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Summary  52	

Lung cancer is the leading cause of cancer-related deaths worldwide. Existing therapeutic options 53	
have limited efficacy, particularly for lung squamous cell carcinoma (LUSC), underscoring the 54	
critical need for the identification of new therapeutic targets. We previously demonstrated that the 55	
Transmembrane Serine Protease TMPRSS11B promotes transformation of human bronchial 56	
epithelial cells and enhances lactate export from LUSC cells. To determine the impact of 57	
TMPRSS11B activity on the host immune system and the tumor microenvironment (TME), we 58	
evaluated the effect of Tmprss11b depletion in a syngeneic mouse model. Tmprss11b depletion 59	
significantly reduced tumor burden in immunocompetent mice and triggered an infiltration of 60	
immune cells. RNA FISH analysis and spatial transcriptomics in the autochthonous Rosa26-Sox2-61	
Ires-GfpLSL/LSL; Nkx2-1fl/fl; Lkb1fl/fl (SNL) model revealed an enrichment of Tmprss11b expression 62	
in LUSC tumors, specifically in Krt13+ hillock-like cells. Ultra-pH sensitive nanoparticle imaging 63	
and metabolite analysis identified regions of acidification, elevated lactate, and enrichment of M2-64	
like macrophages in LUSC tumors. These results demonstrate that TMPRSS11B promotes an 65	
acidified and immunosuppressive TME and nominate this enzyme as a therapeutic target in 66	
LUSC.  67	
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Introduction 84	

Lung cancer is the leading cause of cancer related deaths worldwide 1. Lung cancer is broadly 85	
classified into small cell (SCLC) and non-small cell lung cancer (NSCLC), with the latter 86	
representing ~85% of all lung cancers. Lung squamous cell carcinoma (LUSC) is one type of 87	
NSCLC, accounting for ~30% of all lung cancer cases 2,3. These tumors are highly heterogenous 88	
and lack targeted therapies. Immune checkpoint inhibitors have emerged as the first line therapy 89	
for LUSC patients, but this approach is effective only in a subset of patients 4-8. This highlights a 90	
critical need for the identification and characterization of new therapeutic targets in LUSC. 91	

Basal cells are thought to be one cell of origin for LUSCs, although accumulating evidence 92	
suggests that LUSCs may arise from multiple cell types including club cells and alveolar type II 93	
cells 9-15. Hillock cells are a recently described cell type in the lung that were shown to be an injury-94	
resistant reservoir of stem-like cells. They represent a distinctive population of basal stem cells 95	
that express Keratin13 (KRT13) and other genes associated with barrier function, cell adhesion, 96	
and immunomodulation. Interestingly, hillock cells were also shown to be one origin of squamous 97	
metaplasia, a precursor to LUSC 16-19. A better understanding of hillock cell biology and the origins 98	
of LUSC may lead to new therapies for this tumor type. 99	

With the goal of discovering novel genes that drive lung tumorigenesis, we previously performed 100	
an unbiased Sleeping Beauty (SB)-mediated transposon mutagenesis screen in immortalized 101	
human bronchial epithelial cells (HBECs). This screen revealed that the transmembrane serine 102	
protease TMPRSS11B promotes the transformation of HBECs and enhances LUSC tumor growth 103	
in immunocompromised mice 20. TMPRSS11B belongs to the differentially expressed in 104	
squamous cell cancer (DESC) family of genomically clustered, trypsin-like serine proteases that 105	
share commonality in their type-II transmembrane insertion, catalytic triad spacing, and disulfide-106	
bonding anchoring their serine protease domain to a membrane proximal cysteine 21. We found 107	
that TMPRSS11B expression is highly upregulated in LUSCs compared to normal lung tissues 22. 108	
Mechanistic studies and metabolomics further revealed that TMPRSS11B interacts with the 109	
lactate monocarboxylate transporter 4 (MCT4) and its obligate chaperone, Basigin (CD147). 110	
TMPRSS11B catalytic activity promotes solubilization of Basigin, which enhances MCT4-111	
mediated lactate export, glycolytic flux, and tumor growth, thereby promoting tumorigenesis in 112	
LUSC 20.  113	

Although lactate is usually generated as a by-product of enhanced glycolytic flux in tumor cells, 114	
there is significant heterogeneity in its metabolism. Some tumor types export of lactate through 115	
MCT4 in order to increase glycolysis to drive tumorigenesis. In contrast, other tumor types employ 116	
monocarboxylate transporter 1 (MCT1) to import lactate, which can be used for energy production 117	
during tumorigenesis 23-25. In addition, extracellular lactate is reported to influence the tumor 118	
microenvironment to support tumor growth by inhibiting T-cell function 26,27, recruiting Tregs 28, 119	
inducing PD-L1 expression 29, and by polarizing macrophages to the M2 or immunosuppressive 120	
subtype 30-33. These studies suggest that lactate metabolism is a vulnerability that may be 121	
harnessed for therapeutic targeting of cancer cells. 122	

Tumor-associated macrophages (TAMs) represent a significant fraction of immune cells in the 123	
tumor microenvironment and have been shown to promote tumor progression by promoting 124	
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epithelial-to-mesenchymal transition (EMT), extracellular matrix remodeling through the secretion 125	
of proteolytic enzymes, exhaustion and suppression of cytotoxic T-cells, and recruitment of Tregs 126	
34-38. The M2 subtype is immunosuppressive and tumor promoting, while the M1 subtype is anti-127	
tumorigenic. In NSCLC, largely LUSCs, M2 macrophages represent a substantial proportion of 128	
TAMs, with increased enrichment in the tumor stroma. Moreover, higher M1/M2 ratios correlate 129	
with better survival for patients, demonstrating the impact of immunosuppressive TAM subtypes 130	
in lung cancer 39-42.   131	

Using an autochthonous model of LUSC coupled with spatial transcriptomics, ultra pH sensitive 132	
nanoparticle imaging and metabolomics, we show that Tmprss11b-expressing lung squamous 133	
tumors and the surrounding microenvironment exhibit elevated lactate levels and accumulate 134	
immunosuppressive M2-like tumor associated macrophages. We also demonstrate that 135	
Tmprss11b is restricted to squamous tumors and is enriched specifically in Krt13+ hillock like cells. 136	
Collectively, these studies reveal the establishment of an acidified and immunosuppressive TME 137	
in Tmprss11b-high LUSC and suggest a new therapeutic approach of targeting this enzyme in 138	
the hillock-like population of squamous lung cancer.  139	

 140	

Results 141	

Tmprss11b depletion reduces tumor growth and enhances CD4+ T cell infiltration  142	

We previously demonstrated that TMPRSS11B inhibition limits tumor growth of human LUSCs in 143	
xenograft assays in immunocompromised NOD/SCID Il2rg-/- (NSG) mice. However, these studies 144	
did not fully recapitulate all aspects of tumorigenesis such as contributions from the tumor 145	
microenvironment and the immune system. Based on our previous demonstration that 146	
TMPRSS11B promotes lactate export 20 and the role of lactate in modulating immune cell function, 147	
we hypothesized that loss of function of TMPRSS11B would reduce tumor growth and enhance 148	
immune cell infiltration in the TME in immunocompetent mice. To test this hypothesis, we used 149	
CRISPR/Cas9 to knockout Tmprss11b in KLN205 cells, an established syngeneic mouse model 150	
of murine lung squamous cell carcinoma (Fig. 1A-B, Supplementary Fig. S1A) 43. Cells were 151	
transplanted subcutaneously in immunocompetent DBA/2 WT mice and tumor volumes were 152	
assessed. Tumor growth was significantly reduced in Tmprss11b knockout tumors compared to 153	
control tumors (Fig. 1C, Supplementary Fig. S1B). We also used doxycycline-inducible short 154	
hairpin RNAs (shRNAs) to knockdown Tmprss11b in KLN205 cells after tumor initiation (Fig. 1D). 155	
Cells were transplanted into immunocompetent DBA/2 mice, and mice were maintained on 156	
doxycycline water to induce shRNA expression after tumor formation. We observed strong 157	
impairment of tumor growth following depletion of Tmprss11b (Fig. 1E, Supplementary Fig. S1C-158	
D). Efficient knockdown of Tmprss11b was confirmed in Tmprss11b-shRNA expressing tumors 159	
(Supplementary Fig. S1E). Fluorescent immunohistochemistry (IHC-F) demonstrated that 160	
Tmprss11b loss of function triggered an accumulation of CD4+ T cells (Fig. 1F), and to a lesser 161	
extent CD8+ T cells (Supplementary Fig. S1F), in syngeneic tumors. Moreover, we observed a 162	
significant decrease in phospho-ERK signaling (Fig. 1G). These findings establish that 163	
Tmprss11b loss of function alters immune cell infiltration in the TME and suppresses the MAPK 164	
signaling pathway. 165	
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 166	

