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This important study investigates the mechanisms by which Mycobacterium tuberculosis
suppresses protective Th17 differentiation during infection. Using ESX-1- and PDIM-
deficient mutants of M. tuberculosis, which lack functional eccC1 and fadD28 respectively,
the authors demonstrate that these virulence factors actively restrict IL-17 responses via a
T-bet-dependent pathway, independent of overall bacterial attenuation or infection
duration. While the precise molecular interactions by which ESX-1 and PDIM modulate
Th17 differentiation warrant further elucidation, the experiments are rigorously designed,
the findings are clearly presented, and the evidence is solid for a specific role for these
factors in limiting protective IL-17 immunity in M. tuberculosis infection.
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Abstract
Mycobacterium tuberculosis (Mtb) causes more deaths annually than any other pathogen, yet an
effective vaccine remains elusive. IFN-γ–producing Th1 CD4+ T cells are necessary but insufficient
for protection against infection. In humans, the development of IL-17A producing Th17 T cells
correlates with protection, however not all individuals develop a Th17 response. In mice,
experimental vaccines can elicit protective Th17 cells, yet Th17s are rare in primary infection.
Why Mtb fails to consistently elicit Th17s is unknown. Here, we identify factors suppressing Th17
responses during primary infection. We demonstrate that the lack of Th17 induction is
independent of route and duration. Next, using Tbet deficient mice, we show that Mtb drives a Th1
response that is only partially protective and limits Th17 cell production in an IFN-γ independent
manner. We further reveal that the ESX-1 type VII secretion system and lipid PDIM suppresses
Th17 responses. Infection with ESX-1 or PDIM mutants results in significantly increased Th17 T
cells and IL-17A cytokine in the lungs, and infection of IL-17A deficient animals partially restores
virulence of ESX-1 and PDIM mutants. Although the ESX-1 secretion system and lipid PDIM elicits
type I IFN, which can suppress Th17 differentiation, we find that suppression of Th17 is
independent of type I IFN. Instead, ESX-1 and PDIM suppresses production of IL-23, a cytokine that
promotes Th17 differentiation, in dendritic cells found in mediastinal lymph nodes during Mtb
infection. These findings define a new function of the ESX-1 secretion system and PDIM in Mtb
virulence, a long-standing question in tuberculosis research.

Introduction
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), remains one of the
leading infectious disease killers worldwide, with 10.8 million new cases and 1.25 million deaths
reported in 2021 (1). The current vaccine, Mycobacterium bovis bacillus Calmette-Guérin (BCG),
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protects against childhood TB, but has highly variable efficacy, wanes over time, and provides
minimal protection against adult pulmonary TB (1–3). Although there are 17 vaccine candidates
currently in clinical trials, achieving robust vaccine elicited immunity remains a major challenge
(4).

Interferon-γ (IFN-γ) produced by type 1 T helper (Th1) cells is essential for control of Mtb infection
both in animal models and in humans (5, 6). However, the MVA85A vaccine, despite inducing
robust Th1 responses as intended, failed to provide protection against Mtb infection (7). Patients
with active TB can have high levels of IFN-γ in the lungs despite being unable to control infection
(8). Thus, Th1 cells are necessary but not sufficient for controlling Mtb infection suggesting that
other factors are important for effective immunity. Without a comprehensive understanding of
which types and specific subsets of T helper cells are essential to limit Mtb infection, developing
an effective Mtb vaccine with consistent high efficacy will remain elusive.

Type 17 T helper (Th17) cells are known for their association with mucosal sites, including the
lungs, where they have been shown to provide protection against several bacterial and fungal
respiratory pathogens (9). This protection relies on IL-17A production by Th17 cells (10). Many
factors determine whether Th17 cells are elicited by infection. Antigen-presenting cells (APCs)
drive the polarization of naïve T cells into Th17 cells by producing cytokines including IL-1β, IL-6,
TGF-β, and IL-23. Activation of the RORγT transcription factor is essential for Th17 polarization
(11). There is also evidence that the route of infection influences whether a Th17 response is
elicited as infection with Listeria monocytogenes via the intranasal, but not intravenous route is
required to observe a Th17 response to infection (12).

Th17 differentiation is opposed by Th1 differentiation via multiple mechanisms. Tbet, the
transcription factor essential for commitment to the Th1 lineage, has been shown to prevent
Runx1 activation, thereby preventing Runx1-mediated transactivation of RORγT and Th17
differentiation (11). Additionally, IFN-γ, the signature cytokine of Th1s, inhibits Th17
differentiation and function via activation of STAT1, independent of Tbet (13). IFN-γ inhibits Th17
differentiation and function via Tbet-dependent and Tbet-independent mechanisms (13). Finally,
production of type I IFN also can suppress Th17 differentiation (14). Thus, several hallmarks of
Mtb infection, namely strong Th1 responses, IFN-γ production, and type I interferon production
could limit differentiation of Th17s.

Increasing evidence that Th17 cells correlate with protection against Mtb infection both in the
non-human primate model (15) and in humans (16–18) suggest that Th17 cells are an important
component of protective immunity to Mtb. In mice, Th17 cells are rarely observed during primary
Mtb infection, and the conditions under which Th17 cells are induced during infection remain
unclear (19). However, experimental TB vaccines, particularly when administered via a mucosal
route, elicit Th17 cells that can confer protection against subsequent challenge in mice (20–22),
demonstrating that Th17 cells can be protective against Mtb infection. Why Mtb infection does not
robustly elicit Th17 cells during primary infection, despite causing infection at mucosal surfaces
via airway infection, is unclear.

The ESX-1 type VII secretion system is a fundamental determinant of Mtb virulence (23). The ESX-1
secretion system has been demonstrated to subvert and/or manipulate immune responses,
including by perforating phagosomal membranes, inducing detrimental host type I interferon, and
inducing autophagy (24–26). As much of the work examining ESX-1 function has been conducted
in vitro, we lack a clear understanding of all the factors that attenuate ESX-1 mutants during in
vivo infection. Interestingly, the Mtb lipid phthiocerol dimycocerosate (PDIM) is also required for
virulence and has been linked to ESX-1 function through induction of type I IFN, which can
suppress Th17 responses (27, 28). Furthermore, the ESX-1 secretion system was shown to suppress
production of IL-12 p40 (23), a subunit shared with IL-23, which promotes Th17 differentiation.
These data suggest that Mtb virulence factors, including ESX-1 and PDIM, may suppress the
emergence of a protective Th17 response during Mtb infection.
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Here we show that the induction of Th17 cells during Mtb infection is suppressed by multiple
mechanisms. First, we show that the absence of a Th17 response during primary infection is not
dependent on duration or route of infection. Instead, we show that mice lacking Tbet (Tbx21−/−)
produce Th17 cells after Mtb infection, and that these cells provide IL-17A-dependent protection
against early Mtb infection. This suppression of Th17 production by Th1 cells is independent of
IFN-γ. Furthermore, we observe a strong Th17 response during infection with ΔESX-1 or PDIM-
lacking Mtb in mice, suggesting that these virulence factors function to suppress Th17
differentiation. Surprisingly, the ability of ESX-1/PDIM to suppress Th17 differentiation is not
related to their enhanced induction of type I IFN. Instead, we show that during infection with
ΔESX-1 or PDIM-lacking Mtb strains type 2 conventional dendritic cells (CD11b+ DCs, cDC2s), which
are known to support Th17 differentiation, produce higher levels of IL-23 secretion in draining
lymph nodes of Mtb infected mice (29). These results demonstrate that Mtb utilizes the ESX-1
secretion system and PDIM to bias host T helper response towards Th1s and away from Th17s.

Results
Th17 induction during M. tuberculosis infection does not depend on
duration or route of infection
We first tested whether the duration or route of infection has an impact on the generation of Th17
cells during Mtb infection. To test for induction of Th17 cells, we infected wild type mice with
∼100 CFU of WT M. tuberculosis via the aerosol route, a standard dose for the mouse model (30).
As previously published by multiple groups, we do not observe Th17 cells during the first month
after Mtb infection of mice (19–22). At 4 weeks post infection, we observed the expected plateau of
CFU in the lungs of infected mice indicating the onset of T cell-based control of infection (Figure
1A     ). With stimulation using peptide pools from model antigens ESAT-6 and Antigen 85B (Ag85B)
(31–33), we observed only IFN-γ+ CD4+ (Th1) T cells (Figure 1B     ) and no IL-17A+ CD4+ (Th17) T
cells at this or earlier timepoints (Figure 1C     ). Th17 cells have been observed in humans, at times
presumably long after initial infection (16–18). We therefore tested whether Th17 cells arise at late
timepoints after infection in mice. Mice continued to have a Th1 response up to day 170 post
infection, with no increase in Th17 levels observed (Figures 1D-E     ). It was previously reported
that infection with the virulent HN878 “Beijing” strain of the L2 lineage resulted in induction of
Th17 cells (19). However, we did not observe a significant increase in IL-17A producing T cells in
murine lungs when we infected with a Beijing strain at 3 weeks post infection (Supplementary
Figure S1     ).

