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Immune checkpoint inhibitor (ICI) treatment has recently become a first-line therapy for
many non–small cell lung cancer (NSCLC) patients. Unfortunately, most NSCLC patients
are refractory to ICI monotherapy, and initial attempts to address this issue with secondary
therapeutics have proven unsuccessful. To identify entities precluding CD8+ T cell
accumulation in this process, we performed unbiased analyses on flow cytometry, gene
expression, and multiplexed immunohistochemical data from a NSCLC patient cohort. The
results revealed the presence of a myeloid-rich subgroup, which was devoid of CD4+ and
CD8+ T cells. Of all myeloid cell types assessed, neutrophils were the most highly
associated with the myeloid phenotype. Additionally, the ratio of CD8+ T cells to neutrophils
(CD8/PMN) within the tumor mass optimally distinguished between active and myeloid
cases. This ratio was also capable of showing the separation of patients responsive to ICI
therapy from those with stable or progressive disease in 2 independent cohorts. Tumor-
bearing mice treated with a combination of anti-PD1 and SX-682 (CXCR1/2 inhibitor)
displayed relocation of lymphocytes from the tumor periphery into a malignant tumor, which
was associated with induction of IFN-g–responsive genes. These results suggest that
neutrophil antagonism may represent a viable secondary therapeutic strategy to enhance
ICI treatment outcomes.
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Introduction
The introduction of  immune checkpoint inhibitor (ICI) therapy for lung cancer — the leading cause of  
cancer-related deaths worldwide — has revolutionized the field (1–4). Based upon the results of  several 
recent clinical trials, anti-PD1 antibody therapy has now become a first-line therapy for most non–small 
cell lung cancer (NSCLC) patients, whether as pembrolizumab monotherapy for PDL1-high tumors (5) or 
in combination with conventional chemotherapy for the PDL1-low group (6). Unfortunately, the majority 
of  ICI-recipient NSCLC patients are either refractory to the treatment or develop resistance to the therapy, 
despite a favorable initial response. Despite numerous clinical trials employing secondary therapeutics to 
address the ICI-refractory group, efficacious strategies have not yet emerged in this regard.

Thus far, 5 major markers of  favorable response to ICI treatment have been identified for NSCLC 
patients: (a) cigarette smoke consumption (7), (b) advanced mutational spectral burden (8), (c) CD8+ T cell 
infiltration into malignant tumor (9), (d) the IFN-γ signature (10), and (e) PDL1 staining by IHC > 50% (5). 
Effectively, these 5 factors represent different aspects of  the same process. High levels of  cigarette smoke 
consumption result in lung cancers with advanced mutational spectral burden. In turn, the greater the 
number of  genetic mutations present in a lung cancer, the greater the chance that one of  these mutations 
is seen as foreign by the immune system, thereby eliciting an antigen-driven immune response. The result 

Immune checkpoint inhibitor (ICI) treatment has recently become a first-line therapy for many non–
small cell lung cancer (NSCLC) patients. Unfortunately, most NSCLC patients are refractory to ICI 
monotherapy, and initial attempts to address this issue with secondary therapeutics have proven 
unsuccessful. To identify entities precluding CD8+ T cell accumulation in this process, we performed 
unbiased analyses on flow cytometry, gene expression, and multiplexed immunohistochemical 
data from a NSCLC patient cohort. The results revealed the presence of a myeloid-rich subgroup, 
which was devoid of CD4+ and CD8+ T cells. Of all myeloid cell types assessed, neutrophils were 
the most highly associated with the myeloid phenotype. Additionally, the ratio of CD8+ T cells to 
neutrophils (CD8/PMN) within the tumor mass optimally distinguished between active and myeloid 
cases. This ratio was also capable of showing the separation of patients responsive to ICI therapy 
from those with stable or progressive disease in 2 independent cohorts. Tumor-bearing mice treated 
with a combination of anti-PD1 and SX-682 (CXCR1/2 inhibitor) displayed relocation of lymphocytes 
from the tumor periphery into a malignant tumor, which was associated with induction of IFN-γ–
responsive genes. These results suggest that neutrophil antagonism may represent a viable 
secondary therapeutic strategy to enhance ICI treatment outcomes.
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would be infiltration of  CD8+ T cells, IFN-γ release, and an increase in the expression of  IFN-γ–responsive 
genes. This type of  an immune response would frequently involve a high level of  PDL1 expression within 
the tumor microenvironment (TME) and induction of  inhibitory receptor expression (e.g., PD1) by lym-
phocytes, thus setting the stage for a favorable response to PD1 antibody therapy.

Whereas these factors describe the ~20% of  NSCLC patients responding to ICI monotherapy, the 
factors mediating ICI-refractory lung cancers — the other 80% of  NSCLC patients treated with anti-PD1 
monotherapy — remain poorly understood. Certainly, lung cancers arising in never smokers and light smok-
ers frequently contain relatively few mutations, and these so-called cold tumors rarely elicit antigen-driven 
immune responses (11). However, this concept does not account for the numerous moderate-to-heavy cig-
arette smokers who do not benefit from ICI treatment. It is likely that some of  these patients fail to benefit 
from immune-based therapies because their tumors contain a complex TME that either limits lymphocyte 
proliferation or limits lymphocyte access to malignant portions of  tumor (12). Two recent gene expres-
sion–based approaches have reported the existence of  a “lymphocyte-depleted” phenotype, in which there 
is ample immune cell content within the tumor but a relatively sparse lymphocyte component (13, 14). 
Although the exact features of  such tumors that retard lymphocyte infiltration have not been delineated in 
any detail, it appears likely that at least a subset of  such tumors will harbor myeloid- and/or fibroblast-rich 
tumor stroma. However, a detailed interrogation of  the relative contribution of  macrophages versus mono-
cytes versus neutrophils on lymphocyte exclusion has not been performed.