Tmprss11b expression is enriched in lung squamous tumors  167	

We next investigated the expression of Tmprss11b in a panel of tumors derived from 168	
autochthonous mouse models of lung cancer representing lung adenocarcinoma (LUAD), lung 169	
squamous (LUSC), and small cell lung cancer (SCLC). Tmprss11b is highly expressed in LUSC 170	
tumors, with the highest expression in the Rosa26-Sox2-Ires-GfpLSL/LSL;Nkx2-1fl/fl;Lkb1fl/fl (SNL) 171	
mouse model (Fig. 2A). This model, based on overexpression of the Sox2 transcription factor 172	
and loss of the tumor suppressors Lkb1 and Nkx2-1, accurately recapitulates the histology and 173	
microenvironment of LUSCs  44. Interestingly, these mice develop LUSC and mucinous LUAD, 174	
thereby providing an ideal setting to investigate intra-tumoral heterogeneity and metabolism. 175	

We initiated tumorigenesis in SNL mice through intratracheal administration of adenovirus 176	
expressing Cre (Ad-Cre) (Fig. 2B) and monitored tumor progression over time (Fig. 2C). At 8-177	
months post-infection, we observed appreciable lung tumor burden and distinct regions of 178	
squamous tumors (LUSC) and mucinous adenocarcinomas (LUAD) identified by H&E staining 179	
(Fig. 2D). We next assessed the spatial distribution of Tmprss11b expression with RNA 180	
fluorescent in situ hybridization (FISH) (RNAscope). We observed selective enrichment of 181	
Tmprss11b in squamous lung tumors but not in mucinous adenocarcinomas or normal lungs (Fig. 182	
2E-G). In contrast, Sox2, the oncogenic driver in this model, was expressed in LUSC and LUAD 183	
tumors (Fig. 2G). These data demonstrate that Tmprss11b is selectively expressed in murine 184	
lung squamous tumors. 185	

 186	

Tmprss11b expression correlates with an increase in squamous markers and oncogenic 187	
signaling pathways 188	

Given the heterogeneity observed in SNL lung tumors, we next investigated the gene expression 189	
pathways that associate with Tmprss11b expression using spatial transcriptomics. High quality 190	
sequencing reads were obtained with the Visium CytAssist (10x Genomics) platform 191	
(Supplementary Fig. S2A) and analysis revealed multiple clusters, indicating spatial 192	
heterogeneity (Fig. 3A). We annotated the sections as LUSC and LUAD based on histology for 193	
additional analyses, including 3 regions as LUSC (S1, S2, S3) and 2 regions as LUAD (A1, A2) 194	
(Fig. 3B). We assessed the distribution of Tmprss11b transcripts and observed unique 195	
enrichment in the LUSCs, validating our RNA-FISH results (Fig. 3C). As expected, the squamous 196	
marker Trp63 and the mucinous adenocarcinoma marker Hnf4a exhibited enrichment in LUSCs 197	
and LUADs, respectively (Fig. 3C).   198	

We next quantified Tmprss11b expression in all annotated regions. Although all LUSC regions 199	
expressed higher levels of Tmprss11b compared to LUAD regions, the S1 and S2 regions 200	
exhibited ~4-fold higher levels of expression compared to the S3 region (Supplementary Fig. 201	
S2B-C). To elucidate pathways elevated in squamous tumors with high Tmprss11b expression, 202	
we performed gene set enrichment analysis (GSEA) on Tmprss11b-high (S1, S2) versus 203	
Tmprss11b-low (S3) LUSC regions and observed an enrichment of oncogenic and immune cell 204	
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signaling pathways (Fig. 3D). In addition, we performed differential gene expression (DEG) 205	
analysis on Tmprss11b-high versus low regions and observed an increase in genes known to be 206	
elevated in squamous tumors (Krt16 and Sprr2d) and genes that promote tumorigenesis, 207	
including Tgm3, Krt16, and S100a7a (Fig. 3E) 12,45-47. We also performed GSEA and DEG 208	
comparing Tmprss11b-high LUSCs (S1, S2) versus LUADs (A1, A2) and observed a similar 209	
enrichment of genes and pathways (Supplementary Fig. S2D-E). Immunohistochemistry (IHC) 210	
analysis of the LUSC markers KRT16 and LYPD3 demonstrated increased expression in LUSCs 211	
compared to LUADs, validating our spatial transcriptomics data (Supplementary Fig. S2F). 212	
These findings demonstrate that tumors expressing high levels of Tmprss11b exhibit an 213	
enrichment for squamous markers and an oncogenic gene expression signature. 214	

 215	

TMPRSS11B is enriched in the hillock cell population and induced by KLF4  216	

Given the robust expression of Tmprss11b in squamous tumors and the strong correlation with 217	
squamous markers and oncogenic signaling pathways, we hypothesized that TMPRSS11B may 218	
be expressed in the cell of origin in LUSCs. Basal cells are hypothesized to be the precursor of 219	
squamous tumors 9,10. However, lineage tracing studies have demonstrated that squamous 220	
tumors can arise from multiple cell types in the lung, including club cells and alveolar type II (AT2) 221	
cells 11-15. Recent findings have identified a new cell type in the pseudostratified lung epithelium 222	
known as hillock cells that can give rise to squamous metaplasia, a precursor of squamous tumors 223	
16. These are collections of multilayered injury resistant cells that express KRT13 and consist of 224	
keratinized upper layers of luminal cells that protect underlying layers of KRT13+, TP63+ basal 225	
stem cells 16-19,48. Interestingly, these domains harbor a unique population of basal stem cells that 226	
express genes associated with barrier function, cell adhesion, and immunomodulation 17,48-53. 227	
Moreover, there is a growing appreciation that membrane-anchored serine proteases are 228	
important regulators of epithelial development and barrier function 54.  RNA sequencing of mouse 229	
syngeneic tumors revealed that keratin genes were downregulated in Tmprss11b depleted cells 230	
(Supplementary Fig. 3A). Conversely, DEG analysis of Tmprss11b-high squamous tumors and 231	
LUSC patient data from TCGA uncovered an enrichment of several keratin genes including 232	
KRT13, KRT6, KRT10, and KRT14 (Supplementary Fig. 3B-E). Given these observations, we 233	
sought to determine if TMPRSS11B is expressed in KRT13+ hillock cells. 234	

Findings presented in a companion study (Izzo et al. 2025, co-submitted) identified a hillock cell 235	
population in human and mouse lung squamous cell carcinomas. Consistent with this observation, 236	
we find that Tmprss11b is co-expressed with Keratin 13 (Krt13) and Keratin 6a (Krt6a) in mouse 237	
LUSC tumors (Fig. 4A). Using hillock, basal and mucinous gene signatures, we assigned regions 238	
of enrichment for these signatures in our spatial transcriptomics dataset. We find that the hillock 239	
and basal gene signatures were highly enriched in the Tmprss11b-high squamous tumors, while 240	
the mucinous gene signature was expressed in the adenocarcinomas (Supplementary Fig. 4A-241	
B). We performed RNA-FISH analysis of Tmprss11b, Trp63 and Krt13 in SNL tumors and 242	
observed an enrichment of Trp63 in the basal layer and expression of Krt13 in the suprabasal 243	
layer in squamous tumors, consistent with a recent study 16	(Fig. 4B). Interestingly, Tmprss11b 244	
expression was suprabasal to Trp63 and co-expressed with Krt13.  245	
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To extend these findings to human lung squamous tumors, we analyzed LUSC RNA sequencing 246	
data from TCGA. Indeed, TMPRSS11B was upregulated in human LUSCs compared to LUAD 247	
(Fig. 4C). Interestingly, a detailed analysis of cell clusters using a hillock gene signature found 248	
that a TMPRSS11B-high cluster also expresses KRT13 (Izzo et al. 2025). Importantly, this study 249	
demonstrated that the Krüppel-like factor 4 (KLF4) transcription factor induces a hillock-like gene 250	
signature in human bronchial epithelial cells (BEAS-2B). Given the importance KLF4 in regulating 251	
a hillock cell state and its regulatory role in a variety of cancers 55-58, we sought to determine if 252	
TMPRSS11B is induced by KLF4. We performed quantitative RT-PCR for TMPRSS11B on RNA 253	
isolated from BEAS-2B cells following doxycycline inducible expression of green fluorescent 254	
protein (GFP) or KLF4. Indeed, TMPRSS11B was induced by ~40-fold in KLF4-expressing BEAS-255	
2B cells (Fig. 4D). Overall, these data show that TMPRSS11B is induced by KLF4 and is 256	
expressed in the KRT13+ hillock cell population in lung squamous tumors.  257	

