) for 1 h. The single-cell suspensions
were then filtered through a 40-um cell nylon mesh strainer, treated with red blood
cell (RBC) lysis buffer (Gibco) for 3 min, and washed twice with RPMI containing
2% FBS. Lymphocytes from LNs were mashed through a 70-um cell strainer (BD
Falcon), and RBC lysis was performed using ACK lysis buffer (Gibco Laboratories).

Antibodies and flow cytometry analysis. For phenotypic analysis of lympho-
cytes, single-cell suspensions were plated at 10° cells/well in 96-well plates (round
bottom) in PBS consisting of 2% FBS and stained with fluorochrome-conjugated
antibodies for 20 min at 4 °C. Single cell suspensions were strained at a 1:100
dilution; fluorochrome-conjugated antibodies against CD90.2 (Thy1.2; 53-2.1),
CD11b (M1/70), CD11c (HL3), Ly6C (AL-21), Ly6G (1A8), NK1.1 (PK136),
NKG2D (CX5), and Ki-67 (B56) were obtained from BD Bioscience; antibodies
against CD8 (53-6.7), CD19 (eBiolD3), CD44 (IM7), MHCII (M5/114.14.2),
Foxp3 (FJK-165), and CXCR3 (CXCR3-173) were obtained from Thermo Fisher;
and antibodies against CD4 (RM4-5), CD45.1 (Ly5.1; A20), CD45.2 (Ly5.2; 104),
CD25 (PC61), CXCL9 (MIG-2F5.5), and T-bet (4B10) were obtained from Bio-
Legend. DPMtb32,;.,0, monomers conjugated to streptavidin allophycocyanin (Life
Technologies, Carlsbad, CA, USA) were used to detect Mtb32-specific CD8+

T cells. For intracellular staining, antibodies against TNF (MP6-XT22) and IFN-y
(XMG1.2) were used in combination with anti-CD4 and anti-CD8 antibodies. The
dead cell populations were removed using the Live/Dead Fixable Stain Kit (Thermo
Fisher).

To detect intracellular cytokines in T cells from the lung, 10 cells were
incubated with each peptide. For Mtb32-specific CD8" T cell stimulation, 10 cells
were incubated with a mixture of Mtb32 peptides (1 ug/mL of each peptide) for 6 h
in the presence of GolgiPlug/GolgiStop (BD Bioscience). A total of 33 peptides
spanning the mature forms of Mtb32 were synthesized as 17-to-20-mer peptides.
For Mtb-specific CD4*1 T cell stimulation, the cells were incubated with PPD
(Sigma), Ag85B,49.254 peptide (FQDAYNAAGGHNAVEF) (1 ug/mL), and a
mixture of ESAT6 peptides (1 pg/mL of each peptide). A total of 14 peptides
spanning the mature forms of Mtb ESAT6 were synthesized as 17- and 18-mer
peptides. For LCMV-specific T cell stimulation, cells were restimulated with
GP3;.4 and GP,y6.286 peptides (0.2 pg/mL of each peptide) for CD8T T cell
responses or GPgg g0 peptides (1 pg/mL) for CD4" T cell responses in the presence
of GolgiPlug/GolgiStop (BD Bioscience). All peptides were synthesized by
GenScript. To detect CXCL9 in myeloid cells from the lung, 10° cells were
incubated with GolgiPlug/GolgiStop (BD Bioscience) for 6 h. Intracellular
staining was performed after surface staining using the BD Cytofix/Cytoperm
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fixation/permeabilization kit (BD Biosciences) or the Foxp3/transcription factor
staining buffer set (Invitrogen) according to the manufacturer’s instructions.

Analysis of in vivo cytokine secretions. Supernatants of homogenized lung
lysates were obtained from each group at the indicated time points. TNF and IL-6
concentrations were measured using a BD cytometric bead array (CBA) mouse
inflammation kit (BD Bioscience), and the IFN-a concentrations was measured
using a Mouse IFN Alpha ELISA Kit (PBL Assay Science). IFN-y, IL-10, IL-1a, and
IL-1B were measured by a mouse IFN-y ELISA kit (Thermo Fisher), mouse IL-10
ELISA kit (Thermo Fisher), mouse IL-1a ELISA kit (Ab Frontier), and mouse IL-
1B ELISA kit (Ab Frontier). CCL2, CXCL1, and CXCL5 concentrations were
measured using a LEGENDplex Multi-Analyte Flow Assay Kit (BioLegend)
according to the manufacturer’s instructions. The CXCL9 concentration was
measured using a Mouse CXCL9 ELISA Kit (R&D Systems), and the CXCL10
concentration was analyzed using a Mouse IP-10 ELISA Kit (Thermo Fisher).