There are 2 key limitations when relying on gene expression data to infer immune cell content and 
function in solid tumors. First, some myeloid lineage cells are relatively transcriptionally inactive, and their 
contribution to the TME is therefore underappreciated, if  appreciated at all. This is particularly true for 
neutrophil lineage cells, which represent a significant proportion of  immune cells in lung cancers but are 
rarely part of  gene expression signatures defining TME subtypes. Second, the lack of  tumor anatomy does 
not allow for a determination of  whether or not tumor-infiltrating lymphocytes have actually infiltrated 
into malignant tumor, nor an assessment of  the TME factors that limit lymphocyte infiltration. To over-
come these limitations, we have used a combination of  flow cytometry, gene expression studies, and mul-
tiplexed-IHC (M-IHC) to identify fundamental immune responses to lung cancer, to determine the key 
components of  lymphocyte-depleted tumors, and to determine their impact on treatment responses to ICI 
therapy in NSCLC patients.

Results
Multiparametric flow cytometry identifies fundamental immune response subtypes in NSCLC. To distinguish 
between favorable and deleterious immune responses in NSCLC, we performed a series of  unbiased anal-
yses on n = 68 cases from a previously reported flow cytometric data set of  NSCLC subjects capable of  
identifying 51 distinct immune populations and subpopulations (15). Initially, we performed a Principal 
Coordinates Analysis (PCoA) of  the flow cytometric data generated from both the lung tumor specimens 
and from nonadjacent lung tissue (>3 cm removed from the tumor). The results showed that the majority of  
the lung tumor flow immune profiles mirrored those identified in the lung tissue (Supplemental Figure 1A; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.130850DS1). 
However, n = 15 of  the lung tumor specimens separated from the remainder of  the cohort. This immune 
“Unique” subgroup was defined by substantial increases in T cell infiltration within the tumor specimen, 
most significantly for CD8+, CD4+TIM3+, CD8+IFN-γ+ and CD8+PD1+ T cells (Supplemental Figure 1B). 
Notably, the immune Unique subgroup also displayed statistically significant reductions in both neutrophil 
(CD66b+) and macrophage (CD68+) content.

We also performed unsupervised hierarchical clustering of  the flow data set, which further subdivided 
the fundamental immune responses in the cohort (Figure 1A). A small number of  cases (n = 10) displayed 
very little immune cell content of  any kind and were labeled “Inert” tumors, to distinguish them from pre-
viously described “Cold” tumors, in which T cell content is sparse, though the remainder immune cell con-
tent is not defined. We did not attempt to study these cases further. Three additional major subgroups were 
identified: a group displaying robust CD8+ T cell infiltration, which we deemed the “Active” group; a group 
with sparse T cell infiltration but abundant myeloid lineage cell content, which we termed the “Myeloid” 
group; and a less well-defined group that displayed robust Th17 cytokine family member staining, which 
was termed immune “Indeterminate.” The Active group housed the majority of  the immune Unique pro-
files identified using PCoA, as above.

https://doi.org/10.1172/jci.insight.130850
https://insight.jci.org/articles/view/130850#sd
https://doi.org/10.1172/jci.insight.130850DS1
https://insight.jci.org/articles/view/130850#sd


3insight.jci.org   https://doi.org/10.1172/jci.insight.130850

R E S E A R C H  A R T I C L E

IFN-γ–induced gene expression separates Active tumors from the other immune subtypes. A simple comparison of  
the flow profiles of  the 4 subgroups revealed that the CD8+ T cell population and subpopulations were signifi-
cantly higher in what we have termed the immune “Active” phenotype, as compared with the other groups 
(Figure 1A). Analysis of  the Nanostring Immune Profiling panel from the entire cohort showed an increase 
in IFN-γ responsive genes in the Active group (Figure 1B). Indeed, the majority of  immune Active cases (16 
of  22) displayed robust IFN-γ gene signatures, but such gene products were rarely encountered in the immune 
Indeterminate group (3 of  13). Notably, none of  the Myeloid cases displayed the IFN-γ signature.

In attempts to identify the major drivers of  the Myeloid group, we specifically compared this group 
with the immune Active group, which possesses cellular populations and gene expression signatures pre-
dictive of  favorable outcomes. The genes most highly associated with the immune Active group includ-
ed well-described mediators of  T cell recruitment and proliferation, such as CXCL9, CXCL10, and IL2 
receptor-β (IL2Rβ). Granzyme B (GZMB) expression — indicative of  cytotoxic T lymphocyte function 
and STAT1 expression, indicative of  Th1 (CD4+IFN-γ+) cellular differentiation (16) — were also highly 
expressed in this group (Figure 2A). In contrast, most of  the genes highly associated with the Myeloid 
phenotype are involved in neutrophil lineage recruitment and function. Toll-IL–1 receptor (TIR) domain 
containing adaptor protein (TIRAP) and IL1R2 encode innate and IL-1β signaling proteins that promote 
inflammatory responses rich in myeloid cells. CXCL5 is a well-defined neutrophil chemokine and lipo-
calin-2 (LCN2), also known as neutrophil-gelatinase associated lipocalin (NGAL), is an iron siderophore 
housed in neutrophil granules (17). Some of  the neutrophil signature identified in the Myeloid group impli-
cates the myeloid-derived suppressor cell (MDSC) subset of  neutrophils (PMN-MDSC), as tumor necrosis 
factor receptor superfamily member 10B (TNFRSF10B) encodes a death receptor (death receptor-5; DR5), 
recently shown to be differentially expressed by PMN-MDSC over traditional PMN (18).

