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Abstract

While immunotherapy has shown efficacy in lung adenocarcinoma (LUAD) patients,
many respond only partially or not at all. One limitation in improving outcomes is the lack of a
complete understanding of immune checkpoint regulation. Here, we investigated a possible link
between an environmental chemical receptor implicated in lung cancer and immune regulation,
(the aryl hydrocarbon receptor/AhR), a known but counterintuitive mediator of
immunosuppression (IFNy), and regulation of two immune checkpoints (PD-L1 and IDO). AhR
gene-edited LUAD cell lines, a syngeneic LUAD mouse model, bulk- and scRNA sequencing of
LUADs and tumor-infiltrating leukocytes were used to map out a signaling pathway leading
from IFNy through the AhR to JAK/STAT, PD-L1, IDO, and tumor-mediated
immunosuppression. The data demonstrate that: 1) [FNy activation of the JAK/STAT pathway
leading to PD-L1 and IDO1 upregulation is mediated by the AhR in murine and human LUAD
cells, 2) AhR-driven IDO1 induction results in the production of Kynurenine (Kyn), an AhR
ligand, which likely mediates an AhR—>IDO1->Kyn—>AhR amplification loop, 3)
transplantation of AhR-knockout LUAD cells results in long-term tumor immunity in most
recipients. 4) The 23% of AhR-knockout tumors that do grow do so at a much slower pace than
controls and exhibit higher densities of CD8" T cells expressing markers of immunocompetence,
increased activity, and increased cell-cell communication. The data definitively link the AhR to
IFNy-induced JAK/STAT pathway and immune checkpoint-mediated immunosuppression and

support the targeting of the AhR in the context of LUAD.
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Introduction

Lung cancer is one of the most commonly diagnosed and deadliest of human
malignancies (1). More than half of all lung cancers are adenocarcinomas (LUAD), a subset of
non-small cell lung cancers (NSCLCs) likely derived from alveolar type 2 cells (2). Smoking is
the single greatest LUAD risk factor. However, LUAD is also the most common form of lung
cancer seen in never-smokers (3). Surgery, radiotherapy, and chemotherapy remain front-line
treatments for LUAD, with varying degrees of success. More recently, immunotherapy,
particularly with monoclonal antibodies targeting the PD-1/PD-L1 axis either as monotherapy or
in combination with traditional treatments, has proven effective in subsets of LUAD patients (4,
5). However, the proportion of patients eligible for immunotherapy remains limited and many
patients respond only partially or not at all. Importantly, not all factors controlling expression of
the immune checkpoints targeted by immunotherapy have been defined. That said, it has been
shown that IFNy, usually associated with positive immune responses, can contribute to immune
suppression by upregulating PD-L1 and the indoleamine-2,3-dioxygenases, IDO1 and IDO?2,
proximal and redundant rate-limiting enzymes in the kynurenine (Kyn) pathway of tryptophan
metabolism (6). Kyn itself, produced by IDO* melanomas (7), ovarian (8) (9), squamous cell
(10), and colon (11) carcinomas induces potent immunosuppression in the tumor
microenvironment (TME). At least one pathway through which IFNy induces these immune
checkpoints is the JAK/STAT pathway (12, 13). Therefore, it is important to identify factors that
regulate the IFN-activated JAK/STAT pathway and lead to immune checkpoint expression and
tumor-mediated immunosuppression. As shown herein, one such factor is the AhR.

The AhR is a ligand-activated transcription factor and protein-binding partner originally

recognized for its activation by environmental chemicals including 2,3,7,8-tetrachlorodibenzo-p-
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dioxin (TCDD), polychlorinated biphenyls (PCBs), and planar polycyclic aromatic hydrocarbons
(PAH). AhR activation induces expression of CYP1A1, CYP1A2, and CYP1B1 monoxygenases
capable of metabolizing some environmental AhR ligands, including PAH common in cigarette
smoke, into mutagenic intermediates (14). These smoke-derived mutagens have long been
associated with LUAD and other cancers (15, 16). Furthermore, and more germane to the present
studies, many of these same environmental AhR ligands are highly immunosuppressive (17, 18)
and the AhR itself, however it is activated, is associated with immunosuppression in several
contexts (19-23).

The effects of environmental chemicals aside, accumulating evidence implicates the AhR
in cancer even in the absence of environmental ligands (6, 24-26). Thus, the AhR is hyper-
expressed and chronically active in several cancers (27). It is now apparent that endogenous AhR
agonists are at least partially responsible for this activity and that they drive malignant cell
migration, metastasis, and cancer stem cell properties (28-31). Indeed, the level of AhR activity
is inversely related to survival in lung cancer patients (32). While AhR ligands may derive from
multiple sources, including the diet and microbiome (33, 34), some endogenous ligands originate
from within the TME itself (6, 27). One source of such agonists is the IDO-dependent Kyn
pathway of tryptophan metabolism. Notably, the AhR can upregulate expression of IDO1/2
which generates AhR ligands, including Kyn itself, through the Kyn metabolic pathway. Kyn-
activated AhR also has been implicated in PD-1 expression on tumor infiltrating T cells (7), and
on PD-L1 expression on primary human lung epithelial cells (35) and oral squamous cell
carcinomas (36).

The apparent influence of IFNy and the AhR on IDO levels, Kyn production, and

immune checkpoint expression suggests the existence of an intricate pathway of interactions
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involving IFNy, AhR, IDO, Kyn (or its downstream metabolites/AhR ligands), and PD-L1
resulting in suppression of tumor immunity in the TME. Here, these interactions were more
clearly mapped using AAR knockout murine (CMT167) human (A549) LUAD cells, a syngeneic
LUAD mouse model, immunophenotyping, and bulk and single cell RNA sequencing of whole
LUAD and sorted tumor-infiltrating leukocytes respectively. Surprisingly, the results indicate a
novel pathway within LUAD cells in which the AhR controls IFN type II-induced JAK/STAT
signaling leading to IDO1/2 and PD-L1/PD-L2 expression and, ultimately, immunosuppression
in the TME. Collectively, the results reveal the AhR to be a master regulator of IFNy signaling
and help explain mechanisms of immune checkpoint regulation, including the counterintuitive

role that IFN plays in immunosuppression in the LUAD context.
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105  Materials and Methods

106  Cell lines and Cell Culture

107 Murine CMT167 lung adenocarcinoma cell line (“CMT167) were kindly provided by
108  Dr. Raphael Nemenoff (University of Colorado-Denver). CMT167 cells were selected since they
109  have commonly been used to study immune checkpoints in LUAD and since they harbor a

110  KrasG12V mutation, one of the most common driver mutations in human NSCLC (37). Human
111 A549 LUAD cells were obtained from the American Type Culture Collection (ATCC). The

112 A549 cell line was chosen in part because it harbors a KrasG12S mutation, another common
113 driver mutation in human LUADs, and because it has been used extensively to study regulation
114  of immune checkpoints (38, 39). Cells were cultured in Dulbecco’s Modified Eagle Medium
115  (Corning Inc., Corning, NY) supplemented with 10% fetal bovine serum (Gemini Bioproducts
116 LLC, West Sacramento, CA), 1% penicillin/streptomycin (Life Technologies, Gaithersburg,
117  MD), and 1% L-glutamine (Fisher Scientific, Hampton, NH) at 37°C with 5% carbon dioxide.
118  Cells were kept in culture no longer than eight weeks and new aliquots were thawed periodically.
119  Cultures were confirmed to be mycoplasma negative every two months.

120 For in vitro RT-qPCR, western immunoblotting, and immunophenotyping experiments
121 CMTI167 or A549 cell lines (50,000 cells/well) were cultured in 6-or 12-well plates for 24-72
122 hours with or without 1-100 ng/ml IFNy (PeproTech, Cranbury, NJ), 10 uM benzo(a)pyrene
123 (B(a)P)(Sigma-Aldrich, Burlington, MA), or 0.5 uM 6-formylindolo(3,2-b)carbazole

124  (FICZ)(Sigma-Aldrich, Burlington, MA). Each experiment included a minimum of three

125  replicates, with each replicate representing a pool of at least two wells.

126

127 CRISPR/Cas9-mediated knockouts.
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128 Single-guide RNAs (sgRNAs) targeting the mouse A4R gene (Exonl), the mouse Ifnyrl
129  gene (Exonl) and the mouse Cd274 gene (Exonl) were designed using the web resource

130  (https://www.synthego.com/products/bioinformatics/crispr-design-tool). Two individual sgRNAs

131  were used to target the AR gene (sgRNAT1, 5'-CGGCTTGCGCCGCTTGCGGC -3'; sgRNA2,
132 5- AAACGTGAGTGACGGCGGGC-3').. Complementary oligonucleotides for sgRNAs were
133  annealed, and cloned into the sgOpti vector (Addgene, Cambridge, MA, #85681) BsmBI sites
134 (40) using standard procedures (40). Lentivirus particles were generated in the HEK293NT cells
135 by co-transfecting the lentiCas9-Blast (Addgene, #52962), AhR-sgOpti, Ifnyrl-sgOpti or Cd274-
136  sgOpti plasmids, and the packaging plasmids (pLenti-P2A and pLenti-P2B, Cat. # LV003,

137  Applied Biological Materials Inc. Richmond, BC, Canada), using lipofectamine 2000

138  (Invitrogen) according to the manufacturer’s instructions. Lentiviral particle-containing

139  supernatants were collected 24 and 48h after transfection and filtered using a 0.45-pm filter.