Single-cell RNA sequencing and single-cell TCR sequencing. For single-cell
RNA sequencing (scRNA-seq) and single-cell TCR sequencing (scTCR-seq),
CD45.2% cells from pooled lung tissues of each group of mice (n = 3) were enri-
ched by magnetic sorting. Single-cell sequencing libraries were prepared by using
the Chromium 10X Genomics platform with a Chromium Next GEM Single Cell 5’
Library & Gel Bead Kit (10X Genomics) and Chromium Single Cell V(D)]
Enrichment Kit for mouse T cells (10X Genomics) according to the manufacturer’s
instructions. Single-cell suspensions of live sorted pulmonary CD45.2F cells were
diluted in nuclease-free water and then combined with Single-Cell 5 Gel Beads, a
master mix, and partitioning oil on Chromium Chip A from the aforementioned
kit. RNA transcripts were uniquely barcoded and reverse-transcribed within
nanoliter-scale droplets containing uniquely barcoded beads. 10X-barcoded full-
length cDNA was then pooled and enriched via PCR. For the TCR-enriched
library, the enriched cDNA pool was amplified using primers specific to the T cell
receptor (TCR). For 5’Gene Expression (GEX) library, the cDNA pool underwent
an end repair process, A-tailing, adaptor ligation, and sample indexing PCR. Both
the scRNA-seq and scTCR-seq libraries were sequenced using the HiSeqX platform
(Ilumina). We used the Seurat R package (R Foundation for Statistical Computing,
v3.6.1) to process the data’®80. Two different batches were integrated into one
dataset using the scMC package (v1.0.0)8!. We used 40 dimensions from the scMC
result for downstream dimension reduction. Cells were clustered using the Louvain
algorithm described in Seurat (v4.0.0)82. Each cluster was named by its expression
of marker genes. The expression of genes in UMAP spaces was visualized using the
FeaturePlot function in Seurat. To further analyze the T cells from the experiment,
T cell clusters were selected for downstream analysis. We reanalyzed those clusters
using the same number of dimensionalities for downstream dimension reductions.
For TCR sequencing data, clonotypes assigned to multiple cells were designated
expanded clonotypes, and clonotypes assigned to a single cell were designated
unique clonotypes. Cells expressing Ifng genes over 2.7 were defined as Ifng™ cells.
A heatmap was drawn using the mean expression of each gene from each sample.
The module scores for signature genes from each T cell were calculated from the
AddModuleScore function in the Seurat package.

Cell purification and adoptive cell transfer. For CD47 T cell enrichment, CD4+
T cells were isolated from the spleen of wild-type P25 mice by a MagniSort Mouse
CD4 T+ T Cell Enrichment Kit (Thermo Fisher). For adoptive transfer of P25
CD4" T cells (Ly5.1/Ly5.2), the cells were isolated from the spleen of naive P25
mice after CD4* T cell enrichment. After isolation, 2x10° purified Ly5.17CD4+
T cells were transferred into wild-type C57BL/6 mice via the tail vein. Mice were
infected with Mtb K 1 day after adoptive transfer.

In vivo treatment with antibodies and poly I:C. To block or deplete the indicated
targets in vivo, 250 ug of anti-IFNAR1 (MAR1-5A3; Bio X Cell), anti-CD8a (53-
6.7; Bio X cell), anti-Gr-1 (RB6-8C5; Bio X cell), anti-IL-10R (1B1.3 A; Bio X cell),
and anti-NKG2D antibodies (HMG2D; Bio X cell) or mouse IgG1 isotype control
(MOPC-21; Bio X cell), rat IgG2a isotype control (2A3; Bio X cell), rat IgG2b
isotype control (LTF-2 I; Bio X cell), rat IgG1 isotype control (HRPN; Bio X cell),
and polyclonal Armenian hamster IgG isotype control (Bio X cell) were admi-
nistered to Mtb K-infected mice on days 13, 15, and 17 by i.p. injection. At 19, 21,
23, and 25 days after LCMV Arm infection, 250 ug of anti-IFNAR1 (MAR1-5A3;
Bio X Cell), anti-CD8a (53-6.7; Bio X cell), anti-CD4 (GK1.5; Bio X cell), anti-IL-
1R (JAMA-147; Bio X cell), anti-IL-6R (15A7; Bio X cell), anti-TNF (XT3.11; Bio X
cell), and anti-Ly6G antibodies (1A8; Bio X cell) or mouse IgG1 isotype control
(MOPC-21; Bio X cell), rat IgG2a isotype control (2A3; Bio X cell), rat IgG2b
isotype control (LTF-2; Bio X cell), polyclonal Armenian hamster IgG isotype
control (Bio X cell), and rat IgG1 isotype control (HRPN; Bio X cell) were
administered in vivo. To induce type I IFN production in vivo, poly I:C

(200 pg/mouse) (InvivoGen) was intratracheally administered to Mtb K-infected
mice at 14, 15 and 16 days.