The route of bacterial infection can impact which T helper cell types are induced. Infection via the
intranasal route has been shown to elicit Th17 cells in response to infection with Listeria
monocytogenes and Group A Streptococcus (12, 34). We therefore tested whether the intranasal
route of infection results in a Th17 response in the lungs of Mtb infected mice. Mice were infected
intranasally with ∼100 CFU of WT Mtb into the lungs as measured on day 1 after infection. After
four weeks of infection, mice infected by either route had comparable levels of bacteria in the
lungs (Figure 1F     ). At this timepoint we again observed only IFN-γ producing CD4 T cells and
very few IL-17A producing CD4 T cells in the lungs (Figures 1G-H     ). Thus, the route of infection
with Mtb does not impact the dominant Th1-biased response observed during primary infection of
naïve mice with Mtb. We next investigated whether exogenous IL-17A treatment provides
protection against WT Mtb infection during primary infection. WT mice aerosol infected with WT
Mtb were intranasally administered with either PBS control or 1 μg recombinant murine IL-17A
daily between days 11 to 20 post infection for a total of 10 doses (Figure 1I     ). WT mice
intranasally (i.n.) administered 1 μg recombinant murine IL-17A daily were slightly more
protected with ∼3-fold reduction in lung CFU compared to WT mice given vehicle control.
However, we observed no effect of IL-17A when it was administered via the intraperitoneal (i.p.)
route. Cytokines are known to have short half-lives in vivo. Fusing a cytokine to serum albumin
can increase its half-life, permitting greater efficacy (35). We therefore fused IL-17A to murine
serum albumin (MSA-IL-17A) and administered this construct either i.p. or i.n. at equimolar
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Figure 1. Lack of Th17 induction during WT M. tuberculosis infection is not due to duration or route of
infection.
(A-C) WT B6 mice were aerosol infected with WT M. tuberculosis Erdman strain and lungs were evaluated at 7, 14, 21, and 28
days post infection (dpi) for (A) bacterial burdens by CFU (B) IFN-γ+ CD4+ T cells and (C) IL-17A+ CD4+ T cells using flow
cytometry. Cytokines were measured using ICS after restimulation with Ag85b or ESAT-6 peptide pools. (D-E) Mice were
infected and analyzed at 170 dpi for (D) IFN-γ+ CD4+ T cells and (E) IL-17A+ CD4+ T cells in lungs. (F-H) WT B6 mice were either
aerosol infected or intranasally infected with WT M. tuberculosis Erdman strain and evaluated 28 dpi for (F) bacterial burdens
in lungs by CFU, (G) IFN-γ+ CD4+ T cells and (H) IL-17A+ CD4+ T cells in lungs by flow cytometry. Cytokines were measured
using ICS after restimulation with ESAT-6 peptide pool. (I) WT B6 mice were aerosol infected with WT M. tuberculosis and
treated with PBS control, recombinant murine IL-17A (IL-17A) or recombinant murine IL-17A fused to murine serum albumin
(MSA-IL-17A) daily either using the intranasal (i.n.) or intraperitoneal (i.p.) routes between days 11 to 20 post infection. CFU in
lungs was measured at 21 dpi. Results are representative of at least 2 biological replicates. For all graphs, each dot represents
an individual mouse. *p<0.05, **p<0.01 (unpaired nonparametric Mann-Whitney U test).
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quantities compared to free IL-17A administered dosages. We found that i.n. delivery of this
construct was more effective than delivery of IL-17A, with ∼5-fold decrease in CFU observed in the
lungs. In addition, fusion to albumin allowed us to observe efficacy with i.p. administration,
resulting in a ∼2-fold decrease in lung CFU. These results indicate that IL-17A can induce
protective immunity to Mtb in the context of a primary infection, and that this may have potential
as a therapeutic approach.

Tbet−/− mice are protected by a robust Th17 response during early
M. tuberculosis infection
Because Th1 responses are known to inhibit Th17 responses (11, 13), we next tested whether Th1
differentiation masks a protective Th17 response during Mtb infection. Tbx21, also referred as
Tbet, encodes the essential transcription factor that drives the Th1 lineage (11). Interestingly, Tbet−/

− mice lack Th1 T cells but are not as susceptible to infection with Mtb as Ifng−/−mice (5, 36). As
expected, we found that Ifng−/− mice were extremely susceptible to infection with Mtb, however
Tbet−/− had CFU in the lungs equivalent to wild type mice at 21 days after infection (Figure 2A     ).
Only WT mice had IFN-γ producing CD4 T cells in the lungs at this timepoint (Figures 2B     , 2C).
Importantly, Tbet−/− mice exhibited a robust population of IL-17A producing CD4 T cells at 3 weeks
post infection, confirming that Tbet prevents Th17 differentiation during Mtb infection (Figures
2B, 2D     ). Importantly, while IFN-γ deficient mice exhibited a modest increase in IL-17A
producing CD4 T cells (∼5-fold) compared to WT B6 mice, Tbet deficient mice had a greater 25-fold
induction of IL-17A producing CD4 T cells. This demonstrates that that IFN-γ production is not the
sole mechanism by which Th1 T cells limit a Th17 response during Mtb infection (Figure 2D     ).

A previous study demonstrated that Tbet constrains effective T cell responses by promoting the
differentiation of terminally differentiated non-protective intravascular Th1 T cells (37). This study
also used antibody blockade of IL-17A in Tbet deficient mice to conclude that IL-17A provides
minimal protection in this setting (37). However, given that antibody blockade is limited by its
short duration and possibly incomplete inhibition, we tested whether genetically ablating IL-17A
production in Tbet mice enhanced their susceptibility to Mtb infection. We therefore infected
Tbet−/− and Tbet−/−Il17a−/− (Il17aicre/icre referred to as Il17a−/−) littermate-controlled mice with Mtb
and measured CFU and T cell responses in the lungs after 3 weeks of infection. Tbet−/−Il17a−/−mice
were highly susceptible to Mtb infection with a 10-fold increase in lung CFU compared to WT and
Tbet−/− mice, comparable to the susceptibility observed in Ifng−/− mice (Figure 2A     ). Tbet−/−Il17a−/

− mice had significantly fewer IFN-γ producing (Figure 2C     ) and IL-17A producing CD4 T cells
(Figure 2D     ). Notably, Tbet−/−Il17a−/− mice still generated Th17 cells, as evidenced by the presence
of the Th17 master transcription factor RORγT (11), despite their inability to produce IL-17A
(Figures 2E, 2F     ). Together, these results indicate that IL-17A production by Th17 cells confers
significant protection against Mtb infection in Tbet−/− mice, at least during early stages of infection.

M. tuberculosis utilizes ESX-1 and PDIM to limit Th17 response in
mice
We next examined whether Mtb utilizes virulence factors to alter the host T helper response. The
ESX-1 secretion system and the complex lipid PDIM are both known to influence production of
cytokines known to impact Th17 differentiation (23, 24, 28, 38). Furthermore, these systems have
been proposed to operate in the same virulence promoting pathway (28, 39). We therefore tested
whether ESX-1 and PDIM might promote virulence in part by suppressing Th17 differentiation
(Figure 3A     ). To test for a role of the ESX-1 secretion system, we infected mice with ΔeccC1, which
lacks an ATPase required for ESX-1 function (ΔESX-1) (40) (Supplementary Figure S2A     ). We also
utilized a mutant with an inactivating transposon insertion in fadD28, a gene required for PDIM
biosynthesis (fadD28::tn, PDIM-lacking) (27) (Supplementary Figure S2B     ). As expected, ΔESX-1
and PDIM-lacking mutants were highly attenuated during infection at 3 weeks, exhibiting a 100-
fold reduction in bacterial burden while complemented strains had similar CFU as WT Mtb
(Supplementary Figure S3     ). Interestingly, ESAT-6 peptide pool stimulation of lung cells in ΔESX-1
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Figure 2. Tbet−/− mice are protected from susceptibility to Mtb infection by the emergence of Th17 cells.