140 CMTI167 cells were transduced with the lentivirus in the presence of 5 pg/ml polybrene. Forty-
141  eight hours after transduction, cells were selected with Blasticidin (5 pg/ml) and Puromycin (4
142 pg/ml) for two weeks. Gene deletion was validated by DNA sequencing (not shown), western
143  immunoblotting (Supplemental Fig. 1A,D) and by lack of transcriptional responsiveness (i.e.,
144  CYPIBI induction) in response to a strong AhR ligand (Supplemental Fig. 1B,E). Two AhR
145  knockout CMT167 clones, C1 and D2 (CMT1674K0) "and two AhR knockout A549 clones,
146 P15 and P16 (A549AMRK0) \were identified. Control lines (CMT167%”) were generated with the
147  Cas9 vector without guide RNA.

148

149  Colorimetric kynurenine assay
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150 Culture supernatants (160 pl) were transferred to 96-well round-bottom plates and mixed
151 with 10 ul/ well 30% (v/v) freshly prepared trichloroacetic acid. The plates were incubated at
152 50°C for 30 minutes to hydrolyze N-formyl-kynurenine to kynurenine. Samples were centrifuged
153  at 3,000 g for 10 min. Aliquots of the supernatant (100 ml) were transferred to flat-bottom 96-
154  well plates and mixed with 100 pl freshly prepared Ehrlich’s reagent (1.2% w/v 4-

155  dimethylamino-benzaldehyde in glacial acetic acid). Absorbance at 492 nm was measured using
156  a microplate reader (BioTek, Winooski, VT, USA) with the Gen5 software (BioTek) after a

157 10 min incubation. Kynurenine concentrations were calculated by reference to a standard

158  kynurenine curve.

159

160  RNA extraction and bulk RNA sequencing

161 CMT167AMRKO - A549ARKO 'wyildtype (CMT167%T) or CMT ™ cells, in triplicate or
162  quadruplicate wells, were harvested and total RNA was extracted using the RNeasy Plus Mini
163  Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. cDNA was

164  generated using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,

165  Waltham, MA) following the manufacturer’s instructions. cDNA was sequenced using the

166  Boston University Microarray and Sequencing Core Facility. Between 18 and 28 million total
167  read pairs (CMT167 lines) or 50 to 71 million total read pairs (A549 lines) were obtained per
168  sample. Quality metrics were similar across all samples with no technical outliers. The Broad

169  Institute’s Morpheus software (https://software.broadinstitute.org/morpheus, Broad Institute,

170  Cambridge, MA) was used to generate heat maps. QIAGEN’s Ingenuity Pathway Analysis (IPA)

171  software https://qiagenbioinformatics.com/products/ingenuity-pathway-analysis, QIAGEN, Inc.)

172 was used to perform regulation pathway analyses.


https://doi.org/10.1101/2024.08.12.607602
http://creativecommons.org/licenses/by-nc-nd/4.0/

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607602; this version posted August 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RT-qPCR

Reverse Transcription-quantitative polymerase chain reaction (RT-qPCR) analysis was
conducted with the QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA). Relative mRNA expression was quantified using the comparative Ct (AACt) method
according to the ABI manual (Applied Biosystems). Amplification of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) served as an internal reference in each reaction. Assays were
performed in triplicate. The following TagMan assays were purchased from Thermo Fisher
Scientific: Cd274 (Mm03048248 m1l), Idol (Mm00492590 ml), Ido2 (Mm00524210 m1), Cyp
lal (Mm00487218 ml), CypIbl (Mm00487229 ml), Jak2 (Mm01208489 ml), Stat] (MmO12

57286_ml), gapdh (Mm99999915 g1), CD274 (Hs00204257 m1), IDOI (Hs00984148 m1), J

AK2 (Hs01078136 _ml), STATI Hs01013996 m1), STAT3(Hs00374280_m1), Mucl

(Mm00449604_m1), Col5al (Mm00489299 ml), Thbs! (MmO01335418 ml), Egfr

(MmO1187858 ml), ltgh2 (Mm00434513 ml), Cd109 (Mm00462151 ml), Ccl2

(Mm00441242 ml), Ccl5 (Mm01302427 m1),GAPDH (Hs99999905 ml).

Western blotting

Cells were grown to 70-80% confluence, harvested with trypsin, and lysed with
radioimmunoprecipitation assay (RIPA) buffer with protease inhibitors. Blots were incubated
overnight with AhR- (1:1000, #MA1-514, Thermo Fisher Scientific), PD-L1- (1:1000,
ab213480, Abcam), or IDO1- (1:1000, #51851, Cell Signaling) specific antibodies and with -
actin- (1:2000, # A5441, Sigma-Aldrich) or GAPDH- (1:1000, #97166, Cell Signaling) specific

antibody to serve as a loading control.

In vivo experiments
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196 Six to eight week-old C57BL/6J mice (Jackson Laboratories) were anesthetized and the
197  right flank injected subcutaneously with CMT167%T or CMT167A™KO cells using a 1 ml syringe
198  and 27% gauge needle with 10° cells in Hank’s Balanced Salt Solution. The in vitro growth rates
199  of CMT1674"K0 ¢lones C1 and D2 and A5494MR-KO clones P15 and P16 and their respective
200  WT and Cas9 controls were not significantly different. Average tumor size per mouse was

201 determined using a caliper and tumor volume calculated as (width? x length)/2. Tumors were

202 excised by cutting the surrounding fascia with scissors to separate the largely round tumor tissue
203  suspended between the dermis and peritoneum. For rechallenge experiments, 106 CMT167%T

7AMRKO colls

204  cells were injected into the left flank 65 days after a previous injection of CMT16
205 into the right flank. Euthanasia was performed when one dimension of the tumor reached 20 mm
206  or when ulceration without fibrin crust formation was seen.

207

208  Tumor infiltrating leukocyte (TIL) isolation

209 Single cell suspensions of tumor-infiltrating leukocytes were obtained by chopping and
210  digesting tumors in 1.25 mg/mL collagenase IV (STEMCELL Technologies, Cambridge, MA),
211 0.025 mg/mL hyaluronidase (Sigma-Aldrich), and 0.01 mg/mL DNAse I (Sigma-Aldrich)

212 followed by washing in HBSS and processing using the Miltenyi GentleMACS system

213 (Miltenyi, Bergisch Gladbach, Germany). Digests were then filtered using 70 um cell strainers.
214  For some experiments, (e.g., single cell RNA sequencing, intracellular cytokine staining) digests
215  were further cleaned by magnet bead separation of dead cells from live cells using Miltenyi’s
216  Dead Cell Removal Kit per manufacturer’s instructions.

217

218  Flow cytometry

10
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219 Live cells in single cell suspensions were identified using a Fixable Live/Dead stain

220  (Biolegend, San Diego, California) followed by staining according to the manufacturer’s

221 protocol. For intracellular markers, cells were first fixed and permeabilized (eBioscience,

222 Waltham, MA). All antibodies were purchased from Biolegend or Thermo Fisher Scientific

223 except for the unconjugated anti-L-kynurenine antibody which was obtained from ImmuSmol
224  (Bordeaux, France). All surface markers were stained at concentrations between 1:50 to 1:200,
225  and all intracellular markers were stained at a concentration of 1:100 to 1:200. L-kynurenine
226  staining required a secondary antibody which was used at a 1:100 concentration. Assays were
227  analyzed using the Cytek Aurora flow cytometer (Cytek Biosciences, Freemont, CA).

228  Representative CD4, CDS§, CD44, and PD1 plots are provided in Supplemental Figure 2.

229

230 Immunofluorescence

231 Subcutaneous lung adenocarcinomas and whole lungs were fixed in 10% neutral buffered
232 formalin for 24-48h, processed and embedded in paraffin before being cut into 5 um sections.
233 Mounted slides were used immediately or stored at -80° C to preserve antigens for

234  immunofluorescence. Formalin fixed, paraffin embedded sections were deparaffinized in xylene
235  baths followed by ethanol bath rehydration. Antigen retrieval was performed in pH 10 Tris-HCL
236 buffer (Sigma-Aldrich) by microwaving samples for 10 min at 20% power. Samples were then
237  blocked for 1 hour in 5% goat serum and PBS and then incubated overnight at 4° C with CD45-
238  specific (Abcam, Cat# ab154885, 1:100) or AhR-specific (Abcam Cat# ab213480, 1:50)

239  primary antibodies in blocking buffer. After washing in PBS + 0.1% Tween20 (PBST),

240  AlexaFluor® 488-labelled secondary antibody (AbcamA27034, 1:400) was added and samples

241  were incubated for 1 hour in blocking buffer. After washing with PBST, slides were sealed with

11
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242 DAPI Prolong Gold, dried and imaged within two days on a Zeiss Axioscan.Z1 Slide Scanner.
243 Fluorescent quantification was done by selecting the whole tissue sections, detecting cells from
244 the DAPI channel and loading antibody channel classifiers in QuPath.