 258	

Tmprss11b-high squamous tumors exhibit infiltration of M2-like macrophages 259	

Given the enrichment of squamous markers and oncogenic signaling in Tmprss11b-expressing 260	
squamous tumors (Fig. 3D, Supplementary Fig. 2D), and the known link between lactate 261	
metabolism and immune regulation, we next examined the immune cell populations that infiltrate 262	
LUSC tumors. Known markers of neutrophil infiltration including Cd11b (Itgam), Cxcl3 and Cxcl5 263	
were expressed in LUSCs, consistent with prior studies in this mouse model (Supplementary 264	
Fig. 5A) 44. We also performed cell deconvolution analysis and identified an enrichment of 265	
additional immune cells subsets, including classical monocytes, alveolar macrophages and 266	
leukocytes, with high expression of Tmprss11b (Fig. 5A-B, Supplementary Fig. 5B-C). GSEA 267	
of Tmprss11b-high (S1, S2) vs. Tmprss11b-low LUSC (S3) and Tmprss11b-high LUSC (S1, S2) 268	
vs. LUAD (A1, A2) revealed an enrichment for similar pathways (Fig. 5C, Supplementary Fig. 269	
5D). Given the presence of opposing subtypes of macrophages observed in the tumor 270	
microenvironment, based on their ability to promote or suppress tumor progression, we assessed 271	
macrophage subtypes that were enriched with higher levels of Tmprss11b. DEG analysis of the 272	
spatial data identified an enrichment of common macrophage markers such as Cd68, and 273	
additional genes typically associated with immunosuppressive TAMs or M2-like macrophages 274	
including Arg1, Hmox1, Msr1, Trem2, Spp1 and Ctsk (Fig. 5D, Supplementary Fig. 5E) 59-67. To 275	
validate this, we performed IHC and observed higher levels of MSR1 (CD204), HMOX1 and ARG1 276	
expression in LUSCs compared to LUADs (Fig. 5E). In contrast, the oncogenic driver in this 277	
mouse model, SOX2, was expressed in both LUSCs and LUADs. These findings demonstrate 278	
that Tmprss11b expression correlates with infiltration of immunosuppressive M2-like 279	
macrophages. 280	

 281	

Tmprss11b-high squamous tumors and acidified regions of the TME are enriched for 282	
immunosuppressive macrophages 283	

Given the role of TMPRSS11B in promoting lactate export and the ability of lactate to promote 284	
polarization of macrophages to the M2-subtype 30-33, we hypothesized that the infiltration of M2-285	
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like macrophages in Tmprss11b-high squamous tumors was associated with elevated levels of 286	
lactate in the tumor microenvironment. To investigate this, we utilized ultra pH-sensitive (UPS) 287	
nanoparticles conjugated to the indocyanine green (ICG) fluorophore (Supplementary Fig. 6A) 288	
68.  We utilized a UPS nanoparticle with a threshold pH of 5.3 that disassembles and 289	
electrostatically binds to the surrounding tissue when the pH is below 5.3 69. The illuminated ICG 290	
signal defines the regions of increased acidity that are driven by secretion of lactic acid. We 291	
administered the UPS nanoparticles to control animals (without Cre) and tumor bearing SNL mice 292	
(with Cre) by tail vein injection and performed ex-vivo imaging of the lungs (Supplementary Fig. 293	
6B). We observed high ICG signal in the lungs of tumor-bearing SNL mice administered with Ad-294	
Cre, indicating increased acidification (Fig. 6A-B). Moreover, the ICG signal was adjacent to 295	
regions expressing Tmprss11b and macrophage markers, including Cd68 and Spp1 (Fig. 6C). 296	
Consistent with this, our prior data showed the highest level of acidity at the tumor and stromal 297	
interface, where cancer cells secrete lactic acid into the stromal areas, leading to the nanoprobe 298	
activation and internalization by stromal cells 69. We performed GSEA and observed an 299	
enrichment of pathways associated with macrophages and monocytes, and oncogenic signaling 300	
in regions with low pH (Fig. 6D, Supplementary Fig. 6C). Cell deconvolution analysis further 301	
revealed an enrichment for select immune cell subtypes, including monocytes and macrophages, 302	
in low pH regions (Supplementary Fig. 6D). Finally, DEG analysis and IHC validation revealed 303	
the expression of M2-like and TAM gene signatures (Fig. 6E), and expression of HMOX1 and 304	
MSR1 in regions with high UPS signal, respectively (Fig. 6F). Taken together, these findings 305	
reveal the presence of acidified regions in lung squamous tumors that accumulate 306	
immunosuppressive M2-like macrophages.  307	

 308	

Tmprss11b-high squamous tumors and low pH regions have elevated levels of lactate 309	

Given the observed enrichment of immunosuppressive M2-like macrophages in Tmprss11b-high 310	
squamous tumors and the surrounding TME, we reasoned that higher levels of lactate should be 311	
present in the acidified regions. To demonstrate that regions with low pH and increased 312	
acidification in Tmprss11b-expressing tumors accumulate lactate, we performed laser capture 313	
microdissection (LMD) and mass spectrometry to quantify metabolites in the lungs from SNL mice 314	
(Fig. 7A). We used H&E staining to annotate regions of LUSC, LUAD, and normal lung. The ICG 315	
signal was used to annotate regions of low pH (Fig. 7B, Supplementary Fig. 7A). Quantification 316	
of metabolite levels revealed a significant enrichment of lactate in lung squamous cell carcinomas 317	
(LUSC) compared to lung adenocarcinomas (LUAD) and surrounding normal lung tissues (Fig. 318	
7C). Moreover, we observed elevated lactate levels in low pH regions identified with the ultra pH 319	
sensitive nanoprobe (Fig. 7D). Collectively, these data demonstrate that LUSC tumors acidify the 320	
TME due to their high expression of Tmprss11b, resulting in an immunosuppressive environment 321	
that enhances tumor growth.  322	

 323	

 324	

 325	
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Discussion 326	

Based on our prior studies demonstrating a role for TMPRSS11B in promoting tumorigenesis and 327	
enhancing lactate export in vitro, we hypothesized that TMPRSS11B expression would promote 328	
an immunosuppressive tumor microenvironment in vivo. Indeed, loss of TMPRSS11B in a 329	
syngeneic mouse model confirmed the importance of TMPRSS11B in LUSC tumorigenesis and 330	
identified alterations in immune cell populations and signaling upon depletion of Tmprss11b. 331	
Furthermore, using the Rosa26-Sox2-Ires-GfpLSL/LSL;Nkx2-1fl/fl;Lkb1fl/fl (SNL) GEMM model of 332	
LUSC, we observed specific expression of TMPRSS11B in lung squamous tumors. A similar gene 333	
expression pattern is observed in the LP (Lkb1fl/fl, Ptenfl/fl) GEMM model, where Tmprss11b is one 334	
of the top upregulated genes in lung squamous tumors 70. Leveraging the SNL model, we 335	
performed spatial transcriptomics on lung tumors, which revealed increased oncogenic signaling 336	
and accumulation of immunosuppressive M2-like macrophages in Tmprss11b expressing 337	
squamous tumors. We assessed the in vivo acidification of squamous tumors using ultra pH 338	
sensitive nanoparticles and uncovered the presence of low pH regions adjacent to squamous 339	
tumors that are rich in immunosuppressive M2-like macrophages. Given the ability of lactate to 340	
promote macrophage polarization and immunosuppression 30-33, we hypothesized that lactate is 341	
present in these regions. Accordingly, laser capture microdissection followed by mass 342	
spectrometry demonstrated that regions with low pH exhibited elevated lactate abundance. Taken 343	
together, these results support a model whereby TMPRSS11B expression in LUSC results in 344	
acidification of the TME due to enhanced lactate export. This produces an immunosuppressive 345	
environment, characterized by the infiltration of M2-like macrophages, which promotes tumor 346	
progression (Fig. 7E).  347	

Treatment modalities for LUSC patients have significantly advanced in recent years. 348	
Immunotherapy is approved as a first-line therapy and has shown promising improvement in 349	
progression free survival, either as a monotherapy or in combination with chemotherapy. 350	
However, only a subset of the patients respond with durable benefit and patients often develop 351	
toxicity or resistance to immunotherapy, warranting the need for alternative therapies 6,71,72. 352	
Additionally, efforts to target frequently upregulated molecules in LUSC such as FGFR, PI3K and 353	
CDK4/6 have been largely unsuccessful 6. Collectively, these data suggest the need for 354	
identification and development of new targeted therapies for molecules specifically upregulated 355	
in LUSC. The selective upregulation of TMPRSS11B in lung squamous tumors and the impact on 356	
immune suppression and oncogenic signaling pathways nominates this cell surface enzyme as a 357	
promising therapeutic target.  358	

