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Abstract
Immune checkpoint inhibitors (ICIs) therapy induced pneumonitis (CIP) complicates this effective in
therapy patients with non-small cell lung cancer (NSCLC), but the underlying mechanisms remain
incompletely understood. Here, we implemented comprehensive single-cell transcriptome, �ow cytometry
and cytokine expression analysis to shed light on the complexity of the immunological responses in the
bronchoalveolar microenvironment from NSCLC patients with CIP. We demonstrated a dramatic
accumulation of CXCL13+ CD4 and CD8 T cells with highly cytotoxic and effector functions in
CIP. Monocyte differentiation trajectories showed that hyperin�ammatory monocytes and LAMP3+

dendritic cells (DCs) were enriched in CIP, while anti-in�ammatory macrophages were depleted.
Multilineages intercellular crosstalk analysis revealed that CIP speci�c myeloid subsets could recruit and
enhance CXCL13+ T cells cytotoxic function through CXCL9/10-CXCR3 and IFNGR1/2-IFNG pathway,
respectively. Together, our data highlighted the importance of CXCL13+ T cells and LAMP3+ DCs in CIP
pathogenesis, which could be non-invasive biomarkers to monitor CIP.

Introduction
Immune checkpoint inhibitors (ICIs) therapy have been proved to be an effective anti-cancer treatment
program in a wide range of human malignancies1,2, however, ICIs therapy can result in in�ammatory
toxicities, also termed as immune-related adverse events (irAEs) and even fatal adverse events (FAEs)3-5.
The irAEs can affect any human organ system and induce treatment-limiting toxicities, thus posed a
series of challenges for ICIs usage6-8. The irAEs usually occur at barrier sites, including the
gastrointestinal (GI) mucosa, liver, skin, and lung9,10, and the FAEs were mainly seen in the respiratory
system, which is also termed as checkpoint inhibitor associated pneumonitis (CIP)11,12. The incidence of
CIP is around 3% to 5% according to clinical trial data13,14, however, the occurrence of CIP may be higher
in real-world settings than previously reported15,16. Hence, dynamic assessment of ICIs therapy and
effective monitoring of their adverse events are important for reducing the incidence and mortality of
irAEs and facilitating cancer immunotherapy.

The clinical and pathognomonic radiologic features of CIP are nonspeci�c17,18. Additionally, current
diagnosis of CIP requires exclusion of other lung injuries, and fundamental knowledge of CIP
pathobiology is lacking19,20. Therefore, comprehensively understanding the CIP pathobiology and
dissecting the key cellular players and molecular pathways underlying CIP initiation is critical for
cancer immunotherapy, precision diagnosis and timely prevent of CIP. 

Single-cell RNA-sequencing (scRNA-seq) is a powerful technology, which is widely used to reveal the
heterogeneous cellular and molecular characteristics of various cells associated with cancer and
in�ammatory disease such as COVID-19 and cancer immunotherapy induced colitis21-23. A recent study
of comprehensive single-cell immune atlas revealed colitis associated cell populations and the
mechanisms of in�ammatory toxicities induced by ICIs therapy21. Based on systematic single-cell
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pro�ling of Bronchoalveolar lavage �uid (BALF), researchers uncovered the molecular characteristics
associated with COVID-19 immunopathology22,24. What remains unknow is the key cellular players and
molecular pathways associated with CIP initiation. 

Here, we implemented scRNA-seq to shed light on the complexity of the immunological responses in the
BALF immune microenvironment from non-small cell lung cancer (NSCLC) patients with CIP. We used
complementary methods and cohorts, including �ow cytometry and luminex to identify the cells and
cytokine that regulate CIP. Some of the results of this study have been previously reported in the form of
abstracts. Together, this approach led to discovery of cellular and molecular marker to predict the
development of the CIP as well as the identi�cation of the BALF as a potential regular procedure to
monitor this lung AEs activity.