The cellular populations driving the Active phenotype were activated CD4+ and CD8+ T cells, those that 
highly express inhibitory receptors such as PD1 (Figure 2B). Both effector memory (CCR7-CD45RA-) and 
effector memory RA (CCR7-CD45RA+) cells of  CD4+ and CD8+ cellular lineages were highly represent-
ed in this group, as well. Not surprisingly, CD19+ B cells were also significantly more abundant in Active 
than Myeloid cases. Consistent with the gene expression data above, neutrophils (CD66b+) were the cellular 

Figure 1. Unsupervised hierarchical clustering identifies immune response subtypes. (A) Unsupervised hierarchical clustering of n = 68 NSCLC tumor 
specimens using 51 distinct immune cell populations and subpopulations. Each population is expressed as relative abundance. (B) Heatmap of selected 
genes from Nanostring Immune Profiling gene expression panel (n = 58). 
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population most highly associated with the Myeloid phenotype (P = 1.1 × 10–4) (Figure 2B). Monocytes 
(CD14+CD68–) were also significantly higher in Myeloid cases than in Active cases (P = 0.0332). Although 
substantially higher in a small number of  Myeloid cases, macrophage content was not significantly higher in 
the Myeloid group as compared with the Active group (P = 0.3182).

Since neutrophil content has previously been reported to be increased in lung squamous cell carcino-
ma (LUSQ) as compared with lung adenocarcinoma (LUAD) cases, the 2 major histologic subtypes of  
NSCLC, we examined the possibility that NSCLC histologic subtype could impact the immune phenotype. 
However, we did not identify any statistically significant differences between the 4 immune subgroups as a 
function of  LUSQ versus LUAD histology by χ2 test (Supplemental Table 1).

We sought to validate the key finding that neutrophils (Myeloid phenotype) and CD8+ T cells (Active phe-
notype) were anticorrelated. To accomplish this, we analyzed the LUAD TCGA database. We assessed immune 
cell normalized gene expression data from 57 cancer-control LUAD TCGA–paired samples (tumor-normal lung 
pairs; Supplemental Figure 2, A and B). Immune cell subset behavior was found to be comparable with flow 
cytometric analysis using log-transformed data. Specifically, neutrophil content negatively predicted CD8+ cellu-
lar content, whereas a more generic myeloid lineage marker (CD14) did not (Supplemental Figure 2, C and D).

M-IHC identifies cellular drivers of  the immune subphenotypes. Several studies encompassing multiple 
tumor types have demonstrated that the ability of  CD8+ T cells to infiltrate into the malignant portions 
of  a tumor confers both improved overall survival and favorable response to ICI therapy (9, 19, 20). 
Topographically, both LUAD and LUSQ display repetitive areas of  tumor-stroma interface and not 
a simple cancer mass versus adjacent tissue dichotomy. To determine the impact of  the intratumor 
location of  CD8+ cells and the cellular lineages that comprise the Myeloid phenotype, we developed a 
potentially novel 7-color M-IHC panel on the Vectra-3 platform (Perkin-Elmer) and stained and ana-
lyzed all of  the cases from the resection cohort, described above. We validated 6 antibodies (CD8, 

Figure 2. Gene expression and flow cytometric population differences by immune subtype. (A) Comparison of expression for indicated genes between 
immune Active (n = 22) and Myeloid (n = 24) tumors. Data provided as normalized relative gene expression from a panel of housekeeping genes. P value 
as indicated (Student’s t test). (B) Comparison of flow cytometric data for indicated populations between immune Active (n = 22) and Myeloid (n = 24) 
tumors. Each population expressed as percent live cells. P value as indicated (Student’s t test). PMN, polymorphonuclear leukocyte.
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CD14, CD68, HLA-DR, CD66b, Cytokeratin) on the panel (Supplemental Tables 2 and 3), allowing for 
detailed interrogation of  the association of  myeloid lineage cell types with the cellular content and loca-
tion of  CD8+ T cells (CD8+) (Figure 3A and Supplemental Figure 3). The myeloid lineage cells studied 
here were macrophages (CD68+), monocytes (CD14+CD68–HLA-DR+), monocytic-MDSC (M-MDSC; 
CD14+CD68–HLA-DR–), and neutrophils (CD66b+). These cellular definitions were adopted from a 
recent consensus statement on MDSC nomenclature (21).

After completion of  the staining procedure, multispectral images (MSI)were obtained from each slide 
to allow for further interrogation using HALO image analysis software (Indica Labs), which resulted in the 
generation of  spatial plots to facilitate cellular analysis (Figure 3B). At least 20 stamps, or region of  inter-
est (ROI) fields, were acquired from each slide at ×20. Stamps acquired from each slide encompassed the 
disparate regions of  tumor specimens, including central tumor, tumor-stroma interface, tertiary lymphoid 
structure or lymphoid aggregates (LA), adjacent lung tissue, and necrotic tumor. Vascular structures (and 
any cells contained within them) were excluded from the analysis. The cellular content of  each image was 
reported as a function of  its tumoral location: malignant tumor, stroma, LA, necrotic tumor, or adjacent 
lung tissue. Additional details are provided in the Methods and Supplemental Figure 4.

To identify the cell types and locations driving the immune Active and Myeloid phenotypes, we initial-
ly performed unsupervised hierarchical clustering of  all 1,983 stamps acquired from the resection cohort 
(Figure 3C). Each of  the 5 cell types studied in detail were predominantly located in between 2 and 4 
clusters. When directly comparing the immune Active versus Myeloid phenotypes, we observed that CD8+ 
T cells were highly significantly increased in the stroma, tumor, and combined stroma plus tumor com-
partments of  the Active cases (Figure 3, D–F). M-MDSC content was surprisingly increased in the Active 
tumor and stroma compared with the Myeloid compartments. Macrophage content did not preferentially 
localize with either phenotype, being significantly higher in the stroma but significantly lower in the tumor 
compartment, of  Myeloid tumors. There was no significant difference in macrophage content in the com-
bined tumor plus stroma analysis. Similarly, monocytes did not associate with the Myeloid phenotype in 
any of  the metrics assessed. Of  all cell types analyzed, only neutrophil content was higher in the tumor, 
stroma, and combined stroma plus tumor analyses, specifically in the Myeloid cases compared with the 
Active cases (Figure 3, D–F). Since CD8+ T cells were most highly associated with immune Active cases 
and neutrophils were the immune cell population most highly associated with the Myeloid phenotype, we 
calculated CD8/CD66b ratios using CD66b content from both tumor and stroma (i.e., comparing the CD8 
content in the tumor [CD8T] with the neutrophil content in the stroma [CD66bS]). This metric statistically 
distinguished immune Active from Myeloid cancers with a high degree of  significance, whether using stro-
mal (CD66bS) or tumoral (CD66bT) neutrophil content (Figure 3, G and H).