Our studies suggest that the enrichment of TMPRSS11B in lung squamous tumors may be 359	
attributed to its expression in hillock cells. The unique properties of this cell type include their 360	
ability to form stratified structures with a gradient of KRT13 and TP63 expression. This results in 361	
upper layers of ciliated luminal (termed hillock luminal) cells marked by expression of KRT13 and 362	
underlying layers of basal stem (termed hillock basal) cells marked by high expression of 363	
TP6316,17,48. The hillock basal cells appear to be more proliferative than the basal cells of the 364	
pseudostratified epithelium while the hillock luminal cells consist of tightly interlocked squamous 365	
cells that form a protective barrier for the underlying stem cells. Hillocks cells are highly resistant 366	
to insults including chemical injury and viral infection 16. Furthermore, hillock cells express genes 367	
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involved in cellular adhesion and immunomodulation, including Cldn3, S100a11, Ecm1, Lgals3 368	
and Anxa1 17,48-53. Interestingly, recent studies have suggested an important role for members of 369	
the type-II transmembrane serine protease (TTSP) family in barrier function 73. Given the unique 370	
enrichment of TMPRSS11B in hillock-like cells, it is plausible that TMPRSS11B contributes to 371	
barrier function and immune regulation mediated by hillock cells.  372	

A recent study suggested hillock cells as precursors of LUSC 16. Our companion study suggests 373	
that KLF4 can induce hillock gene signatures in human bronchial epithelial cells (Izzo et al., 2025, 374	
co-submitted). Taken together with our data demonstrating that KLF4 induces Tmprss11b, this 375	
suggests a model whereby KLF4 is transiently upregulated in hillock basal cells, giving rise to 376	
suprabasal hillock luminal cells that express KRT13 and TMPRSS11B. This population of cells is 377	
hypothesized to function as a barrier, protecting the underlying hillock basal stem cells from 378	
various insults. The potential dysregulation of signaling in hillock cells that results in the 379	
progression to squamous tumors and the role of TMPRSS11B in this process is not completely 380	
understood. Future studies are warranted to fully elucidate the role of TMPRSS11B in the hillock 381	
cell state and identify substrates of this serine protease in normal lung development and in LUSC.    382	

Macrophages comprise a significant fraction of tumor associated immune cells in the lung and 383	
have been shown to influence tumor growth and treatment outcomes 74-76.  Additionally, the 384	
presence of the classically activated M1 subtype, which are anti-tumorigenic and the alternatively 385	
activated M2 subtype, which are immunosuppressive and tumor promoting, adds an additional 386	
layer of complexity to understanding the impact of macrophages in the TME. Higher levels of M2-387	
like macrophages are associated with a decrease in overall survival (OS) of LUSC patients 77,78. 388	
Our studies have uncovered an enrichment of M2-like macrophages in Tmprss11b-high 389	
squamous tumors and the surrounding acidified regions. In addition, we identified higher lactate 390	
levels in these regions. Taken together with our previously identified role for TMPRSS11B in 391	
promoting lactate export and the reported role of lactate in polarization of macrophages to the M2 392	
subtype, these results suggest an association of TMPRSS11B with the recruitment or production 393	
of immunosuppressive M2-like macrophages. Recent findings have also implicated a role for IL6-394	
JAK-STAT3 signaling in promoting polarization of macrophages to the M2 subtype 79. 395	
Interestingly, our studies uncovered upregulation of an ‘IL6_JAK_STAT3_Signaling’ pathway 396	
signature associated with increased Tmprss11b expression, further hinting at a potential role for 397	
TMPRSS11B in promoting macrophage polarization. Additional studies are needed to fully 398	
elucidate the link between TMPRSS11B and macrophage polarization and to determine whether 399	
this is solely due to the impact on lactate metabolism or whether additional functions of this 400	
enzyme play a role.  401	

Collectively, these findings shed light on an important metabolic regulator of lung squamous cell 402	
carcinoma. Given our demonstration that TMPRSS11B promotes tumor growth and an 403	
immunosuppressive TME, the development of monoclonal antibodies or small molecule inhibitors 404	
that target this enzyme at the surface of LUSCs represents an exciting avenue for development 405	
of new therapeutics for this deadly malignancy. 406	

 407	

  408	
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Materials and Methods 409	

Mice 410	

Rosa26-Sox2-Ires-GfpLSL/LSL;Nkx2-1fl/fl;Lkb1fl/fl (SNL) mice were provided by Dr. Trudy Oliver 411	
(Duke University). The mice were maintained on a mixed background through intercrosses. 412	
DBA/2 mice were purchased from The Charles River Laboratory. 413	

 414	

Ethics Statement 415	

Mice were monitored closely throughout all experimental protocols to minimize discomfort, 416	
distress or pain. If any signs of pain and distress were detected (disheveled fur, decreased 417	
feeding, significant weight loss (>20% body mass), limited movement or abnormal gait), the 418	
animal was removed from the study and euthanized. All procedures involving mice were 419	
performed in accordance with the recommendations of the Panel on Euthanasia of the American 420	
Veterinary Medical Association and protocols approved by the UTSW Institutional Animal Care 421	
and Use Committee.  422	

 423	

Cell culture 424	

KLN205 murine lung squamous cell carcinoma cells (from Dr. Rolf Brekken) were cultured in 425	
GibcoTM DMEM media (Cat: 11995065) supplemented with 10% FBS and 1% antibiotic and 426	
antimycotic (Cat: 15240062).  427	

 428	

Plasmids 429	

LentiCRISPR version 2, PAX2 and MD2 plasmids were obtained from Addgene (52961, 12260 430	
and 12259). sgRNA sequences targeting Tmprss11b were selected from the Brie sgRNA library 431	
(target gene ID: 319875). The SMARTvector inducible lentiviral shRNA plasmids were obtained 432	
from Dharmacon. The sgRNAs and shRNAs sequences are provided in Supplementary Table 433	
2. 434	

 435	

Generation of Tmprss11b knockout cells  436	

HEK293T (1 x 108) cells were co-transfected with lentiCRIPSR version 2 (1 µg), PAX2 (666 ng) 437	
and MD2 (333 ng) helper plasmids using Effectene Transfection Reagent (Qiagen, Cat: 301425). 438	
Lentiviral supernatant was collected 48 hours post-transfection and filtered. Recipient KLN205 439	
cells were infected with viral supernatant containing 8 µg/ml polybrene (Sigma-Aldrich) and 440	
replenished with fresh media. After 48 hours, the transduced cells were cultured in fresh media 441	
containing 2 µg/ml puromycin for 7-9 days. 442	
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 443	

Generation of inducible Tmprss11b knockdown cells  444	

HEK293T (1 x 108) cells were co-transfected with SMARTvector inducible lentiviral shRNA 445	
plasmid (1 µg), PAX2 (666 ng) and MD2 (333 ng) helper plasmids using Effectene Transfection 446	
Reagent (Qiagen, Cat: 301425). Lentiviral supernatant was collected 48 hours post-transfection 447	
and filtered. Recipient KLN205 cells were infected with viral supernatant containing 8 µg/ml 448	
polybrene (Sigma-Aldrich) and replenished with fresh media. After 48 hours, transduced cells 449	
were selected in fresh media containing 2 µg/ml puromycin for 7-9 days and cultured in 2-3 µg/ml 450	
doxycycline. shRNA expression was monitored over 4 days using the turbo RFP expression. At 451	
4 days post-induction, the cells were harvested for RNA to assess the knockdown.  452	

 453	

Tumorigenesis assays 454	

KLN205 cells (3 x 105) expressing non-targeting sgRNA or Tmprss11b sgRNA were injected 455	
subcutaneously into the right flanks of 6- to 8-week-old DBA/2 female mice (Charles River). Tumor 456	
volumes were measured every 3 days using calipers until the average tumor mass reached 600 457	
mm3. sgRNA sequences are provided in Supplementary Table 2. 458	

For inducible knockdown, KLN205 cells (5 x 105) expressing scrambled shRNA or Tmprss11b 459	
shRNA were injected subcutaneously into the right flanks of 6- to 8-week-old DNA/2 female mice 460	
(Charles River). Tumor volumes were measured every 3 days using calipers. When the average 461	
tumor volume across all the study groups reached 100 mm3, mice were maintained on doxycycline 462	
water (2g/L doxycycline and 2% sucrose) for the duration of the experiment. 463	

Tumor volumes were calculated using the formula (length x width2)/2. At the terminal timepoint, 464	
the tumors were resected for downstream analysis. 465	

 466	

RNA extraction and quantitative real-time PCR (qRT-PCR) analysis 467	

Total RNA was isolated from cells using RNeasy Mini Kit (Qiagen). Total RNA was isolated from 468	
tumor tissues using Trizol (Ambion by Life Technologies; 15596018), followed by additional 469	
cleanup and DNase digestion using RNeasy Mini Kit (Qiagen). For qRT-PCR of mRNA, 470	
complementary DNA (cDNA) synthesis was performed with 1-5 µg of the total RNA for reverse 471	
transcription using Superscript IV VILO Master Mix (5x) (Invitrogen, Cat: 11756050). mRNA 472	
expression was assessed using TaqMan probes (Invitrogen) corresponding to Tmprss11b 473	
(Mm00621706_m1, Mm00621702_m1 and Mm00621704_m1) and Gapdh (Mm99999915_g1) 474	
and calculated using the 2ddCt method. 475	

