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INTRODUCTION 

This is the first annual report for the above grant.  The progress has been mostly consistent with the timelines of 
the SOW.  Specifically, the studies outlined under Major Task 1, i.e. Subtasks 1, 2, 3 and 4 (partial), which were 
to be performed in year 1, have been completed with one exception.  Subtask 2, which was to be performed 
during the months 3-9 is partially completed, due to the pandemic and the associated shutdowns.  We plan to 
complete Subtasks 2/4 and initiate Major Task 2 studies in Year 2. 



KEYWORDS 
 
 
Lung cancer, anti-PD-1, IL-17, Th17 cells, microbiota. 



ACCOMPLISHMENTS 
 
Specific Aim 1. To define the cellular and molecular effector mechanisms that mediate anti-PD-1-Th17 
cell axis-driven therapeutic resistance in the LSL-K-rasG12D lung cancer model (Months 1-18). 
 
Major Task 1: To confirm the effect of anti-PD-1 on lung-associated Th17 cells in the LSLKras spontaneous 
lung cancer model. 
 
Subtask 1: Obtain ACURO approval. Establish the model and breed mice after approval has been issued 
(Months 1-3).  This task was completed on schedule.  CD4Cre/ert2 and RORcfl/fl mice were purchased, expanded 
and then cross-bred to obtain CD4Cre/ert2/+ RORcfl/fl mice in which administration of tamoxifen should result in 
the inactivation of RORc gene in CD4+ cells.  Figure 1 shows a representative genotyping analysis of such 
mice. 

 
Subtask 2: Is anti-PD-1-mediated enhancement of Th17 effector activity solely responsible for ICI resistance? 
(Months 3-9).  The CD4Cre/+RORcfl/fl mice described above are now being tested to determine whether 
tamoxifen administration will achieve effective excision of the RORc gene to eliminate RORc expression in 
CD4+ T-cells.  Once this is confirmed, bone marrow from these mice will be engrafted into LSL-K-ras mice and 
tumors will be induced to study the effect of RORc elimination.  This Aim has been delayed due to COVID19-
related shutdown of the laboratories. 
 
Subtask 3.  Does Th17/CTL functional balance correlate with therapeutic efficacy? (Months 9-11).  This task 
was completed.  LSL-K-ras mice were analyzed individually for Th17, γδT17 and CD8+ T-cell prevalence and 
activity as well as tumor burden following anti-PD-1 + anti-IL-17 therapy.  Regression analysis revealed a 
significant association between post-therapy lung Th17 cell prevalence and therapeutic outcome (Figure 2).  In 
contrast, γδT17 and CTL prevalence, or the functional ratio of CTL to T17 subsets did not correlate with tumor 
burden (data not shown).  These results establish that the post-treatment lung Th17 cell prevalence was the 
superior predictor of outcome in this model.  These data have been incorporated into a manuscript, which was 
submitted to the Cancer Immunology Research as a Priority Brief in June of 2020 (Appendix). 
 

 

Figure 1.  Genotyping of CD4Cre x RORcfl/fl mice.  Four representative mice with different genotyps are shown (2292, 2312, 
2300 and 2301).  Mice 2300 and 2301 represent the F1 generation (CD4Cre/+ and RORcfl/+) between the two homozygous mutant 
breeders (CD4Cre/Cre and RORcfl/fl), containing one copy each of the transgenes.  Mice 2292 and 2312 represent a successful 
backcross between an F1 mouse and the homozygous RORcfl/fl mouse yielding a CD4Cre/+ heterozygous and a RORcfl/fl 
homozygous progeny. 