245

246 Single Cell RNA sequencing (scRNA-seq) and analysis

247 CMT167%T or CMT1674"KO tumors were digested as above and dead cells removed by
248  magnetic bead separation using Miltenyi’s Dead Cell Removal Kit. Single cell suspensions were
249  sorted for live CD45" cells and resuspended in 0.04% BSA (Sigma). Viability was determined
250  manually by trypan blue exclusion and cells were shown to be >90% viable. An average of 5,792
251  viable cells from wildtype tumors and an average of 3,173 viable cells from AhR-KO tumors
252 were loaded into an Illumina cartridge in the Boston University Microarray and Single Cell

253  Sequencing Core Facility. Barcoding and scRNA-seq cDNA library preparation were done using
254  the Chromium platform from 10X Genomics in accordance with the manufacturer’s guide.

255  Sequencing was done using the Illumina NexSeq2000 System. Over 150 million reads were

256  obtained per sample.

257 Single cells were preprocessed using singlecellTK (41) by applying doublet detection
258  (aggregation of four methods; scDblFinder, cxds, bcds, doubletFinder), decontamination (5%),
259  and filtering for mitochondrial gene content (>20%). Low cell-gene content was filtered (<400
260  genes per cell). SingleR (42) using the InmGen compendium (43) identified cell types unique to
261  the immune repertoire and T cells were filtered for this analysis. Seurat R package (44) was used
262  for clustering and differential expression analysis. CD4"/CDS8" classification was performed

263 using gene expression level of markers (CD4 or CD8A) with a cutoft > 60%. CellChat was used

12


https://doi.org/10.1101/2024.08.12.607602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607602; this version posted August 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

264  to evaluate the number and relative strengths of interactions between T cells and antigen

265  presenting cells (45).

266 Geneset variation analysis (GSVA) (46) was applied to SCT-transformed counts against
267  an updated reference gene panel generated from LM22 hematopoietic cells (47). GSVA scores
268  were obtained for each cell and the sub-type with the maximum value for each cell was classified
269  as that sub-type. Differential gene expression (DGE) analysis was carried out via the Model-

270  based Analysis of Single-cell Transcriptomics (MAST) wrapper (48) in Seurat. DGE was applied
271  to clusters specific to either CD4 or CDS cell-types in a one-vs-all approach and the logrc and p-
272 value <0.05 were reported.

273 Gene Set Enrichment Analysis (GSEA) was performed using the clusterProfiler package
274  to assess enrichment in differentially expressed genes (DEGs) from published and curated

275  immunologic signature gene sets in MSigDB. Parameters were set to include a minimum of 25%
276  expressing cells and a minimum average log2 fold change of 0.25. The FindMarkers function in
277  Seurat, with the MAST wrapper, was used to rank DEGs by decreasing average log2 fold change
278  (-log2FC) and adjusted p-value (-log10). The ranked genes were then input into the GSEA

279  enrichment function using the ImmuneSigDB gene sets from the MSigDB website.

280

281  Statistical Analyses

282 Statistical tests (Student’s t-test, ANOVA, Non-linear curve fit, Kaplan-Meier test) are
283  indicated in the figure legends. Graphing and statistical analyses were performed in Prism

284  (GraphPad). P or FDR values of <0.05 were considered significant, and error bars represent

285  standard error of the mean (SE). The Broad Institute’s Morpheus software was used to generate

286  heat maps (https://software.broadinstitute.org/morpheus, Broad Institute, Cambridge, MA).

13
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287  Results

288  Genome-wide analysis of AhR-regulated genes in murine and human LUAD cells.

289 To generate a global transcriptomic profile of AhR-regulated genes in LUAD cells, the
290  AhR was deleted from murine CMT167 (CMT16745%K0) and human A549 (A54920R-KO) cells
291 by CRISPR/Cas9 gene editing. Controls were transduced with the Cas9-containing vector

292  without guide RNA (CMT167%°). AhR knockout in two CMT167 clones, D2 and C1, and A549
293  clones, P15 and P16, was confirmed by western blotting and by failure of a strong AhR ligand,
294  6-formylindolo(3,2-b)carbazole (FICZ), to induce CYPIBI, a canonical AhR-driven gene

295  (Supplementary Fig. 1A,B,D,E). Lentivirus transduction had no effect on the in vitro growth of
296  AhR-KO lines (Supplementary Fig. 1C,F). Bulk RNA sequencing of CMT167* and

297  CMT167AMKO cells demonstrated that 883 genes were significantly downregulated (>2-fold,
298  FDR<0.05) and 756 genes were significantly upregulated (>2-fold, FDR<0.05) in both

299  CMT167AMRKO and A549AMRKO cells, (The complete list of differentially expressed genes in both
300 lines can be found at GEO accession GSE241980). As expected, expression of the AhR-driven
301 CYPIAI and CYPIBI genes decreased significantly after AhR knockout in both cell lines (Fig.
302 1A,B).

303 Included in the set of downregulated genes in both lines were five genes previously

304  shown to be important in LUAD but not commonly associated with the AhR, i.e., MUCI (49),
305 COL5AI (50), THBSI (51), EGFR (52), and ITG2 (53) (Fig. 1A,B). Of particular note, /I7G/2
306  expression on malignant cells is associated with myeloid-derived suppressor cell infiltration in
307 LUAD (54). Six additional genes associated with immune regulation in LUAD, CD109 (55),

308 CCL2 (56), CCL5 (57), IDOI, IDO2 (58), and CD274 (PD-L1) (59), were significantly
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309 downregulated in one or both cell lines. Down-regulation of Mucl, Col5al, Thbsl, Egfr, Cd109,
310  Ccl2 and Ccl5 in CMT16740RKO cells was confirmed by RT-qPCR (Fig. 2).

311 The apparent down-regulation of /DO1 and IDO2 in LUAD cells, as seen by RNA-seq,
312 was consistent with our studies and those of others demonstrating that the AhR regulates IDO1
313  or IDO?2 in breast cancer (27, 60, 61) and dendritic cells (62, 63). Similarly, the down-regulation
314  of CD274 after AhR knockout is consistent with data showing a correlation between AhR and
315  PD-L1 expression in LUAD patients (35). Given the critical role of IDO1, IDO2 and CD274 in
316  suppression of tumor-specific responses, we then sought to confirm AhR control of these genes
317  in LUAD cells and to assess the relationship of the AhR to other signaling pathways, specifically
318 the IFNy-induced JAK/STAT pathway, known to influence expression of these immune

319  checkpoints.

320

321  AhR regulates PD-L1 and IDO expression in CMT167 cells.

322 While not yet shown to be effective as monotherapies (64), IDO inhibitors are still in

323 clinical trials for treatment of LUAD, generally in combination with PD-1/PD-L1 blockade (65-
324  67). Given the importance of these mediators of immune suppression and the RNA-seq results
325  suggesting AhR control of /DO and CD274, we then sought to confirm AhR regulation of /do1,
326 Ido2 and Cd274 in CMT167 cells. RT-qPCR analysis confirmed significant decreases in baseline
327 levels of Cd274, Idol, Ido2, and, as positive controls, Cyplal, and Cyplbl, in CMT167AhR-KO
328 cells as compared with control cells (Fig. 3A, first two bars in each plot). (7do2 expression was
329  Dbelow the level of detection). These results suggest the presence of endogenous AhR ligand(s)
330 that drives baseline levels of these genes. Treatment with 10 uM of the environmentally common

331  smoke constituent and AhR agonist, benzo(a)pyrene (B(a)P), significantly increased expression
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332 ofall five genes in control cells and those increases were significantly muted or absent in

333 CMT167A™KO cells (Fig. 3A, second two bars in each plot).

334 Similarly, naive CMT167AKO cells expressed significantly less baseline PD-L1 protein
335 than control cells as seen by a representative western immunoblot (Fig. 3B, left) and by

336  quantification of B-actin-normalized band densities from three independent experiments (Fig.
337 3B, right). B(a)P increased PD-L1 protein levels and that increase was significantly muted in
338 CMTI167AMRKO cells (Fig. 3B). Consistent with AhR control of IdoI and Ido2 levels, B(a)P

339  increased baseline levels of Kyn in CMT167VT cells and that increase was significantly lower in
340 CMTI167AMRKO cells (Fig. 3C). These results demonstrate that both baseline and environmental
341  chemical-induced levels of two important immune checkpoints PD-L1 and IDO1/2, and a related
342  effector of immunosuppression, Kyn, are AhR controlled.