Results

Global analysis of immune cell populations in CIP
We present the �rst in-depth cellular and molecular analysis of immune cell populations in CIP induced by
ICIs therapy, which enrolled in three patient populations from 12 donors: (1) ICI-treated NSCLC patients
with CIP (n = 6, CIP(+)); (2) ICI-treated NSCLC patients without CIP (n = 3, CIP(-)); and (3) healthy adults (n
= 3, Healthy control, GSE145926) (Fig. 1a-b). Our study design allowed us to distinguish key cellular
players, molecular pathways, and effector programs induced by drug exposure to dissect CIP
pathophysiology. All ICI-treated patients had been previously treated with PD-1/PD-L1 blockade (Fig. 1b,
Supplementary Table 1 and 2). BALF was obtained immediately after development of CIP (average of
3.67 days, maximum of 8 days) from the new in�ltrated area (Supplementary Table 1). All patients in
donor cohort received corticosteroids after bronchoscopy (Supplementary Table 3). A total of 78,027
high-quality cells passed data quality control (Supplementary Fig. 1a), and 28 cell clusters were obtained
after integrated bioinformatics analysis including data integration, normalization, batch effect removal,
dimension reduction, and clusters detection (Methods). We identi�ed and annotated 17 cell sub-types
according to the expression of canonical gene markers, which were composed of ciliated cell (SCGB3A1,
CAPS), secretory cell (LCN2), CD8+T cell (CD3D, CD8A), CD4+ T cell (CD4), regulatory T (Treg) cell (CD4,
FOXP3), natural killer (NK) cell (XCL2), plasma B cell (MZB1, JCHAIN), B cells (CD79A, CD79B),
proliferating cell (MKI67, TOP2A), dendritic cell (DC) (CD1C, CLEC9A, LAMP3), monocyte/macrophage
(S100A9, APOE, MARCO) (Fig. 1c-d, Supplementary Fig. 1b). Each cell subtypes contained cells from all
patients, indicating the absence of major patient-speci�c batch effects (Fig. 1e, Supplementary Fig. 1c).
The percentage of each cell subtypes differed largely in three patient groups (Fig. 1f-g, Supplementary
Fig. 1d), indicated that drug exposure could lead to immune microenvironment alteration dramatically.
The scRNA-seq �ndings revealed an increase in the frequency of T/NK (cluster 4-7) and proliferative or
cycling cells (cluster 10) in CIP(+) group while the monocyte/macrophages (cluster 14-17) were depleted
(Fig. 1h), which was validated by �ow cytometry analysis in another patient cohort (Fig. 1i, CIP(+), n=5;
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CIP(-), n=4, Supplementary Table 4 and 5). These results demonstrated that CIP is highly associated with
major changes in the immune microenvironment in the BALF.

Characteristics and dynamics of CD8+ T cell in CIP(+) BALF
We next performed further detailed clustering of CD8+ T cells and generated eight CD8+ T subtypes
(Fig. 2a), annotated as CD8−ZNF683 (CD8-Trm), CD8−APOC1, CD8-GZMK, CD8-PRF1, CD8-CXCL13,
CD8−IFIT, and cycling cell subtypes: CD8-MCM7, CD8-MKI67 (Fig. 2b). The overall organization of the
CD8+ T cell compartment showed striking differences between control group and CIP(+) group (Fig. 2c).
CIP(+) group was enriched in �ve CD8+ T cell subtypes, including CD8-ZNF683, CD8-GZMK, CD8-PRF1,
CD8-CXCL13, and CD8-MCM7 (Fig. 2d), which was validated by �ow cytometry analysis at the protein
level (Fig. 2e). The CD8-CXCL13 not only exhibited a higher expression level of exhaustion makers
CXCL13, LAG3, and PDCD1, but also expressed high level of IFNG, GNLY, and GZM family members,
which could be de�ned as activated T cells, and has been recently reported to predict effective responses
to PD-L1 blockade25,26. Of note, CIP(+) enriched CD8+ T cell clusters expressed high level of immune
checkpoint molecules TIGIT, CTLA4, PDCD1, HAVCR2 (TIM3) and LAG3 (Fig. 2f), indicated that CIP(+)
patients may bene�t from ICIs therapy. Also, the CIP(+) enriched CD8+ T cells had a higher expression
level of cytotoxic markers such as GZMA, GZMB, GZMK, GZMM, GZMH, PRF1, NKG7, and GNLY (Fig. 2g,
p < 2.2e-16), which is also the main signi�cant changes of CD8+ T cells in CIP(+) versus CIP(-) samples
(Fig. 2h), these results indicated a highly cytotoxic and effective environment induced by ICIs. To
investigate the origin of CD8-CXCL13, we performed trajectory analysis and TCR clone analysis. The
pseudo time trajectory analysis showed a potential differentiation trajectory from CD8-ZNF683 (CD8-Trm)
to CD8-CXCL13 (Fig. 2i-j), which is consistent with the result that colitis associated CD8-Trm contribute to
cytotoxic CD8 T cells21. TCR clone expansion analysis also showed that CD8-CXCL13 shared similar
clone expansion compared with CD8-ZNF68, which demonstrated a dynamic transcriptomic phenotype
transition between CD8-CXCL13 and CD8-ZNF683 in CIP. Together, these results indicated an important
role of CD8-ZNF683 and dramatic elevation of CD8-CXCL13 in CIP.