Subtask 4:  How does anti-PD-1-Th17 axis counteract anti-PD-1-CTL axis? (Months 11-18).  These studies 
were initiated recently and part (a) was completed. 

a. Analyze myeloid cell subset prevalence in control vs anti-PD-1-treated mice.  These studies were
performed as planned.  The prevalence of MDSC were analyzed in the tumor-bearing lungs (6 weeks
post-adenovirusCre) of LSL-K-ras mice.  Briefly mice were treated with anti-PD-1 antibody, either using
soluble antibody or a slow-release formulation [encapsulated into biodegradable polylactic acid
microspheres - administered via intubation-mediated intratracheal route (IMIT)].  The data shown in
Figure 3A reveal that independent of the administration route, there was no effect on the MDSC.
Similarly, treatment in the presence or the absence of MDSC (depletion via anti-Gr-1 antibody
administration) did not overcome resistance.  These data establish that MDSC do not play a significant
role in anti-PD-1 resistance.

b. Repeat experimental group above in the presence or absence of IL-17 neutralization. Not started.
c. Analyze the effect of MDSC depletion on anti-PD1 treatment.  Not started.
d. IL-17-mediated induction of PD-L1 expression.  Not started.
e. IL-17-mediated tumor-cell proliferation.  Not started.
f. IL-17-mediated pro-tumorigenic cytokine expression.  Not started.

Specific Aim 2.  To delineate the role of lung microbiota in the ontogeny of tumor-elicited Th17 immunity 
and resistance to ICI therapy (months 15-24).  Not started. 

Future work.  In year 2 we plan to complete Aim 1 Subtask 2 as well as Subtask 4b-f experiments plus initiate 
the studies outlined in Aim 2.  We anticipate that a no-cost extension (Year 3) will be needed to complete Aim 2 
work due to the delays caused by the COVID19 outbreak. 
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Figure 2.  Correlation of Th17 cell 
prevalence and tumor burden in 
post-therapy mice.  Individual mice 
were analyzed for tumor burden and 
Th17 cell prevalence after anti-PD-1 + 
anti-IL-17 treatment (n = 12). 
Regression analysis was performed 
(SigmaPlot 12) to determine 
significance. 
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Figure 3.  Role of MDSC in anti-PD-1 resistance.  Panel A.  Mice were analyzed 
for tumor burden and MDSC prevalence after anti-PD-1 antibody treatment.  Anti-
PD-1 was administered either as soluble antibody (100ug, ip in 0.1ml saline, 2x/wk, 
for 4 weeks starting at 6 weeks post-adenoCre; or via intratracheal (IMIT) 
administration of anti-PD-1-encapsulated polylactic acid microparticles (1 ug 
antibody, 2x/wk).  There were no significant differences between the groups (n = 4-
6/group).  Panel B.  Mice were administered anti-PD-1 (ip) and/or anti-Gr-1 
antibody (100ug, ip).  The differences between groups were not significant (n = 
5/gp). Red line = mean, black line = median. 



IMPACT 
 
The findings outlined above provide important tools and information in support of our central hypothesis.  First, 
the availability of the new genetic construct will enable direct testing of the notion that lung-associated Th17 
cells are central to anti-PD-1 resistance in the LSL-K-ras mouse model of lung cancer, thus providing 
unequivocal evidence for (or against) this idea.  Second, the finding that post-anti-PD-1 therapy Th17 cell 
prevalence in the lungs is predictive of therapeutic outcome not only provides further support for our central 
hypothesis, but also establishes proof-of-principle for the potential use of Th17 cell density as a biomarker for 
responsiveness to treatment.  Finally, the demonstration that MDSC do not play a role in Th17-driven resistance 
is novel and suggests that the underlying mechanism is more complex than anticipated.  Collectively, these data 
will provide the premise, at least in part, of a future R01 type research grant application to the NIH. 



CHANGES/PROBLEMS 

In year 1, no changes were introduced to the original proposal.  The only problem that was encountered was the 
COVID19 pandemic and the associated closure of University laboratories, which set us back by 4 months.  We 
plan to ask for a one-year no-cost extension to ameliorate this issue. 



PRODUCTS 

N/A 



PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 
 
There were no changes to the original proposal.  No external collaborators were involved. 