343

344  IFNy-mediated induction of PD-L1, IDO1, JAK?2, and STAT]1 is partially regulated by the
345  AhR.

346 Although most often associated with protective T cell immunity, [FNy also can

347  upregulate PD-L1 (12, 13) and IDO (68) thereby suggesting the counterintuitive conclusion that
348  chronic production of IFNy, presumably by TILs, may be counterproductive to the anti-tumor
349  immune response. To determine if the AhR plays a role in IFNy-mediated induction of these

350  immune checkpoints in LUAD cells, control and CMT16740RKO cells were treated with IFNy
351 and Cd274, Idol, and Ido2 mRNA quantified by RT-qPCR after 24 (Cd274) or 72 (Ido1, Ido2)
352 hours. Cyplal and Cyplbl mRNA levels were measured as controls. As shown previously (Fig.
353 3), CMT167AMRKO cells expressed significantly lower baseline levels of all five genes than

354  control cells (Fig. 4A, first two bars in each plot). In control cells, IFNy induced about a 95-,
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355  15,500-, and 60-fold increase in Cd274, Ido1, and Ido2 expression, respectively (Fig. 4A, third
356  bar). However, IFNy-mediated induction of all three genes was significantly muted in

357  CMT167AKO cells (Fig. 4A, fourth bar). As expected from the IFNy-driven increase in Ido!
358 and Ido2, generators of tryptophan-derived AhR ligands, both Cyplal and CyplbI transcripts
359 increased in an AhR-dependent way (Fig. 4A). To our knowledge, this is the first demonstration,
360 in any context, of this critical T cell cytokine increasing these two AhR-driven metabolic gene
361  transcripts.

362 As expected from RT-qPCR results, IFNy-mediated induction of PD-L1 (Fig. 4B) and
363  IDOI (Fig. 4C) protein was significantly lower in CMT167A"RK0 cells. (Note that IFNy led to
364  such dramatic increases in PD-L1 and IDOI1 protein that the exposure time in the Western blots
365  had to be shortened and, therefore, was insufficient for revealing baseline PD-L1 or IDO1

366  levels). Consistent with AhR-regulation of I[FNy-induction of IDO, increasing IFNy doses

367 increased Kyn levels, as quantified by a Kyn-dependent colorimetric assay, in a dose-dependent
368  manner and that increase was reduced in CMT167AMK0 cells (p<0.0001) (Fig. 4D).

369 Previous studies demonstrated a role for the JAK/STAT signaling pathway in PD-L1

370  expression in lung cancer (69) and a correlation between JAK/STAT, IDO, and PD-L1 in other
371 cancers (70-72). The JAK/STAT pathway can be activated by IFNy in various cancers including
372 LUAD (73). Therefore, a possible role for the AhR in regulating IFNy-mediated upregulation of
373 Jak or Stat was evaluated. Baseline Jak?2 levels, as quantified by RT-qPCR, were lower in

374  CMTI167AMRKO cells relative to controls (Fig. 4E, left, first two bars). IFNy modestly but

7AhR—KO

375  significantly increased Jak2 in control cells but not in CMT16 cells. No differences in

7AhR-KO

376  baseline Statl levels were seen between control and CMT16 cells. However, IFNy

377  increased Stat!l levels by ~90-fold in control cells and this Stat/ induction was significantly
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378  reduced in CMT167AMKO cells (Fig. 4E, right) implicating the AhR in IFNy induction of Jak2
379  and Statl.

380 These studies were then extended to the human A549 LUAD line with similar, if not

381  more profound results. In A549 cells, AhR knockout significantly reduced baseline levels of

382 (CD274,1DOI, and CYP1BI mRNAs (Fig. 5A, first two bars in each graph). (/DO2 and

383  CYPIAI mRNAs in A549 cells were at or below the level of detectability). IFNy significantly
384 increased expression of all three genes in control cells but that increase was significantly muted
385  or absent in A549AMRKO cells (Fig. 5A, second two bars). As expected from the CD274 RT-

386  qPCR results, the baseline percentages of PD-L17 cells, as quantified by flow cytometry, were
387  significantly reduced in A549AMRKO cells (Fig. 5B, first two bars). IFNy increased the

388  percentage of PD-L17 A549¢" cells but not the percentage of PD-L1* A549AMR-KO cels (Fig. 5B,
389  second two bars).

390 As expected from the IFNy-induced /DO! mRNA quantification (Fig. SA), AhR

391  knockout significantly decreased the percentage of Kyn™ cells (Fig. 5C). Similarly, titered

392  concentrations (1-1000 ng/ml) of IFNy significantly induced Kyn production in control cells, but
393  minimally if at all in A549AMRKO cells (Fig. 5D).

394 Consistent with data obtained in murine CMT167 lines (Fig. 4), baseline JAK2, STAT]I,
395  and STAT3 mRNA levels were significantly lower in A5494MR-KO cells as compared with controls
396  (Fig. SE, first two bars). IFNy significantly increased JAK2, STATI, and STAT3 in control but
397  not in A549AMRKO cells (Fig. SE, third and fourth bars). IFNy did not affect AhR levels in

398  either CMT167 or A549 cells (not shown).

399 Collectively, the data generated in murine CMT167 and human A549 LUAD cells

400  demonstrate that the AhR influences the baseline and IFNy-induced expression of key immune
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401  regulators, IDO and PD-L1, as well as components of the JAK/STAT signaling pathway that are
402  known to regulate PD-L1 and IDO expression.

403

404  AhR deletion in CMT167 cells imparts partial immune protection in vivo.

405 The lower levels of baseline and IFNy-induced IDO1/2 and PD-L1 in CMT167AMRKO

406  cells suggest the potential for an enhanced immune response to these cells in vivo. To test this
407  hypothesis, growth of wildtype, Cas9 control and AhR-KO CMT167 clones C1 and D2 cells was
408  determined in syngeneic C57BL/6 mice. CMT167%T and CMT“*’ tumors emerged at

409  approximately day 14 in each of the 16 mice injected and grew rapidly over the next 10 days

410  (Fig. 6A). All of these mice required euthanasia by day 30 because of skin lesions over the tumor
411 cell injection site. In contrast, of the 64 mice injected with CMT1674M-KO ¢lones C1 and D2, 49
412 (77%) failed to grow tumors by day 53 (Fig. 6A, red arrow). Of the CMT1674"™KO tymors that
413  did grow, they grew at a significantly slower pace than control tumors (Fig. 6B).

414 To determine if the slow/lack of growth of CMT1674"-KO tymors reflected a heightened

415  immune response to CMT167AMRKO

cells as compared with controls, 20 of the mice that failed to
416  generate CMT1674"™KO tymors by day 53 were inoculated in the contralateral flank with

417  CMT167"T cells. Ten age-matched naive mice were injected with CMT167%T cells as positive
418  controls. Of the 20 mice that had previously been inoculated with CMT167A™KO cells, none

419  grew tumors at the original site of CMT167AMKO cell inoculation within 40 days of the

420  rechallenge and 13 of the 20 (65%) never grew wildtype tumors in the contralateral flank (Fig.

421 6C, red arrow). The seven CMT167%T tumors that did grow grew significantly more slowly

422  than CMT167%T tumors generated in naive controls (Fig. 6D). These data indicate that AhR
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423 deletion in CMT167 cells induces a systemic and relatively long-lasting immunity with the

424  potential for complete tumor clearance.

425

426  AhR deletion in CMT167 cells enables tumor-infiltrating T cell recruitment.

427 To characterize the nature of the immunity imparted by transplantation of AhR-knockout
428 CMTI167 cells, CMT167%T and CMT1674"K° tumors were excised, formalin fixed and

429  sectioned five weeks after transplantation and evaluated by immunofluorescence for AhR

430  expression and infiltration of CD45" cells. While AhR* CMT167%" tumors were nearly devoid
431  of immune cells, significant numbers of CD45" cells were seen in CMT 16740 tymors (Fig.
432 7A). When quantified, this translated to a ~5-fold higher density of CD45" cells/mm? in the

433 CMT1674%KO tymors as compared with CMT167%7 cells (p<0.0001)(Fig. 7B).

434 Flow cytometric analysis of CD45" immune cells from tumors that were excised and

435  digested at two, three, four, and five weeks after transplantation revealed relatively few

436  CD45'CD4" or CD45"CDS8" T cells in CMT167%T tumors, resulting in a very low T cell density
437  at any time point (Fig. 7C, black circles). (Representative dot plots are provided in

438  Supplemental Fig. 2). In contrast, an increasing density of CD4" and CD8" T cells was noted
439  over time in CMT1674"-KO tymors (Fig. 7C, red circles). Indeed, the smaller CMT167ARKO
440  tumors generally had a greater absolute number of infiltrating CD4" and CD8" T cells than the
441 larger CMT167%T tumors (Supplemental Fig. 3A). While IFNy-producing T cells were seen in
442  CMTWT tumors, a significantly greater density of IFNy-producing CD4" and CD8" T cells was
443 seen in CMT167AMRKO tymors (Supplemental Fig. 3B).