Tumor CD8/PMN ratios are associated with ICI treatment failure in NSCLC. To test the concept that CD8/
CD66b ratios would predict response to ICI treatment in NSCLC patients, we generated a cohort of  
anti-PD1/PDL1–recipient NSCLC patients for which pretreatment FFPE tissues specimens were avail-
able (Supplemental Table 4). All available imaging studies for each subject were utilized to determine the 
response evaluation criteria in solid tumors (RECIST) V1.1 categorization, as previously described (22). 
Each patient was assigned to either the complete response (CR), partial response (PR), stable disease (SD), 
or progressive disease (PD) category. Since our cohort only possessed n = 1 CR, we combined the CR and 
PR groups for analytical purposes. We also abstracted pertinent data from the clinical record to calculate 
the progression-free survival (PFS) interval for each patient. We utilized similar M-IHC staining meth-
odology and analysis as was described for the resection cohort, above. However, for this panel, we chose 
to focus on CD8 and CD66b to validate their performance in the resection cohort (Figure 4, A and B). 
Additionally, we included a CD4 marker, given the prominent role of  CD4+ T cell content in defining the 
immune Active phenotype, as defined by flow cytometry.

Initially, we assessed the paired CD4/CD66b and CD8/CD66b relationships within tumor and stroma 
as a function of  RECIST criteria (Figure 4, C and D). The key difference between CD4+ and CD8+ T cells 
in this regard was that the CD4/CD66b pairs were statistically different in the CR/PR and SD groups as 
compared with the PD group (P = 0.017), whereas the CD8/CD66b pairs were significantly different in the 
CR/PR group than in either the SD or PD group (P = 0.030). To facilitate a more facile assessment of  the 
impact of  lymphocyte and neutrophil content on ICI treatment outcomes, we calculated CD8T/CD66bS 
and CD4T/CD66bS ratios. CD4T/CD66bS ratios failed to statistically separate the outcome groups based 
on RECIST V1.1 criteria (Figure 4E). However, CD8T/CD66bS ratios were significantly different for both 
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Figure 3. Immune cellular population content by intratumor location. FFPE tumor slides from resection cohort cases (n = 73) were stained for CK, CD8, 
CD66b, CD14, CD68, and HLA-DR, imaged on the Vectra-3 platform and analyzed with HALO. (A) Representative images from immune Active and Myeloid 
tumors for cytokeratin, CD8, CD66b, CD68, CD14, and HLA-DR, as indicated. Original magnification, ×20. (B) Representative image of a 6-plex and the 
corresponding HALO spatial plot (threshold data) from an immune Active and Myeloid tumor depicts characteristic immune cell distribution patterns. (C) 
Clustering analysis of immune cell content as determined by M-IHC analyses. A total of 1,983 fields were analyzed. (D–F) Cellular content from stroma 
(D), tumor (E), and combined stroma/tumor (F) for indicated populations stratified by tumor immune classification (Active vs. Myeloid tumors). P values 
as indicated (1-way ANOVA). (G and H) CD8T/CD66bS (G) and CD8T/CD66bT (H) ratios for immune Active (n = 20) versus Myeloid (n = 24) tumors. The “T” 
designates cellular content within malignant tumor, and the “S” designates cellular content within the stroma. P values as indicated (Student’s t test).
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CR/PR vs. SD (P = 0.011) and for CR/PR vs. PD (P = 0.007) groups (Figure 4F). In other words, the 
patients with the highest CD8T/CD66bS ratios displayed the best treatment outcomes. To better under-
stand the factors driving the worst patient outcomes, we calculated the PFS interval for each patient and 
plotted the survival for the worst quartile of  each metric versus the remainder of  the cohort (Figure 4G). 
Somewhat surprisingly, the patients displaying the lowest CD8T content displayed similar PFS intervals 

Figure 4. Impact of immune cell populations on ICI treatment outcomes in NSCLC. FFPE tumor slides from a cohort of n = 28 anti-PD1/PDL1 recipient 
NSCLC patients (CR/PR = 8, SD = 10, PD = 10) were stained for CK, CD4, CD8, and CD66b, imaged on the Vectra-3 platform, and analyzed with HALO. (A) 
Representative images from a PR and a PD tumor for cytokeratin, CD4, CD8, CD66b, and the 4-plex panel. Original magnification, ×20. (B) Representative 
image of a HALO spatial plot from the same cases as in A. (C and D) CD4 content in tumor (CD4T) (C) or CD8 content in tumor (CD8T) paired with CD66b 
content from stroma (CD66bS) (D) from M-IHC images stratified by response category. P value as indicated (2-way ANOVA). (E and F) CD4T/CD66bS (E) 
and CD8T/CD66bS (F) ratios from M-IHC images stratified by response category. P values as indicated (1-way ANOVA). (G) Kaplan-Meier life survival curves 
for the lowest quartiles of CD4T, CD8T, CD4T/CD66bS, and CD8T/CD66bS and the highest quartile of CD66bS vs. the remainder of the cohort. P values as 
indicated (log-rank test). A validation set consisting of n = 52 anti-PD1/PDL1 recipient NSCLC patients (CR/PR = 9, SD = 16, PD = 27) was studied using gene 
expression data to infer immune cell content. (H–J) CD8 score (H), PMN score (I), and CD8/PMN ratio (J) stratified by response category. Data expressed as 
mean value ± SEM. P values as indicated (1-way ANOVA).
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as the remainder of  the cohort. Similarly, the patients with the lowest CD4T and highest CD66bS content 
displayed equivalent survival to the remainder of  the cohort. The only group displaying decreased PFS 
were the patients harboring the lowest CD8T/CD66bS ratios (P = 0.0005). Thus, the CD8T/CD66bS ratio 
identified the patients most likely to be nonresponsive to anti-PD1 monotherapy but perhaps most likely to 
benefit from anti-PD1 therapy when combined with a neutrophil antagonist.