SPECIAL REPORTING REQUIREMENTS 
 
N/A 



APPENDICES 

See attached draft manuscript. 
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Abstract 29 

 30 

Tumors that develop in the genetic LSL-K-rasG12D murine lung cancer model are resistant to anti-PD-1 antibody 31 

treatment.  Analysis of tumor-bearing lungs from anti-PD-1-treated mice revealed an up to 2.5-fold increase in 32 

IL-17-producing T-cells, with minimal change in CD8+ T-cell activity.  Neutralization of IL-17 concurrent with 33 

anti-PD-1 treatment on the other hand, resulted in robust CD8+ cytotoxic T-cell (CTL) activation and a 3-fold 34 

reduction in tumor burden.  Loss-of-function studies demonstrated that both CD4+ and TCR+ T-cells 35 

contributed to IL-17-mediated de-sensitization of CTL to anti-PD-1, and that CTL activation was critical to 36 

tumor eradication.  Importantly, post-therapy lung Th17 cell prevalence prognosticated treatment efficacy.  37 

Consistent with the murine data, analysis of tumor biopsy samples from non-small cell lung cancer (NSCLC) 38 

patients revealed that intratumoral CD8+ / RORc+ cell ratio correlated with response to immune checkpoint 39 

blockade (ICB).  These findings provide the initial evidence for a new mechanism of ICB resistance in lung 40 

cancer.  41 
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Introduction 42 

43 

Immune checkpoint inhibitors, in particular anti-PD-1 antibodies, represent a new paradigm in the management 44 

of NSCLC (1).  At the same time, while effective in a subset of patients as first or second line therapy, anti-PD-45 

1 still fails in 50-75% of NSCLC patients (1).  High tumor PD-L1 expression and neoantigen burden correlate 46 

with anti-PD-1 responsiveness, and in part may explain the suboptimal response rates (1, 2).  However, 30 to 47 

40% of PD-L1-positive and high neoantigen burden tumors still do not respond while up to 14% of low 48 

neoantigen tumors do respond (3) suggesting that other, yet unidentified, factors contribute to resistance.  To 49 

this end, the broader tumor immune signature, the functional ontogeny of tumor-infiltrating CD8+ T-cells as well 50 

as the commensal microbiota have been identified as other contributors to responsiveness, but are yet to 51 

provide specific measurable prognostic markers in the clinical setting (2). 52 

53 

To gain further insight into this conundrum we investigated the therapeutic potential of anti-PD-1 antibody in 54 

the checkpoint blockade-resistant, low-neoantigen burden LSL-K-rasG12D murine spontaneous lung cancer 55 

model (4-6). Anti-PD-1 antibody had no detectable therapeutic benefit in LSL-K-rasG12D mice, confirming 56 

previous findings (6).   Phenotypic and functional analyses of lung T-cell populations revealed that anti-PD-1 57 

mediated activation of lung-intrinsic Type 17 T-cells (T17 cells) directly interfered with the ability of the antibody 58 

to activate antitumor CTL, and that post-therapy lung Th17 cell prevalence was predictive of therapeutic 59 

outcome in individual mice.  Consistent with these findings, preliminary analysis of NSCLC patient tumor 60 

biopsies revealed a correlation between intratumoral CD8+ / RORc+ cell ratio and tumor responsiveness to 61 

ICB.  This is the first report of a potential role for anti-PD1-mediated T17 activation in resistance to ICB. 62 
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Materials and Methods 63 

64 

Mice and tumor model.  LSL-K-rasG12D (B6.129S4-Krastm4Tyj/J) mice were purchased from The Jackson 65 

Laboratory (Bar Harbor, ME). Tumors were induced as described previously (7).  All experiments were 66 

approved by the University IACUC. 67 

68 

Patient samples.  De-identified NSCLC patient tumor biopsy specimens were obtained from the Brown Cancer 69 

Center Biorepository, University of Louisville.  Tissue sections prepared from formalin-fixed, paraffin-embedded 70 

tumor samples were processed for RNAscope.  The study was approved by the University Institutional Review 71 