444 Corresponding to this increase in total CD4" and CD8" T cells, the density of CD4'PD-1"

445  or CD8'PD-17 T cells increased over time in the CMT16740KO byt not in control tumors (Fig.
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446  7D). Although associated with T cell exhaustion, high PD-1 levels on T cells have also been

447  positively associated with LUAD survival after anti-PD-1 therapy (74). In addition, PD-1 has
448  recently been shown to mark a subset of tumor neoantigen-specific tissue-resident memory T
449  cells in LUAD (74), HNSCC (75), colorectal cancer (75) and sarcoma (76). In this vein, the

450  density of CD4" or CD8" T cells expressing a CD44"¢" activated/memory phenotype increased
451  over time in the CMT167A"X0 byt not in control tumors (Fig. 7E). Furthermore, the

452  percentages of CD4"PD-1" or CD8'PD-1" cells that were also CD44"2" were significantly higher
453 in CMT1674"X0 tumors (Fig. 7F). These data suggest that tumor-infiltrating T cells in the

454  CMT1674"K0 tymors express more of an activation/memory phenotype than those from

455  wildtype tumors.

456 Finally, we note that 77% of the CMT 16720 cell-transplanted mice never grew

457  tumors and therefore were not evaluable for T cell infiltration. Therefore, analysis of only the
458  23% of CMT167A™KO tymors that did form may underestimate the extent of T cell recruitment
459  during complete rejection of AhR-KO tumors.

460

461  Single cell RNA-sequencing analysis of tumor-infiltrating T cells.

462 To more definitively categorize tumor infiltrating T cell subsets, SCRNA-seq was

463  performed on sorted CD45" immune cells (>90% viable) from digested 5-week tumors. SingleR
464  (42) and the ImmGen compendium (43) were used to identify T cell subtypes and the Seurat R
465  package (44) was used for clustering and differential gene expression (DGE) analysis. Clustering
466  of CD3 T cells resulted in 16 unique T cell clusters (#0-15) visualized in UMAP plots (Fig. 8A).
467  Five clusters were categorized as CD4 T cells (Fig. 8B green dots; Fig. 8C left) and 11 were

468  categorized as CDS8 T cells (Fig. 8B purple dots; Fig. 8D right).
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Quantifying the percentage of CD4 and CDS8 T cells from CMT167%T or CMT167AMR-KO
tumors that are represented in each of the 16 CD3 clusters revealed that cluster 5 (CD4) and
clusters 2, 6 and 8 (CD8) consisted predominantly (>90%) of T cell subsets from CMT167%T
tumors (Fig. 8E burnt orange polygon, Fig. 8F) whereas CDS clusters 13 and 14 consisted
predominantly (>94%) of T cells from CMT1674"%-KO tumors (Fig. 8E teal polygon, Fig 8F).
Notably, cluster 6 was unique to CD8 T cells from CMT167"" tumors while cluster 13, which
expressed the highest level of CD8a (Fig. 8D), was unique to T cells from CMT16740R-KO
tumors (Fig. 8F).

Gene set variation analysis (GSVA), a rank-based gene-set enrichment method used to
assess relative T cell activity [111], indicated that CD4 and CDS8 T cells from CMT1674MR-KO
tumors were significantly (p<107!° and p<10!! respectively) more active than those from
CMT167"T tumors (Fig 9A). Pooling differentially expressed genes in CD8 clusters that were
comprised of >94% T cells from either CMT167%T or CMT1672KO tymors demonstrated that
the aggregate of CD8 clusters 13+14 from CMT167A"™XO tymors was significantly more active
than the aggregate of CDS clusters 2+6+8 from CMT167%! tumors (Fig. 9B, left). The
difference in relative activity was even greater when comparing only the clusters that were 100%
unique to AhR-KO and wildtype tumors, i.e., cluster 6 (CMT167%T) vs cluster 13 (CMT167AM-
KO)(Fig. 9B, right).

One type of cell-cell communication that could account for the greater activity seen in
CDS8 T cell clusters from CMT167A"™K0 tymors would involve interactions of T cells with
antigen presenting cells (APC). Therefore, the CellChat cell-cell communication platform (45)
was used to estimate the number and strength (weight of cell interactions based on ligand-

receptor binding strength/probability) of incoming signaling from dendritic cells (DC),
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492  macrophages (M®), and B cells to CDS clusters, with a focus on clusters that represent >90% of
493 T cells from CMT167%T or CMT1674"™-KO tumors. CellChat estimated significantly more

494  incoming interactions (counts) from all three types of APC to the CMT1674"™K0 CDS clusters
495  13+14 than from APC to the CMT167%T CDS clusters 2+6+8 (Fig. 9C, top left, red lines). (The
496  color of the lines represents the tumor source of T cells and the thickness represents the relative
497  number of incoming signals from APC). The number of T-T cell interactions in clusters 13+14
498  was also greater than T cell interactions in clusters 2+6+8 (Fig. 9C, black arrows). Similarly,
499  the strength of incoming signals from DC or B cells and between T cells was greater for clusters
500  13+14 than for clusters 2+6+8 (Fig. 9C, top right, red lines). Relatively weak interactions

501 between M® and CMT167"T clusters 2+6+8 were noted (Fig. 9C, top right, blue line). When
502  comparing cluster 6 and 13, 100% CMT1674"R%O_derived cluster 13 had significantly more and
503  stronger interactions with all three APC than 100% CMT167"-derived cluster 6 (Fig. 9C,

504  bottom).

505 To assess patterns of single gene expression that could point to cell function, particularly
506  for cluster 13, one (cluster)-vs-all differential analyses were performed considering only CD4 or
507  CD& clusters with >90% representation from either wildtype or AhR-KO tumors. In particular
508  we assessed the relative expression of genes associated with T cell exhaustion/activation and
509 CDS8"' T cell killing activity. CD4 cluster 5, 90% of which consisted of T cells from CMT167%T
510 tumors, expressed relatively high levels of Tnfrs9 (CD137)(Fig. 9D), a marker which predicts
511  poorer survival in LUAD (77). Cluster 5 also expressed relatively high levels of Tigit, Tgfp,

512  Pdcdl (Pd-1)), and Ctla4, a phenotype consistent with immunosuppressive or exhausted T cells
513  (78). Among the CDS clusters (Fig. 9E), cluster 6, which is entirely composed of cells from

514  wildtype tumors, was the only CD8 cluster that expressed elevated levels of ltgav, Tnfsrf9, Tigit,
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515  Pdcd-1, Lag3, and Tim3 (Havcr2), all of which are associated with exhausted or

516  immunosuppressive CD8" T cells (78-80). Conversely, the two clusters expressing the highest
517  levels of granzyme B (Gzmb), clusters 3 and 13, were composed of T cells predominantly

518  (cluster 3, 83%) or entirely (cluster 13, 100%) from AhR-KO tumors. Notably, cluster 13 was
519 the only cluster to express relatively high levels of both granzyme B and perforin (Prf1),

520 essential CTL effector molecules. In contrast, Gzmb and Prfl expression was either not

521  significantly different or significantly lower, relative to all other clusters, in three CD8 clusters
522  predominantly made up of T cells from wildtype tumors, i.e., clusters 2, 6 and 8.

523 Given that AhR-KO cluster 13 is apparently more active in general and more interactive
524  with APC than T cells from CMT167"T tumors, and that cluster 13 cells express higher Gzmb
525 and Prf1 levels than the aggregate of all the other CDS8 clusters, we postulated that it would
526  express a more robust global transcriptomic profile of an active CTL than other CDS clusters.
527  Gene Set Enrichment Analysis (GSEA) was performed using the clusterProfiler package to test
528 this hypothesis. Three sets of upregulated genes in cluster 13 were generated relative to: 1) all
529  other CD8 clusters, 2) the aggregate of clusters 2, 6, and 8, and 3) cluster 6. Parameters were set
530 to a minimum of 25% expressing cells and a minimum average log2 fold change of 0.25. The
531  FindMarkers function with the MAST wrapper in Seurat was used to rank these DEG sets by
532  decreasing average log2 fold change (avg -log2FC) and adjusted p-value (-log10). The ranked
533  genes were then input into the GSEA enrichment function using the ImmunesigDB gene sets
534  from the MSigDB website. All three sets of genes upregulated in cluster 13 were significantly
535 enriched in six sets of genes experimentally shown to be upregulated in activated CD8 T cells
536  (Fig. 9F). These include three sets of genes upregulated in effector CD8 T cells as compared

537  with naive CD8 T cells (GSE9650 Eft. vs Naive CD8 T cells, Goldrath Eff. vs Naive CD8 T
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538 cells, Kaech Eff. vs Naive CD8 T cells)(81, 82), two sets of genes upregulated in effector CD8 T
539  cells relative to memory CDS8 T cells (GSE9650 Eff. vs Mem. CD8 T cells, Kaech Eff. vs Mem.
540 CD8T cells)(81, 83) and one set of genes upregulated in activated CD8 T cells as compared with
541  tolerized CD8 T cells (GSE14699 Activated vs Tolerant CD8 T)(84)(Fig. 9F). All of these

542  results are consistent with the hypothesis that at least some subsets of CD8 T cells from

543  CMT167A"™X0 tymors, including and especially cluster 13, are more active in the tumor

544  microenvironment than CD8 T cells from CMT167%T tumors.