To validate the above findings, we accessed gene expression data (using the HTG EdgeSeq Precision 
Immuno-Oncology panel) generated on a cohort of  n = 52 NSCLC patients treated with anti-PD1/PDL1 
therapy at the University of  Pennsylvania. We utilized gene expression sets to infer CD8+ T cell and neu-
trophil content in these specimens. Neither the CD8 score nor the PMN score statistically predicted treat-

Figure 5. CXCR1/2 antagonism results in increased CD8+ T cell infiltration into malignant tumor in mice. PL mice were administered 5 × 107 pfu AdCre to 
initiate tumorigenesis, underwent MRI to establish tumor burden, were randomized to a 4-week treatment protocol (control, anti-PD1 antibody, SX-682, 
or anti-PD1 + SX-682 [combo]), and underwent repeat MRI to establish changes in tumor burden. (A) Representative MRI scans for the control group. (B) 
Tabulation of tumor burden for each treatment group expressed as the fold change from baseline MRI scan. Control, n = 16; anti-PD1, n = 19; SX-682, n = 
19; combo, n = 38. *P < 0.05 (1-way ANOVA). (C) Spider plots for the vehicle control and combo-treated groups from B. (D) qPCR for the indicated genes at 
the conclusion of the 4-week treatment. Results expressed as fold change in gene expression from control. n ≥ 6 per group. *P < 0.05 (1-way ANOVA). (E) 
Representative M-IHC images for posttreatment tumors. Red, CK (tumor); green, Ly6G (neutrophil); yellow, CD8 (CD8+ T cell). (F–H) Tabulation of Ly6G+ 
cellular content (F) and CD8+ cellular content (G) expressed as cells/mm2 tumor stroma tissue, and the ratio of CD8+/Ly6G+ cells (H) within the tumor 
stroma. (I–K) Tabulation of Ly6G+ cellular content (I) and CD8+ cellular content (J) expressed as cells/mm2 within malignant tumor tissue, and the ratio of 
CD8+/Ly6G+ cells (K) within malignant tumor. n ≥ 6 per group. P values as indicated (1-way ANOVA).  
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ment response to anti-PD1/PDL1 by RECIST V1.1 criteria (Figure 4, H and I). However, a ratio of  CD8 
to PMN scores significantly distinguished between responders (CR/PR) and PD (P = 0.044) (Figure 4J). 
Thus, the CD8/PMN ratio has proven capable of  distinguishing treatment response categories for ICI-re-
cipient NSCLC patients in 2 independent cohorts and utilizing 2 distinct methodologies.

CXCR1/2 inhibition grants access of  CD8+ T cells to malignant tumor and restores the IFN-γ signature in 
mice. The fact that tumor CD8/PMN ratios predicted treatment responses to anti-PD1 therapy in human 
NSCLC suggests that neutrophil antagonism may improve outcomes for these patients, especially for the 
Myeloid group. To test this concept, we performed a clinical trial in mice utilizing SX-682 (Syntrix Phar-
maceuticals), a potentially novel small molecule dual CXCR1/2 inhibitor (23), alone and in combination 
with an anti-PD1 antibody (BioXcel, clone RMP1-14). We performed this study in the Ptenfl/fl/Lkb1fl/fl (PL) 
mouse model of  lung squamous cell cancer, as this model displays robust neutrophil content (24). PL mice 
received an intratracheal dose (5.0 × 107 pfu) of  adenoviral cre recombinase (AdCre) to delete Pten and 
Lkb1 and to initiate carcinogenesis. The mice were subjected to MRI 30-weeks after AdCre to identify lung 
cancer lesions, and this was used to establish the baseline tumor burden. Mice were randomized to receive 
a 4-week treatment course of  either anti-PD1, SX-682, anti-PD1 plus SX-682 (combo), or vehicle control. 
MRI was repeated after 4 weeks to determine the change in tumor burden (Figure 5A). Tabulation of  
tumor burden in the different treatment groups revealed that only the combination of  anti-PD1 and SX-682 
caused a reduction of  tumor burden as compared with the vehicle control group (Figure 5, B and C). Nei-
ther anti-PD1 nor SX-682 alone significantly reduced tumor burden compared with control.

We utilized quantitative PCR (qPCR) to assess the expression of  the 5 genes most highly upregulated in 
the immune Active group (Figure 2B), which includes IFN-γ–responsive genes, such as CXCL10. This gene 
set was increased in SX-682–treated mice, though more so in the combination-treated group (Figure 5D). 
PD1 antibody monotherapy did not impact the expression of  this gene set. Since these data suggest that 
CXCR1/2 antagonism can restore the IFN-γ signature, we crafted an abbreviated M-IHC panel to assess 
alterations in the tumor location of  CD8+ T cells and PMNs induced by CXCR1/2 blockade ± anti-PD1 
antibody treatment (Figure 5E). Similar to the analysis performed in human tissues above, we assessed the 
impact of  these therapies on cellular content within both the stroma and malignant tumor. This analysis 
showed rather robust neutrophil content within PL tumors that was predominantly located within tumor 
or putative stroma. CD8+ T cells were sparse in control mice and were typically located within tumor-ad-
jacent lung tissue. CD8+ T cells were not identified infiltrating into malignant tumor in the control group. 
As expected, the administration of  SX-682, alone or in combination with anti-PD1, decreased neutrophil 
content within both PL stroma and malignant tumor regions (Figure 5, F and I). Although there was trend 
toward increased CD8+ T cell infiltration into malignant tumor with SX-682 alone, this only reached sta-
tistical significance for mice treated with the combination of  SX-682 and anti-PD1 (Figure 5J). Notably, 
CD8+ cellular content within the stroma was not increased in any of  the treatment groups (Figure 5G). 
Lastly, we calculated stroma and tumor CD8/PMN ratios that proved effective in distinguishing NSCLC 
patient outcomes in response to anti-PD1 treatment and found that this ratio was significantly increased in 
the combination-treated group, specifically within the malignant tumor compartment (Figure 5, H and K).