 476	

 477	
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RNA-Sequencing and analysis  478	

RNA was isolated from tumor tissues as indicated in the last section. The sequencing was 479	
performed at the McDermott Center Next Generation Sequencing Core at UT Southwestern 480	
Medical Center and the analysis was performed at the McDermott Center Bioinformatics lab. 481	
Fastq files were quality checked using fastqc (v0.11.2)80. Read from each sample were mapped 482	
to the reference genome using STAR(v2.5.3a)81. Read counts were generated using 483	
featureCounts 82 and the differential expression analysis was performed using edgeR 83. 484	

 485	

Intratracheal administration of adenovirus and tissue collection 486	

Cre-expressing adenovirus (Ad-Cre) was purchased from Viral Vector Core Facility (University of 487	
Iowa). Rosa26-Sox2-Ires-GfpLSL/LSL;Nkx2-1fl/fl;Lkb1fl/fl (SNL) mice (males and females) 6- to 8-488	
weeks of age were intratracheally administered Ad-Cre at 1-10 x 108 pfu/mouse.  489	

Mice were euthanized by intraperitoneal administration of an overdose of Avertin at the indicated 490	
time-points. Lungs were inflated and perfused through the trachea with 4% paraformaldehyde 491	
(PFA), fixed overnight, washed in 1X PBS for 24-48h, then transferred to 70% ethanol and 492	
subsequently embedded in paraffin. Sections were cut and stained with H&E by the UTSW 493	
HistoPathology Core. 494	

 495	

Immunohistochemistry 496	

The formalin fixed paraffin embedded (FFPE) slides were de-paraffinized with xylenes and 497	
hydrated with ethanol washes. Slides were then treated with either Citrate-based (pH 6.0) or Tris-498	
based (pH 9.0) Antigen Unmasking Solution (Vector Lab, H-3300 or H3301). Antigen retrieval 499	
was performed using a steamer, followed by blocking using BLOXALLTM Endogenous Blocking 500	
Solution (Vector Lab, SP-6000) and washed in 1X PBS.  Then the slides were incubated with 501	
2.5% Normal Goat Serum (Vector Lab, S1012) followed by incubation with appropriate primary 502	
antibodies diluted in 2% bovine serum albumin (BSA) (in PBS) at 4oC overnight. After extensive 503	
washing with either PBS/TBS, the slides were incubated with ImmPRESS ® HRP Goat Anti-504	
Rabbit IgG (Vector Lab, MP7451) or Goat Anti-Rat IgG (Vector Lab, MP7404) at room 505	
temperature (RT) for 30 minutes. The signal was developed with ImmPACT ® DAB Substrate 506	
(Vector Lab, SK-4105), and sections were counterstained with hematoxylin (Vector Lab, H-3404), 507	
and mounted using ProlongTM Diamond Antifade Mountant (Invitrogen, Cat: P36965). Whole slide 508	
images were captured using Hamamatsu NanoZoomer S60 at the UTSW Whole Brain 509	
Microscopy Facility. Antibody information is provided in Supplementary Table 1. 510	

 511	

Multiplex fluorescent Immunohistochemistry and quantification 512	

The fluorescent immunohistochemistry was performed using Akoya Opal 3-Plex Detection kit 513	
(NEL810001KT) following manufacturer’s instructions. Briefly, FFPE slides were de-paraffinized 514	
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using xylenes, hydrated with ethanol washes and then fixed with 4% paraformaldehyde (PFA). 515	
Antigen retrieval was performed at either pH 6.0 or pH 9.0 using a microwave. Blocking was 516	
performed using Antibody Diluent/Block from the kit. Slides were then incubated with the primary 517	
antibodies at 4oC overnight. After extensive washing with TBST, the slides were incubated with 518	
Opal Anti-Ms+Rb HRP and then the appropriate Opal/TSA plus fluorophore. For multiplexing, this 519	
was followed by another round of antigen retrieval and same steps were followed as before until 520	
all the targets have been achieved. The slides were then incubated with Spectral DAPI, followed 521	
by mounting with ProlongTM Diamond Antifade Mountant (Invitrogen, Cat: P36965). Whole slide 522	
images were captured using Zeiss Axioscan.Z1 at the UTSW Whole Brain Microscopy Facility. 523	

For quantification, the Zen Blue software from Zeiss was used. For each slide, 10-14 equal sized 524	
fields are selected across the slide and mean fluorescent intensities (MFI) for each channel was 525	
calculated for each field.  526	

 527	

RNA in-situ hybridization 528	

RNA in-situ hybridization was performed on formalin-fixed paraffin-embedded (FFPE) tissue 529	
sections following instructions from the RNAscope Multiplex Fluorescent Kit v2 (Cat. 530	
No.  3231100, Advanced Cell Diagnostics) using the following probes purchased from Advanced 531	
Cell Diagnostics: Tmprss11b (Cat No. 1268741-C2), Sox2 (Cat No. 401041-C3) and negative 532	
control DapB (Cat No. 310043-C2). Slides were counterstained with DAPI (Cat No. 320858, 533	
Advanced Cell Diagnostics) and mounted with ProlongTM Diamond Antifade Mountant (Invitrogen, 534	
Cat: P36965). Whole slide images were obtained using Axioscan.Z1 and Vectra PolarisTM 535	
imagers. 536	

 537	

Ultra pH-sensitive (UPS) nanoparticle imaging 538	

Ultra pH-sensitive (UPS) nanoparticles were used for imaging acidic regions in mouse lung 539	
tumors and other tissues 84. Briefly, SNL mice bearing lung tumors (from CT imaging) were 540	
injected with 2.5mg/kg of UPS nanoparticle PDBA-ICG 5.3. 24 hours post-infection, the mice were 541	
euthanized by intraperitoneal administration of an overdose of Avertin. Lungs were inflated and 542	
perfused through the trachea with 4% paraformaldehyde (PFA). The lungs were then imaged with 543	
liver, spleen, kidney, heart and brain from the same mouse for brightfield (BF) and Indocyanine 544	
green (ICG) signals using Pearl ® Trilogy small animal imaging system (LICOR Bio). Post 545	
imaging, the lungs were fixed overnight in 4% PFA, washed in 1X PBS for 24-48h, then transferred 546	
to 70% ethanol and subsequently embedded in paraffin. Sections were cut and stained with H&E. 547	
The ICG signal in lungs were quantified as mean fluorescent intensity (MFI) using the Image 548	
StudioTM software (LICOR Bio). For the analysis, ICG signal in the brain was used as background 549	
and normalized for lungs and other tissues accordingly.  550	

 551	

 552	
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MRI and CT imaging 553	

Magnetic resonance imaging (MRI) was performed on mice using the 7T Bruker Biospec 554	
instrument at the Advanced Imaging Research Center at UT Southwestern with the help of Dr. 555	
Janaka Wansapura.  556	

Computed tomography (CT) imaging was performed on mice using the X-Cube CT instrument 557	
from Molecubes at the Preclinical Radiation Core Facility at UT Southwestern. 558	

 559	

Surveyor Assay 560	

Surveyor assay was used to assess the efficiency of the different Tmprss11b targeting sgRNAs. 561	
The assay was performed on Tmprss11b knockout and non-targeting control KLN205 cells using 562	
Guide-itTM Mutation Detection kit (Takara, Cat No. 631448) following manufacturer’s protocol. 563	
Briefly, genomic DNA was isolated from the above-mentioned cells, and the mutated regions were 564	
amplified using specifically designed surveyor primers (provided in Supplementary Table 2). 565	
Then the amplified sequences were subjected to cleavage by the Guide-it resolvase and screened 566	
by running samples on agarose gel electrophoresis. 567	

 568	

Spatial transcriptomics: Visium CytAssist 569	

Hematoxylin and eosin-stained tissue slides were scanned at 40x magnification using the Leica 570	
Biosystems Aperio AT2 DX brightfield slide scanner. Regions of lung adenocarcinoma and lung 571	
squamous cell carcinoma morphology were annotated. The regions of interest for spatial 572	
transcriptomics were digitally annotated using QuPath (v.5.0.1) and exported as a TIFF image 573	
file. 574	