545  Discussion

546 The current studies were motivated in part by our incomplete understanding of factors
547  regulating immune checkpoints, the sometimes contradictory effects of IFNy on tumor immunity,
548  and the accumulating data indicating an important role for the AhR in immune regulation in the
549  presence or absence of environmental agonists. Recent calls for AhR inhibitors as cancer

550 therapeutics (35, 85-88) and the initiation of cancer clinical trials with AhR inhibitors (89)

551  further add significance to the studies.

552 Our initial studies of global transcriptomic changes in murine and human LUAD cells
553  pointed to several pathways through which the AhR could control intrinsic drivers of cancer cells
554  as well as regulators of immune cells in the tumor microenvironment (TME). With regard to the
555  former, RNA-seq analysis of AhR-regulated genes revealed the potential for the AhR to control
556  expression of multiple genes implicated in LUAD. For example, Egfr expression was reduced
557  13-16 fold in murine and human LUAD cells, respectively, following AhR knockout (Fig. 1).
558  Elevated EGFR activity is a prognostic indicator in LUAD (52) and the EGFR itself is an

559  important therapeutic target (90, 91). Thrombospondin 1 (7hbs1), downregulated >45 fold in

560 both CMT167 and A549 cells after AhR knockout, is also a prognostic marker of LUAD
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561  outcomes (51, 92). Colral, downregulated 9-219 fold after AhR knockout, can regulate LUAD
562  metastasis (50).

563 With regard to malignant cell effects on the immune TME, bulk RNA-seq data

564  documented significant downregulation of the immune-related genes Cccl2, Ccl5, ITGS2, IDOI,
565 and CD274/PD-LI following AhR deletion. The decrease in Cc/2 after AhR deletion is

566  reminiscent of AhR control of the CCL2 receptor, CCR2, in glioblastoma (93) and with AhR
567  control of CCL2 expression in multiple organs after exposure to the prototypic AhR agonist

568  2,3,7,8-tetrachlorodibenzo(p)dioxin (TCDD) (94), in non-transformed endothelial cells (95), and
569 in triple negative breast cancer cells (96). AhR-driven expression of two chemokine genes, Ccl2
570 and Ccl5, could increase recruitment of immunosuppressive monocytes, dendritic cells, and T
571  cell subsets to the TME (97-99). Malignant cell ITGP2 is associated with suppressive or

572 exhausted T cell infiltration in LUAD (53).

573 RT-qPCR studies confirmed the bulk RNA-seq data by demonstrating that baseline

574  Cd274 and Ido1/2 decreased in AhR-knockout CMT167 cells (Figs. 3-5). Conversely, treatment
575 of CMT167 cells with the environmental chemical and AhR agonist B(a)P increased Cd274 and
576  Idol/2 expression (Fig. 3). These data expand on previous studies showing that cigarette smoke
577  increases PD-L1 on normal human epithelial cells (35) and help reveal a new mechanism for the
578  well-established immunosuppression generated in animal models by B(a)P and other

579  environmental AhR agonists. Furthermore, the ability of the AhR to regulate baseline levels of
580 PD-LI and IDO is an important finding with clinical implications. For example, tumors with
581 relatively high AhR levels would be expected to be relatively dependent on the PD-1/PD-L1 axis
582  for immune escape. Indeed, tumors from ~81% of NSCLC patients who achieve a partial or

583  stable response to Pembrolizumab express relatively high AhR levels whereas tumors from
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584  ~75% of patients that responded poorly or not at all to Pembrolizumab exhibit relatively low
585  AhR levels (35).

586 Of particular interest were the results with IFNy that highlighted the likelihood that this
587  cytokine, usually associated with T cell activation and tumor immunity, can also play a negative
588  immunoregulatory role in cancer in general (100, 101) and lung cancer in specific (102). That the
589 effects of IFNy are mediated at least in part by the AhR is a central and novel finding of these
590 studies. LUAD cells are likely to be exposed to IFNy in situ through infiltrating T cells, NK

591  cells, and/or neutrophils (Fig. 10).

592 It is well established that [IFNy upregulates CD274/PD-L1 and IDO through the

593  JAK/STAT pathway (12, 69). Here we demonstrate that optimal expression of JAK/STAT

594  components (JAK2, STATI, and STAT3) and critical immune checkpoints targeted by

595  JAK/STAT signaling, PD-L1, and IDO, is AhR dependent. These results suggest a novel

596  signaling pathway initiated or exacerbated by environmental or endogenous AhR ligands and
597 leading to suppression of tumor immunity (Fig. 10). If confirmed in other cell contexts, the data
598  would also suggest that the AhR may influence a variety of other important JAK/STAT-

599  dependent outcomes not evaluated here.

600 The data presented here demonstrate that the AhR participates in an amplification loop in
601  LUAD cells by up-regulating IDO1 and IDO2, proximal enzymes in the Kyn pathway of

602  tryptophan metabolism, and resulting in production of endogenous AhR ligands including but
603  probably not limited to Kyn itself (Fig. 10). These AhR ligands not only continue to drive AhR
604  activity withing the malignant LUAD cells but may also contribute to immunosuppression in the

605  tumor microenvironment by inducing or recruiting AhR* Treg (103-105), tolerogenic dendritic

27


https://doi.org/10.1101/2024.08.12.607602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607602; this version posted August 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

606  cells (24, 106), immunosuppressive macrophages (93), or myeloid-derived suppressor cells

607  (107). Thus, in this context, [FNy can be viewed as a LUAD enabler through AhR regulation.
608 The finding that IFNy induced Cyplal or Cyplbl in CMT167 cells (Figs. 4,5) is

609  predicted to reflect IFNy induction of IDO and the subsequent increase in Kyn (Figs. 4,5) or

610  other downstream tryptophan derived AhR ligands. That a cytokine so critical to immunity can
611  induce these canonical AhR-driven genes as well as IDO suggests a novel route to increased

612 CYP1Al or CYPIBI metabolic activity in any cell type within an IFNy-producing leukocyte-
613 infiltrated TME.

614 One question that remains to be answered is how IFNy influences AhR activity upstream
615  of AhR-induced IDO up-regulation (Fig. 10). There are several, mostly untested possibilities: 1)
616  IFNy might increase AhR expression levels. However, in our hands, AhR mRNA and protein
617  levels did not increase with addition of IFNy in either CMT167 or A549 cells (not shown). 2)
618  IFNy may modify expression or function of AhR-associated proteins including HSP90, p23, Src,
619  AhR interacting protein (AIP), ARNT, or the AhR repressor (AhRR). To our knowledge there is
620 little to no evidence of IFNy control of p23, Src, AIP, ARNT, or AhRR. Furthermore, in

621  preliminary experiments with IFNy-stimulated A549 cells we saw no effect of IFNy on HSP90,
622  p23,SRC, AIP, ARNT, or AhRR mRNAs by RNA-seq. That said, in one report, HSP90 inhibitors
623  blocked IFNy-induced upregulation of immune checkpoints IDO1 and PD-L1 in pancreatic

624  ductal adenocarcinoma cells (108). 3) IFNy may affect AhR activity through epigenetic

625 modeling of AhR target genes (109) lowering the threshold to AhR transcriptional activity. 4) In
626  our hands AhR knockout generally does not completely ablate IDO expression (e.g., Figs. 3,4,5).
627  Therefore, there may be some AhR- and or JAK/STAT-independent component to IFNy

628  upregulation of IDO which would be expected to produce AhR ligands that prime the

28


https://doi.org/10.1101/2024.08.12.607602
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.12.607602; this version posted August 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

629 AhR->IDO->AhR ligand amplification loop and result in the outcomes studied herein. To that
630 point, STATI-independent IFNy signaling has been documented (110). 5) Perhaps the most

631  likely pathway to IFNy-mediated AhR up-regulation is through NF-xB. IFNy induces NF-xB
632  signaling (111), components of which can bind to and modify AhR activity (112, 113). Clearly,
633  more experimentation is required to resolve how IFNy affects AhR signaling.

634 Given the in vitro effects of AhR knockout, it was hypothesized that CMT167AMRKO cells
635  would either grow more slowly or not all by virtue of an enabled immune system. Indeed, only
636  23% of the mice grew CMT1674"KO tymors (Fig. 6A) and those CMT1674"RK O tumors that did
637  grow grew at a significantly slower pace than control CMT167* or CMT167"T tumors (e.g.,
638  Fig. 6B). Furthermore, mice re-challenged with CMT167%T cells seven weeks after inoculation
639  with CMT167AMKO cells exhibited significant resistance to outgrowth of wildtype tumors (Fig.
640  6C,D) demonstrating some level of immune memory. Again, these results speak to the

641  significance of AhR activity in malignant cells and the effects that this activity has on the

642  immune microenvironment. That some CMT167A™K0 tymors did escape immune attack

643  suggests that this model could prove useful in cataloguing mechanisms through which LUADs
644  being targeted with immune checkpoint inhibitors escape an otherwise competent immune

645  system. Experiments assessing the mechanism of immune escape are now underway.