Discussion
Several recent studies have reported unbiased analyses of gene expression data in attempts to identify fun-
damental immune response subtypes to cancer (12–14). The results of such studies have illustrated the gene 
expression profiles and inferred immune cell composition distinguishing favorable from unfavorable immune 
responses to cancer. Most of these endeavors have identified a lymphocyte-depleted subtype that is rich in 
myeloid lineage cells, though the specific features of this subgroup with respect to myeloid cell composition 
remains obscure. The purpose of this study was to further dissect myeloid-enriched lung cancers to determine 
the relative contribution of distinct myeloid lineage cellular populations on lymphocyte infiltration into malig-
nant tumor. Our overarching hypothesis is that identification of the myeloid lineage cellular population most 
highly associated with lymphocyte depletion would represent a logical secondary therapeutic target with which 
to combine with anti-PD1/PDL1 antibody therapy.

To accomplish this, we utilized a multiparametric flow data set, Nanostring Immune Profiler gene 
expression panel, and a potentially novel M-IHC panel to interrogate NSCLC specimens. The M-IHC 
panel was designed to specifically address potential roles from macrophages, monocytes, M-MDSC, and 
neutrophils in the mediation of  lymphocyte depletion. Of  the 4 myeloid cell types assessed, only neutro-
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phils were significantly higher in Myeloid stroma and tumor compared with Active stroma and tumor. As 
anticipated, CD8+ cellular content was significantly higher in the stroma and tumor of  Active as compared 
with Myeloid cases. In other words, CD8+ T cells were the cellular population most highly associated 
with immune Active group and neutrophils were the cellular population most highly associated with the 
Myeloid phenotype. Therefore, we calculated tumor CD8/PMN ratios (using CD8+ T cell content within 
malignant tumor and CD66b+ cellular content within the stroma), in attempts of  generating a simple metric 
capable of  phenotyping the immune status of  NSCLCs. Indeed, tumor CD8/PMN ratios proved capable 
of  statistically distinguishing immune Active from Myeloid tumors. More importantly, when utilized to 
interrogate a cohort of  ICI-recipient NSCLC patients, tumor CD8/PMN ratios separated CR/PR from 
both SD and PD patients, and they identified patients displaying the shortest PFS intervals. Furthermore, 
we were able to validate the ability of  CD8/PMN ratios to predict ICI treatment outcomes using gene 
expression data in an independent cohort. To our knowledge, this is the first report that any myeloid lineage 
cell population contributes to ICI treatment failures.

In response to the relatively low response rates of  anti-PD1 antibody monotherapy, the field had 
launched over 800 clinical trials by 2016 that combined an anti-PD1/PDL1 antibody with a secondary ther-
apeutic, most commonly a second immune checkpoint (25). Very few of  these trials targeted the myeloid lin-
eage, and none of  them targeted neutrophils. However, based on the limited efficacy of  such trials and data 
supportive of  deleterious roles for myeloid lineage cells, clinical trials addressing these lineages have begun 
to emerge. Notable examples include combination trials of  anti-PD1/PDL1 with CSF1R (NCT02452424), 
CCR2 (NCT03184870), and CXCR2 (NCT03473925) antagonists. It is within this context that the data 
reported here take on added value. For example, our data would strongly support the performance of  a trial 
investigating the CXCR2 axis but would not suggest that CCR2 antagonism would be of  substantial benefit. 
At the least, the data presented here should assist investigators with both clinical trial design and interpreta-
tion of  correlative studies. As a specific example, the finding that all of  the patients in the Fred Hutch treat-
ment cohort with high tumor CD8/PMN ratios displayed CR/PRs suggests that neutrophil antagonistic 
therapies would most likely be of  benefit in ICI-refractory patients and would be less likely to benefit patients 
whose disease recurs after an initial favorable treatment response.

Although we have presented data with respect to the fact that tumor-associated neutrophils are highly 
associated with lymphocyte depletion and that tumor CD8/PMN ratios predict ICI treatment failures, it 
should be noted that tumor-associated neutrophils have previously been reported to function deleteriously 
in NSCLC. Similarly, peripheral blood neutrophil to lymphocyte ratios (NLR) have been used to predict 
lung cancer mortality and response to treatment. Our group previously reported that tumor neutrophil 
content was anticorrelated with CD4+ and CD8+ T cell content by flow cytometry (15), a finding that 
was independently verified by a separate group (26). Additionally, the CIBERSORT group showed that 
neutrophils were the immune cell population most highly associated with mortality for multiple cancers, 
including LUAD, using gene expression profiles from > 18,000 patients (27). Multiple studies have found 
that the peripheral blood NLR predicts patient outcomes in NSCLC, recently summarized in a meta-anal-
ysis (28). Most recently, a variant of  the NLR that measured Treg content in place of  lymphocytes, and 
PMN-MDSC content (defined as lectin-type oxidized LDL receptor-1 (LOX-1+) PMN located within the 
peripheral blood mononuclear cell [PBMC] fraction) in place of  neutrophils, was used to predict treatment 
responses to anti-PD1 antibody therapy in NSCLC (29). Certainly, metrics such as the NLR offer useful 
prognostic information. However, this value can be impacted by numerous cancer-independent variables 
(e.g., recent infection), and it has not been demonstrated to reflect intratumor immune cell composition, 
which was directly assessed here. Taken in this context, the current study adds to our understanding of  the 
role of  neutrophils in lung cancer with respect to tumor anatomy, relative contribution compared with other 
myeloid lineage cell types, and therapeutic potential; it also suggests that neutrophils appear to limit the ability 
of  lymphocytes to traffic into malignant tumor. Lastly, there have been well-performed clinical investigations 
in NSCLC that have demonstrated pro-host functions for tumor-associated neutrophils with respect to lym-
phocyte function (30). Therefore, the associations drawn here between neutrophils, lymphocyte depletion, 
and anti-PD1 treatment failures provide solid evidence to target neutrophils in combination with ICI therapy, 
which has not been uniformly supported by the literature.