WT B6, Ifng−/−, Tbet−/−, and Il17a−/−Tbet−/− mice were aerosol infected with WT M. tuberculosis Erdman strain. Tbet−/− and
Il17a−/−Tbet−/− mice were littermate-controlled. Mice were infected with Mtb and evaluated 21 days post infection for (A) CFU
in the lungs of indicated genotypes or (B-F) cellular immune responses using flow cytometry. CD4+ T cells were gated on
single, live, MHC-II−, Ly6G−, CD3+, γδTCR−, CD4+, CD8a− cells for analysis of IFN-γ (B,C), IL-17 (B,D) and RORγT (E,F). Results in
A-F are representative of 3 independent experiments. *, p < 0.05; **, p < 0.01 (unpaired nonparametric Mann-Whitney U test).
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and PDIM-lacking Mtb infected mice had an ∼5-fold reduction in %IFN-γ+ of CD4+ T cells (Th1s)
(Figure 3B     ) and ∼2-fold increase in %IL-17A+ of CD4+ T cells (Th17s) (Figure 3C     ) compared to
complemented strains of either mutant or WT Mtb. Similar results were seen with Ag85b peptide
pool stimulation (Supplementary Figure S4A, S4B     ). To validate flow cytometry results we
measured cytokine levels in lungs using BioLegend’s LEGENDplex kit. We found that ΔESX-1 and
PDIM-lacking mutants induced less IFN-γ (Figure 3D     ) while also inducing ∼10x higher levels of
IL-17A (Figure 3E     ) in the lungs compared with WT and complemented Mtb strains (Figures 3D-
E     ). We tested if these elevated levels of Th17 cells and IL-17A contribute to the attenuation of
ESX-1 and PDIM mutants by infecting littermate-controlled WT B6 and Il17a−/− mice with either
WT, ΔESX-1, and complemented ΔESX-1 Mtb, or WT, PDIM-lacking, and complemented PDIM-
lacking Mtb. Under the conditions where Th17s are highly induced, mice infected with either
ΔESX-1 or PDIM-lacking Mtb, the Il17a−/− mice had ∼3-5 fold higher CFU than WT mice (Figures 3F-
G     ). These results indicate that the induction of Th17s is not dependent on the attenuation of Mtb
in general, but instead Mtb utilizes ESX-1 and PDIM to suppress the induction of a Th17 response
that enhances protection against Mtb infection.

To ensure that the increase in Th17s and IL-17A was not simply a consequence of infection with
any attenuated Mtb mutant, we evaluated responses during infection with MmpL4 deficient
(ΔmmpL4) bacteria. MmpL4 is a transmembrane transporter with proposed siderophore secretion
activity (41) with no known association with the function of ESX-1 or secretion of PDIM (27).
ΔmmpL4 Mtb-infected mice had ∼1.5 logs lower lung CFU than WT or complemented Mtb-infected
mice (Figure 3H     ), a similar degree of attenuation as we observed with ESX-1 and PDIM mutants
(Supplemental Figure S3     ). However, the ΔmmpL4 Mtb-infected mice induced Th1 response that
was indistinguishable from WT and complemented Mtb-infected mice (Supplemental Figure S5     )
while not inducing greater numbers of Th17s compared to WT or complemented Mtb-infected
mice (Figure 3I     ). Thus, the increase in Th17s we observed results from an ESX-1/PDIM specific
mechanism.

Type I interferons boost Th1 induction and do not impact Th17
induction
As ESX-1 and PDIM are responsible for the host type I interferon response to Mtb infection (24, 28),
and type I IFN is known to suppress Th17 responses (42), we investigated the impact of type I
interferon signaling on Th17 induction during Mtb infection. We examined the effect of type I IFN
both in WT B6 mice and in Sp140−/− mice that are highly susceptible to infection because of an
excessive type I IFN response to infection (43). To abrogate type I IFN in each background we used
mice deficient for the type I IFN receptor IFNAR. WT, Ifnar1−/−, Sp140−/−, Sp140−/−Ifnar1−/−, Ifng−/−,
and Tbet−/− mice were aerosol infected with WT Mtb. As expected, both Sp140−/− and Ifng−/− mice
had up to 10-fold higher CFU than WT mice while Ifnar1−/−, Sp140−/−Ifnar1−/−, and Tbet−/− mice
were as resistant as WT mice at 3 weeks post infection (Figure 4A     ). Sp140−/− mice had an almost
2-fold increase in %IFN-γ+ of CD4+ (Th1) T cells compared to WT mice, Ifnar1−/−had a 2-fold
reduction in %IFN-γ+ of CD4+ (Th1) T cells compared to WT mice, Sp140−/−Ifnar1−/−mice had a
slightly stronger 4-fold reduction in %IFN-γ+ of CD4+ (Th1) T cells compared to Sp140−/− mice
(Figures 4B-D     ). Importantly, deletion of IFNAR had no impact on Th17 induction in either WT or
Sp140−/− mice, although we observed the expected increase in Th17 cells in Tbet deficient animals
(Figure 4E     ). These results indicate that type I interferon signaling only impacts the induction of
Th1s and does not influence Th17 induction, suggesting that induction of type I IFN by ESX-1/PDIM
is not the mechanism by which these virulence factors suppress Th17 differentiation.

ESX-1 and PDIM alters conventional dendritic cell cytokine
signaling in the mediastinal lymph node
Previous work suggested that ESX-1 mutants fail to suppress expression by macrophages of IL-12
p40, a subunit shared between IL-12 and IL-23 (24). Because IL-23 promotes Th17 responses, and
ESX-1 and PDIM are responsible for the lack of a Th17 response during Mtb infection, we next
investigated if ESX-1 and PDIM suppress IL-23 production in bone-marrow-derived macrophages
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Figure 3. M. tuberculosis ESX-1 and PDIM virulence factors suppress Th17 response in mice.
WT B6 mice were aerosol infected with indicated strains and evaluated at 21 days post infection. (A) Representative flow
cytometry plots (cells gated on single, live, MHC-II−, Ly6G−, CD3+, γδTCR−, CD4+, CD8a−) of IFN-γ+ and IL-17A+ CD4+ T cell
populations. Mice were sacrificed and evaluated with ESAT-6 peptide pool stimulated lung homogenates for (B) IFN-γ+ CD4+ T
cells and (C) IL-17A+ CD4+ T cells by flow cytometry. Mice were sacrificed and lung homogenates were evaluated with
BioLegend LEGENDplex for (D) IFN-γ and (E) IL-17A protein concentrations. (F-G) Littermate-controlled WT B6 and Il17a−/−

mice were aerosol infected with indicated strains and sacrificed at 21 days post infection with lung homogenate plated for
CFU. (H-I) Mice were infected with WT, mmpl4 mutant, or complemented mmpl4 mutant Mtb and evaluated for (H) day 21
CFU and (I) IL-17A+ CD4+ T cells by flow cytometry. Results are representative of 2 independent experiments. *, p < 0.05; **, p
< 0.01 (Mann-Whitney U test).
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Figure 4. Type I interferon signaling boosts Th1 induction and does not impact Th17 induction.

WT B6, Ifnar−/−, Sp140−/−, Sp140−/−Ifnar−/−, Ifng−/−, and Tbet−/− mice were aerosol infected with WT M. tuberculosis Erdman
strain. (B, C) Representative flow cytometry plots (cells gated on single, live, MHC-II−, Ly6G−, CD3+, γδTCR−, CD4+, CD8a−) of
IFN-γ+ and IL-17A+ CD4+ T cells of these populations. 21 days post infection, lung homogenates were measured for (A) CFU
and analyzed via flow cytometry for (D) IFN-γ+ CD4+ T cells and (E) IL-17A+ CD4+ T cells. Results in A, D, and E are
representative of 2 independent experiments. *, p < 0.05; **, p < 0.01 (unpaired nonparametric Mann-Whitney U test).
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(BMDMs) during in-vitro infection. ESX-1 and PDIM deficient strain both elicited a strong IL-23
response measured by IL-23 ELISA (Figure 5A     ). We then investigated if ESX-1 and PDIM suppress
IL-23 production by dendritic cells during in vivo infection in the draining (mediastinal) lymph
nodes. We infected mice with ∼100 CFU via the aerosol route and harvested mediastinal lymph
nodes at 21 days post infection. We examined IL-12 and IL-23 production by conventional
dendritic cells using ICS. To clearly distinguish between levels of these two cytokines we used ICS
for the cytokine specific subunits: IL-12 p35 and IL-23 p19.

First, we found that type 1 conventional dendritic cells (cDC1s), known to be specialized for IL-12
production, produce robust levels of IL-12 p35 during infection with WT Mtb (Figures 5B, 5C     ).
However, both ESX-1 and PDIM deficient strains elicited significantly lower levels of IL-12 p35
from these cells (Figures 5B, 5C     ), consistent with the lower bacterial burdens in the lungs of
mice infected with these mutants (Supplementary Figure S3     ). During infection with wild-type
bacteria, we observed very little IL-23 p19 production by type 2 conventional dendritic cells
(cDC2s) in the draining mediastinal lymph node (Figures 5D, 5E     ). Importantly, ESX-1 and PDIM-
lacking Mtb infection resulted in an increase in the percentage of cDC2s that produce IL-23 p19 in
mediastinal LNs (Figures 5D, 5E     ). We saw very little to no IL-23 p19 expression in cDC1s and IL-
12 p35 expression in cDC2s with no differences between WT or ESX-1 and PDIM deficient strains
(Supplementary Figure S6     ). These results indicate that the ESX-1 and PDIM virulence factors
impact T helper cell subsets observed in the lungs by promoting IL-12, a Th1-polarizing cytokine,
and limiting IL-23, a Th17-polarizing cytokine, expression in cDC1s and cDC2s respectively in the
draining mediastinal lymph node which may impact naïve T cell differentiation.