RNA isolation and qRT-PCR. The postcaval lobe of the lung from each group was
used for RNA extraction and frozen in RNAlater (Thermo Fisher) at —80 °C until
further use. For RNA isolation, each lobe was chopped into small pieces, or

RAW264.7 cells were harvested and resuspended in 1 mL of TRIzol (Invitrogen).
After 10 min of incubation at 4 °C, 200 uL of chloroform (Sigma) was added. The
solution was then centrifuged for 20 min at 4 °C, and an equal volume of iso-
propanol was added to the supernatant to precipitate the RNA. The inverted
mixture was centrifuged for 20 min at 4 °C, and the pellet was washed once with
70% ethanol. Finally, the air-dried pellet was dissolved in 80 uL of DEPC-treated
water (Invitrogen) and stored at —80 °C until further use.

Total RNA (1 ug) was used to synthesize cDNA via reverse transcription using a
Transcriptor First-Strand cDNA Synthesis Kit (Roche) according to the
manufacturer’s instructions. The expression of individual genes was measured by
qPCR on a CFX96 real-time PCR detection system (Bio-Rad) with the following
gene-specific forward (F) and reverse (R) primers: Cxcl9 F: ATG AAG TCC GCT
GTT CTT TTC C and R: GTC TCT TAT GTA GTC TTC CTT G; Cxcl10 F: AGT
AAC CCA AGT GCT GCC GTC and R: CTC CAG TTA AGG AGC CCT TTT
AG; GAPDH F: AGG TCG GTG TGA ACG GAT TT and R: TGT AGA CCA TGT
AGT TGA GG33. qPCR reaction conditions were conducted as follows: after initial
denaturation of the template for 5 min at 95 °C, 50 thermal cycles of 15s at 95 °C,
20s at 60 °C, and 30's at 72 °C were performed in a final volume of 20 uL using
SYBR Green I dye for PCR product detection (Qiagen) according to the
manufacturer’s instructions. Relative mRNA expression was normalized to Gapdh
expression and calculated according to the AACT method.

Magnetic cell sorting and suppression assays. Lung cell suspensions were
enriched for Ly6G* populations using two-step magnetic cell sorting. Briefly, lung
cells were incubated with CD90.2, CD19, and DX5 microbeads (Miltenyi Biotec)
and separated by sequential passaging through an LD MACS column (Miltenyi
Biotec). The negative fraction was composed of CD90.27, CD197, and DX5~ cells.
Next, negative fractions were incubated with Ly6G microbeads and separated by
sequential passaging through an LS MACS column (Miltenyi Biotec). The positive
fraction was mostly composed of Ly6G+ cells.

CD47" and CD8* T cells were isolated from the spleens of wild-type C57BL/6
mice. T cells were labeled with 2.5 uM Cell Trace Violet (Life Technologies) for
30 min at 37 °C, washed with RPMI containing 10% FBS, cultured in 96-well plates
(flat bottom) in the presence of 2 pg/mL anti-CD28 antibodies (BD Bioscience),
and precoated with 5 pg/mL anti-CD3 antibodies (BD Bioscience). In total, 2 x 10°
labeled T cells were cocultured with 8 x 10> Ly6G™ cells in RPMI containing 10%
FBS. After 72 h, cells were harvested, stained, and analyzed by flow cytometry.

For CD45.27 cell enrichment, pulmonary cell suspensions were enriched by
two-step magnetic cell sorting. Briefly, lung cells were incubated with a CD45.2-
FITC antibody (Miltenyi Biotec) and washed out. Then, the cells were incubated
with anti-FITC microbeads (Miltenyi Biotec) and separated by sequential passaging
through an LS MACS column (Miltenyi Biotec). The positive fraction was mostly
composed of CD45.2F cells.

Enumeration of CFUs in the Ly6G™ population. Ly6G* cells were isolated from
the lungs of mice from each group at 3 weeks post Mtb infection using a Myeloid-
Derived Suppressor Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). Isolated Ly6G+ cells from infected and coinfected mice were lysed with
0.05% Triton X-100 (Biosesang, Gyeonggi-go, Republic of Korea), and the lysates
were plated onto 7H11 agar to enumerate the bacteria.