To date, most studies addressing ICI treatment outcomes in NSCLC have been focused on metrics 
capable of  identifying the 20% of  patients likely to respond to treatment (8–10). Here, we were able to 
identify those patients least likely to respond to treatment. Given the inherent nature of  the tumor CD8/
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PMN ratio and its ability to identify these patients, antagonizing PMN activity within CD8/PMN ratio–
low tumors may enhance CD8+ cellular content and function, thereby improving treatment outcomes. To 
directly test this concept, we performed a clinical trial in lung tumor–bearing mice that utilized SX-682, a 
CXCR1/2 inhibitor, to address the neutrophil lineage. Compared with control mice or those that received 
anti-PD1 monotherapy, CXCR1/2 inhibitor–treated mice displayed enhanced expression of  IFN-γ–respon-
sive genes. In other words, CXCR1/2 inhibition effectively converted Myeloid tumors into Active ones. 
This is with the understanding that immune Active tumors in human NSCLC are still clinically recogniz-
able cancers that continue to grow. Only with the addition of  anti-PD1 therapy are reductions in tumor 
burden achieved, which is what we observed in the combination therapy group (SX-682 plus anti-PD1). 
Notably, CXCR2 antagonists have previously been reported to enhance the efficacy of  anti-PD1 antibodies 
in various solid tumor models in mice (31–33). This line of  experimentation was included here to pro-
vide clear evidence that neutrophil antagonism results in the relocation of  CD8+ T cells from the tumor 
periphery into the malignant portions of  tumor and restores the IFN-γ signature, indicative of  favorable 
immune responses. Ultimately, we believe these results will be utilized to design correlative studies on 
human NSCLC biospecimens to determine the impact of  myeloid-targeting therapies and to drive addi-
tional mechanistic interrogation of  the interaction between tumor-associated neutrophils and CD8+ T cells.

The lack of  exome sequencing data represents a limitation in the current study, as we were not able to 
interrogate the impact of  specific mutations and mutational spectral burden on immune phenotypes. A recent 
report has highlighted an association of  mutation in STK11 and anti-PD1 treatment failures (34). Since there 
are other reports linking STK11 loss with the accumulation of  neutrophils in tumors (35), it is possible that 
STK11 represents a confounder in our data set, and it is an area of  active study in our group. Despite the 
utilization of  protein-based flow cytometry and M-IHC assays to enhance gene expression data, our study 
still possesses limitations in this regard. Since we were limited to 6 markers, there are obvious overlap pop-
ulations (e.g., CD14+CD68+ monocytes) that cannot be fully accounted for. Additionally, we analyzed the 
macrophage population as a whole using CD68 and, therefore, were unable to assess M1/M2 macrophage 
subsets here. We attempted to delineate monocytes from M-MDSC using HLA-DR, though the rigor of  this 
approach using M-IHC has not been as clearly validated as it has been for flow cytometry. Lastly, we were 
unable to distinguish PMN from PMN-MDSC in this study. We attempted to use LOX-1, which has been 
shown to specifically mark PMN-MDSC in human neutrophils (36), but were unable to validate a LOX-1 
antibody in the multispectral format employed here. Optimization of  LOX-1 staining for use in M-IHC panels 
is an ongoing endeavor in our laboratory. Hence, the neutrophil signal measured here using CD66b represents 
the net sum of PMN and PMN-MDSC. Similarly, just as CD66b is not specific for PMN or PMN-MDSC, 
CXCR1/2 antagonism is not specific for neutrophils. The use of  SX-682 in mice likely impacted not only 
neutrophil recruitment, but that of  monocyte lineages, as well. Use of  specific neutrophil-depleting reagents 
could be utilized to further investigate this issue. Lastly, all mouse models have limitations with respect to the 
study of  immunotherapeutic agents. This is largely related to the limited mutational burden in the genetically 
engineered models (37). However, we did observe CD8+ T cell infiltration into malignant tumor with apparent 
tumor cell killing (Figure 5E), an important proof-of-concept with respect to this therapeutic strategy.

An additional limitation of  our study is that the treatment cohort employed was relatively small. Accord-
ingly, the final number of  patients evaluable for treatment outcomes was n = 28. We have attempted to over-
come this limitation by using an independent validation cohort, though this required the utilization of  gene 
expression data as opposed to IHC. We undertook this study to further interrogate the role of  individual 
myeloid lineage cell types within the lung TME and to determine their impact on immune phenotypes and 
ICI treatment outcomes. As such, the signatures and metrics employed here were utilized for their ability to 
identify the myeloid lineage cell most likely responsible for prohibiting lymphocyte access to malignant tumor 
and not for their ability to predict treatment outcomes, per se. Therefore, the ability of  the M-IHC–based 
tumor CD8/PMN ratio to predict ICI treatment outcome should be validated in an independent cohort.