Discussion
The rise of multidrug-resistant and extensively drug-resistant strains, combined with a limited
pipeline of new drugs, underscores the urgent need for effective vaccines. Achieving the World
Health Organization/STOP TB Partnership’s target of TB elimination by 2050 will not be possible
without a highly efficacious vaccine (44). Unlike most successful vaccines, which protect through
neutralizing antibodies, TB immunity primarily depends on T-cell–mediated responses, for which
no clear vaccine strategy exists. Defining protective immune mechanisms is therefore critical—not
only for guiding vaccine design but also for advancing immune-based therapies. Equally
important is understanding how M. tuberculosis evades or suppresses these responses, as such
insights can inform both vaccine development and therapeutic interventions.

We sought to understand why Mtb infection does not elicit Th17 production robustly during
primary infection. We found that this is independent of duration and route of infection but instead
results from an overly robust Th1 response, which suppresses Th17 development, and upon the
virulence factors ESX-1 and PDIM. Perhaps Mtb uses ESX-1 and PDIM to allow other virulence
factors like Hip1 to access the host cytosol, alter host cellular signaling, and impair dendritic cell
expression of IL23 p19, CD40, Jagged, and DLL4 shown to be important for dendritic cell-mediated
differentiation of naïve T helper cells into Th17s (45–48). It has been long established that Th1 cells
are important for control of Mtb infection, yet there have also been hints in the literature that Th1
cells are not simply protective. Firstly, excessive IFN-γ production is harmful, driving tissue
destruction in the lungs (49), which may benefit bacteria by promoting necrosis and transmission.
Interestingly, the majority of T cell antigens are highly conserved across Mtb (50), suggesting that
dominant Th1 cell responses may confer some benefit to Mtb. Indeed, a recent study suggested
that while common antigens are likely to drive Th1 differentiation, rare variable antigens are
more likely to drive Th17 differentiation in Mtb infected patients (51). Thus, it is feasible that Mtb
promotes excessive Th1 differentiation in part to prevent potentially protective Th17 cells from
emerging.

Given that ESX-1 and PDIM mutants elicit type I IFN, and type I IFN suppresses Th17 cells, it is
perhaps surprising that type I IFN does not explain the suppression of Th17 we observe during
early infection. Type I IFN is clearly detrimental to Mtb infection, as deletion of IFNAR rescues the
susceptibility of mice that exhibit type I IFN driven disease (24, 43). However, type I IFN is known
to have many immunosuppressive functions that could explain its detrimental role in Mtb

Microbiology and Infectious Disease

https://doi.org/10.7554/eLife.110008.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/microbiology-infectious-disease


Zilinskas et al., 2026 eLife 15:RP110008.  https://doi.org/10.7554/eLife.110008.2 11 of 30

Figure 5. ESX-1 and PDIM alter conventional dendritic cell cytokine signaling in the mediastinal lymph
node.
WT B6 bone-marrow-derived macrophages were infected with designated Mtb Erdman strains at MOI = 10 or uninfected for
24 hours with (A) IL-23 ELISA taken from cultured supernatants. WT B6 mice were aerosol infected with indicated strains and
analyzed at 21 days post infection (C,E) Flow cytometry schematic for gating of (B) cDC1 (gated on single, live, CD3−, CD19−,
CD11c+, MHC-II+, XCR1+, CD11b−) and (D) cDC2 (gated on single, live, CD3−, CD19−, CD11c+, MHC-II+, XCR1−, CD11b+)
populations of mediastinal lymph nodes with representative flow cytometry plots of IL-12 p35+ and IL-23 p19+ gating of cDC1
and cDC2 populations respectively. 21 days post infection, mediastinal lymph nodes from WT B6 mice were aerosol infected
with either WT, ΔeccC1 (ΔESX-1), complemented ΔeccC1::eccC1, transposon-inserted fadD28::tn (PDIM-lacking),or
complemented transposon-inserted fadD28::tn + pfadD28 M. tuberculosis Erdman strain were extracted and analyzed for IL-
12 p35+ cDC1s (C) and IL-23 p19+ cDC2s (E) by flow cytometry. Results in A, C, and E are representative of 2 independent
experiments. *, p < 0.05; **, p < 0.01 (unpaired nonparametric Mann-Whitney U test).
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infection (52). Many cytokines are known to participate in the differentiation of Th17 cells
including TGF-β, IL-6 and IL-23. Importantly, IL-23 is essential for maintaining the Th17 lineage,
while TGF-β and IL-6 are critical for its induction. The crucial role of IL-23 differentiation and
maintenance of Th17 cells in vivo is well established (53, 54). IL-23 supports IL-17 production by
upregulating IL-17 itself, RORγt and other pro-inflammatory cytokines (55). Our in vivo data
demonstrating increased IL-23 production by dendritic cells in ESX-1 mutant infections is
consistent with the old observation that ESX-1 suppresses IL-12 p40 in vitro. Future work will
focus on elucidating the mechanism of Mtb suppression of IL-23. It is also possible that ESX-1/PDIM
suppress Th17 differentiation by promoting Th1 differentiation, however we do not have data that
supports this model at this time. Finally, the work in this study adds to the growing evidence that
ESX-1 and PDIM are phenotypically linked. Unlike what has been demonstrated in the H37Rv
strain (28), we do not find that PDIM mutants have a defect in ESX-1 function or that ESX-1
mutants have any changes in PDIM production or secretion. This could be a strain specific
difference, especially as it is known that H37Rv has a unique point mutation that causes
downregulated ESX-1 function relative to Erdman and most clinical strains (56). In the future, it
will be important to establish how ESX-1 and PDIM function are linked functionally. Secretion of
the ESX-1 substrate ESAT-6 is generally used as a proxy for ESX-1 function. It is possible that PDIM
loss has more subtle effects on ESX-1 function that are not reflected by ESAT-6 secretion levels.

Because primary infection does not reliably elicit Th17 T cells, it has been difficult to study the
function of these cells. A method for reliably inducing Th17s in mice during infection would
facilitate studying the role of Th17-mediated protection. We show here that mice lacking Tbet
respond to WT Mtb infection with a Th17 response and provide protection mediated by IL-17A
during early infection. Thus, Tbet−/− mice can be used to interrogate mechanisms underlying Th17
mediated protection during primary Mtb infection. High Th17 plasticity permits Th17s to express a
wide variety of T helper subset profiles that can range from pro-inflammatory Th17.1s that co-
express IFN-γ and IL-17A to anti-inflammatory Tr1-like Th17s that co-express IL-10 and IL-17A
(57). Moving forward, it will be important to delineate in depth which Th17 subsets and which
mechanisms downstream of IL-17 receptor signaling are important for controlling Mtb infection.
Importantly, we show that exogenous administration of recombinant IL-17A leads to a decrease in
CFU in Mtb infected lungs by up to ∼5x. Our data suggests that a limiting factor for efficacy of
recombinant IL-17A is its short half-life. Future efforts focused on methods for improving the
stability of this cytokine in vivo could lead to more dramatic reductions in bacterial burdens.

The live vaccine strain Bacille Calmette-Guerin (BCG) was developed by extensive laboratory
passage of Mycobacterium bovis, resulting in attenuation of virulence (58, 59). This attenuation
makes BCG a very safe vaccine. However, although BCG is effective in preventing severe
tuberculosis in children, it is not sufficiently effective against adult pulmonary tuberculosis to
make a significant impact on TB cases worldwide. A cause of the reduced virulence of BCG is the
loss of multiple genes associated with the ESX-1 type VII secretion system. To create a live vaccine
that is safe yet more effective than BCG, scientists engineered MTBVAC, a vaccine candidate
currently in phase 2b trials. Unlike BCG, MTBVAC is derived from Mtb. MTBVAC is attenuated by
mutation of the ESX-1 secretion system and a mutation that eliminates PDIM (60). Our insights into
how ESX-1 and PDIM suppress effective immune responses could promote understanding of how
MTBVAC provides protective immunity. Indeed, MTBVAC has been demonstrated to elicit mucosal-
homing-marker expressing Th17s ideal for better control of Mtb infection (61). In addition,
understanding the role and function of Th17 cells more generally can help promote development
of the next generation of effective Mtb vaccine candidates.

Materials and Methods
Ethics statement
All procedures involved with the use of mice were approved by the University of California,
Berkeley’s Institutional Animal Care and Use Committee (protocol 2015-09-7979). All protocols
conform to federal regulations, the National Research Council Guide for the Care and Use of
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Laboratory Animals, and the Public Health Service Policy on Humane Care and Use of Laboratory
Animals.