RAW264.7 cell experiment. RAW264.7 cells, a mouse macrophage-like cell line
purchased from the ATCC, were maintained in Dulbecco’s modified Eagle’s
medium (HyClone) supplemented with 10% FBS and 1% penicillin/streptomycin.

For type and type II IFN treatment, 1x10° RAW264.7 cells were plated in 24-
well dishes (Costar), and the plates were incubated at 37 °C. After 24 h, 10 or
102 ng/mL mouse IFN-a (PBL Assay Science), mouse IFN-B (PBS Assay Science),
and IFN-y (Peprotech) were added to the appropriate wells. After 24 h, the culture
supernatants and RAW264.7 cells were harvested for ELISA and qRT-PCR
analysis, respectively.

Multiplex immunofluorescence staining. For multiplex immunofluorescence
staining, lungs were harvested. Tissue sections (4.5 um) were cut from formalin-
fixed paraffin-embedded (FFPE) blocks and dried for at least 1h in a 60 °C dry
incubator. The sections were dewaxed using xylene, followed by multiplex
immunofluorescence staining with a Leica Bond Rx Automated Stainer (Leica
Biosystems, Newcastle, UK).

Briefly, the slides were baked for 30 min and dewaxed with Leica Bond Dewax
solution (Leica Biosystems, AR9222), followed by Ag retrieval with Bond Epitope
Retrieval 2 (Leica Biosystems, AR9640) in a pH 9.0 solution for 30 min. Then, the
slides were stained for CD31 (dilution 1:500, polyclonal, Abcam, ab124432, Opal
520), CXCL9 (dilution 1:100, polyclonal, Abcam, ab202961, Opal 570), CD11b
(dilution 1:4000, EPR1344, Abcam, ab133357, Opal 690), and PDPN (dilution
1:2000, polyclonal, Abcam, ab109059, Opal 620). Nuclei were subsequently
visualized with DAPI staining (Akoya Biosciences, FP1490), and the sections were
coverslipped using HIGHEDF THC fluoromount (Enzo Life Science, ADI-950-260-
0025). The slides were scanned using the Vectra Polaris Automated Quantitative
Pathology Imaging System (Akoya Bioscience), and images were analyzed using
inform 2.4 software and TIBCO Spotfire (Akoya Bioscience). To count CXCL9*
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cells, we randomly selected noninflammatory and inflammatory regions and then
counted DAPI and CXCL9-copositive cells.

Quantification and statistics. All stained samples were assessed on a FACS Canto
IT instrument (BD Bioscience) or CytoFLEX LX (Beckman Coulter) and analyzed
using FlowJo software (Tree star, v10.5.3).

Statistical analysis was performed using Prism software version 7.0 (GraphPad,
v3.6.1). Two-tailed unpaired Student’s t tests were performed to determine
differences between two groups. Comparisons between multiple groups were
performed using one-way ANOVA with a post hoc Tukey test or two-way ANOVA
with a post hoc Tukey test. Kaplan-Meier survival curves were analyzed using the
Mantel-Cox log-rank test with a 95% CI. The statistical details, including the
statistical test, exact value of n, precision measure and statistical significance
threshold, are reported in the figures and figure legends.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The scRNA-seq and scTCR seq data generated in this study have been deposited in the
Gene Expression Omnibus database under primary accession code GSE167650. All other
data are available in the article and its Supplementary files or from the corresponding
author upon reasonable request. Source data are provided with this paper.

Code availability

No custom code or algorithms were used in this study.

Received: 7 June 2021; Accepted: 6 May 2022;
Published online: 07 June 2022

References

1. O’Garra, A. et al. The immune response in tuberculosis. Ann. Rev. Immunol.
31, 475-527 (2013).

2. 'WHO. Global Tuberculosis Report. WHO: Geneva, 2020. https://www.who.
int/publications/i/item/9789240013131

3. Getahun, H., Gunneberg, C., Granich, R. & Nunn, P. HIV infection—
associated tuberculosis: the epidemiology and the response. Clin. Infect. Dis.
50, $201-5207 (2010).

4. Straetemans, M., Glaziou, P., Bierrenbach, A. L., Sismanidis, C. &
van der Werf, M. J. Assessing tuberculosis case fatality ratio: a meta-analysis.
PLoS One 6, €20755 (2011).

5. Waitt, C. & Squire, S. A systematic review of risk factors for death in adults during
and after tuberculosis treatment. Int. J. Tuberc. Lung Dis. 15, 871-885 (2011).

6. Babu, S. & Nutman, T. B. Helminth-tuberculosis co-infection: an
immunologic perspective. Trends Immunol. 37, 597-607 (2016).