Tissue slides were decoverslipped, washed, and rehydrated following the 10x Genomics Visium 575	
CyAssist Tissue Preparation Guide (CG000518 rev. B). Slides were immersed in xylene then 576	
placed on a metal block cooled with dry and the coverslip was removed with a razor blade. 577	
Sections were washed and rehydrated by sequential immersions in xylene, 100% ethanol, 96% 578	
ethanol, and 70% ethanol, according to manufacturer recommendations. A region of the tissue 579	
outside of the region of interest was cut away for RNA quality control. RNA was isolated with the 580	
Qiagen RNeasy Mini Kit (cat: 74104), and quality was evaluated using the Agilent Technologies 581	
RNA 6000 Pico kit (cat: 5067-1513) with a DV200 assay in the Agilent 2100 BioAnalyzer. 582	

Rehydrated samples were destained and decrosslinked following 10x Genomics protocol 583	
CG000520 rev B. Sample preparation was performed with a 10x Genomics Visium CytAssist 584	
Spatial Gene Expression for FFPE, Mouse Transcriptome, 6.5mm kit (PN-1000521) and its 585	
corresponding protocol (GC000495 rev. C). Mouse whole-transcriptome left and right-hand 586	
probes were hybridized to the tissue at 50°C for 18 hours. Hybridized probes were ligated at 37°C 587	
for 60 min. Tissue was then stained with 10% eosin Y for one minute and rinsed with 1X PBS. 588	
Slides were placed in the Visium CytAssist instrument and manually aligned for capture of the 589	
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regions of interest. Gene expression probes were released from tissue and captured by the 590	
Visium CytAssist spatial slide using the CytAssist instrument at 37°C for 30 min. The spatial slide 591	
was washed with 2X SSC, and captured probes were extended on the slide at 45°C for 15 min. 592	
Probe amplicons were eluted from the capture slide with 0.08M KOH and neutralized with Tris-593	
HCl pH 8.0. Samples probes were pre-amplified by PCR, and optimal cycle determination was 594	
performed using qPCR. Final sequencing libraries were prepared using 10x Genomics dual index 595	
plate TS set A (PN-3000511) and sequenced with read depth of at least 50,000 reads per spot 596	
using the Singular Genomics G4 platform with an F3 flow cell. 597	

 598	

Spatial transcriptomics analysis pipeline 599	

Visium spatial transcriptomics reads were processed using 10x Genomics Space Ranger v2.0.1. 600	
Samples were post-processed using R v.4.3.1 85 with Seurat v. 5.0.3 86. Spots corresponding to 601	
Adenocarcinoma, Squamous cell carcinoma, and low pH were annotated using Loupe Browser 602	
v.6.5.0 based on morphology from H&E images and corresponding assays in adjacent tissue 603	
sections. Samples were processed for quality control, preserving spots with a minimum of 700 604	
read counts and 200 genes, and genes present in at least 5 spots. RNA gene expression libraries 605	
were normalized using SCtransform 87.  606	

Spots expressing Tmprss11b at or above 95th percentile were assigned “Tmprss11b-High”. 607	
Squamous tissue regions were further subclassified according to dichotomized Tmprss11b 608	
expression. All spots were categorized into "Tmprss11b-High Squamous", "Adenocarcinoma", 609	
"Non-Tumor Lactate-High", "Non-Tumor Lactate-Low", and “Other” classes. Differential gene 610	
expression among all these annotated regions was calculated using Seurat’s FindAllMarkers 611	
function, and direct comparisons between two classes was performed with Seurat’s FindMarkers 612	
function. Differentially expressed genes were used to perform pathway enrichment analysis using 613	
clusterProfiler v.4.10.0 88,89 using Gene Ontology90,91, KEGG references 92,93. Gene expression 614	
signatures for "Mouse_Hillock", "Mouse_Basal", and "Mouse_Mucinous phenotypes were 615	
evaluated for each spot using Seurat’s AddModuleScore function. 616	

 617	

Tangram cell type deconvolution 618	

Spatial transcriptomics technologies provide spatially resolved gene expression data; however, 619	
their resolution is often lower than that of single cell RNA sequencing (scRNA-seq). Consequently, 620	
each spatial spot or voxel may contain contributions from multiple cell types, making it challenging 621	
to determine the precise cellular composition of a tissue. Spatial deconvolution addresses this 622	
issue by integrating high-resolution scRNA-seq data with lower-resolution spatial transcriptomics 623	
data to infer the relative proportions of different cell types at each spatial location. Among the 624	
available spatial deconvolution methods 94-97 , we employed Tangram 94 due to its ability to map 625	
single cells onto spatial transcriptomics data across multiple platforms with high accuracy. 626	
Tangram utilizes deep learning-based optimal transport to achieve unbiased alignment, 627	
multimodal integration, and gene-level precision. By leveraging both scRNA-seq and spatial 628	
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transcriptomics datasets, Tangram optimally assigns single cells to spatial locations while 629	
preserving gene expression consistency across modalities. 630	

Data preprocessing: We obtained reference single-cell RNA sequencing (scRNA-seq) data from 631	
The Tabla Muris Consortium (Nature 2018) 98 and spatial transcriptomics (ST) data from relevant 632	
datasets. The scRNA-seq dataset was preprocessed by normalizing gene expression counts and 633	
performing dimensionality reduction using principal component analysis (PCA). Cells were then 634	
clustered based on their transcriptional profiles, and each cluster was annotated with its 635	
corresponding cell type. 636	

Mapping scRNA-seq to spatial transcriptomics: Tangram applies a probabilistic framework to align 637	
single-cell gene expression profiles with spatial transcriptomics data by optimizing the mapping 638	
based on a reconstruction loss function. The spatial mapping was performed using the following 639	
steps: 640	

1. Model Initialization: The single-cell and spatial gene expression matrices, along with cell-type 641	
annotations, were input into Tangram, ensuring that only genes common to both datasets were 642	
retained.  643	

2. Optimization: Tangram estimated the optimal mapping by solving a constrained optimization 644	
problem that minimizes the reconstruction error while preserving gene expression consistency 645	
between single-cell and spatial transcriptomics data.  646	

3. Cell-Type Decomposition: Using the trained model, Tangram inferred the proportion of each 647	
cell type at individual spatial locations, generating a probabilistic estimate of cellular distributions 648	
across the tissue. 649	

 650	

Laser Capture Microdissection 651	

The SNL mice administered with Ad-Cre were euthanized at 8-months post infection by 652	
intraperitoneal administration of an overdose of Avertin. The lungs were flash frozen and 653	
sectioned into ~ 50 µm thick sections on polyethylene terephthalate membrane (PTFE) slides. 654	
Leica laser LDM6 microdissection microscope was used to selectively cut the tissue areas 655	
exclusively identified as lung squamous cell carcinoma, lung adenocarcinoma, adeno-squamous, 656	
low pH, high pH and normal tissue regions based on adjacent histology staining and fluorescent 657	
UPS probe distribution. Each excised area was collected in individual PCR vials. 100µL of 0.1% 658	
formic acid in water was added to each PCR vial to extract water soluble metabolites. The vials 659	
were then subjected to sonication for 30 min in a water bath followed by 20 min vortex at 2,500 660	
rpm (VWR DVX-2500 multi-tube vortex mixer). The samples were centrifuged at 14000 xg for 661	
10min. Then 45µL of the supernatant was transferred into an autosampler vial to mix with 5µL 662	
internal standard (IS) mix (5 µg/mL). The sample injection volume was 10µL. 663	

A Shimadzu CBM-20A Nexera X2 series LC system (Shimadzu Corporation, Kyoto, Japan) 664	
equipped with degasser (DGU-20A) and binary pump (LC-30AD) along with auto-sampler (SIL-665	
30AC) and (CTO-30A) column oven was used. Chromatographic separation of glucose, lactic 666	
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acid, pyruvic acid, glutamic acid, succinic acid and citric acid were achieved using a Phenomenex 667	
Luna C8 (2), 5µm 100 Å, 150x2.0 mm column. 0.1% formic acid in water was used for mobile 668	
phase A, and 0.1% formic acid in acetonitrile was used as mobile phase B. The LC flow rate was 669	
set at 0.3 mL/min with gradient started from 3% of B for 1 min, 30% B by 5 min, 98% B by 5.5 min 670	
maintained to 7 min, then switched back to 3% B by 7.1 min and maintained to 8 min. The 671	
autosampler was maintained at 5 °C. Injection volume of 10 µL was used.  672	

The primary stock solutions for all analytes including standards and isotope labeled internal 673	
standards (IS) (1.0 mg/mL) were prepared in LC/MS grade water and subsequent dilutions were 674	
prepared in 0.1% formic acid in water.  Standard curves were prepared at a range of 675	
concentrations at 1, 5, 10, 25, 50, 100, 500, 1000, 5000 and 10000 ng/mL with different lowest 676	
calibration concentration points suited for different metabolites. IS mix of 5ug/mL of each D-677	
glucose (U-13C6), L-Lactic acid-13C3, Pyruvic acid sodium salt 13C1, L-Glutamic acid-13C5, Succinic 678	
acid -2,2,3,3-D4, and Citric acid 2,2,4,4-D4 was also prepared in 0.1% formic acid in water. 5µL 679	
of IS mix (5 µg/mL) was spiked in 45 µL of standard curves and samples to correct for any 680	
response-based differences created from the instrument or sample preparation.  681	