Bacterial Culture
Mycobacterium tuberculosis strain Erdman was grown in Middlebrook 7H9 liquid medium
supplemented with 10% oleic acid, albumin, dextrose, and catalase (OADC) (BD 212351), 0.4%
glycerol, and 0.05% Tween 80 or on solid 7H10 agar plates supplemented with 10% OADC and 0.4%
glycerol. Frozen stocks of M. tuberculosis were made from a single culture and used for all
experiments.

Mice
C57BL/6J (no. 000664), Ifng−/− (B6.129S7-Ifngtm1Ts/J, no. 002287), Tbet−/− (Tbx21−/−, B6.129S6-
Tbx21tm1Glm/J, no. 004648), and Il17aicre/icre (Il17a−/−, B6.129(SJL)-Il17atm1.1(icre)Stck/J, no. 035717)
mice were obtained from The Jackson Laboratory and bred in-house. Ifnar1−/−, Sp140−/−, and
Sp140−/−Ifnar1−/− mice were obtained from the Vance laboratory (UC Berkeley) and bred in-house.
Mice were age matched for all experiments.

Aerosol challenge experiments with M. tuberculosis
Mice between the age of 8 to 12 weeks old were infected via the aerosol route with M. tuberculosis
strain Erdman using a nebulizer and full-body inhalation exposure system (Glas-Col, Terre Haute,
IN). A total of 9 mL of diluted aerosol stock in MilliQ water was loaded into the nebulizer to deliver
30-100 bacteria per mouse as measured by whole lung CFU 1 day post infection.

Intranasal challenge experiments with M. tuberculosis
Mice between the age of 8 to 12 weeks old were infected with 40 uL of M. tuberculosis strain
Erdman diluted in PBS administration for mice to inhale 30-100 bacteria per mouse as measured
by whole lung CFU 1 day post infection.

Flow Cytometry
Whole lungs were homogenized using GentleMACS C tubes (Miltenyi Biotec 130-093-237) in
complete RPMI-1640 media supplemented with 10% FBS, 1 mM sodium pyruvate (Sigma Aldrich
S8636), 0.01 mM HEPES, 1% Glutamax (Thermo Scientific 35050061), 1% non-essential amino acids
(Gibco 11140-050), and 55 μM 2-mercaptoethanol (Gibco 21985-023) containing Liberase TM (Sigma
Aldrich 05401119001) and DNase I (Sigma Aldrich 11284932001). Cells were strained through 70
micron strainer (Corning 352350). Cells were treated with protein transport inhibitor cocktail mix
(Invitrogen 00-4980-03) and stimulated with vehicle control, Mtb Ag85b peptide pool
(Peptides&elephants LB02088), Mtb esat6 peptide pool (Peptides&elephants LB02113), or PMA and
ionomycin (Invitrogen 00-4970-93) for 5 hours at 37 °C, 5% CO2. Cells were stained with live/dead
stain (ThermoFisher L23101), Fc block (Biolegend 101320), and surface stained with antibodies for
CD3, Ly6G, CD4 (BD 740268, 551460, and 569182 respectively), MHC-II, pan-γδTCR, and CD8a
(Biolegend 107605, 118124, and 100714 respectively) in Brilliant stain buffer (BD 566349). Cells
were fixed and permeabilized with Foxp3 staining kit (Invitrogen 00-5523-00) before intracellular
staining for RORγT, Foxp3 (BD 564723 and 562996 respectively), Tbet, IFN-γ, and IL-17A (Biolegend
644817, 505814, and 506903 respectively). Data was collected using a BD Symphony A3 flow
cytometer (BD) and analyzed using FlowJo Software (BD).

Mediastinal lymph nodes were homogenized using complete RPMI-1640 containing Liberase TM
(Sigma Aldrich 05401119001) and DNase I (Sigma Aldrich 11284932001) with sterile plunger of 3
mL syringe to pass dissociated tissue through 100 micron cell strainer (Corning 352360). Cells were
stained with live/dead stain (ThermoFisher L34966), Fc block (Biolegend 101320) and surface
stained with antibodies for XCR1, CD11b, CD11c, Ly6G, MHC-II, CD3, CD19 (Biolegend 148220,
101261, 117318, 127627, 107606, 100233, and 115545 respectively) and Ly6C and CD64 (BD 755198
and 569507 respectively) in Brillant stain buffer (BD 566349). Cells were fixed and permeabilized
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with Foxp3 staining kit (Invitrogen 00-5523-00) before intracellular staining for IL-12 p35
(Invitrogen MA5-23559) and IL-23 p19 (BD 565317). Data were collected using a BD Symphony A3
flow cytometer (BD) and analyzed using FlowJo Software (BD).

For Legendplex, whole lungs were homogenized using 70 micron cell strainer (Corning 352350)
and plunger of 3 mL syringe into complete RPMI. Single cell suspensions were pelleted at 1200
rpm for 5 minutes at 4 °C. Supernatants were collected for LEGENDplex with pre-made mouse
inflammation panel (13-plex) (Biolegend 740446). Prior to final wash and running on flow
cytometer, beads were fixed with 4% PFA and plate transferred to BSL1. Data was collected using a
BD Symphony A3 flow cytometer (BD) and analyzed using LEGENDplex Data Analysis Software
Suite (Biolegend).

Lung homogenate protein concentration measurements
Whole lungs were homogenized in complete RPMI-1640 media supplemented with 10% FBS, 1 mM
sodium pyruvate (Sigma Aldrich S8636), 0.01 mM HEPES, 1% Glutamax (Thermo Scientific
35050061), 1% non-essential amino acids (Gibco 11140-050), and 55 μM 2-mercaptoethanol (Gibco
21985-023) and meshed through 70 micron cell strainer (Corning 352350) with plunger of 5 mL
syringe. Cells were pelleted at 1,500 rcf for 5 minutes and supernatants were collected for
measuring protein concentrations with BioLegend LEGENDplex mouse inflammation panel (13-
plex) (Biolegend 740446).

Exogeneous IL-17A administration
Mice were intranasally administered 1 μg endotoxin-free recombinant murine IL-17A (R&D
systems, 7956-ML-100/CF) in 40 μL sterile PBS daily or 40 μL of vehicle control daily, or
intraperitoneally administered 2 μg endotoxin-free recombinant murine IL-17A in 100 μL sterile
PBS daily or 100 uL of vehicle control dailiy from days 11 to 20 post aerosol M. tuberculosis
challenge.

MSA-IL-17A was generated by fusing a (GGGGS)3 linker between the C-terminus of mature murine
serum albumin and N-terminus of mature murine IL-17A. MSA-IL-17A was purchased from
Genscript USA, Inc. in endotoxin-free pH 7.2 PBS. Mice were intranasally administered 5.54 μg
MSA-IL-17A (equimolar to 1 μg recombinant murine IL-17A) in 40 μL sterile PBS daily or 40 μL
vehicle control, or intraperitoneally administered 11.09 μg MSA-IL-17A (equimolar to 2 μg
recombinant murine IL-17A) in 100 μL PBS or 100 μL vehicle control daily between days 11 to 20
post aerosol M. tuberculosis challenge.

Bone-marrow-derived macrophage infection
WT C57BL/6J bone-marrow-derived macrophages (BMDMs) were incubated on tissue-culture
plates for 48 hours prior to infection at 37 °C, 5% CO2. BMDMs were spin-fected at 1200 rpm for 10
minutes at room temperature for an MOI of 10. BMDMs were washed with 1x PBS (pH 7.4) and
incubated with fresh BMDM media at 37 °C, 5% CO2 for 24 hours. 24 hours post infection, cultured
supernatants were extracted for IL-23 ELISA (Biolegend 433704).

Statistical Analysis
All data was analyzed using FlowJo v10 (FlowJo, LCC) and/or Prism 10 (GraphPad Software). All
graphs were analyzed using Mann-Whitney U-test. Significant values are symbolized with
asterisks of * < 0.05, ** < 0.01, and ns for non-significant.

