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Fig. 8 The Kyn-AhR pathway leads to CD4 T-cell dysfunction. A-D Mtb-infected C57BL/6J mice were treated with PBS or Kyn (20 mg/kg)
daily starting one day after infection (n=5 mice per group). The mice were sacriced after 6 weeks, and the lungs and spleens were
harvested. Single-cell suspensions of lungs from the two treatment groups were stained with appropriate antibodies and analyzed via
multicolor ow cytometry. A, B We detected differences in the frequencies or geometric mean uorescence intensities (gMFIs) of PD-1, LAGS,
and TIM3 expression on activated CD4 T cells.C IFN- expression on activated CD4 T cells.D TNF- expression on activated CD4 T cells.
E-H Mtb-infected Ahr 7 and Ah/”?C mice were sacri ced after 6 weeks, and the lungs were harvestedn(=5 mice per group). Single-cell
suspensions of lungs from the two treatment groups were stained with appropriate antibodies and analyzed via multicolor ow cytometry.

E, F We detected differences in the frequency or gMFI of PD-1, LAG3, and TIM3 expression on activated CDRcells.G IFN- expression in
activated CD4™ T cells.H TNF- expression in activated CD4 T cells. gMFI is mostly used for low-abundance cell surface markers and
transcription factors.l As in A-D, acid-fast staining of lung sections was subsequently performed. Scale bars, 20n (main image) and 20 m
(magni ed region).J Bacterial load in homogenates from the lungs or spleens of the mice treated as described iA-D. K As in E-H, acid-fast
staining of lung sections was subsequently performed. Scale bars, 20n (main image) and 20 m (magni ed region). L Bacterial load in
homogenates from the lungs or spleens of the mice treated as described irE—H. The data are presented as the means + SDg.values were
calculated via two-tailed Students t test. *p <0.05, *¥ <0.01, ***p <0.001
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granulomas and thereby enhancing the effectiveness of bacterial
eradication [21]. Although the exact mechanisms behind this
phenomenon have not been fully elucidated, one possible
explanation is that inhibition of IDO1 accelerates the migration
of T cells to the lungs early in infection, thereby strengthening the
host’'s immune control over Mtb. In this study, we found that the
expression levels of IDO1 in lung tissues from tuberculosis patients
were negatively correlated with T-cell infiltration.

In the process of tryptophan metabolism, Kyn, catalyzed by
IDO1, acts as an endogenous ligand that can activate AhR. The
activation of AhR allows it to enter the nucleus and perform its
transcriptional functions, thus playing a crucial role in the
regulation of immune responses [49]. This interaction highlights
the importance of AhR as a mediator in immune modulation,
linking metabolic pathways to immune system regulation [50, 51].
AhR activity is associated with the pathogenesis of various
diseases, including inflammatory diseases [52], neurological
disorders [53] and cancer [54], making it an attractive target for
the development of novel prevention and treatment strategies. In
the field of tuberculosis, researchers have identified a significant
role for AhR in the death of macrophages infected with Mtb via
the use of CRISPR interference screening technology [55].
Additionally, AhR can accelerate the metabolism of the anti-
tuberculosis drug rifabutin, which may affect drug efficacy [56].
Given these findings, AhR antagonists have shown potential as a
host-directed therapeutic strategy in animal models and may
represent a new therapeutic approach.