An AB Sciex (Foster City, CA, USA) 6500+ QTRAP mass spectrometer, equipped with a Turbo 682	
ion sprayä (ionization source) was used as the detector.  The mass spec interface temperature 683	
was set at 500°C.  The ion spray voltage was set at -4500 Volts.  Other parameters such as 684	
nebulizer gas, curtain gas, auxiliary gas and CAD gas were set at 50, 55, 65 and Medium, 685	
respectively. Detection of the ions was performed in multiple reaction monitoring (MRM) mode, 686	
the transition pairs Q1/Q3 were set on unit resolution. MRM transition pairs and each of their 687	
entrance potential (EP), collision energy (CE), and collision exit potential (CXP) are presented in 688	
Supplementary table 4.  689	

The LC/MS/MS data were processed by Analyst software (version 1.7.3). The results were fitted 690	
to linear regression analysis using 1/X2 as weighting factor. Quantifier ions Q3 are listed in 691	
Supplementary Table 4. The final concentration of metabolites was calculated by normalizing 692	
the measured amounts to the area of the dissected tissue regions. 693	

 694	

Functional analysis of gene sets 695	

Pathway and network analysis were performed using GSEA 4.3.2 application from the Broad 696	
Institute 99,100. The GSEA Preranked tool was used for ranked gene list using the 697	
rank_score=sign_of_FC*-log(pval) for all the expressed genes in the RNA-seq dataset with a 698	
weighted scoring scheme and using rank_score=log2FC for all the genes showing significant 699	
differences in expression (pval <0.05) in the spatial transcriptomics dataset with a weighted 700	
scoring scheme. 701	

 702	

 703	

 704	
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Statistics and reproducibility  705	

An unpaired t-test with Welch’s correction was used for comparisons between two groups (for 706	
comparing MFI from IHC-F for CD4+ T cells and other indicated analyses). Ordinary one-way 707	
ANOVA with Dunnett’s multiple comparisons test or Brown-Forsythe and Welch ANOVA test with 708	
Dunnett’s T3 multiple comparisons test was used for comparisons between more than two groups 709	
(for qRT PCR analyses, comparing tumor volumes from implantation studies and other indicated 710	
analyses). For the tumorigenesis assays in syngeneic mice, linear mixed-effects models were 711	
used to investigate if there were significant differences in tumor volume over time among the three 712	
groups.  A Wilcoxon Rank Sum test was used to compare the distribution of Tmprss11b 713	
expression across tissue regions. 714	

  715	

Data Availability 716	

Spatial transcriptomics data that support the findings of this study have been deposited in the 717	
Gene Expression Omnibus (GEO) under accession code GSE292706. The accession number for 718	
the RNA sequencing data is GSE292085. 719	
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Figure Legends 741	

 742	

Figure 1. Tmprss11b depletion reduces tumor growth and enhances immune cell 743	
infiltration. 744	

A) Schematic of the syngeneic experiments performed using KLN205 murine LUSC cells. B) qRT-745	
PCR analysis of Tmprss11b mRNA in KLN205 cells expressing control sgRNA or two 746	
independent Tmprss11b sgRNA. C) Quantification of tumor volumes of KLN205 tumors 747	
expressing control or Tmprss11b sgRNA on day 45 (terminal measurement) post injection in 748	
syngeneic DBA/2 wild-type mice (n=9 control sgRNA mice; n=12 Tmprss11b sg1 mice; n=12 749	
Tmprss11b sg2 mice). Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple 750	
comparisons test was used for the statistical analysis. D) qRT-PCR analysis of Tmprss11b mRNA 751	
in KLN205 cells expressing doxycycline-inducible control shRNA or two independent shRNA 752	
sequences targeting Tmprss11b. E) Quantification of tumor volumes of KLN205 cells expressing 753	
doxycycline-inducible control or Tmprss11b shRNA in syngeneic DBA/2 wild-type mice. (n=9 754	
control shRNA mice; n=6 Tmprss11b sh1 mice; n=8 Tmprss11b sh2 mice). Linear mixed-effects 755	
models were used to investigate the differences in tumor volume over time among the three 756	
groups. F) Fluorescent immunohistochemistry (IHC-F) staining for CD4+ T cells in KLN205 tumor 757	
sections, with quantification. An unpaired t test with Welch’s correction was used to compare 758	
CD4+ T cells between the groups (n=10 fields per tumor section, 3 tumors per group). G) 759	
Fluorescent immunohistochemistry (IHC-F) staining for phosphorylated ERK (pERK) in KLN205 760	
tumors, with quantification (right). An unpaired t test with Welch’s correction was used to compare 761	
phosphorylated ERK levels between the groups (n=10-14 fields per tumor section, 3 tumors per 762	
group).  763	

 764	

Figure 2. Tmprss11b expression is enriched in mouse lung squamous tumors.  765	

A) RNA sequencing analysis of tumors from various mouse models of lung cancer. The y-axis 766	
represents the normalized counts for Tmprss11b. B) Schematic representation of Ad-Cre 767	
mediated tumor induction in SNL mice. C) Representative MRI images of the mice in B), 3- & 4-768	
months post infection. Red outlines denote tumors. D) Representative H&E images of SNL mouse 769	
lung, 7 months post infection with Ad-Cre showing distinct regions of LUSC and mucinous LUAD. 770	
E) H&E image of SNL mouse lung (11 months post infection with Ad-Cre) and RNAscope of 771	
Tmprss11b on a serial section. Left, red outline denotes squamous tumors based on H&E 772	
staining. Right, yellow outline denotes regions with Tmprss11b expression (red) corresponding to 773	
the regions of squamous tumors. F) Zoom-in of (E) showing Tmprss11b expression by RNAScope 774	
in squamous tumors (top panel) and normal lung (bottom panel). G) Representative H&E image 775	
with annotations and RNAscope analysis of Tmprss11b (red) and Sox2 (green) in SNL lung 776	
sections. 777	

 778	
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Figure 3. Tmprss11b expression correlates with an increase in squamous markers and 779	
oncogenic signaling pathways. 780	

A) Image depicting the different clusters identified in a SNL lung section based on spatial 781	
transcriptomic analysis. B) H&E image of the lung section from A) (left) and manual annotation of 782	
different regions (right); LUSC (S1, S2, S3) and LUAD (A1 and A2). C) H&E image and 783	
corresponding spatial plots depicting the distribution of the indicated mRNAs. D) Gene set 784	
enrichment analysis (GSEA) from T11b-high versus low squamous tumors (S1&S2 versus S3) 785	
with normalized enrichment scores (NES), false discovery rate (FDR) and p values for the 786	
indicated gene signatures. E) Bar graph representing top squamous genes/oncogenes from 787	
differential gene expression (DEG) analysis of Tmprss11b-high versus low LUSC spatial 788	
transcriptomics data. 789	

 790	

Figure 4. TMPRSS11B is enriched in the KRT13+ hillock like cells and induced by KLF4. 791	

A) H&E image (left) and corresponding spatial plots depicting the distribution of the indicated 792	
mRNAs. B) Representative H&E image and RNAscope analysis of Tmprss11b, Trp63, Krt13, and 793	
Krt6a in SNL lung sections. C) Tmprss11b transcript abundance in LUSC patient tumors relative 794	
to LUAD tumors (data obtained from TCGA-GDC). D) qRT-PCR analysis of Tmprss11b mRNA in 795	
BEAS-2B cells expressing doxycycline-inducible GFP or KLF4. 796	

 797	

Figure 5. Infiltration of M2-like macrophages in Tmprss11b-high squamous tumors. 798	

A) Spatial plots from cell deconvolution analysis showing the distribution of various immune cell 799	
populations in LUSCs (top) and mucinous LUADs (bottom). B) Quantification of immune cell 800	
populations in (A). C) Gene set enrichment analysis (GSEA) of Tmprss11b-high LUSC versus 801	
LUAD spatial transcriptomics data with normalized enrichment scores (NES), false discovery rate 802	
(FDR) and p values for the indicated gene signatures. D) Bar graph representing the top M2-803	
like/TAM genes from the differential gene expression (DEG) analysis of Tmprss11b-high LUSC 804	
versus LUAD spatial transcriptomics data. E) Representative H&E images and 805	
immunohistochemistry (IHC) for SOX2, MSR1 (CD204), HMOX1 and ARG1 in SNL LUSC (top) 806	
and mucinous LUAD (bottom). 807	

 808	

Figure 6. Tmprss11b-high squamous tumors and acidified regions of the TME are enriched 809	
for immunosuppressive macrophages. 810	