Characteristics and dynamics of CD4+ T cell in CIP(+) BALF
Sub-clustering of total CD4+ T cells generated seven CD4+ T subtypes (Fig. 3a), annotated as
CD4−STMN1, CD4-CXCL13, CD4−GZMK, CD4-CD40LG, CD4−IFIT, CD4-IL7R, and Treg according to the top
10 differentially expressed genes (DEGs) and transcriptomic factors (TFs) (Fig. 3b-c). Only one healthy
sample (H2) didn’t detect CD4+ T cells (Fig. 3d) and the CD4-IL7R, naïve CD4+ T cells were predominated
in health control and the frequencies was decreased in CIP(+) group dramatically (Fig. 3e). CD4-GZMK,
CD4-IFIT and CD4-CXCL13 were enriched in CIP(+) group (Fig. 3e), and the percentage of these cell
subtypes in CIP BALF was validated by �ow cytometry analysis at the protein level (Fig. 3f). Consistent
with CD8-CXCL3, CD4-CXCL13 exhibited high expression of exhaustion markers PDCD1, CXCL13, LAG3,
and T cell cytotoxic and effector markers IFNG, GNLY, and GZMA (Fig. 3b). Additionally, the CIP(+)
enriched CD4+ T cells expressed a high level of cytotoxic markers such as GZMA, GZMB, GZMK, GZMM,
GZMH, PRF1, NKG7, and GNLY, indicated their anti-tumor activity (Fig. 3g, p < 2.2e-16). Further cellular
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differentiation trajectory analysis revealed that naïve CD4 T cells (CD4-IL7R) not only contributed to CD4-
CXCL13, CD4-GZMK, but also Treg cell, indicated that transition of naïve CD4 T cells (CD4-IL7R) may be
the most obvious signal re�ecting changes in the CIP microenvironment (Supplementary Fig. 2a-c). We
also investigated the Treg phenotype diversity and obtained four Treg subtypes following sub clustering
of all Treg cells, with the Treg-IFIT and Treg-LAG3 expanded in CIP(+) group (Fig. 3h). Meanwhile, the
CIP(+) associated Treg subtypes enriched IFN-α, IFN-γ, TNF, and in�ammatory pathways and exhibited a
high level of IFN characteristic genes such as IFIT1, IRF1, IFI6, and IRF6 (Fig. 3i,3j). Since IFN-γ related
mRNA pro�le is related to clinical response to PD-1 blockade27, these results indicated CIP(+) associated
Treg subtypes were associated with better response to ICIs therapy.

Gene expression programs of CIP-associated T cell
subpopulations
As the expression of immune inhibitory receptors determines the e�cacy of ICIs therapy, we further
investigated the expression of inhibitory receptors and explored the alternated gene expression programs
in CIP-associated CD8 (Fig. 4a-d) and CD4 (Fig. 4e-h) T cell subpopulations. Sub-cluster analysis of CD8
and CD4 T cells revealed that T cell exhaustion genes CXCL13, PDCD1 (PD-1), CTLA4, TIGIT, HAVCR2
(TIM-3) and LAG3 were speci�cally expressed in CIP-associated T cell subpopulations (CD8-CXCL13, and
CD4-CXCL13) (Fig. 4b,4c; Fig. 4f,4g). At the protein level, an increased percentage of CD8 and CD4 T cells
expressed CXCL13 and PD1 in CIP(+) group compared with control subjects (Fig. 2e, Fig. 3f). We also
evaluated the most DEGs in CIP-associated clusters, and found the cytotoxicity genes GZMB and XCL1
(CD8+ T cells) and GZMA, GZMK, IFNG, GNLY (CD4+ T cells) were the top DEGs in CIP-associated clusters
(Fig. 4d, 4h). We also found that chemokines receptor CXCR6 was the top DEGs in CIP-associated CD4
clusters (Fig. 4h). These results demonstrated that dramatic expansion and activation of CXCL13+ T cells
lead to CIP pathogenesis.

Hyper-in�ammatory phenotype of myeloid cells expanded
in CIP(+) BALF
Myeloid cells phenotype related molecular characteristic and differentiation trajectories abnormalities
has been reported to be associated with COVID-19 and other disease28. In this study, myeloid cells
accounted over 50% of total sequencing cells, which could be classi�ed into ten cell subtypes and
annotated as Mono1, Mono2, Mono/Mac1, Mono/Mac2, Mac1, Mac2, DC−CLEC9A, DC−CD1C,
DC−LAMP3, and Mac−Cycling according to the top 10 DEGs and TFs (Fig. 5a-c) and the proportion of
these cell subtypes differed in patients (Fig. 5b). The CIP(+) samples were enriched in three myeloid cell
subtypes DC-LAMP3, Mono1, Mono2 (Fig. 5d, Supplementary Fig. 3a), and all of which exhibited high
expression level of interferon genes IFITM1, IFITM3 and chemokines CCL2, CCL4, CXCL9, and CXCL10
(Fig. 5c). These cells also enriched in�ammatory signaling pathway such as IFN-α, IFN-γ, TNF (Fig. 5e,
Supplementary Fig. 3b-c). Previous studies reported that the DC-LAMP3 was mature DC, can migrate
from tumor to lymph nodes29. In this study, DC-LAMP3 not only exhibited high M1 signature score, but
also had strong migration and activation score (Fig. 5f, Supplementary Table 6), indicated that DC-
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LAMP3 may migrate from tumor tissue to BALF, and provided a hyper-in�ammatory environment, which
could be potential biomarkers to screen CIP. Additionally, CIP(+) speci�c myeloid cells showed high
expression of CXCL9, CXCL10 (Fig. 5g) compared with myeloid cells from CIP(-) clusters, which is also
validated by chemokines assay (Supplementary Fig. 3d-e, Supplementary Table 7). As high expression
level of CXCL9, CXCL10 encoded chemokines that recruit CXCR3+ or CXCR6+ effector T cells to sites of
in�ammation30, we therefore supposed that DC-LAMP3 may be key cellular player to recruit effector T
cells, thus lead to CIP pathogenesis. Further cellular differentiation trajectory analysis revealed that the
DC-LAMP3 was derived from monocytes (Fig. 3h, Supplementary Fig. 3f), these results demonstrated
hyper-in�ammatory phenotype of myeloid cells inhabited in CIP(+) pulmonary alveoli, highlighted the
potential role of DC-LAMP3 and monocytes in promoting effector T cells accumulation and cytotoxicity in
the CIP microenvironment.