The JAK-STAT1 pathway is an important signaling route in
inflammatory macrophages for the secretion of cytokines that
promote inflammation. Specifically, the conserved tyrosine and
serine residues on the C-terminal domain of STAT1 are
phosphorylated by JAK kinases and mitogen-activated protein
kinases, respectively, which activate STAT1 [57]. This activation
enables STAT1 to dimerize and translocate to the nucleus, where it
regulates the expression of downstream chemokines, including
CXCL9 and CXCL10. These chemokines play critical roles in
recruiting immune cells to sites of inflammation or infection,
thereby facilitating an effective immune response [58]. Within the
context of inflammatory responses, the activation of AhR can
regulate the expression of various genes, including members of
the SOCS family [59]. SOCS family proteins interact with JAK
kinases to inhibit the JAK-STAT signaling pathway, providing a
negative feedback mechanism that prevents excessive activation
of cytokine signaling and inflammation. In this study, gPCR
screening revealed that AhR can upregulate the expression of
SOCS3, a member of the SOCS family. Furthermore, chromatin
immunoprecipitation assays and CUT&Tag-seq confirmed that
AhR can directly bind to the promoter region of SOCS3. Thus, by
increasing the expression of SOCS3, AhR inhibits the activity of the
JAK-STAT1 signaling pathway, subsequently reducing the levels of
CXCL9 and CXCL10. These findings indicate that AhR plays a
significant role in modulating the adaptive immune response to
tuberculosis.

The response of effector T cells to pulmonary Mtb infection is
closely related to long-term protection [60, 61]. The delayed arrival
of T cells to the lungs extends the initial phase of unrestricted
bacterial replication. When effector T cells eventually reach the
infection site, bacteria can induce a multilayered immunosup-
pressive microenvironment, such as the induction of myeloid-
derived suppressor cells (MDSCs) [62], high levels of immunosup-
pressive cytokines [63], and increased expression of immune
checkpoint molecules such as PD-L1 and CD39 on macrophages
[64], limiting the ability of T cells to control or clear Mtb at the site
of lung infection, thereby inducing dysfunction in effector T cells.
In our study, we found that administering Kyn to mice not only
significantly reduced T-cell infiltration in the lungs but also led to
T-cell dysfunction. In contrast, in mice lacking the AhR in
macrophages, we observed a significant increase in T-cell
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infiltration, along with increased cytokine secretion by CD4* and
CD8™ T cells, ultimately promoting an adaptive immune response
against tuberculosis and reducing the bacterial load.

Given that the delay in the T-cell response is a major barrier to
curing Mtb infection and one of the bottlenecks in the
development of new tuberculosis vaccines, our findings provide
important theoretical support for the development of host-
directed therapeutic strategies that target AhR. Inhibiting AhR
activity could help accelerate the immune response of T cells,
thereby enhancing the host’s control over Mtb infection and
opening new avenues for the treatment and vaccine development
of tuberculosis.

METHODS

Cell culture and Mtb infection

The THP-1 cells used in this study were obtained from ATCC and cultured
in RPMI 1640 medium (Thermo Fisher Scientific, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-streptomycin
solution (Caisson, USA). The THP-1 cells used in the laboratory were
subjected to examination for mycoplasma contamination and authenti-
cated. THP-1 cells were differentiated with PMA (0.1 uM) beginning 36 h
before transfection or other treatments. Once the cells were adherent, they
were transferred to PMA-free media to obtain resting macrophages. The
cells were pretreated for 24h with 20ng/mL IFN-y to generate
inflammatory macrophages before Mtb infection (MOI=15). Four hours
after Mtb infection, the infected cells were washed three times with 1x PBS
and incubated again with fresh RPMI 1640 medium.

Mouse bone marrow-derived macrophages (BMDMs) were isolated from
6~8-week-old C57BL/6J mice and cultured in DMEM (Thermo Fisher
Scientific, USA) supplemented with 10% FBS, 1% penicillin—streptomycin
solution, and 10ng/mL murine macrophage colony-stimulating factor
(Pepro Tech, USA) for 4-6 days. All the cell lines used in the laboratory
were cultured in a humidified incubator at 37 °C with 5% CO, and were
subjected to examination for mycoplasma contamination and authenti-
cated. The cells were pretreated for 24 h with 20 ng/mL IFN-y before Mtb
infection (MOl = 5) for another indication. Four hours after Mtb infection,
the infected cells were washed three times with 1x PBS and incubated
again with fresh DMEM.

Mice

The Ahr"/A°% mice and Lyz2-cre mice were a gift from the Institute of Basic
Medical Sciences, Chinese Academy of Medical Sciences, and were crossed
to generate AhrY**° mice. Six- to eight-week-old mice that were matched
for age and sex were used and randomly allocated to experimental groups.
The mice were housed under a 12/12 h light/dark cycle at 22-26 °C under
specific pathogen-free (SPF) conditions and provided sterile pellet food
and water ad libitum. The study is compliant with all of the relevant ethical
regulations regarding animal research.