7. Mendy, J. et al. Changes in Mycobacterium tuberculosis-specific immunity with
influenza co-infection at time of TB diagnosis. Front. Immunol. 9, 3093 (2019).

8. Diaz, A. & Allen, J. E. Mapping immune response profiles: the emerging
scenario from helminth immunology. Eur. J. Immunol. 37, 3319-3326 (2007).

9. Monin, L. et al. Helminth-induced arginase-1 exacerbates lung inflammation
and disease severity in tuberculosis. J. Clin. Invest 125, 4699-4713 (2015).

10. Jia, L. et al. Mechanisms of severe mortality-associated bacterial co-infections
following influenza virus infection. Front. Cell. Infect. Microbiol. 7, 338 (2017).

11. Tan, C.-K. et al. Coinfection with Mycobacterium tuberculosis and pandemic
HIN1 influenza A virus in a patient with lung cancer. J. Microbiol. Immunol.
Infect. 44, 316-318 (2011).

12. Jamieson, A. M. et al. Role of tissue protection in lethal respiratory viral-
bacterial coinfection. Science 340, 1230-1234 (2013).

13. Shahangian, A. et al. Type I IFNs mediate development of postinfluenza
bacterial pneumonia in mice. J. Clin. Invest. 119, 1910-1920 (2009).

14. Small, C.-L. et al. Influenza infection leads to increased susceptibility to
subsequent bacterial superinfection by impairing NK cell responses in the
lung. J. Immunol. 184, 2048-2056 (2010).

15. Chen, K,, Liu, J. & Cao, X. Regulation of type I interferon signaling in
immunity and inflammation: a comprehensive review. J. Autoimmun. 83,
1-11 (2017).

16. Diamond, M. S. & Schoggins, J. W. Host restriction factor screening: let the
virus do the work. Cell Host Microbe 14, 229-231 (2013).

17. Boxx, G. M. & Cheng, G. The roles of Type I interferon in bacterial infection.
Cell Host Microbe 19, 760-769 (2016).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

Scriba, T. J. et al. Sequential inflammatory processes define human
progression from M. tuberculosis infection to tuberculosis disease. PLoS
Pathog. 13, 1006687 (2017).

Zak, D. E. et al. A blood RNA signature for tuberculosis disease risk: a
prospective cohort study. Lancet 387, 2312-2322 (2016).

Berry, M. P. R. et al. An interferon-inducible neutrophil-driven blood
transcriptional signature in human tuberculosis. Nature 466, 973 (2010).
Bloom, C. I et al. Detectable changes in the blood transcriptome are present
after two weeks of antituberculosis therapy. PLoS One 7, e46191 (2012).
Esmail, H. et al. Complement pathway gene activation and rising circulating
immune complexes characterize early disease in HIV-associated tuberculosis.
Proc. Natl Acad. Sci. USA 115, E964-E973 (2018).

Singhania, A. et al. A modular transcriptional signature identifies phenotypic
heterogeneity of human tuberculosis infection. Nat. Commun. 9, 2308 (2018).
Redford, P. S. et al. Influenza A virus impairs control of Mycobacterium
tuberculosis coinfection through a type I interferon receptor-dependent
pathway. J. Infect. Dis. 209, 270-274 (2014).

Zhang, L., Jiang, X., Pfau, D., Ling, Y. & Nathan, C. F. Type I interferon
signaling mediates Mycobacterium tuberculosis-induced macrophage death. J.
Exp. Med 218, €20200887 (2020).

Manca, C. et al. Virulence of a Mycobacterium tuberculosis clinical isolate in
mice is determined by failure to induce Thl type immunity and is associated
with induction of IFN-a/p. Proc. Natl Acad. Sci. USA 98, 5752-5757 (2001).
Manca, C. et al. Hypervirulent M. tuberculosis W/Beijing strains upregulate
type I IFNs and increase expression of negative regulators of the Jak-Stat
pathway. J. Interferon Cytokine Res 25, 694-701 (2005).

Ordway, D. et al. The hypervirulent Mycobacterium tuberculosis strain
HN878 induces a potent TH1 response followed by rapid down-regulation. J.
Immunol. 179, 522-531 (2007).

Wiens, K. E. & Ernst, J. D. The mechanism for type I interferon induction by
Mycobacterium tuberculosis is bacterial strain-dependent. PLoS Pathog. 12,
1005809 (2016).

Hilda, J. N,, Das, S., Tripathy, S. P. & Hanna, L. E. Role of neutrophils in
tuberculosis: a bird’s eye view. Innate Immun. 26, 240-247 (2020).