Board. 72 

73 

Microsphere preparation and treatment.  Anti-PD-1 antibody-encapsulated biodegradable polylactic acid 74 

microspheres were prepared as previously described (7). Two formulations were produced: 1) control (no 75 

antibody) and 2) anti-mouse CD279 (PD-1) antibody (clone J43, BioXCell, West Lebanon, NH) with a loading 76 

of 8 μg antibody/mg of particles. Control or anti-PD-1 microspheres (0.1 mg particles in 35 μl sterile water) 77 

were administered via intubation-mediated intratracheal instillation (IMIT) 2x/week for 4 weeks starting 6 weeks 78 

after adenoviral infection (7).  Soluble antibody (200 µg in 0.2ml saline) was administered i.p. 3x/week. 79 

80 

In vivo antibody-mediated leukocyte subset depletion and cytokine neutralization.  Depletion was performed by 81 

i.p. injection of 250 μg of anti-mouse CD4 (clone GK1.5), CD8 (clone 53-6.72, BioXCell) or via i.v. injection of82 

γδTCR antibody (clone UC7-13D5, BioXCell or Leinco Technologies) 3x/week for 4 weeks.  For in vivo 83 

neutralization of IL-17, 100 μg anti-mouse IL-17A (clone 17F3; BioXCell) was administered i.p. 3x/week for 4 84 

weeks. 85 

86 

Tumor quantification.  Lung tumor burden was quantified by digital imaging analysis of H&E-stained serial lung 87 

sections as described previously (7).  QuPath open source software was used to quantify lesion vs total lung 88 

area per section. 89 
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 90 

Isolation of lung mononuclear cells.  Lung mononuclear cells were isolated as previously described (7). 91 

 92 

Antibodies and flow cytometry.  Fluorescence-conjugated anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-γδTCR 93 

(GL3), anti-CD11b (M1/70), anti-Gr-1 (RB6-8C5), anti-Ly-6G (1A8), anti–IL-17A (TC11-18H10.1), anti–IFN-γ 94 

(XMG1.2) and anti-RORγt (Q31-378), were purchased from BioLegend (San Diego, CA), eBioscience 95 

(Waltham, MA) or BD Biosciences (San Jose, CA). Foxp3 (PJK-16s; eBioscience) was quantified by 96 

intracellular staining performed according to the manufacturer’s protocol. For intracellular cytokines, cells were 97 

stimulated for 4h with PMA and ionomycin (Sigma-Aldrich, St. Louis, MO) in the presence of brefeldin A 98 

(Sigma-Aldrich) and stained with antibodies. For CD107a degranulation assay, cells were cultured in 99 

RPMI1640 with anti-CD3 (10 µg/ml) and anti-CD28 (1 µg/ml) in 96-well plates for 24 h; were washed and re-100 

stimulated with PMA and ionomycin in the presence of anti-CD107a (1D4B, BioLegend) for an additional 4 h. 101 

 102 

Single-molecule RNA in situ hybridization.  RNAscope (8) was performed at Advanced Cell Diagnostics 103 

(Newark, CA).  Briefly, manual chromogenic staining was performed with paired double-Z oligonucleotide 104 

probes for CD8a green (cat. no. 560391) and RORc red (cat. no. 556991) using RNAscope® 2.5 HD Duplex 105 

Reagent Kit (cat. no. 322430) per manufacturer’s instructions. Each sample was quality controlled for RNA 106 

integrity with a probe specific to peptidylpropyl isomerase B. Negative control background staining was 107 

evaluated using a probe specific to the bacterial dapB gene.  Stained slides were scanned with Aperio 108 

ScanScope slide scanner at 40x objective resolution (Aperio Technologies, Vista, CA). High-resolution images 109 

taken with ObjectiveView (Digital Pathology Image Viewer) and TIFF images were then subjected to 110 

computerized analysis with Fuji software to quantify positive cells per field. 111 

 112 

Statistical analysis.  Student’s t-test was used to determine the significance of the differences between control 113 

and experimental groups in pairwise comparisons. In experiments with multiple groups, homogeneity of 114 

intergroup variance was analyzed by one-way ANOVA with multiple pairwise comparisons using Tukey or 115 