Mouse infection

The mice were challenged by aerosol exposure to Mtb H37Rv via an
inhalation device (Glas-Col) calibrated to deliver 100 CFUs of Mtb H37Rv.
After infection, PBS or Kyn (20 mg/kg) was injected intraperitoneally into
C57BL/6 J mice daily. After 3 or 6 weeks of infection, the lungs and spleens
were harvested. Some lung samples were fixed in 4% paraformaldehyde
and embedded in paraffin, after which sections were cut for acid—fast
staining and immunohistochemistry. Other samples were homogenized
with a FastPrep-24 System (MP Biomedicals, USA) for qPCR analysis and
CFU counting. The tissue slices were collected with a Leica CS2 and
analyzed with Slide Viewer and ImageJ software. The sample size was
based on empirical data from pilot experiments.

Quantitative Polymerase Chain Reaction (qPCR)

For the purification of total RNA from cultured cells, the cells were collected,
and total RNA was extracted via TRIzol (Thermo Fisher Scientific, USA). For the
purification of total RNA from formalin-fixed, paraffin-embedded (FFPE)
samples, the protocol of the RecoverAll™ Total Nucleic Acid Isolation Kit for
FFPE samples was followed. Total RNA was extracted from paraffin-embedded
lung tissue sections from tuberculosis patients. The process began with
deparaffinization using xylene and ethanol to remove the paraffin, followed
by protease digestion at specified temperatures (50 °C/80 °C for RNA) to break
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down protein—nucleic acid crosslinks. Nucleic acids were then isolated via a
glass-fiber filter method, which included an integrated nuclease treatment to
eliminate contaminants. The nucleic acids were subsequently purified and
eluted in water or low-salt buffer. The total RNA was then reverse transcribed
into cDNA via reverse transcriptase (TAKARA, Japan) and subjected to qPCR
analysis with a QuantiNova SYBR PCR Mix Kit (QIAGEN, Germany) on an ABI
7500 system (Applied Biosystems, USA). The quantitative expression of the
targeted gene was standardized against that of GAPDH. All the gPCR primers
used can be found in Supplementary Table 2.

Western blot

The cells were harvested and lysed in RIPA lysis buffer (Servicebio, China)
supplemented with a protease and phosphatase inhibitor cocktail (Cell
Signaling Technology, USA). Protein concentrations were determined with
a BCA kit (Thermo Fisher Scientificc USA). All protein samples were
subsequently separated via SDS-PAGE, after which the target proteins
were transferred onto polyvinylidene fluoride membranes. The NC
membranes were blocked in 5% BSA and probed overnight with the
indicated antibodies at 4°C (Supplementary Table 1). The addition of
secondary antibodies conjugated to horseradish peroxidase was followed
by enhanced chemiluminescence (Thermo Fisher Scientific, USA). The
protein bands were visualized via chemiluminescence according to the
manufacturers’ instructions.

Immunofluorescence

The cells were plated on glass coverslips in 24-well plates, fixed in 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100 (Sigma-—
Aldrich, Germany). Fixed cells were blocked with 3% BSA in PBST (PBS with
0.2% Triton X-100) for 1h prior to incubation with primary antibodies
overnight at 4 °C. The cells were then stained with secondary antibodies
(Alexa Fluor 488, Invitrogen, USA), and the nuclei were stained with DAPI
(Beyotime, China) and mounted for confocal analysis under a Zeiss LSM980
confocal laser microscope. The intensity of immunofluorescence was
analyzed by ImageJ software.

Immunohistochemistry

After tissue collection and fixation with 4% paraformaldehyde, the
sectioned tissue was boiled in citrate buffer (pH 6.0) for 10 min, washed
three times, and blocked with 3% BSA in PBST (0.2% Triton X-100),
followed by incubation with primary antibodies at 4 °C overnight. The
slides were then incubated sequentially with the secondary antibody for
1h at room temperature. After development in Tyramide Signal
Amplification Plus Working Solution for 5 min, the slides were counter-
stained with hematoxylin and mounted for image analysis.