Multi-lineage intercellular crosstalk and potential
therapeutic targets for CIP
Having de�ned CIP associated T cells and myeloid cells subpopulation, we performed an unbiased
ligand-receptor interaction analysis between these populations to explore multi-lineage intercellular
crosstalk within the CIP BALF. Numerous statistically signi�cant ligand-receptor pairs and signaling
pathway networks were detected (Fig. 6a-c, Supplementary Fig. 4a-h). Interestingly, CIP(+) groups
exhibited more signi�cant ligand-receptor pairs than CIP(-) group, and DC-LAMP3 showed close
interaction links with CXCL13+ T cells. Speci�cally, immune inhibitor PD-L1, PD-L2, and TIGIT signaling
pathway and CD80 signaling pathway networks were enriched in CIP(+) group (Fig. 6b) between CXCL13+

T cells, cytotoxic T cells and DC-LAMP3 subpopulation (Fig. 6b-f). Previous studies reported that the level
of PD-L1 expression by macrophages and DCs may be more closely related to the ICIs e�cacy31. In this
study, CIP(+) group exhibited elevated of immune inhibitor PD-L1, PD-L2, and TIGIT signaling than CIP(-)
groups, indicated that CIP(+) group may bene�t more from ICIs therapy (Fig. 6b, Supplementary
Fig. 5a,5b). Also, the CIP associated T cells expressed high level of chemokine receptor genes CXCR4, and
CXCR6 (Fig. 6h), with the myeloid cell ligand CXCL9, and CXCL10 expressed in hyper-in�ammatory DC-
LAMP3 (Fig. 6g). Therefore, the DC-LAMP3 contributed effector and cytotoxic T cell recruitment through
CXCL, and CCR signaling pathway networks (Fig. 6f). Interestingly, we also observed that CIP associated
T cells expressed high level of IFNG (Fig. 6e, Fig. 6g), with the receptors IFNGR1, and IFNGR2 also highly
expressed in DC-LAMP3, and monocytes (Fig. 6e, Fig. 6h), we might speculate that blockade of inhibitor
signaling pathway in DC-LAMP3 enhanced the e�cacy and cytotoxic of T cells through IFN pathway,
thus lead to CIP (Fig. 6e-h). Together, our unbiased dissection of the key ligand-receptor interactions
between CIP-associated hyper-in�ammatory myeloid cells and T cells highlights PD-L1, PD-L2, TIGIT, IFN,
CCL, and CXCL signal axis as important regulators within the BALF microenvironment of CIP patients.

Discussion
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The irAEs caused by ICIs can complicate this effective therapy and limit its use in patients with
cancer32,33. Underling the precise pathophysiology associated with irAEs is critical to develop non-
invasive diagnostic and therapeutic strategy for CIP. Currently, the diagnosis of CIP remains to be an
exclusionary diagnosis34–37. Bronchoscopy can be helpful to establish diagnosis, particularly if
alternative aetiologies are under consideration32,37. However, bronchoscopy biopsy as a main method to
diagnosis the interstitial lung disease remains to be invasive and cannot be performed more than
once37,38. In this study, we employed the BALF, a non-invasive reproducible sampling method, and
generated a comprehensive and systematic single-cell transcriptomic atlas of CIP. We identi�ed key
cellular players, molecular pathways, and effector programs associated with CIP. Additionally, the
pseudotime trajectories for both T-cells and myeloid cells, and TCRαβ analysis demonstrated the cellular
differentiation programs and clone similarity associated with CIP.