Dorhoi, A. et al. MicroRNA-223 controls susceptibility to tuberculosis by
regulating lung neutrophil recruitment. J. Clin. Investig. 123, 4836-4848 (2013).
Nouailles, G. et al. CXCL5-secreting pulmonary epithelial cells drive
destructive neutrophilic inflammation in tuberculosis. J. Clin. Invest. 124,
1268-1282 (2014).

Antonelli, L. R. et al. Intranasal Poly-IC treatment exacerbates tuberculosis in
mice through the pulmonary recruitment of a pathogen-permissive monocyte/
macrophage population. J. Clin. Investig. 120, 1674-1682 (2010).

Ji, D. X. et al. Type I interferon-driven susceptibility to Mycobacterium
tuberculosis is mediated by IL-1Ra. Nat. Microbiol. 4, 2128-2135 (2019).
Pithie, A. et al. Generation of cytolytic T cells in individuals infected by
Mycobacterium tuberculosis and vaccinated with BCG. Thorax 47, 695-701 (1992).
Dorhoi, A. et al. Type I IFN signaling triggers immunopathology in
tuberculosis-susceptible mice by modulating lung phagocyte dynamics. Eur. J.
Immunol. 44, 2380-2393 (2014).

Mayer-Barber, K. D. et al. Host-directed therapy of tuberculosis based on
interleukin-1 and type I interferon crosstalk. Nature 511, 99-103 (2014).
Moreira-Teixeira, L. et al. Type I IFN exacerbates disease in tuberculosis-
susceptible mice by inducing neutrophil-mediated lung inflammation and
NETosis. Nat. Commun. 11, 5566 (2020).

Crosby, E. J., Goldschmidt, M. H., Wherry, E. J. & Scott, P. Engagement of
NKG2D on bystander memory CD8 T cells promotes increased
immunopathology following Leishmania major infection. PLoS Pathog. 10,
1003970 (2014).

Ostrand-Rosenberg, S. Myeloid-derived suppressor cells: facilitators of cancer
and obesity-induced cancer. Ann. Rev. Cancer Biol. 5, 17-38 (2020).

Knaul, J. K. et al. Lung-residing myeloid-derived suppressors display dual
functionality in murine pulmonary tuberculosis. Am. J. Respir. Crit. Care Med.
190, 1053-1066 (2014).

Kumar, N. P. et al. Role of myeloid derived suppressor cells in tuberculosis
infection and disease. BMC Infect. Dis. 14, O18 (2014).

Ikeda, A. et al. Progression of autoimmune hepatitis is mediated by IL-18-
producing dendritic cells and hepatic CXCL9 expression in mice. Hepatology
60, 224-236 (2014).

Vandercappellen, J., Van Damme, J. & Struyf, S. The role of CXC chemokines
and their receptors in cancer. Cancer Lett. 267, 226-244 (2008).

Tamura, T. et al. The role of antigenic peptide in CD4+ T helper phenotype
development in a T cell receptor transgenic model. Int. Immunol. 16,
1691-1699 (2004).

Reiley, W. W. et 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 105, 10961-10966 (2008).

Franciszkiewicz, K., Boissonnas, A., Boutet, M., Combadiére, C. &
Mami-Chouaib, F. Role of chemokines and chemokine receptors in

18 | (2022)13:3155 | https://doi.org/10.1038/s41467-022-30914-3 | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE167650
https://www.who.int/publications/i/item/9789240013131
https://www.who.int/publications/i/item/9789240013131
www.nature.com/naturecommunications

ARTICLE

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

shaping the effector phase of the antitumor immune response. Cancer Res 72,
6325-6332 (2012).

Tadolini, M. et al. On tuberculosis and COVID-19 co-infection. Eur. Respir. J.
56, 2002328 (2020).

Xu, W. et al. Early innate and adaptive immune perturbations determine long-
term severity of chronic virus and Mycobacterium tuberculosis coinfection.
Immunity 3, 526-541.e527. (2021).

McNab, F., Mayer-Barber, K., Sher, A., Wack, A. & O’Garra, A. Type I
interferons in infectious disease. Nat. Rev. Immunol. 15, 87-103 (2015).
Desvignes, L., Wolf, A. J. & Ernst, J. D. Dynamic roles of type I and type II
IFNs in early infection with Mycobacterium tuberculosis. J. Immunol. 188,
6205-6215 (2012).

Giacomini, E. et al. IFN-f improves BCG immunogenicity by acting on DC
maturation. J. Leukoc. Biol. 85, 462-468 (2009).