Holm-Sidak analyses. A p value of <0.05 was considered significant.  116 
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Results 117 

 118 

Failure of anti-PD-1 therapy is associated with exacerbation of T17 activity 119 

 120 

We previously demonstrated that intratracheal (i.t.) delivery of a sustained-release IL-10 formulation, but not 121 

systemic bolus cytokine, suppressed lung tumorigenesis in the LSL-K-rasG12D model (7).  To this end, we 122 

wanted to determine whether a similar formulation of anti-PD-1 antibody could overcome ICB-resistance in 123 

these mice.  Animals with established lung adenomas were administered either the slow-release formulation or 124 

soluble anti-PD-1 i.t. or intraperitoneally (i.p.), respectively.  Analysis of lung tumor burden in post-therapy mice 125 

demonstrated that treatment failed with either approach (Figure 1A).  To gain further insight into the observed 126 

lack of effect, global analysis of lung immune cell infiltrates was undertaken.  Immune phenotyping of lung 127 

lymphocytes in treated vs control mice revealed a variable effect on CD8+ T-cell cytotoxicity, which did not 128 

reach statistical significance (Figure 1B).  In contrast, we observed significant 2- and 1.3-fold increases in Th17 129 

and γδT17 cell activity, respectively, in mice treated with i.t., but not i.p., antibody (Figure 1B).  A minor but 130 

significant reduction in Th1 cells was also observed in mice receiving encapsulated antibody while no changes 131 

were detected in the prevalence of Treg or the myeloid cell subsets (Supplementary Figure 1).   132 

 133 

Neutralization of IL-17 sensitizes LSL-K-rasG12D lung tumors to anti-PD-1 therapy 134 

 135 

Next, we wanted to determine whether exacerbation of T17 immunity interfered with the ability of anti-PD-1 to 136 

stimulate CD8+ T-cell activity.  Anti-PD-1 treatment in the presence of IL-17 neutralization resulted in effective 137 

tumor suppression in mice that received i.t., but not i.p. anti-PD-1 antibody (Figure 2A).  To gain further insight 138 

into the synergy, we examined the post-therapy lung T-cell landscape.  Phenotypic analysis of single cell 139 

preparations revealed that, in contrast to anti-PD-1 monotherapy which had no effect on CD8+ T-cells, anti-IL-140 

17 + i.t. anti-PD-1 (but not i.p. anti-PD-1) treatment increased CD8+ T-cell cytotoxicity in the lung by 2-fold 141 

(Figure 2A); suggestive of an antagonistic relationship between type 17 immunity and CTL reinvigoration. 142 

 143 
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Since neutralization of IL-17 alone can result in reduced tumor growth in the LSLKrasG12D lung cancer model 144 

(9), we next determined whether combinatorial treatment was superior to anti-IL-17 alone (using i.t. anti-PD-1 145 

from this point on).  Figure 2B data show that while IL-17 blockade alone resulted in a trend towards reduced 146 

tumor burden, statistical significance was reached only in the combination group with a >3-fold reduction in 147 

tumor burden in comparison to controls.  Consistent with this finding, analysis of lung T-cell subsets revealed 148 

that combination therapy resulted in more effective CTL activation than anti-IL-17 alone. 149 

150 

Th17 and T17 subsets contribute to anti-PD-1 resistance via distinct pathways 151 

152 

Next, we investigated the relative roles of Th17 and T17 cells in anti-PD-1 resistance.  Tumor-bearing mice 153 

were treated with anti-PD-1 in the presence or absence of CD4+ or TCR+ T-cells and tumor burden was 154 

analyzed.  Administration of anti-PD-1 antibody to CD4+ T-cell-depleted mice resulted in significant tumor 155 

suppression in comparison to CD4-sufficient mice (Figure 3A), while depletion of CD4+ T-cells alone had no 156 

effect.  We thus concluded that anti-PD-1-mediated activation of CD4+ T-cells played an important role in 157 

conferring resistance to therapy.  In the case of TCR+ cell subset however, depletion alone was just as 158 

effective as depletion + anti-PD-1 treatment in comparison to anti-PD-1 alone, suggesting that constitutive IL-159 