Speci�cally, our analyses revealed that activated and cytotoxic cellular subpopulation such as CXCL13+ T
cells, IFIT+ T cells, IFIT+ Treg, effector T cells, monocytes, and LAMP3+ DC expanded in CIP(+) group,
while the naïve T cells and anti-in�ammatory M2 macrophage were depleted. CIP(+) enriched cellular
subpopulation displayed potent interferon alpha response and acute immune response signature such as
upregulation of IL2, IL6, and TNF signaling pathway, indicated that the innate immune system has been
activated by ICIs therapy. Additionally, cellular trajectories and TCRαβ clone analysis demonstrated that
the activated CD8-CXCL13 and effector CD8 T cells originated from CD8-Trm with tissue resident
signature, also the naïve CD4 T cells differentiate to Treg, CD4-CXCL13, and effector CD4 T cells, which
highlighted the important role of cellular phenotypical transition alongside with CIP initiation and
progression. Recent studies showed that the elevated frequencies and activation of CXCL13+ T cells were
associated with the effective responses to the ICIs therapy26,39,40. Herein, CXCL13+ T cells exhibited high
level of immune checkpoint molecules such as PDCD1, TIGIT, CD38, CTLA4, and HAVCR2, indicated that
CIP(+) patients would have more effective response with ICIs therapy than patients without CIP, which is
consistent with a clinical phenomenon observed by our team that CIP patients may have a better ICIs
e�cacy than patients without CIP41. Meanwhile, CD4 and CD8 T cells exhibited a high expression level of
cytotoxic marker and effector factors such as Granzyme (GZM) family, PRF1, NKG7, and GNLY in CIP(+)
samples compared with CIP(-) samples. Our study revealed that CXCL13+ T cells were associated with
ICIs therapy responses and ICIs induced CIP, which may be potential diagnostic biomarkers for CIP.
Importantly, Treg subtype analysis revealed that these CIP associated Treg cells exhibited activation of
INF-α, INF-γ, TNF-α, and IL-2 signal pathway, which is similar with fragile Tregs that may maximize
e�cacy and improve patient response to immunotherapy42. This indicated that these Treg cells were also
activated by ICIs and the negative immune regulation was inhibited, which highlighted the important role
of Treg in CIP.

Current research suggests that inhibition of the PD1-PDL1 pathway not only blocks immunosuppression
within the tumor, but that several important peripheral cells are also involved and correlate with the
degree of response to treatment31,43,44. The conventional wisdom is that the e�cacy of ICIs is related to
the level of PDL1 expression by tumor cells, however, the level of PDL1 expression by antigen-presenting
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cells (including macrophages and DCs) may be more closely related to the degree of patient response to
ICIs31,44. In this study, CIP associated LAMP3+ DCs not only expressed high level of exhaustion markers
CD274 (PDL1), and PDCD1LG2 (PDL2), but also high level of CXCL9, CXCL10, CXCL16, CCL2, CCL17,
IFNGR1, and IFNGR2. The expression of CXCL9, CXCL10, and CCL2 were also validated by �ow cytometry
and cytokines assay. CCL2 is a superfamily of secreted proteins involved in immunoregulatory and
in�ammatory processes45, CXCL9 and CXCL10, the ligands for CXCR3 and induced by IFNγ, have been
shown to be important for recruiting effector T cells to tumors, which would be expected to have positive
effects on anti-tumor immunity30. Intercellular crosstalk analysis revealed that LAMP3+ DCs interacted
closely with CXCL13+ T cells subpopulation through PD-1, PD-L1, TIGIT, CTLA-4, CXCR, and IFN pathway.
We therefore speculate that blockade of PDL1 or PDL2 lead to LAMP3+ DCs activation and recruit
effector T cells to site of in�ammation through CXCL9/10-CXCR3 pathway, and thus enhance ICIs
effective response, but also lead to CIP through IFNGR1/2-IFNG pathway. Importantly, the monocyte to
LAMP3+ DCs trajectories revealed that percentage of LAMP3+ DCs with hyperin�ammatory and migratory
features signi�cantly elevated in CIP. Interestingly, LAMP3+ cDCs, the mature DC type, has been reported
to be of high capacity of migratory ability29,46, which can migrate from tumors to hepatic lymph nodes29.
Together with our results, we speculate that LAMP3+ DCs may migrate from the lung tumor site to the
BALF, which could be potential liquid biomarker for monitoring CIP. The clinical relevance of these
�ndings needs to be addressed, correlating the phenotype of this type of DCs with the occurrence of CIP
or effective response of the patients treated with ICIs. Because performing BALF to obtain BALF as a non-
invasive procedure is simple and safe, the potential use of BALF-derived myeloid cells as CIP diagnostic
biomarkers should be further explored.

Our study has several shortcomings, including limited and heterogeneous patients and a lack of
longitudinal samples collected before and after the CIP occur, thus preclude adjustment for clinical
comorbidities (such as chronic obstructive pulmonary disease) that may confound our results. In
addition, while only patients with a negative infectious work-up were included in the CIP cohort, it is
possible that BALF cultures did not identify a focus of infection in patients thought to have CIP. Lastly,
although BALF of CIP in�ltrates were performed in areas not previously affected by tumor, it is possible
that presence of malignancy in the nearby airways may could have in�uenced our results. Nevertheless,
this landscape of bronchoalveolar immune cells reveals an in-depth understanding of mechanisms
underlying immunopathogenesis in CIP and further supports the possibility of using immune cells in the
BALF as biomarkers in the prediction of CIP and anti-tumor immunity.