Acid-fast staining

Mouse lung tissue sections were first flooded with carbol fuchsin, a
lipid-soluble dye, and heated for 5 min. After cooling, the slides were
washed and decolorized with acid-alcohol. The slides were then
counterstained with methylene blue, followed by rinsing, drying, and
sealing. Finally, the prepared sections were observed under a 100x oil
immersion microscope. Image capture was conducted via DX12
(3DHISTECH, Germany).

Flow cytometry

After isolation, the lungs were digested with 5 g/L collagenase D (Roche,
Switzerland) and 2 x 10° units/L DNase (Roche, Switzerland) for 30 min at
37°C. Single-cell suspensions from mouse lungs were prepared. Human
peripheral blood samples were obtained from Beijing Chest Hospital,
Capital Medical University. Single-cell suspensions from mouse blood
samples or human blood samples were prepared. All samples were
resuspended in PBS containing 1% FBS and stained with live/dead dye
(BioLegend, USA) for 15 min at room temperature before they were stained
with different antibodies at the indicated times. For the staining of
intracellular markers, the cells were fixed and permeabilized after surface
stain incubation. The data were analyzed on a BD Aria Ill cytometer and
processed via FlowJo v10.5.3 software (BD).

ELISA
Chemokine secretion was quantified by using corresponding ELISA kits
according to the manufacturer’s protocol.
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RNAi

THP-1 cells and BMDMs were transfected with siRNAs via RNAIMAX
(Thermo Fisher Scientific, USA) transfection reagent for 48 h before other
treatments. Synthetic small interfering RNA (siRNA) oligonucleotides were
synthesized by Sigma or Life Technologies. The knockdown efficiency was
assessed 48 h after transfection via western blotting. The sequences of the
siRNAs can be found in Supplementary Table 2.

Cell transfection

Recombinant plasmids encoding murine or human /DO1 and AhR were
constructed via PCR-based amplification from the cDNA of Sino Biological.
For jetPRIME-mediated transfection in a 12-well format, 1 pg of plasmid
was diluted with 100 pL of jetPRIME® buffer and mixed well before adding
2uL of jetPRIME® reagent. This mixture was incubated at room
temperature for 10 min and added to the cells in serum-containing
medium. The medium was changed after 12 h of transfection, and the cells
were grown further for 12 h before being processed. The plasmids used
can be found in Supplementary Table 2.

Transwell assay

The CD4*% or CD8" T lymphocytes were sorted via a T-cell isolation kit
(Miltenyi Biotec, Germany) and then stimulated with anti-CD3/CD28
Dynabeads (Thermo Fisher Scientific, USA) and 100 U/mL human IL-2
(PeproTech, USA) for 96 h. T cells in 100 puL of complete media were loaded
into the top chamber of Transwell inserts (5.0 um pore size; Corning). The
bottom well was filled with RPMI 1640 medium or CM derived from
macrophages subjected to different treatment conditions. To block CXCL9/
CXCL10, T cells were preincubated with 10 ug/mL anti-CXCL9/CXCL10
(BioLegend, USA). for 30 min prior to loading into the top chamber. The
plates were incubated at 37°C overnight, the contents of the lower
chamber were collected, and the viable T lymphocytes were counted with
trypan blue.

ChIP-qPCR

ChIP—gPCR was performed via the MAGnity Chromatin Immunoprecipita-
tion System (Invitrogen, USA) according to the manufacturer’s instructions.
In brief, THP-1 cells were cross-linked, and chromatin was extracted and
sheared to an average fragment size of 200-1000 bp. The samples were
immunoprecipitated with an anti-AhR antibody (GeneTex, USA). The
immunoprecipitated DNA fragments were then analyzed via gPCR on an
ABI 7500 gPCR System. The sequences of primers used for ChIP-gPCR can
be found in Supplementary Table 2.