Data availability
All data generated or analyzed during this study are included in the manuscript and supporting
files.
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Supplementary figures

Figure S1. Mice were infected with either the Erdman or Beijing strain of Mtb via the aerosol route and
evaluated at 21dpi for (A) CFU in the lungs or (B-G) IL-17A+ CD4+ T cells in the lungs. (B,C) unstimulated, (D,E)
restimulated with Antigen 85B peptide, (F,G) restimulated with ESAT-6 peptide. Representative experiment of 2.
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Figure S2. Mtb Erdman PDIM mutants secrete ESAT-6 and ESX-1 mutants produce PDIM
(A) WT, ΔeccC1, complemented ΔeccC1::eccC1 (ΔeccC1 comp), fadD28::tn, or fadD28::tn + pfadD28 (fadD28::tn comp) M.
tuberculosis Erdman strain were cultured in Sauton’s complete media without Tween-80 for 5 days. Cell lysate and culture
supernatant were processed through SDS-PAGE and Western blot analysis. Anti-ESAT-6 antibody was used for detecting ESAT-
6. Anti-Mtb GroEL2 antibody (BEI Resources NR-13657) was used as a loading control for the cell lysate fraction. Anti-Mtb
Mpt32 antibody (BEI Resources NR-13807) was used as a loading control for the culture filtrate. Results shown are from 1
experiment representative of 2 independent experiments. (B) WT, ΔeccC1 (ESX), complemented ΔeccC1::eccC1 (ESX(C),
fadD28::tn (PDIM), or fadD28::tn + pfadD28 (PDIM(C)) M. tuberculosis Erdman strain were cultured in 7H9 media. Outer leaflet
of mycomembrane was removed via hexanes wash, concentrated and separated on TLC plate with 98:2 petroleum
ether:acetone mobile phase. TLC plate was stained with 0.2% Coomassie blue in 20% methanol. Results shown are from 1
experiment representative of 2 independent experiments.

Figure S3. Attenuation of ESX-1 and PDIM mutants at 21 days post infection.

WT B6 mice were aerosol infected with either WT, ΔeccC1, ΔeccC1::eccC1, fadD28::tn, or fadD28::tn + pfadD28 M. tuberculosis
Erdman strain. 21 days post infection, mice were sacrificed, and CFU were enumerated from lung lysates.
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Figure S4. Antigen 85b stim resembles ESAT-6 stimulation for IFN-γ and IL-17A staining of CD4+ T cells.

As in Figure 3     , WT B6 mice were aerosol infected with either WT, ΔeccC1, ΔeccC1::eccC1, fadD28::tn, or fadD28::tn + pfadD28
M. tuberculosis Erdman strain. 21 days post infection, mice were sacrificed, lung single cell homogenates were stimulated with
Antigen 85b peptide pool and measured for lung (A) IFN-γ+ CD4+ T cells and (B) IL-17A+ CD4+ T cells by flow cytometry.
Results in A and B are representative of 2 independent experiments. *, p < 0.05;**, p < 0.01 (unpaired nonparametric Mann-
Whitney U test).

Figure S5. ΔmmpL4 Mtb induces similar IFN-γ+ CD4+ T cells as WT or complemented Mtb.

Mice were aerosol infected with WT, ΔmmpL4 mutant, or complemented ΔmmpL4 Mtb Erdman strain and evaluated for IFN-γ+

CD4+ T cells after restimulation with ESAT-6 peptide by flow cytometry. Results are representative of 2 independent
experiments. *, p < 0.05; **, p < 0.01 (unpaired nonparametric Mann-Whitney U test).
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Figure S6. There is little to no IL-23 p19 expression in cDC1s and IL-12 p35 expression in cDC2s during Mtb
infection.

As in Figure 5     , WT B6 mice were aerosol infected with WT, ΔeccC1, ΔeccC1::eccC1, fadD28::tn, or fadD28::tn + pfadD28 M.
tuberculosis Erdman strain. 21 days post infection, mice were sacrificed, mediastinal lymph nodes were extracted and
processed for ICS. Analysis of (A) IL-23 p19+ cDC1s and (B) IL-12 p35+ cDC2s by flow cytometry. Results in A and B are
representative of 2 independent experiments. (unpaired nonparametric Mann-Whitney U test).
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Summary:

The manuscript examines the factors that restrict the induction of IL-17-producing T cells
during Mycobacterium tuberculosis (Mtb) infection. The authors show that neither infectious
route, nor duration of infection are responsible. But they do show that mice that lack the Th1-
defining transcription factor, a finding consistent with prior reports in the field of
immunology. They also show that 2 highly attenuated Mtb mutants in ESX-1 and PDIM, two
well-known Mtb virulence factors, do induce IL-17 producing T cells. In contrast, Mtb
mutants in mmpl4 are also similarly attenuated, but do not induce IL-17-producing T cells,
suggesting that this property is not simply a result of attenuation but due to specific
properties of ESX-1 and PDIM-deficient mutants.

Strengths:

(1) It is interesting that mice infected with ESX-1 and PDIM mutants have increased induction
of Th17 cells.

(2) Data is solid and convincing throughout.

Weaknesses:

There are two main criticisms:

(1) B6 mice, compared to humans are known to be very Th1 skewed and the Th1 transcription
factor T-bet is known to be a strong inhibitor of Th17 responses. Thus, these Th17 inhibitory
factors may be stronger in B6 mice than humans, as many humans do make Th17 responses
to Mtb infection.

(2) The molecular insights about how Th17 induction is somewhat limited. Tbet induction is
known to restrict Th17 development and this is a t cell intrinsic mechanism. In contrast, the
IL-23 association revealed seems to be extrinsic to T cells and to act on T cells. It is not clear
these factors related to each other in restricting Th17 induction.

Additional points:

(1) The manuscript states, "Under the conditions where Th17s are highly induced, mice
infected with either ΔESX-1 or PDIM lacking Mtb, the Il17a-/- mice had ~3-5 fold higher CFU
than WT mice (Figures 3F-G). These results indicate that the induction of Th17s is not
dependent on the attenuation of Mtb in general, but instead Mtb utilizes ESX-1 and PDIM to
suppress the induction of a Th17 response that enhances protection against Mtb infection."
One consideration, however, is that ESX-1, PDIM, and mmpl4 mutants all have similarly
reduced CFUs in the lung, but have different CFUs in the lung-draining LN where T cell
priming occurs? The bacterial burden in the LN may be more important for regulating T-bet,
IL-23, and Th17 differentiation, since the LN is where T cell priming occurs, than the CFU in
the lung. Perhaps ESX-1 and PDIM mutants have reduced CFU in the LN, but mmpl4 does not.
This difference in LN burdens may be the primary driver of Th17 priming, as high avidity
interactions are thought to be an important driver of T-bet induction. Thus, without
examining the LN, some questions remain regarding the conclusion that the altered Th17
response in the attenuated strains is not due to the attenuation itself. However, I agree the
CFU in the LN probably reflects that in the lung, and if so, the author's conclusions would be
sound.
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(2) Do LN cDC1 and high levels of IL-12 p35 manifest in mice infected with the mmpl4
mutant? Likewise do LN cDC2's express low levels of IL-12 p19 (akin to those infected with
WT Mtb). If these observations for ESX-1 and PDIM mutants are mechanistically linked to the
increased numbers of Th17 cells, then you would expect mice infected with mmpl4 mutants
to be more like those infected with WT Mtb than to those infected with ESX-1 and PDIM
mutants. These experiments would help provide more convincing evidence that the
identified mechanisms are due specifically to outcomes regarding Th17 induction. However, I
agree the author's conclusions are the most likely explanation given the current data.

https://doi.org/10.7554/eLife.110008.2.sa3

Reviewer #2 (Public review):

In this manuscript, the authors tackle an important question of why IL-17 production and
TH17 responses are lower than expected during Mtb infection. The authors identify an axis of
cross-regulation between TH1 and TH17 cells and provide data to support roles for Mtb
virulence factors ESX1 and PDIM in promoting TH1 responses and/or suppressing TH17
responses.

Strengths:

The strengths include the significance of the work, the combination of host and Mtb genetic
models to dissect the mechanistic basis for regulation of IL-17 production from T cells during
infection, and the rigor of the experiments. There are a number of exciting findings from the
work, including the cross talk between T cell responses and the impact of ESX1 and PDIM on
these responses. It is particularly striking that that IL17a deficient mice partially rescue the
attenuation of ESX-1 and PDIM mutants.

Comments on revised version.

The revised manuscript has tempered a lot of the language in the original text to more
accurately state (and not overstate) interpretations of the data. The claim that the effect is
independent of route of infection seems a little too large of a claim when only two routes
were tested (aerosol and intranasal). And although the authors revised the results section to
acknowledge the contribution of an IFNg-dependent suppression of IL-17 production from T
cells, the abstract has not been updated and still claims that all effects are independent of
IFNg.

https://doi.org/10.7554/eLife.110008.2.sa2

Reviewer #3 (Public review):

Summary:

The manuscript by Zilinskas et al seeks to understand the mechanisms underlying the ability
of Mtb to suppress Th17 differentiation. As Th17 responses are needed for protective
immunity against TB, this is an important topic of investigation. They use Mtb mutants that
lack eccC1 (from ESX-1 locus) and fadD28 (encoding PDIM) and implicate a Tbet-dependent
pathway by which Mtb modulates Th17 differentiation. The mechanism by which ESX-1/PDIM
function to impact Th17 differentiation is, however, unclear, which limits the novelty of the
results.