Mayer-Barber, K. D. et al. Innate and adaptive interferons suppress IL-1a and
IL-1pB production by distinct pulmonary myeloid subsets during
Mycobacterium tuberculosis infection. Immunity 35, 1023-1034 (2011).
Stanley, S. A., Johndrow, J. E., Manzanillo, P. & Cox, J. S. The type I IFN
response to infection with Mycobacterium tuberculosis requires ESX-1-
mediated secretion and contributes to pathogenesis. J. Immunol. 178,
3143-3152 (2007).

Urdahl, K., Shafiani, S. & Ernst, J. Initiation and regulation of T-cell responses
in tuberculosis. Mucosal Immunol. 4, 288-293 (2011).

Havenar-Daughton, C., Kolumam, G. A. & Murali-Krishna, K. Cutting Edge:
The direct action of type I IFN on CD4 T cells is critical for sustaining clonal
expansion in response to a viral but not a bacterial infection. J. Immunol. 176,
3315-3319 (2006).

Marshall, H. D., Urban, S. L. & Welsh, R. M. Virus-induced transient immune
suppression and the inhibition of T cell proliferation by type I interferon. J.
Virol. 85, 5929-5939 (2011).

de Paus, R. A. et al. Inhibition of the type I immune responses of human
monocytes by IFN-a and IFN-p. Cytokine 61, 645-655 (2013).

McNab, F. W. et al. Type I IFN induces IL-10 production in an IL-
27-independent manner and blocks responsiveness to IFN-y for production
of IL-12 and bacterial killing in Mycobacterium tuberculosis-infected
macrophages. J. Immunol. 193, 3600-3612 (2014).

Mayer-Barber, K. D. & Sher, A. Cytokine and lipid mediator networks in
tuberculosis. Immunol. Rev. 264, 264-275 (2015).

Cai, Y. et al. Single-cell transcriptomics of blood reveals a natural killer cell
subset depletion in tuberculosis. EBioMedicine 53, 102686 (2020).

Esaulova, E. et al. The immune landscape in tuberculosis reveals populations
linked to disease and latency. Cell Host Microbe 29, 165-178.e168. (2021).
Sakai, S. et al. Cutting edge: control of Mycobacterium tuberculosis infection by
a subset of lung parenchyma-homing CD4 T cells. J. Immunol. 192,
2965-2969 (2014).

Wolf, A. . et al. Initiation of the adaptive immune response to Mycobacterium
tuberculosis depends on antigen production in the local lymph node, not the
lungs. J. Exp. Med 205, 105-115 (2008).

Groom, J. R. & Luster, A. D. CXCR3 ligands: redundant, collaborative and
antagonistic functions. Immunol. Cell Biol. 89, 207-215 (2011).

Loetscher, M. et al. Chemokine receptor specific for IP10 and mig: structure,
function, and expression in activated T-lymphocytes. J. Exp. Med 184,
963-969 (1996).

Khader, S. A. et al. IL-23 and IL-17 in the establishment of protective
pulmonary CD4+ T cell responses after vaccination and during
Mycobacterium tuberculosis challenge. Nat. Immunol. 8, 369-377 (2007).
Hasan, Z. et al. Relationship between circulating levels of IFN-y, IL-10,
CXCL9 and CCL2 in pulmonary and extrapulmonary tuberculosis is
dependent on disease severity. Scand. J. Immunol. 69, 259-267 (2009).
Kumar, N. P. et al. Plasma chemokines are biomarkers of disease severity,
higher bacterial burden and delayed sputum culture conversion in pulmonary
tuberculosis. Sci. Rep. 9, 1-8 (2019).

Farber, J. M. Mig and IP-10: CXC chemokines that target lymphocytes. J.
Leukoc. Biol. 61, 246-257 (1997).

Ohmori, Y., Schreiber, R. D. & Hamilton, T. A. Synergy between interferon-y
and tumor necrosis factor-a in transcriptional activation is mediated by
cooperation between signal transducer and activator of transcription 1 and
nuclear factor B. J. Biol. Chem. 272, 14899-14907 (1997).

Ohmori, Y. et al. Tumor necrosis factor-alpha induces cell type and tissue-
specific expression of chemoattractant cytokines in vivo. Am. J. Pathol. 142,
861-870 (1993).

Barrios-Payan, J., Aguilar-Leén, D., Lascurain-Ledezma, R. & Hernéndez-Pando, R.
Neutrophil participation in early control and immune activation during
experimental pulmonary tuberculosis. Gac. Med. Mex. 142, 273-281 (2006).
Pedrosa, J. et al. Neutrophils play a protective nonphagocytic role in systemic
Mycobacterium tuberculosis infection of mice. Infect. Immun. 68, 577-583 (2000).