17 production by T-cells contributed to anti-PD-1 resistance (Figure 3A). 160 

161 

In parallel, analysis of CD8+ T-cells for membrane CD107a in mice that received anti-PD-1 in the absence or 162 

presence of CD4+ T-cells revealed that only the former group displayed significant CTL cytotoxicity (Figure 3A) 163 

while CD4+ T-cell depletion alone had no benefit.  These data suggested that anti-PD-1-mediated CD4+ T-cell 164 

activation interfered with CTL reinvigoration and tumor kill, consistent with the tumor burden data.   In the 165 

complementary study, analysis of post-therapy CTL cytotoxicity in T-cell deficient vs sufficient mice indicated 166 

that anti-PD-1 induced significant CTL activation in the absence of TCR+ cells (Figure 3A).  However, unlike 167 

what was observed with CD4+ T-cells, depletion of T-cells in the absence of anti-PD-1 also resulted in partial 168 

CTL activation, again consistent with a role for constitutive IL-17 production by these cells in anti-PD-1 169 

resistance. 170 
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171 

Based on these findings, treatment was undertaken in mice with dual depletion of CD4+ and TCR+ cells to 172 

determine whether this approach would replicate the IL-17-neutralization data.  Treatment resulted in a ~2.5-173 

fold reduction in tumor burden with a concurrent 2-fold increase in CTL cytotoxicity in CD4+ and TCR+ T-cell 174 

depleted mice (Figure 3A) consistent with the IL-17-blockade data.   Combined depletion in the absence of 175 

treatment was also partially effective suggesting that constitutive IL-17 production, likely by γδT17 cells, 176 

maintained CTL suppression at steady-state. 177 

178 

CTL are critical to the ability of anti-PD-1 to induce tumor eradication in the presence of IL-17 neutralization 179 

180 

As the data supported a strong link between CTL activation and tumor suppression, we next performed a loss 181 

of function study to directly test this notion.  Mice with established disease were treated with anti-IL-17 + anti-182 

PD-1 antibodies in the presence or absence of CD8+ T-cells.  Elimination of CD8+ T-cells led to a complete 183 

loss of therapeutic efficacy confirming that tumor eradication was strictly dependent on CTL (Figure 3B). 184 

185 

Post-therapy Th17 cell prevalence is prognostic of treatment outcome in LSLKrasG12D mice 186 

187 

Above findings suggested that T17 cell prevalence/activity could prognosticate treatment outcome.  To this 188 

end, mice were analyzed individually for Th17, γδT17 and CD8+ T-cell prevalence and activity as well as tumor 189 

burden following combinatorial therapy.  Regression analysis revealed a significant association between post-190 

therapy Th17 cell prevalence and therapeutic outcome (Figure 3C).  In contrast, T17 and CTL prevalence, or 191 

the functional ratio of CTL to T17 subsets did not correlate with tumor burden (Supplementary Figure 2A). 192 

193 

Tumor CD8+/ RORc+ cell ratio correlates with checkpoint blockade responsiveness in NSCLC patients 194 

195 

To determine whether we could extend the murine findings to human, pre-treatment lung tumor biopsy 196 

samples of NSCLC patients who subsequently received ICB therapy (Supplementary Table 1), were analyzed 197 
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for CD8+ and RORc+ cell infiltrates by RNAscope (Figure 4).  Quantitative analysis revealed a statistically 198 

significant correlation between the ratio of CD8+ to RORc+ cells and response to therapy.  On the other hand, 199 

in contrast to the murine model, RORc+ cell prevalence alone was not predictive of ICB responsiveness 200 

(Supplementary Figure 2B). 201 
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Discussion 202 