In conclusion, this landscape of bronchoalveolar immune cells reveals aberrant T cell and myeloid cell
responses underlying immunopathogenesis in CIP. Our analysis uncovers the potential mechanism that
support the clinical observation that CIP is corelated with better ICIs e�cacy41. Our data also provide a
hypothesis-generating insight into the possibility of using BALF as a non-invasive procedure to predict the
occurrence of CIP as well as the e�cacy of ICIs. Taken together, our study can be a valuable resource for
further investigation to gain deeper biological insights that will lead to novel biomarkers of CIP and the
response for current immunotherapies for NSCLC.
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Methods
This study was conducted according to the principles expressed in the declaration of Helsinki. Ethical
approval was obtained from the Ethics Committee of the Chinese People’s Liberation Army General
Hospital with number S2018-092-01. All participants provided written informed consent for sample
collection and subsequent analyses.

Study population.

Patients were enrolled in this prospective observational study if they were diagnosed with NSCLC and
treated with ICIs. BALF was collected whenever patients underwent bronchoscopy. The sample was
obtained before initiating steroids and antibiotics. A clinical diagnosis of CIP was adjudicated by the
multidisciplinary irTox team (information to follow), If CIP was diagnosed, the BALF sampled was
categorized as “CIP”. After adjudication, patients with CIP were treated with high-dose steroids (1 mg/kg
prednisone). Second-line agents (Tocilizumab) were added at the discretion of the treating team if no
improvement was noted after 72 hours.

CIP diagnosis.

CIP was de�ned as shortness of breath, decreased exercise tolerance, exertional desaturation, and/or
cough along with the presence of new radiographic in�ltrates and lack of evidence of infection (negative
cultures on BALF, negative respiratory viral swab) or alternate etiologies (diffuse alveolar hemorrhage,
heart failure)34. Radiographic assessment was performed based on response evaluation criteria in solid
tumors (RECIST); cases where the new in�ltrates were deemed to represent tumor progression were
excluded from both control and CIP groups. A diagnosis of CIP was adjudicated following review and
discussion of the pertinent microbiologic and radiographic15,47 data by 2 oncologists, and a radiologist.
Patients in whom clinical equipoise regarding infection was present (e.g., clinical presence of fever,
purulent sputum, sick contacts, elevated bands on complete blood count differential) were not
adjudicated as CIP even if the BALF cultures were negative.

BALF collection.

In control patients, the middle lobe was lavaged. In patients with CIP, an area with new in�ltrates not to be
associated with tumor was lavaged. The volume of instilled and returned saline was abstracted from the
BALF procedure note. BALF specimens were processed with ammonium chloride–potassium lysis
solution.

Isolation of BALF cells.

Approximately 20 ml of BALF was obtained and placed on ice. BALF was processed within 2 h. After
passage of BALF through a 100-µm nylon cell strainer to remove clumps and debris, the supernatant was
centrifuged and the cells were re-suspended in cooled RPMI 1640 complete medium. The supernatant
samples were collected and stored at −80°C until use.
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Single cell sequencing and pre-processing data
We prepared the single-cell RNA-seq and TCR libraries on the Chromium platform (10× Genomics), using
the Chromium Next GEM Single Cell 5’ Kit v2. The FACS sorting live cells (7-AAD negative) were pooled
together and washed with RPMI-1640 three times and concentrated to 600–1000 cells per µL and then
immediately before loading on the 10× micro�uidic chip (10x Genomics) following the manufacturer’s
protocol to generate a complementary deoxyribonucleic acid (cDNA) library. Ampli�ed cDNA was then
used for both 50 gene expression library construction and TCR V(D)J targeted enrichment performed with
the Chromium Single Cell V(D)J Enrichment Kit, Human T cell (10x Genomics), followed by V(D)J library
construction. The raw sequencing data were aligned to the GRH38 reference genome using cellranger
(10X Genomics, v4) count and vdj function. The count matrices of gene expression from each sample
were imported to Seurat48. We selected high quality cells for further analysis following three
measurements: 1) cells had either over than 2001 unique molecular identi�ers (UMIs), fewer than 6,000 or
over than 301 expressed genes, or fewer than 10% UMIs derived from the mitochondrial genome; 2) genes
expressed in over than ten cells in a sample; 3) cell doublets were removed using DoubletFinder49 R
package. The cells-by-genes expression matrices of the remaining high-quality cells were integrated with
the RunFastMNN function provided by SeuratWrappers R package and then normalized to the total
cellular UMI count. A union of the top 2,000 genes with the highest dispersion for each data set to
generate an integrated matrix. We then performed data normalization, dimension reduction, clusters
detection as previously reported. Brie�y, the gene expression matrices were scaled by regressing out the
total cellular UMI counts and percentage of mitochondrial gene. The principal component analysis (PCA)
was conducted using highly variable genes (HVGs), and the top 30 signi�cant principal components
(PCs) were selected to perform Uniform Manifold Approximation and Projection (UMAP) dimension
reduction and visualization of gene expression. We annotated cell sub-cluster with similar gene
expression pattern as same cell type and cell types in the resulting two-dimensional representation were
annotated to known biological cell types using canonical marker genes.