75. Kimmey, J. M. et al. Unique role for ATG5 in neutrophil-mediated
immunopathology during M. tuberculosis infection. Nature 528, 565-569
(2015).

76. Lovewell, R. R,, Baer, C. E., Mishra, B. B., Smith, C. M. & Sassetti, C. M.
Granulocytes act as a niche for Mycobacterium tuberculosis growth. Mucosal
Immunol. 14, 229-241 (2020).

77. Jeon, B. Y. et al. In vivo characteristics of Korean Beijing Mycobacterium
tuberculosis strain K1 in an aerosol challenge model and in the cornell latent
tuberculosis model. J. Med. Microbiol. 61, 1373-1379 (2012).

78. Kwon, K. W. et al. Vaccine efficacy of a Mycobacterium tuberculosis Beijing-
specific proline-glutamic acid (PE) antigen against highly virulent outbreak
isolates. FASEB J. 33, 6483-6496 (2019).

79. Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-
cell transcriptomic data across different conditions, technologies, and species.
Nat. Biotechnol. 36, 411-420 (2018).

80. Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177,
1888-1902.e1821. (2019).

81. Zhang, L. & Nie, Q. scMC learns biological variation through the alignment of
multiple single-cell genomics datasets. Genome Biol. 22, 10 (2021).

82. Blondel, V. D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of
communities in large networks. J. Stat. Mech. Theory Exp. 2008, P10008
(2008).

83. Turbic, A, Leong, S. Y. & Turnley, A. M. Chemokines and inflammatory
mediators interact to regulate adult murine neural precursor cell proliferation,
survival and differentiation. PloS One 6, 25406 (2011).

Acknowledgements

This study was supported by National Research Foundation of Korea (NRF) grants
funded by the Korean government (MSIT) (2019R1A2C2003204 to S.J.S.;
2017R1A5A1014560, 2019M3A9B6065221 to S.H.). This study was also supported by the
Korean Health Technology R&D Project (HV20C0144 to S.J.S. and S.H.) through the
Korean Health Industry Development Institute (KHIDI) funded by the Ministry of
Health & Welfare. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Author contributions

Conceptualization; S.H. and S.J.S.; Experimentation; T.G.K., KW.K. and M.J.K,; Data
analysis; T.G.K., KW.K,, KK. and LL; Writing and editing the manuscript, T.G.K,,
KWK, S.H. and SJ.S.; Funding acquisition; S.H. and S.J.S.; Supervision, S.H. and S.J.S.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30914-3.

Correspondence and requests for materials should be addressed to Sang-Jun Ha or
Sung Jae Shin.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3155 | https://doi.org/10.1038/s41467-022-30914-3 | www.nature.com/naturecommunications 19


https://doi.org/10.1038/s41467-022-30914-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Viral coinfection promotes tuberculosis immunopathogenesis by type I IFN signaling-dependent impediment of Th1 cell pulmonary influx
	Results
	Coinfection with LCMV exacerbates the pathology of mice infected with Mtb
	Neutrophilia and a diminished Th1 response are distinct features during coinfection
	Preexisting Mtb-specific Th1�cells in the lung restrain virus coinfection-induced exacerbation of TB pathogenesis
	Type I IFN signaling blockade rescues necrotic immunopathology and Mtb-specific T cell responses in coinfected mice
	A high level of sustained type I IFNs induced by intratracheal administration of poly I:C also exacerbates TB pathology
	Single-cell analysis shows type I IFN-mediated downregulation of Cxcl9nobreak/nobreak10 expression and the Th1 response in the lung during viral coinfection
	Type I IFN receptor signaling significantly inhibits CXCL9 protein expression in the lung upon virus infection of Mtb-infected mice
	Type I IFN suppresses the proliferation and functionality of Mtb-specific T�cells in�vivo
	Decreased migration of Mtb-specific T�cells from dLNs to lung tissue is related to diminished levels of CXCL9 and CXCL10 induced by type I IFN

	Discussion
	Methods
	Mice
	Preparations of Mtb strains
	Infection, counts, and titration
	BCG immunization
	Histopathology
	Cell isolation
	Antibodies and flow cytometry analysis
	Analysis of in�vivo cytokine secretions
	Single-cell RNA sequencing and single-cell TCR sequencing
	Cell purification and adoptive cell transfer
	In vivo treatment with antibodies and poly I:C
	RNA isolation and qRT-PCR
	Magnetic cell sorting and suppression assays
	Enumeration of CFUs in the Ly6G+ population
	RAW264.7 cell experiment
	Multiplex immunofluorescence staining
	Quantification and statistics

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