Luciferase assays

THP-1 cells were transfected with 100 ng of the Renilla luciferase plasmid
PRL-SV40, 1 ug of the firefly luciferase plasmid pGL3-SOCS3 and 1 ug of the
pCMV6-AhR plasmid for 12 h. Then, these cells were treated with or
without Kyn (100 pM) for 24 h. Cell lysates were analyzed via the Dual
Luciferase Reporter Assay (Promega, USA) on a GloMax Multi Plus
(Promega, USA). Firefly luciferase activity was normalized to that of Renilla
luciferase.

mRNA decay assay

The mRNA decay assay was conducted as previously described [65]. Briefly,
THP-1 cells were pretreated with IFN-y (20 ng/mL) for 24 h, infected with
Mtb at an MOI of 5 for 12 h, or left uninfected as a control. The cells were
treated with actinomycin D (10 ug/mL) to halt transcription. RNA was
extracted from these cells and reverse transcribed into cDNA via reverse
transcriptase (TAKARA, Japan). Quantitative PCR (gPCR) was then
performed via the QuantiNova SYBR PCR Mix Kit (QIAGEN, Germany) on
an ABI 7500 system (Applied Biosystems, USA).

CUT&Tag assay

The CUT&Tag assay was conducted following the instructions of the
Hyperactive Universal CUT&Tag Assay Kit for lllumina Pro (catalog number
TD904; Vazyme, Nanjing, China). For the preparation of the indexed DNA
libraries, the TruePrep Index Kit V4 (catalog number TD202; Vazyme) was
utilized. The libraries were then sequenced via an lllumina NovaSeq 6000
(PE150) platform. The quality of the NSG data was assessed via FastQC. The
associated CUT&Tag datasets are accessible in the Science Data Bank
(https://doi.org/10.57760/sciencedb.13507).
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LC-MS analysis of serum Kyn levels

Serum Kyn levels in tuberculosis patients and healthy individuals were
determined via an LC-MS system according to previous methods (https://
www.nature.com/articles/s41598-023-39774-3#Sec4). An Agilent 6495 tri-
ple quadrupole LC-MS system and a C18 chromatographic column
(Thermo Fisher Scientific, 100 mm x 2.1 mm, 1.7 um) were utilized for
analysis. Gradient elution was employed for LC separation, with 0.1%
formic acid as solvent A and pure acetonitrile as solvent B. The flow rate
was set at 0.3 mImin~', and the injection volume was 10 pl. The gradient
program was as follows: 0-1 min, 95% A; 1-6 min, 95% A to 5% A; 6-7 min,
5% A; 7-7.2 min, 5% A to 95% A; and 7.2-11 min, 95% A. Each sample had
a total run time of 11 min, and data were collected via data acquisition.

Ethical approval

All study procedures involving human blood samples were approved by
the Ethics Committee of Beijing Chest Hospital, which is affiliated with
Capital Medical University (approval No. YJS-2022-03). TB patient lung
tissue sections and corresponding blood samples were acquired from the
Fifth People’s Hospital of Suzhou from sixteen patients who underwent
pretreatment diagnostic biopsy (SZWY2023-013). Patients with HIV
coinfection or tumors or other pathogens were excluded. Informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki. Written informed consent was obtained from each
individual. The clinical features of the patients are listed in Supplementary
Tables 3-6. All the animal procedures were approved by the Ethics
Committee of the Experimental Animal Care of Beijing Chest Hospital,
Capital Medical University (Approval No. 2023-006). All experimental
protocols for the experiments on M. tuberculosis were approved by the
Biosafety Committee of Beijing Chest Hospital and conducted in
accordance with national biosafety guidelines in China.

Statistical analysis

All experiments were performed with at least three biological replicates
with similar results. The analysis was conducted via GraphPad 8.0 software.
The results are expressed as the means +SDs as indicated, and the data
were analyzed via two-tailed Student's t test or one-way analysis of
variance (ANOVA). p<0.05 was considered statistically significant.
*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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