646 Immunofluorescent studies gave the first hint that immune protection against

647 CMTI167AMRKO tymors is likely mediated by CD45" cells. Thus, while nearly absent in

648 CMT167VT tumors, CD45" TILs were plentiful in CMT1674"KO tymors (Fig. 7A).

649  Immunophenotyping studies confirmed an abundance of CD4" and CD8" T cells in CMT16740%
650  X9tumors (Fig. 7C-E). Although a significant percentage of these cells expressed PD-1, their

651  continued accumulation in CMT1674"™X0 tymors over time and the single cell characterization
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652  of interactive CD8 T cells suggests that they were not exhausted. Rather, they may represent a
653  population of PD1" tumor antigen-specific CTL as seen in LUAD, colorectal cancer, and

654  HNSCC (74, 75).

655 More granular analysis of the T cell subsets by scRNA-sequencing revealed the presence
656  of 16 clusters of CD3 T cells, a demonstration of the molecular heterogeneity of tumor-

657 infiltrating T cells. Importantly, the distribution of these T cell subsets was significantly different
658 in CMT167%T vs CMT167AMRKO tymors with one CD8 subset unique to wildtype tumors (cluster
659  6) and another unique to CMT167A™KO tymors (cluster 13). The only cluster that expressed

660 multiple markers of Tregs or exhausted T cells (Tnfrs9, Tefp, Tigit, Pdcd1/Pd-1, Ctla4) was a
661  CD4 cluster composed of predominantly (90%) T cells from wildtype tumors (cluster 5).

662  Similarly, CDS cluster 6, composed 100% of T cells from wildtype tumors, expressed six

663  markers of exhausted T cells (Itgav, Tnfsrf9, Tigit, Pdcd-1, Lag3, and Havcrw/Tim3). In contrast,
664  CDS cluster 13, composed 100% of T cells from AhR-KO tumors, expressed the highest levels
665  of granzyme B and perforin mRNAs. GSVA analysis indicated that this cluster was more active
666  than CDS8 T cells from wildtype tumors and CellChat analyses supported the hypothesis that

667 these cells are actively engaged with APCs in the CMT167A"X0 microenvironment. Indeed, it is
668  possible that the PD1 expressing cluster 13 cells represents activated tumor-specific CTL (114-
669  116). The only other CD8 subset to express high Grzb levels was also predominantly (83%)

670  made up of T cells from CMT1674"%KO tumors. While additional functional studies would be
671  required to confirm the implied function of these clusters, the data are consistent with the

TWT/Cas9 control cells and a more

672  induction of an immunosuppressive TME by CM
673  immunocompetent TME in CMT1674M-KO tymors. We note that these studies do not exclude a

674  role for non-T cells in LUAD AhR-mediated immunosuppression. Analysis of other TIL subsets
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675 that are differentially represented in CMT167VT*? and CMT167A™X0 tuymors, including

676  neutrophils, macrophages, dendritic cells, and B cells, is ongoing.
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1112 Figure and Table Legends

1113 Figure 1. Bulk RNA-seq analysis of AhR-knockout murine and human lung

1114  adenocarcinoma cell lines. RNA was extracted from three sets of CMT167%* control,

1115 CMT167AMRKO A549C89 control, or AS49AMRKO cells, reversed transcribed, and cDNA

1116  sequenced using the Illumina NextSeq 2000 platform. Data are presented as counts defined as
1117  the number of read pairs aligning uniquely to the genome in proper pairs and assigned to a single
1118  Ensembl Gene locus for each gene transcript. A) Heatmap of all genes with 2-fold or greater
1119  change in expression with a false discovery rate (FDR) <0.05 after AhR knockout, as comparison
1120  with Cas9 controls, in CMT167 (left) or A549 (right) cells. B) Representative cancer- or

1121  immune-related genes found to be highly differently downregulated upon AhR knockout in

1122  CMTI167 and A549 cells.

1123 Figure 2. AhR knockout reduces expression of several LUAD-associated genes. Eight genes
1124  associated with LUAD and downregulated in CMT1674M-KO a5 indicated by RNA-seq (Fig. 1),
1125  were quantified by RT-qPCR. There were no statistical differences here or elsewhere between
1126  gene levels in AhRWT or AhR®* cells. Therefore, results from those two control lines were
1127  pooled and referred to here and elsewhere as “Ctrl”. Data are presented as means + SE from
1128  three independent experiments with duplicates. in each *p<0.05, **p<0.01, ***p<0.001,

1129  ****p<().0001 (Student’s t-test, equal variance).

1130  Figure 3. B(a)P, a cigarette smoke constituent, induces PD-L.1 and IDO in murine CMT167
1131 cells. A) Expression of Cd274, Idol1, Ido2, Cyplal, and Cyplbl mRNA was quantified by RT-
1132 gqPCR in control and CMT1674"-KO cells (left two bars in each plot) or after 72 hours of

1133 treatment with 10 uM benzo(a)pyrene (B(a)P)(right two bars in each plot). Data from three

1134  independent experiments, each in duplicate or triplicate are presented as Gapdh-normalized
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1135 means + SE. B) Protein extracted from cells treated as in (A) was probed by western

1136  immunoblotting for PD-L1 and, as a loading control, B-actin. One of three representative western
1137  blots is shown on the left and B-actin-normalized protein band densities are on the right. Band
1138  density data are presented as means from three experiments, each in triplicate, + SE. C) The

1139 percentage of Kyn" CMT167%T or CMT16748RKO cells treated with vehicle or B(a)P as in (A)
1140  was quantified by flow cytometry. Data from two experiments, each in triplicate, are presented

1141 as means + SE from. *p<0.05, **p<0.01, ****p<0.0001 (Student’s t-test, equal variance).

1142  Figure 4. The AhR mediates IFNy induction of immune-related genes Cd274, Ido1/2, Jak2,
1143 and Statl in murine LUAD CMT167 cells. A) CMT167°" or CMT1674MK0 cells were

1144  untreated or treated with 100 ng/ml IFNy. Cd274 mRNA was quantified by RT-qPCR 24h later.
1145  Idol, Ido2, Cyplal, and Cyplbl mRNA was quantified 72h later. Data are from three

1146  independent experiments, each in duplicate or triplicate, are expressed as fold change of Gapdh-
1147  normalized means + SE. B) CMT167°" or CMT1674MKO cells were left untreated or treated for
1148  24h with 100 ng/ml IFNy and PD-L1 protein expression assayed by western immunoblotting. A
1149  representative immunoblot is on the left and -actin normalized band densities, averaged from
1150 three independent experiments, is on the right. (Bands from IFNy-treated cells reached saturation
1151  prior to bands from untreated cells becoming visible). C) CMT167" or CMT1674MRKO cells
1152 were treated for 24h with [FNy and IDOI1 protein expression assayed by western

1153  immunoblotting. A representative immunoblot is on the left and B-actin normalized band

1154  densities, averaged from three independent experiments, are on the right. D) CMT167" or

1155  CMT1674MRKO cells were treated with 1-1000 ng/ml IFNy for 24h and Kyn released into the
1156  media quantified via colorimetric assay. Data are averaged from two independent experiments

1157  each in quadruplicate + SE. E) CMT167" or CMT167AMRKO cells were treated with 100 ng/ml
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1158  IFNy and Jak2 and Stat] mRNA quantified 24h later. RT-qPCR data are from three independent
1159  experiments, each in triplicate, and presented as Gapdh-normalized means + SE. *p<0.05,

1160  **p<0.01, ***p<0.001, ****p<0.0001 (Student’s t-test, equal variance).

1161  Figure 5. The AhR mediates IFNy induction of immune-related genes CD274, IDO1, JAK2,
1162  STATI, and STAT3 in human LUAD A549 cells. A) A549°"" or A549AMRKO cells were

1163  untreated or treated with 100 ng/ml IFNy for 24h and CD274, IDOI, and CYP1B1 expression
1164  quantified by RT-qPCR. Data from four experiments, each in triplicate, are represented as fold
1165  change of GAPDH-normalized means + SE. B) The percent positive PD-L17 cells treated as in
1166  (A) was quantified by flow cytometry. Data from three experiments, each in triplicate, are

1167  presented as mean percent PD-L17 + SE. C) The baseline percent of Kyn™ A549°" and A549AhR-
1168 KO cells in two experiments, each in triplicate, was determined by flow cytometry. D) A549t or
1169  AS549ABRKO cells were treated with 0-1000 ng/ml IFNy for 24h and Kyn release quantified by the
1170  Kyn-specific colorimetric assay using a standard Kyn curve. Data from two experiments, each in
1171  quadruplicate, are presented as average pM Kyn + SE. E) A549" or A549AMR-KO cells were left
1172 untreated or treated with 100 ng/ml IFNy for 24h and baseline or 100 ng/ml IFNy-induced JA4K?2,
1173 STATI, and STAT3 expression quantified by RT-qPCR. Data from four experiments, each in
1174  triplicate, are presented as average fold change of Gapdh-normalized means + SE. *p<0.05,

1175  **p<0.01, ***p<0.001, ****p<0.0001 (Student’s t-test, equal variance).