Trajectory analysis
To explore the potential differentiation routines between CD4, and myeloid cells subtypes, we performed
the trajectory analysis via the monocle50 R package as previously reported. Firstly, we constructed the
monocle object using “newCellDataSet” function and the DEGs calculated via “differentialGeneTest”
function were selected for trajectory analysis. Then “DDRTree” function was used for dimensionality
reduction and “plot_cell_trajectory” function for visualization. For CD8 subtype trajectory inference
analysis, the R package Slingshot51 was used and PCA-based dimension reduction was performed with
differentially expressed genes, followed by two-dimensional visualization with UMAP.

GSVA analysis
To illustrate the enriched signaling pathways of all sequencing cells and myeloid subtypes, we employed
the GSVA52 package to assess the pathway differences using the Hallmark gene set provide by the
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Molecular Signatures Database (MSigDB), which were calculated with a linear model offered by the
limma package.

Intercellular crosstalk
We employed Cellchat53 package (v0.0.2) to infer the intercellular communication, following a standard
pipeline implemented in R could be found in https://github.com/sqjin/CellChat. We �rstly set ligand-
receptor interaction list in human and projected the gene expression data onto the protein-protein
interaction (PPI) network by identifying the over-expressed ligand-receptor interactions. To obtain the
biologically signi�cant cell-cell communications, probability values for each interaction were calculated
by performing permutation tests. The inferred intercellular communication network of each ligand-
receptor pair and each signaling pathway was summarized and visualized by circle plots and heatmap.

Cytokine measurement by Luminex and statistic.

The cytokines including 6Ckine / CCL21, BCA-1 / CXCL13, CTACK / CCL27, ENA-78 / CXCL5, Eotaxin /
CCL11, Eotaxin-2 / CCL24, Eotaxin-3 / CCL26, Fractalkine / CX3CL1, GCP-2 / CXCL6, GM-CSF, Gro-α /
CXCL1, Gro-β / CXCL2, I-309 / CCL1, IFN-ϒ, IL-1β, IL-2, IL-4, IL-6, IL-8 / CXCL8, IL-10, IL-16, IP-10 / CXCL10,
I-TAC / CXCL11, MCP-1 / CCL2, MCP-2 / CCL8, MCP-3 / CCL7, MCP-4 / CCL13, MDC / CCL22, MIF, MIG /
CXCL9, MIP-1α / CCL3, MIP-1δ / CCL15, MIP-3α / CCL20, MIP-3β / CCL19, MPIF-1 / CCL23, SCYB16 /
CXCL16, SDF-1α + β / CXCL12, TARC / CCL17, TECK / CCL25, TNF-α were detected in CIP(+) and CIP(-)
BALF samples according to the instruction (Bio-Rad, Bio-Plex Pro™ Human Chemokine Panel, 40-Plex),
each group contains more than 5 samples. The expression matrix of cytokines was scaled and clustered
using complete linkage clustering and Euclidean distance by pheatmap. The student t tests were used to
compare mean differences between control and CIP cytokine values. A p value less than 0.05 was
accepted as signi�cant.

Flow cytometry
In order to validate the scRNA-seq �ndings, the following antibodies were used to label the CXCL13+ CD4
and CD8 T cells: CD45 (BV421, 563879 BD, lot 9066960), CD3-BV421, CD4-PE-CY7, CD8-APC-750, CD19-
Per-cp, CD103-APC, PD-1-PE. The Treg cells were labeled using CD45-BV510, CD3-BV421, CD4-PE-CY7,
CD8-APC-750, CD25-PE, Foxp3-PE-CY5, IFN-γ-APC. The LAMP3+ DC were labeled using CD45-BV510,
CD11c-FITC, CD68-PE, CD163-BV421, PD-L1-APC-CY7, LAMP3-APC. Stained cells were detected using BD
FACSCantoTM  and analyzed using FlowJo software.

Data availability

The raw and processed scRNA-seq data of the six CIP(+) and three CIP(-) samples can be accessed in the
Gene Expression Omnibus (GEO) database under accession code GSE***. The scRNA-seq data of three
healthy BALF controls were acquired from the GEO database under accession code GSE145926, which
contains data of three fresh BALF (GSM4475048, GSM4475049, GSM4475050).
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Figure 1

Global analysis of immune cell populations in CIP. a A general work�ow of BALF collection and
processing of single-cell suspensions for scRNA-seq and �ow cytometry. b Summary of patient cohorts
for scRNA-seq analysis. c, d Unbiased clustering (c) and cell type annotation d of 78,027 high-quality
BALF cells. e The proportion of cell types in each sample. f The distribution of 78,027 high-quality BALF
cells in distinct pathology samples. g Relative contribution of each cell type in distinct pathology
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samples. P values were assessed by Wilcoxon test. *P < 0.05, **P < 0.01, ***P < 0.001. h Relative
contribution of T/NK (cluster 4-7), Cycling (cluster 10), Mono/Mac (cluster 14-17) in distinct pathology
samples. P values were assessed by Wilcoxon test. i T/NK, Cycling, Mono/Mac frequencies as
determined by �ow cytometry (percentage of live CD45+ cells), P values were assessed by Student t test.