203 

Our data establish that the failure of anti-PD-1 therapy in the LSL-K-rasG12D model is associated with an 204 

unexpected exacerbation of lung T17 cell activity that in turn antagonizes CD8+ T-cell reinvigoration.  We 205 

further demonstrate that Th17 cells are the major responders to anti-PD-1 and that post-treatment Th17 cell 206 

prevalence is predictive of therapeutic efficacy in individual mice.  Importantly, preliminary analysis of NSCLC 207 

patient lung samples revealed a statistically significant correlation between tumor CD8+/RORc+ cell ratio and 208 

subsequent ICB responsiveness, consistent with the murine data.  We propose that the intensity of the anti-209 

PD-1-Th17 cell axis may be an important determinant of ICB resistance. 210 

211 

The finding that both CD4+ and γδTCR+ T-cells contribute to IL-17-mediated CTL unresponsiveness, but that 212 

Th17 cells are the primary prognosticators of outcome for anti-PD-1 treatment is an intriguing observation.  Our 213 

data suggest that constitutive production of IL-17 by γδT-cells vs anti-PD-1-dependent activation of quiescent 214 

Th17 cells may underlie this observation.  One caveat is that some of our conclusions regarding the Th17 215 

subset were derived from studies involving total CD4+ T-cell depletion, which cannot exclude potential 216 

contribution from T-regulatory cells.  However, based on: a) the identification of IL-17 as the central mediator of 217 

anti-PD-1 resistance, and b) the nearly identical effects of IL-17 blockade and combined CD4+ + γδTCR+ cell 218 

depletion on anti-PD-1 efficacy, we expect T-regulatory cells to play a minor role in ICB resistance in this 219 

model. 220 

221 

ICB resistance of LSL-K-rasG12D lung tumors (6, 10, 11) has been attributed to low neoantigen burden (5) and 222 

suboptimal CTL activity (12).  At the same time, others have reported the presence of significant CD8+ T-cell 223 

infiltrates in the tumor-bearing lungs of LSL-K-rasG12D mice (13).  Our findings suggest that these tumors are 224 

intrinsically immunogenic and that the CD8+ T-cell infiltrates represent a bona fide antitumor response. 225 

Whether the observed CTL response in this model is driven by the G12D mutation (14-16) or involves other 226 

epitopes is yet to be determined. 227 

228 
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IL-17 is a pleiotropic cytokine that can promote tumor growth directly or indirectly (17).  However, the 229 

mechanistic basis of the IL-17-CTL antagonism remains to be elucidated.  Potential mechanisms include the 230 

IL-17-MDSC axis (18, 19), direct proliferative effects of IL-17 on dysplastic epithelial cells (20), and/or 231 

increased PD-L1 expression on epithelium (21). 232 

233 

An intriguing observation that arose from this study was that anti-PD-1 antibody was effective only when 234 

delivered locally as a sustained release formulation.  A similar observation was previously made with IL-10 (7) 235 

suggesting that in this ICB resistant model, i.p. injection may not achieve the therapeutic threshold in the lung, 236 

even in the presence of IL-17 blockade.  Whether inhalable slow-release formulations represent a more 237 

effective alternative to i.v. antibody in individuals that are intrinsically resistant to ICB treatment is to be 238 

determined. 239 

240 

The prognostic data obtained in the murine model and the patient samples were conceptually consistent in that 241 

type 17 immunity was predictive of response in both.  At the same time distinct markers, i.e. post-therapy Th17 242 

cell prevalence in the case of mice and pre-therapy tumor CD8+ / RORc+ cell ratio in patients, associated with 243 

responsiveness.  Several factors including post- vs. pre-therapy analysis or total lung vs intratumoral 244 

assessment of cell populations (in mice vs humans, respectively); patient neoantigen and PD-L1 245 

heterogeneity; and/or the limited patient cohort could all account for the differences observed. Regardless, our 246 

findings support a novel role for anti-PD-1-T17 axis in mediating resistance to ICB in lung cancer. 247 
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Figure Legends 309 

 310 

Figure 1.  Effect of anti-PD-1 treatment on tumor growth and lung T-lymphocyte activity.  A. Tumor 311 

burden. Tumor-bearing mice were treated with soluble or encapsulated anti-PD-1 and lungs were analyzed for 312 

tumor burden.  Representative lung histology (left upper) with accompanying QuPath analysis identifying tumor 313 

areas (left lower, in red) and quantitative data (right) are shown (IMIT: intubation-mediated intratracheal 314 

instillation).  There were no significant differences between the groups (n = 8-10 per group).  B. T-cell activity.  315 