1176  Figure 6. AhR deletion in CMT167 cells leads to decreased tumor burden and resistance to
1177  re-challenge with wildtype cells. A) 105 CMT167%T (black lines), CMT167*° (blue lines),
1178  CMT1674"KO ¢clone C1 (red lines), or CMT1674"KO clone D2 (green lines) cells were injected
1179  subcutaneously into syngeneic C57BL/6 mice and tumor growth determined over a 53-day

1180  period. 100% of mice inoculated with CMT167"" cells grew tumors. No tumors were detected in
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1181 49 nine of 64 possible CMT1672"KO tymors (77%)(red arrow). B) Growth curves of control
1182 (CMTI167VT + CMT®*’, n=32) and CMT1674"%KO (clones C1+D2, n=15) tumors from “A”
1183  were averaged. Data are presented as means + SE, m = slopes. p<0.0001 by non-linear best fit
1184  curve comparison. C) Mice that had been inoculated 65 days earlier with CMT16740RKO cells
1185  (n=10 CMT1674"KO ¢clone C1, n=10 CMT167A"X0 clone D2) and which had not grown
1186  tumors were re-challenged with CMT167"7 cells and tumor growth tracked over 40 days (red
1187  dashed lines). Naive age-matched mice (n=20) were injected with CMT167"7 cells as positive
1188  controls (black lines). 100% of naive mice inoculated with CMT167%T cells grew tumors. No
1189  tumors were detected in 13 of 20 mice (65%) injected 65 days previously with CMT167AMRKO
1190  cells (red arrow). D) Growth curves of CMT167%T tumors injected in naive mice or into

7AhR-KO

1191  previous recipients of CMT16 cells were averaged. Data are presented as means + SE.

1192  m=slope by linear regression, p<0.0001.

1193  Figure 7. CMT167A"-KO tymors have a higher density of infiltrating CD4* and CD8* T
1194  cells than CMT167%"T tumors. 105 CMT167%VT or CMT1674MRKO cells were injected

1195  subcutaneously into syngeneic C57BL/6 mice. Tumors, if present, were excised between two and
1196  five weeks after cell injection. Approximately half of each five-week tumor was fixed and

1197  sectioned for immunofluorescent studies and the remaining tumor half digested to recover

1198 infiltrating leukocytes. A) Representative immunofluorescent images from a total of five

1199  CMT167%T and four CMT1674"™KO five-week tumors (three sections/tumor) stained with DAPI
1200  (blue), AhR-specific antibody (green), and CD45-specific antibody (red) are shown. B) Mean
1201  density (number of cells/tumor mm?) + SE of CD45" cells from five CMT167%" and four

1202 CMT1674MRKO five-week tumors. C-E) Tumor infiltrating cells were recovered, counted, and

1203  stained for CD45, CD4, CD8, PD-1, and CD44 and analyzed by flow cytometry. Each dot
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1204  represents the number of cells/mm? (i.e. cell density) from one tumor. Data were obtained from
1205  two to 10 mice per group per week depending on tumors available to excise. *p<0.05, **p<0.01,
1206 ***p<(.001, ****p<0.0001 (Multiple comparisons t tests). F). The percent of all CD4"PD-1*
1207 (left) or CD8PD-1" (right) T cells that are also CD44"€" Data from two independent

1208  experiments, six mice/condition/experiment, are presented as the percent positive + SE.

1209  **p<0.01, p<0.001 (Student’s t-test, equal variance).

1210  Figure 8. scRNA-seq of CD45" TILs from CMT167%T or CMT167AR-KO five-week tumors
1211  reveals differences in TIL composition. A) CMT167VT or CMT1672MRKO tymors excised five
1212 weeks after transplantation as in Fig. 7 were digested and sorted by flow cytometry for CD45"
1213 cells. RNA from single cells was then sequenced. Greater than 2000 CD3"¢" T cells were

1214  recovered from each sample. Sixteen unique CD3 Seurat clusters (#0-15) were identified using
1215  the Immunological Genome Project (ImmGen) reference compendium (43) and the singleR
1216  annotation method. B) Clusters were overlayed in green and purple to designate CD4 and CDS8
1217  cells respectively. C,D) Violin plots identify distinct CD4 (C) and CDS8 (D) T cell populations.
1218  E) Clusters were overlayed burnt orange or teal to designate cells from CMT167%T or

1219  CMT167A"K0 tymors, respectively. The orange polygon indicates the relative transcriptomic
1220  resemblance of clusters 2, 5, 6, 8 from CMT167%! tumors and the teal polygon indicates the
1221  relative transcriptomic similarity of clusters 13 and 14 from CMTA™X0 tumors. F) Proportion
1222 of cells originating from CMT167%T (orange) and CMT1674"K0 (teal) tumors within each

1223 Seurat cluster. The exact percentage of T cells from CMT167%" tumors is presented at the top.

1224  Figure 9. Analysis of T cell clusters infiltrating CMT167%T and CMT167A"R-KO tumors. A)
1225  GSVA enrichment scores of functional capabilities in all CD4 (left) or CDS (right) T cell clusters
1226  from CMT167VT (orange) and CMT167ARKO (teal) tumors. B) Left: GSVA enrichment scores
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1227  of functional capabilities of the aggregate of CMT167"T clusters 2+6+8 vs CMT167AMR-KO

1228  clusters 13+14. Right: GSVA enrichment scores of functional capabilities in CMT167"" cluster
1229 6 vs CMT1674MRKO cluster 13. C) The CellChat cell-cell communication platform was used to
1230  predict the number (left) and strength (right) of incoming signals from dendritic cells (DC),

1231  macrophages (M®) and B cells to specific CD8 T cell clusters, each of which comprises >90%
1232 of the T cells from the respective CMT167%T or CMT1674"KO tumors. The color of the lines
1233 represents the tumor source of T cells (red = CMT167AMRKO; blue = CMT167%T T cells) and the
1234  thickness represents the relative number or strength of incoming signals from APC. Top)

1235  Incoming signals from APC to the aggregate of CMT167VT clusters 2, 6, and 8 versus incoming
1236  signals from APC to the aggregate of CMT167AMRK0 clysters 13 and 14. Bottom) Incoming
1237  signals from APC to the CMT167VT clusters 6 versus incoming signals from APC to CMTAPRKO
1238  cluster 13. D, E) MAST (48) was used to analyze immune-related DEGs (p<0.05) between T cell
1239 clusters in which >80% of the cells were derived from CMT167VT or CMT A"RKO tymors. D)
1240  DEGs in CMT167%T CD4 cluster 5 as compared with all other clusters. E) DEGs in CMT167%T
1241 CDS8 clusters 2,6, and 8 and CMT1674MKO clusters 3, 13, and 14 as compared with all other
1242  clusters. The percentage of cells originating from CMT167%T (orange) or CMTAMRKO (teal)

1243  tumors is restated at the top of the heat maps. F) Upregulated genes in CMT167A"K0 CDg

1244  cluster 13, relative to genes in: 1) all CDS clusters (left), 2) the aggregate of CMT167V! CD8
1245  clusters 2+6+8 (middle), and 3) CMT167%T CDS cluster 6 (right) were determined. GSEA was
1246  then used to determine enrichment of these three upregulated cluster 13 gene sets in six sets of
1247  published upregulated genes from: 1) activated CD8 T cells as compared with naive CD8 T cells
1248  (three gene sets: GSE9650 Eff. vs Naive CD8 T cells, Goldrath Eff. vs Naive CD8 T cells,

1249  Kaech Eff. vs Naive CD8 T cells), 2) activated CD8 T cells as compared with memory CD8 T
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cells (two gene sets: GSE9650 Eff. vs Mem. CD8 T cells, Kaech Eff. Vs Mem. CD8 T cells), and
3) activated CD8 T cells as compared with tolerant CD8 T cells (one gene set: GSE14699

Activated vs Tolerant CD8 T cells).

Figure 10. Working model of IFNy and AhR-mediated regulation of IDO and PD-L1. TILs
in the TME generate IFNy which upregulates AhR activity in malignant cells through an as yet
unidentified pathway(s). AhR signaling boosts the JAK/STAT pathway up-regulating IDO and
PD-L1. IDO contributes to generation of tryptophan-derived AhR ligands including kynurenine
resulting in an AhR amplification loop. Kynurenine and other AhR ligands may activate the AhR
in immune cells in the TME skewing them towards immunosuppressive phenotypes. PD-L1 on

malignant cells suppresses immune effector cell function.
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