A) Representative ex-vivo images of lungs from SNL mice, control (no Cre) or infected with Ad-811	
Cre (11 months post infection), 24hrs post injection with PDBA ICG 5.3 ultra pH sensitive (UPS) 812	
nanoparticle, along with the quantification of the ICG signal (control n=5 mice; Ad-Cre n=3 mice). 813	
Bright field images (left) and the corresponding ICG fluorescence images (right) are shown. B) 814	
Quantification of mean ICG fluorescence intensity (n=3 mice per group). C) H&E image of a SNL 815	
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lung section used for spatial transcriptomics, with ICG signal on the same section, and RNAscope 816	
of Tmprss11b (red) on a serial section. Also shown are spatial plots depicting enrichment of Cd68 817	
(macrophage marker) and Spp1 (immunosuppressive macrophage marker) transcripts in these 818	
regions. D) Gene set enrichment analysis (GSEA) of immune cell pathways from the low pH 819	
versus high pH spatial transcriptomics data with normalized enrichment scores (NES), false 820	
discovery rate (FDR) and p values for the indicated gene signatures. E) Bar graph representing 821	
top M2-like/TAM genes from the differential gene expression (DEG) analysis of low pH versus 822	
high pH spatial transcriptomics data. F) Representative ICG fluorescence images (left) and the 823	
corresponding immunohistochemistry (IHC) validation of HMOX1 and MSR1 (right) in SNL lung 824	
sections. 825	

 826	

Figure 7. Tmprss11b-high squamous tumors and acidified regions have elevated levels of 827	
lactate. 828	

A) Schematic representation of the experimental pipeline to assess metabolites in SNL lung 829	
tumors through laser capture micro-dissection (LMD) followed by mass spectrometry. B) 830	
Representative ICG fluorescence images (depicting nanoparticle accumulation) (green), H&E 831	
image (middle), and bright field image of the serial section (right) used for LMD with the same 832	
region annotated in green. C) Quantification of lactate concentration (pg/µm2) in SNL lung tissues; 833	
normal, LUADs and LUSCs (n=7-11 regions per group from a total of 2 mice). Ordinary one-way 834	
ANOVA with Dunnett’s multiple comparisons test was used for the statistical analysis. D) 835	
Quantification of lactate concentration (pg/µm2) in the regions of low acidity (high pH) and high 836	
acidity (low pH), in the SNL lung tissues (n=12-20 regions per group from a total of 2 mice). 837	
Ordinary one-way ANOVA with Dunnett’s multiple comparisons test was used for the statistical 838	
analysis. E) Schematic representation of the immunosuppressive niche established in 839	
Tmprss11b-high lung squamous tumors and the surrounding acidified regions in the tumor 840	
microenvironment. 841	

 842	

Supplementary Figures 843	

Supplementary Figure S1. Tmprss11b depletion inhibits tumor burden in a syngeneic 844	
mouse model of LUSC. 845	

A) Agarose gel electrophoresis images of PCR amplified products from the Surveyor assay 846	
performed on the genomic DNA isolated from KLN205 cells expressing control or Tmprss11b sg1 847	
or Tmprss11b sg2. B) Image showing the resected tumors at endpoint from the syngeneic 848	
experiment in Fig 1C. C) Quantification of tumor volumes of KLN205 cells expressing doxycycline-849	
inducible control or Tmprss11b shRNA on day 50 (terminal measurement) post injection in 850	
syngeneic DBA/2 wild-type mice (n=10 control shRNA mice; n=8 Tmprss11b sh1 mice; n=10 851	
Tmprss11b sh2 mice). Ordinary one-way ANOVA with Dunnett’s multiple comparisons test was 852	
used for the statistical analysis. D) Image showing the resected tumors from the syngeneic 853	
experiment in Fig 1D. E) qRT-PCR analysis of Tmprss11b mRNA in the resected KLN205 tumors 854	
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from D). F) Quantification of CD8a staining from fluorescent immunohistochemistry (IHC-F) 855	
performed on KLN205 tumor sections. An unpaired t test with Welch’s correction was used for 856	
the statistical analysis (n=10-14 fields per tumor section, 3 tumors per group). 857	

 858	

Supplementary Figure S2. Tmprss11b-high squamous tumors have increased expression 859	
of oncogenes and squamous markers. 860	

A) Spatial plots depicting the read counts before and after the quality control process. B) Volcano 861	
plot showing the top differentially expressed genes in the Tmprss11b-high versus low LUSCs 862	
spatial data. C) Violin plot depicting normalized counts for Tmprss11b transcript in the annotated 863	
regions (from Fig 2B). D) Gene set enrichment analysis (GSEA) of the Tmprss11b-high LUSC 864	
versus LUAD spatial data with normalized enrichment scores (NES), false discovery rate (FDR) 865	
and p values for the indicated gene signatures. E) Top squamous markers and known oncogenes 866	
from the differential gene expression (DEG) analysis of the Tmprss11b-high LUSC versus LUAD 867	
spatial data. F) Representative H&E and immunohistochemistry (IHC) validation for KRT16 and 868	
LYPD3 in LUSC (top) and mucinous LUAD (bottom).  869	

 870	

Supplementary Figure S3. Modulation of TMPRSS11B expression is accompanied by 871	
coordinated changes in expression of Keratin genes. 872	

A) Top downregulated Keratin genes from differential gene expression analysis of control shRNA 873	
versus Tmprss11b shRNA bulk RNA sequencing from the KLN205 syngeneic experiment in Fig 874	
1D. The log2FC change depicts the reduction in expression of the indicated genes in the 875	
Tmprss11b knockdown tumors compared to the control. B) Top Keratin genes from the differential 876	
gene expression (DEG) analysis of the Tmprss11b-high versus low in LUSC spatial data from 877	
SNL lung tumors.  C) Top keratin genes from the differential gene expression (DEG) analysis of 878	
the Tmprss11b-high LUSC versus LUAD spatial data from SNL lung tumors.  D) Top Keratin 879	
genes from the differential gene expression (DEG) analysis of TMPRSS11B-high versus low 880	
LUSC human tumors from TCGA. E) Venn diagram depicting overlapping Keratin genes from the 881	
gene lists in A-D. 882	

 883	

Supplementary Figure S4. Tmprss11b-high squamous tumors show enrichment for hillock 884	
(luminal and basal) gene signatures 885	

A) H&E image of the SNL lung section used for spatial transcriptomics (left) and spatial plots from 886	
the transcriptomic data depicting the distribution of the indicated gene signatures (right). B) Violin 887	
plots representing the enrichment for the indicated gene signatures in Tmprss11b-high LUSC and 888	
LUAD.  889	

 890	
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Supplementary Figure S5. Tmprss11b-high squamous tumors show enrichment for M2-891	
like macrophage and neutrophil markers. 892	

A) H&E image annotated with regions of LUSC and LUAD, and corresponding spatial plots 893	
depicting the distribution of the indicated mRNAs (neutrophil markers). B-C) Quantification of 894	
additional immune cell populations in Tmprss11b-high LUSC vs. LUAD (B) and Tmprss11b-high 895	
vs. Tmprss11b low LUSC (C) using cell deconvolution analysis of the spatial data. D) Gene set 896	
enrichment analysis (GSEA) of the Tmprss11b-high versus low LUSC spatial data with 897	
normalized enrichment scores (NES), false discovery rate (FDR) and p values for the indicated 898	
immune cell gene signatures. E) Bar graph representing top M2-like/TAM genes from the 899	
differential gene expression (DEG) analysis of Tmprss11b-high versus low LUSC spatial 900	
transcriptomics data.  901	

 902	

Supplementary Figure S6. Low pH/acidic regions in the tumor microenvironment show 903	
enrichment for oncogenic signaling and immune cell signatures. 904	

A) Schematic representation of the mechanism of action for the ultra pH sensitive (UPS) 905	
nanoparticle, adapted from Feng et al, Accounts of chemical research, 2019 (made with 906	
BioRender). B) Representative fluorescence ICG (UPS 5.3) images of the SNL mouse lung along 907	
with liver, kidney, heart, spleen and brain. C) Gene set enrichment analysis (GSEA) of the low pH 908	
vs. high pH spatial data with normalized enrichment scores (NES), false discovery rate (FDR) and 909	
p values for the indicated immune cell gene signatures.  D) Quantification of immune cell 910	
populations in low pH vs. high pH spatial data using cell deconvolution analysis. 911	

 912	

Supplementary Figure S7. Laser capture microdissection of the regions of interest (LUSC, 913	
LUAD, low pH and high pH) using H&E as reference. 914	

A) Left, Representative H&E image of the SNL lung section (8 months post infection with adeno 915	
cre virus) along with corresponding bright field images of the serial section used for LMD, before 916	
and after the laser mediated dissection, with annotations. 917	

 918	

 919	

 920	

 921	

 922	

 923	

 924	
 925	
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Figure S6
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Figure S7
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