Strengths:

Understanding how Mtb limits Th17 differentiation has implications for vaccine
development. Comparative study of KO mice and Mtb mutants is a strength.
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Weaknesses:

(1) Addressing several questions related to the Tbet KO mouse experiments would strengthen
the study. Do the Tbet KO mice have elevated IL-4/5/13 (which has been previously reported
in non-TB studies) in addition to IL-17? The lack of Th17 cells in the IFNg KO compared to the
Tbet KO may reflect a difference in timing, since only 3-week data are shown; earlier and
later time points would provide a better interpretation. The authors do not present any data
on neutrophil infiltration in WT vs Tbet KO vs IFNg KO mice. Since IL-17 is known to be
important for recruiting neutrophils to the lung, neutrophil data are important for clarifying
the mechanism underlying the CFU outcomes.

(2) While IL-23 is important for sustaining IL-17 production, IL-6, TGF-b and/or IL-1β are
necessary for Th17 polarization. What were the levels of these cytokines in DCs in the lung?
(Fig 5). Additionally, Tbet-deficient DCs exhibit impaired activation of antigen-specific Th1
cells and have reduced IL-12 production. Given the data showing higher IL-17 levels in Tbet
KO mice, the authors should provide information on the DC phenotype (IL-23, IL-6 etc) in the
Tbet KO experiments.

(3) The mechanism by which ESX-1/PDIM function to impact Th17 differentiation is not clear.
While data showing a role for ESX-1 and PDIMs in inhibiting Th17 responses is interesting,
there is no insight into the potential mechanism of action. Fig 3 showing reduction in IFNg+
CD4 T cells after infection with eccC1 and fadD28 mutants suggests that this outcome is due to
a lower bacterial load relative to WT Mtb at the 3-week time point. Since IFNg is known to
suppress IL-17, the higher levels of Th17 cells could be due to the reduction in IFNg due to the
attenuated growth of the mutants.

https://doi.org/10.7554/eLife.110008.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:

Reviewer #1 (Public review):

There are two main criticisms:

(1) It is not clear how much the factors uncovered here are true beyond B6 mice. B6 mice,
compared to humans, are known to be very Th1-skewed, and Tbet is a strong inhibitor of
Th17-specific T cells. Many people make IL-17-producing T cells in response to Mtb
infection.

We appreciate the point that not all findings in mice are directly translatable to humans. The
B6 mouse is widely used as a model organism for tuberculosis due to its tractability and the
wealth of genetic tools available for this strain. While it is true that many individuals do
produce Th17 cells after infection with Mtb, humans are still very Th1-dominant, and not all
infected individuals produce Th17 cells. We can speculate that the mechanisms outlined in
this paper may contribute to the reasons that Th17 responses are not more robust in humans,
a finding that may be useful in guiding vaccine design in the future.

(2) Very few novel insights are mechanistically revealed about how Th17 induction is
restricted by Mtb. Tbet induction is known to restrict Th17 development, and this is a T-
cell intrinsic mechanism. In contrast, the IL-23 association revealed seems to be extrinsic
to T cells and to act on T cells. How, if at all, are these factors related to each other in
restricting Th17 induction? Also, the conclusion that it is not a result of attenuation is not
completely convincing.
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While it is established that Th1 differentiation can inhibit Th17 differentiation, we believe
that rigorously demonstrating this genetically in the context of Mtb infection remains
important. Moreover, it cannot be assumed that IL-17 elicited by dampening the Th1
response can lead to enhanced control of infection. We view addressing this as a significant
contribution. Furthermore, we also show that the ESX-1 and PDIM virulence factors are
functionally linked by suppression of IL-17 responses. The effect is unlikely to be simply due
to attenuation of the strains as an equally attenuated control strain does not elicit Th17 cells.
We believe that these insights are both novel and important for understanding immune
responses to Mtb.

Other points:

(1) The authors show that mice infected with a deficiency in ESX-1 have more IL-17-
producing CD4 T cells in response to stimulation with an ESAT-6 peptide pool (Figure 3B).
Because ESAT-6 is encoded by ESX-1, why do mice infected with this Mtb mutant have any
ESAT-6-specific T cells? Is it an incomplete knockdown?

The ESX-1 knock-out M. tuberculosis Erdman strain is a ΔEccC1 mutant. This strain can
produce Esat-6 but cannot secrete Esat-6 out of the bacterial cell. Thus Esat-6 protein is
present and able to be processed for MHC-II presentation. We also use Ag85b peptide pool
stimulation and report similar effects as Esat-6 peptide pool stimulation.

(2) The manuscript states, "Under the conditions where Th17s are highly induced, mice
infected with either ΔESX-1 or PDIM lacking Mtb, the Il17a-/- mice had ~3-5 fold higher
CFU than WT mice (Figures 3F-G). These results indicate that the induction of Th17s is not
dependent on the attenuation of Mtb in general, but instead Mtb utilizes ESX-1 and PDIM
to suppress the induction of a Th17 response that enhances protection against Mtb
infection." I don't think the last sentence is necessarily true. I can imagine a scenario in
which the induction of the Th17s is, in fact, due to the attenuation, and the Th17
induction still contributes to protection.

We tested another attenuated M. tuberculosis strain with no known relationship with ESX-1
or PDIM, ΔMmpL4. This attenuated mutant fails to induce IL-17A–producing CD4 T cells to the
same extent as observed in mice infected with ESX-1-deficient or PDIM-deficient strains,
which is strong evidence that simple attenuation of virulence does not result in higher
numbers of Th17 cells being elicited.

(3) ESX-1, PDIM, and mmpl4 mutants all have similarly reduced CFUs in the lung, but
what about the LN? The bacterial burden in the LN may be more important for
regulating T-bet, IL-23, and Th17 differentiation, since the LN is where T cell priming
occurs, than the CFU in the lung. Perhaps ESX-1 and PDIM mutants have reduced CFU in
the LN, but mmpl4 does not. This difference in LN burdens may be the primary driver of
Th17 priming, as high avidity interactions are thought to be an important driver of T-bet
induction.

We acknowledge that this is a formal possibility, however we maintain that the phenotype is
specific to ESX and PDIM mutants, rather than MmpL4 mutants. Even if this phenotype arises
from a tissue-specific attenuation of ESX/PDIM mutants, it remains a specific phenotype of
these mutants, and not all attenuated mutants, albeit less directly. More importantly, the
observation that these mutants induce higher levels of the Th17-polarizing cytokine IL-23
from infected cells ex vivo suggests that this is not an indirect phenomenon.

(4) Do LN cDC1 and high levels of IL-12 p35 in mice infected with the mmpl4 mutant?
Likewise, LN cDC2's express low levels of IL-12 p19 (akin to those infected with WT Mtb)? If
these observations for ESX-1 and PDIM mutants are mechanistically linked to the
increased numbers of Th17 cells, then you would expect mice infected with mmpl4
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mutants to be more like those infected with WT Mtb than those infected with ESX-1 and
PDIM mutants.

Because ΔMmpL4 and complemented strains resulted in T cell profiles that were not different
from the wild-type, we did not measure mediastinal lymph node dendritic cell expression of
IL-12 p35 and IL-23 p19 in infections with these mutants.

(5) ESX-1 and PDIM are very different virulence factors - a protein secretory pathway and
cell wall lipid, respectively? Mechanistically, how would mutants in these pathways give
very similar outcomes regarding Th17 cells unless it was simply as an aspect of their
attenuation? Perhaps, mmpl4 mutants simply differ in some aspects of their attenuation,
such as bacterial burdens in LNs, or their interaction with cDCs?

We are not the first to link phenotypes of ESX-1 and PDIM. Both systems have both been
shown to be important for M. tuberculosis permeabilization of the host cell phagosome after
phagocytosis, and for suppression of type I IFN responses, among other responses. Thus,
these seemingly different virulence factors clearly work together to support specific
virulence traits during infection. The exact mechanism of how ESX-1 and PDIM interact is not
completely understood and is an area for future investigation.

Reviewer #2 (Public review):

The following conclusions and interpretations should be revisited, rephrased, and re-
evaluated:

(1) The manuscript neglects to analyze T cell responses in the dLN, which is the critical
site where these responses are initiated (only DC cytokine production is measured in the
dLN). The differences in the lungs could reflect trafficking of T cells to the lungs, local
lung T cell responses, or durability of the T cell responses in the lungs. The authors state
in the last results section that "These results indicate that the ESX-1 and PDIM virulence
factors impact naïve T cell differentiation at the draining mediastinal lymph node..." but T
cell responses are never measured in the dLN.

Due to the limited size of the mediastinal lymph node at 3 weeks post infection, we were
unable to obtain enough cells for both myeloid cell analysis and T cell analysis, as we
perform staining for these panels separately due to the decrease in viability of myeloid cells
observed during T cell restimulation. In addition, because T cells in the lung are the
population of cells most critical for mediating the outcome of infection, we believe analyzing
the T cell response in the lymph nodes though interesting, is not crucial for this study. We
have edited the manuscript to be clearer, as suggested by the reviewer.