Figure 2
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CIP associated CD8+ T Cell with cytotoxicity programs. a Sub-clustering of CD8+ T cells revealed eight
cell-subclusters. b The top 10 differentially expressed genes among eight CD8+ cell-subclusters. c The
proportion of eight CD8+ cell-subclusters in each sample. d Relative contribution of eight CD8+ cell-
subclusters in distinct sample pathology. P values were assessed by Wilcoxon test. *P < 0.05, **P < 0.01,
***P < 0.001. e CIP associated CD8+ T frequencies as determined by �ow cytometry (percentage of live
CD8+ cells). P values were assessed by Student t test. f Violin plots showing the expression of immune
checkpoint molecules, split by sample pathology. g Box plots showing the expression of T cell cytotoxic
and effector genes in CIP associated cells compared than others. P values were assessed by Wilcoxon
test. h DEGs of CD8+ T cell cluster in CIP(+) compared than healthy (left panel) and CIP(-) (right panel). i
The pseudotime analysis for CD8 subtypes determined by Slingshot. j Visualization of TCR clonotypes
identi�ed in CD8-ZNF683 (CD8-Trm) and CIP-associated CD8+ T clusters.
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Figure 3

CIP associated CD4+ T Cell with cytotoxicity programs. a Sub-clustering of CD4+ T cells revealed seven
cell-subclusters. b The top 10 differentially expressed genes among seven CD4+ cell-subclusters. c The
top 10 differentially transcriptomic factors (TFs) among seven CD4+ cell-subclusters. d The proportion of
seven CD4+ cell-subclusters in each sample. e Relative contribution of seven CD4+ cell-subclusters in
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distinct sample pathology. P values were assessed by Wilcoxon test. *P < 0.05, **P < 0.01, ***P < 0.001. f
CIP associated CD4+ T frequencies as determined by �ow cytometry (percentage of live CD4+ cells). P
values were assessed by Student t test. g Box plots showing the expression of T cell cytotoxic and
effector genes in CIP associated CD4+ T cells compared than others. P values were assessed by Wilcoxon
test. h Sub-clustering of Treg cells revealed four cell-subclusters and relative contribution of four Treg cell-
subclusters in distinct sample pathology. P values were assessed by Wilcoxon test. *P < 0.05, **P < 0.01,
***P < 0.001. i The top 5 DEGs among four Treg cell-subclusters. j Enriched signaling pathways in CIP(+)
associated Treg cells with that of CIP(-). NES, normalized enrichment score.
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Figure 4

Analysis of T cell checkpoints and colitis-associated genes. a-c The expression of immune checkpoint
molecules TIGIT, CTLA4, PDCD1, HAVCR1, and CD38 in CD8+ T subclusters. d The differentially expressed
genes between CIP(+) CD8+ cell-subclusters compared with CIP(-) CD8+ cell-subclusters. e-g The
expression of immune checkpoint molecules TIGIT, CTLA4, PDCD1, HAVCR1, and CD38 in CD4+ T
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subclusters. h The differentially expressed genes between CIP(+) CD4+ cell-subclusters compared with
CIP(-) CD4+ cell-subclusters.

Figure 5

Hyperin�ammatory myeloid cells expanded in CIP. a Sub-clustering of myeloid cells revealed ten cell-
subclusters. b The proportion of ten myeloid cell-subclusters in each sample. c The top 10 differentially
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expressed genes among ten myeloid cell-subclusters. d Relative contribution of ten myeloid cell cell-
subclusters in distinct sample pathology. P values were assessed by Wilcoxon test. *P < 0.05, **P < 0.01,
***P < 0.001. e Expression of in�ammatory hallmark genesets in ten myeloid cell cell-subclusters. f The
expression of M1 (pro-in�ammatory), M2 (anti-in�ammatory), migratory, angiogenesis, phagocytosis, and
activation score in ten myeloid cell cell-subclusters. g The differentially expressed genes of CIP(+)
myeloid cells (left) and subclusters (right). h Heatmap showing the scaled expression of dynamic genes
along the monocyte differentiation pseudotime axis.  
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Figure 6

Multi-lineage intercellular crosstalk and potential therapeutic targets for CIP. a Number of inferred
interactions and scores in distinct BALF sample pathology. b Enriched signaling pathway networks
between CIP(+) and CIP(-) group. c Differential number of interactions in different BALF immune cell
subtypes. d Enriched immune checkpoint signaling pathway networks in different BALF immune cell
subtypes. e, f Dot plot showing the communication probability of the indicated ligand-receptor pairs
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between CXCL13+ T cells and LAMP3-DC. g, h Heatmap showing averaged expression of the indicated
cytokine and cytokine receptor genes compared among patient groups.
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