Single cell suspensions prepared from the lungs were analyzed for cytotoxic CD8+ T-lymphocytes 316 

(CD8+CD107a+), Th17 cells (CD4+RORγt+IL-17+) and γδT17 cells (γδTCR+RORγt+IL-17+).  Representative flow 317 

cytometry panels and quantitative data are shown (n = 5 per group).  Boxes have lines at the median (black) 318 

and mean (red) showing lower (25%) and upper (75%) quartiles.  Whiskers extend to show the 10th and 90th 319 

percentiles with symbols representing the extreme values (in groups with n >9).  Significance: ** denotes p < 320 

0.01 (one-way ANOVA with pairwise multiple comparisons, Holm-Sidak). 321 

 322 

Figure 2.  Effect of IL-17 neutralization on anti-PD-1 therapy.  A. Effect of dual antibody treatment on tumor 323 

suppression and CTL cytotoxicity.  Tumor-bearing mice were treated with anti-PD-1 alone i.p (soluble antibody) 324 

or via IMIT (slow-release formulation) in the presence or absence of IL-17 neutralization.  Tumor burden (n = 8-325 

14 per group) and quantitative cellular data (n = 4-5 per group) including representative flow cytometry panels 326 

are shown.    B.  Effect of IL-17 neutralization alone vs dual treatment.  Mice were treated with control blank 327 

microspheres, anti-IL-17 alone (i.p.), anti-PD-1 alone (encapsulated, via IMIT) or with anti-IL-17 + anti-PD-1.  328 

Tumor burden and cellular analysis data are shown (n = 5 per group).   Significance: *, ** and *** denote p < 329 

0.05, 0.01 and 0.001, respectively (one-way ANOVA with pairwise multiple comparisons, Dunn’s or Holm-330 

Sidak). 331 

 332 

Figure 3.  Roles of T17 and CTL in tumor responsiveness and prognosis.  A. Roles of CD4+ and γδTCR+ 333 

cells.  Tumor burden was evaluated in mice that were treated with anti-PD-1 in the presence or absence of 334 

single or dual subset depletion; or subset depletion alone.  Control mice received blank microspheres without 335 
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T-cell depletion.  Top and bottom panels display the effect of depletion on tumor burden and CTL activity, 336 

respectively (n = 4-6 per group).  B. Role of CTL.  Mice were treated (Rx) with anti-PD-1 (IMIT) + anti-IL-17 337 

(i.p.) in the presence or absence of CD8+ T-cell depletion.  Control mice received blank microspheres (n = 8-338 

13 mice per group).  C. Correlation of Th17 cell prevalence and tumor burden in post-therapy mice.  Individual 339 

mice were analyzed for tumor burden and Th17 cell prevalence after anti-PD-1 + anti-IL-17 treatment (n = 12).  340 

Box plots: *, ** and *** denote p < 0.05, 0.01 and 0.001, respectively (one-way ANOVA with pairwise multiple 341 

comparisons, Holm-Sidak). 342 

 343 

Figure 4.  Analysis of patient tumor CD8+ and RORc+ cell infiltrates.  Tissue sections prepared from tumor 344 

biopsies were analyzed for CD8a (blue-green) and RORc (red) mRNA by RNAscope.  A representative image 345 

is shown on the left (magnification = 400X).  Cells expressing CD8a or RORc are highlighted with circles of 346 

relevant color. Inset displays magnification of the area demarcated by the rectangle.  The average ratio of 347 

CD8+ to RORc+ cell numbers were calculated for each patient sample and plotted according to response 348 

criteria (right panel).  The difference between Responders (progression free survival > 180 days, n = 3) and 349 

Non-responders (n = 6) was significant (p < 0.01, Student’s t-test). 350 
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B. Role of CTL
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