(2) Figure 2: The authors state that "Importantly, IFN-γ deficient mice did not exhibit
elevated levels of IL-17A producing CD4 T cells demonstrating that IFN-γ production is
not the mechanism by which Th1 T cells limit a Th17 response during Mtb infection", but
the difference is significantly different and even more obvious in Panel B. In fact, if the
Panel D y-axis was on a log scale, the Ifng-/- would likely look more like Tbet-/- than WT.
Based on this data, it seems like IFNg is having an effect and should not be completely
discounted. Does the deletion of Ifng affect the number of Tbet+ T cells?

We agree that the IFN-γ-/- have only 5x more IL-17 producing CD4 T cells than WT mice while
Tbet-/-mice exhibit a 25-fold increase compared to WT. We have added this information to the
text, and now point out that IFN-γ production is not the sole mechanism by which Th1 T cells
limit a Th17 response during Mtb infection.

In addition, the deletion of Tbet results in an increased number of IFNg+IL-17+ double
positive T cells (Figure 2B), in addition to a sizable IFNg single positive T cell population
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maintained in the Tbet-/- mice (10x the negative control of Ifng-/-). Is this why Tbet
deletion is not as severe as Ifng deletion, because T cells are still making IFNg?

It is possible that the residual IFN-γ produced by T-bet-deficient animals contributes to their
relatively modest susceptibility to infection. However, our data show that deletion of IL-17 in
this background renders T-bet–deficient mice nearly as susceptible as IFN-γ deficient mice,
arguing that the remaining IFN-γ is not a major protective factor.

Along these lines, the statement in the text that, "Tbet-/-Il17a-/- mice completely lacked
both IFN-γ producing...." T cells is not supported by the data in Figure 2C. Tbet-/-Il17a-/-
mice look to have more gamma-producing T cells than Tbet-/- mice (which is already 10x
the negative control of Ifng-/- in panel 2B if one includes the gamma single positive and
IFNg/IL-17 double positive).

We have amended the language in the text to be more consistent with the data.

(3) In the Results sections describing Figures 3, 4, and 5, the authors equate IL-17
production by T cells with TH17 responses and IFNg expression with TH1, but Tbet and
RORgt expression in the T cells should be measured to make conclusions about TH1 and
TH17. Or the authors can rephrase their findings to specifically state the observations as
IFNg or IL-17 expressing CD4+ T cells.

We believe that calling a CD4 T cell in the lung that is producing IFN-γ (and not IL-17) a Th1
cell is appropriate. Potentially confounding cells include those which also produce IL17,
which we have ruled out, or TFH cells that may be common in lymph nodes but are not
common in lungs at this time point and under these conditions.

(4) Conceptually, do the authors think that ESX1/PDIM promotes TH1 responses and this
blocks TH17 or are ESX1/PDIM blocking TH17 responses directly, allowing for increased
TH1 responses? It would be helpful to clarify the model in this regard, describe how the
data supports one model or the other, and then make sure the language is consistent
throughout. Can these effects on T cell responses be tested and recapitulated in vitro
using infected APC and T cell co-cultures?

While it is possible that PDIM and ESAT-6 suppress Th17 through promotion of Th1
differentiation, we do not have data to support this model currently. However, we have
added a comment making this point to the discussion.

Reviewer #3 (Public review):

Weaknesses:

(1) The authors should acknowledge and reference key findings from the literature that
have identified suppression of Th17 differentiation as an Mtb virulence mechanism, e.g.,
the role of the Hip1 protease and CD40 signaling (Madan-Lala JI 2014, Sia Plos Path
2017, Enriquez iScience 2022) and Khader JI 2005, showing the requirement of IL-23 for
Th17 responses in vivo in a TB mouse model.

We thank the reviewer for pointing these references out and have added them to the
discussion section of the manuscript.

(2) Addressing several questions related to the Tbet KO mouse experiments would
strengthen the study. Do the Tbet KO mice have elevated IL-4/5/13 (which has been
previously reported in non-TB studies) in addition to IL-17? The lack of Th17 cells in the
IFNg KO compared to the Tbet KO may be due to a difference in timing, since only 3-week
data are shown; earlier and later time points would provide better interpretation. The
authors do not present any data on neutrophil infiltration in WT vs Tbet KO vs IFNg KO
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mice. Since IL-17 is known to be important for recruiting neutrophils to the lung, data on
neutrophils are important for clarifying the mechanism for the CFU outcomes.

We agree that it is surprising that, in the context of TB, Th17 responses are protective
whereas excessive neutrophil recruitment is detrimental to the host. In IFN-γ–deficient mice,
neutrophils are recruited and contribute to the increased susceptibility of this strain (PMID:
21967766). In separate work from our lab, we have shown that the phenotype of neutrophils
recruited to the lungs during Mtb infection influences disease outcome (PMID: 40937719). It is
possible that differences in the host environment and the timing of the response shape the
effects of neutrophils on the host; these and the other questions raised by the reviewer will
be the subject of future studies.

(3) While IL-23 is important for sustaining IL-17 production, IL-6, TGF-b and/or IL-1β are
necessary for Th17 polarization. What were the levels of these cytokines in DCs in the
lung? (Figure 5). Additionally, Tbet-deficient DCs exhibit impaired activation of antigen-
specific Th1 cells and have reduced IL-12 production. Given the data showing higher IL-
17 levels in Tbet KO mice, the authors should provide information on the DC phenotype
(IL-23, IL-6, etc.) in the Tbet KO experiments.

While these are interesting points, investigating mechanisms of Tbet-dependent suppression
of IL-17 is beyond the scope of this study.

(4) The mechanism by which ESX-1/PDIM function to impact Th17 differentiation is not
clear. While data showing a role for ESX-1 and PDIMs in inhibiting Th17 responses is
interesting, there is no insight into the potential mechanism of action. Figure 3 showing
reduction in IFNg+ CD4 T cells after infection with eccC1 and fadD28 mutants suggests
that this outcome is due to a lower bacterial load relative to WT Mtb at the 3-week time
point. Since IFNg is known to suppress IL-17, the higher levels of Th17 cells could be due
to the reduction in IFNg due to the attenuated growth of the mutants. Additionally, what
was the level of Type I IFNs elicited by these mutants?

We included the MmpL4 knockout Mtb Erdman strain as a control to ensure that attenuation
of mutants is not the cause of the increase in IL-17. We also showed that eliminating type I
IFN signaling by deleting its receptor has minimal impact on Th17 differentiation, even in the
context of a host that produces excess type I IFN. Therefore we do not believe that type I IFN
elicited by these mutants is explanatory for the phenotype.

(5) Since macrophages have been implicated in the reduced cytokines seen in the ESX-1
mutant, IL-23 and other cytokine data on lung macrophages would complement the DC
data.

Because dendritic cells are primarily responsible for priming CD4 T cell responses, we believe
that this result in macrophages would not substantially alter our conclusions. That said, it
was demonstrated previously that macrophages infected with ESX-1 mutants produce less IL-
12p40, a subunit of IL-23.

(6) Figure 5. There are many fewer DCs overall in the eccC1 and fadD28 mutant groups,
which could account for the increased % IL-23p19 in DCs (5D). What were the levels of IL-
23 in DC1s?

The amount of IL-23 p19+ in type I conventional dendritic cells (cDC1s) was near zero as
shown in supplementary figure 6A. cDC1s are known to not express IL-23 p19 in mice.

Recommendations for the authors:

Reviewer #2 (Recommendations for the authors):
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(1) What do the authors mean by the alternative secretion part of "ESX1 Type VII
alternative secretion system" that they refer to?

Bacterial alternative secretion systems facilitate the export of proteins from the bacterial cell
independent of the canonical Sec-dependent secretion system required for export of most
secreted bacterial proteins across the inner membrane. However to avoid confusion, we have
removed the word alternative.

(2) Not sure naïve fits in this sentence at the end of the introduction: "Furthermore, we
observe a strong Th17 response during infection with ΔESX-1 or PDIM lacking Mtb in
naïve mice....".

We have removed the word Naïve.

(3) Figure legend for 1A-C says analysis performed at 21 dpi, but the figure shows the
time course.

We have corrected this error.

Reviewer #3 (Recommendations for the authors):

(1) Figure 1 should show the non-stimulated flow plot.

We have added the unstimulated samples.

(2) The % IL-17 in the flow plots is not consistent across Figures 1, 2, and 3. Not sure why
the scales for the Y-axis for IL-17 differ so much between Figures 1 and 2/3. IS there a
technical issue with compensation?

We did not experience any difficulties with compensations. These experiments were done
over several years of work. For every experiment, new single-color controls were used and
gating was done with the FMO gating strategy. Minor variation such as we see here is not
surprising.

(3) Discuss Yeh et al J Neuroimmunol 2014- show that IFNγ inhibits Th17 differentiation
and function via Tbet-dependent and Tbet-independent mechanisms.

We have added this reference to the manuscript.

https://doi.org/10.7554/eLife.110008.2.sa0
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