This is the seminal report that neutrophil lineage cells highlight the Myeloid phenotype and contribute 
to anti-PD1/PDL1 treatment failures in NSCLC patients. When combined with the results of  the mouse 
clinical trial, the human tissue data strongly support a formal clinical investigation of  the ability of  neutro-
phil inhibition to enhance the efficacy of  ICI therapy in NSCLC patients. Currently, most of  the potentially 
efficacious neutrophil antagonizing therapeutics have either addressed just one of  many CXCR1/2 ligands 
(e.g., CXCL-8) or are CXCR2 specific. Given its ability to address both CXCR1 and CXCR2 (and therefore 
all of  the relevant CXCLs), SX-682 may prove more efficacious in this regard than other agents in this class.
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Methods
Study design. The current study utilizes 3 distinct patient cohorts and 1 mouse model of  lung cancer. The 
first patient cohort used was a previously described cohort of  n = 73 NSCLC patients undergoing lung can-
cer resection for curative intent (15). This cohort has been termed the resection cohort. Here, we analyzed 
the previously reported flow cytometric data set using unbiased analytical approaches. Additionally, we 
obtained formalin-fixed paraffin-embedded (FFPE) blocks from this cohort for the purposes of  potential-
ly new gene expression studies and potentially new M-IHC studies. These assays are described in detail 
below. This research was performed on consented subjects at the Fred Hutchinson Cancer Research Center 
(FHCRC)/University of  Washington Hospital/Northwest BioTrust, under an active IRB protocol.

The second patient cohort consisted of  n = 28 NSCLC patients treated at the Seattle Cancer Care Alli-
ance (SCCA) with either anti-PD1 or anti-PDL1 antibody therapy as an approved or investigational thera-
py between 2012 and 2017 and for which pretreatment FFPE tissue was available (Supplemental Table 1). 
This cohort has been termed the Fred Hutch Treatment cohort. Slides were subjected to staining and analy-
sis as described below. RECIST V1.1 status was determined for each patient utilizing available imaging and 
as previously described (22). Additionally, we calculated the PFS interval for each patient using the date 
of  anti-PD1/anti-PDL1 treatment initiation and date at which recurrence or progression was identified on 
imaging. Patients were censored if  they had not been diagnosed with disease progression at the time of  
analysis. All patients consented to having their clinical data archived or fresh biopsy specimens accessed. 
These studies were performed under an active IRB protocol.

The third cohort consisted of  n = 52 NSCLC patients treated with second-line anti-PD1/PDL1 therapy 
at the University of  Pennsylvania. This cohort is referred to as the UPenn Treatment Cohort. Treatment 
response category was assigned according to RECIST V1.1 criteria and rendered n = 9 CR/PR, n = 16 
SD, and n = 27 PD. FFPE slides were available for each patient and were subjected to the HTG EdgeSeq 
Precision Immuno-Oncology panel (VERI/O Laboratory Services), a gene expression platform capable of  
measuring 1,410 target genes. CD8 scores were generated using normalized gene expression data. CD8A 
and GZMB and PMN scores were generated using S100A8, S100A9, and KRT23. CD8/PMN ratios were 
generated using these 2 scores. These studies were performed under an active IRB protocol.

Flow cytometry. The performance of  flow cytometry, including specimen acquisition and processing, 
antibodies utilized, and gating strategy, have all been previously described in detail (15, 38). Briefly, single 
cell suspensions were generated from lung cancer tissue specimens and nonadjacent tumor-free lung tissue 
and subjected to multiple flow cytometric panels that encompassed 27 antibodies capable of  identifying 51 
immune cell populations and subpopulations. The numerical data for these 51 cellular populations were 
utilized for analytical purposes here.

Nanostring gene expression profiles. RNA was extracted from 50-μm “curls” cut from FFPE blocks of resection 
cohort patients using standard Qiagen RNeasy FFPE kits, as per protocol. RNA was subjected to the Nanostring 
Immune Profiling panel. The specimens were run on an nCounter as per manufacturer’s instructions. Normal-
ization and batch correction were carried out to apply a sample-specific correction factor to all the target probes 
per manufacturer’s recommendations (Positive Control Normalization using synthetic positive control targets 
and CodeSet Content Normalization, using housekeeping genes). For the pairwise expression comparisons, the 
scales represent log2 (expression), where the units of expression are arbitrary because they represent barcode 
counts after rescaling for normalization and batch effect correction. For the Nanostring data heatmaps, the 
above values were turned into Z-scores and truncated to within ± 2 to reduce the effects of outlier values.

Processing of  TCGA data. mRNA abundance of genes measured in reads per kilobase of transcript, per mil-
lion mapped reads (RPKM) units from 57 tumor-normal LUAD pairs were accessed from the TCGA (39). Data 
were log transformed, and then each cell marker gene was normalized across samples to the sample-specific 
CD45 values by linear regression separately for cancer and control samples: log(Gene) = b0 + b1 × log(CD45). 
The residuals were used to represent the normalized values, which center each gene as having mean zero. Data 
were scaled so that each marker has mean zero and variance 1. All FACS data were expressed as percent of  
CD45 and log transformed to be comparable with the gene expression assay. The expression data and the FACS 
data, by this transformation, are now on a scale relative to CD45 as gene expression data sets.

Gene expression data of  MMP8, CD8A, and CD14 were used for TAN, CD8, and monocyte pop-
ulations, respectively. A total of  319 tumor samples were used to fit the linear regression model PMN/
CD8 (P = 6.18 × 10–5), and 355 tumor samples were used to fit the linear regression model CD14/CD8 
(P < 2 × 10–16).
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M-IHC. All M-IHC staining and MSI was performed using PerkinElmer’s Opal fIHC reagents and the 
Vectra-3 Multispectral Imaging System (PerkinElmer). Slides obtained from FFPE blocks were used for 
these studies that employed 2 separate panels for human tissues and 1 panel for mouse tissue. Panel 1 was 
utilized to study the resection cohort, Panel 2 was used to assess the Treatment cohort, and Panel 3 was 
used to study mouse tumors. The staining methodology and analytical strategies were the same for all pan-
els and are described below. The antibodies utilized are listed in Supplemental Table 2.

FFPE tumor tissue slides sectioned at 4 μm were baked for 1 hour at 60°C; they were then dewaxed 
and stained on a Leica BOND Rx stainer (Leica). Leica Bond reagents were used for dewaxing (Dewax 
Solution), antigen retrieval, antibody stripping (Epitope Retrieval Solution 2), and rinsing after each step 
(Bond Wash Solution). A high-stringency wash was performed after the secondary and tertiary applica-
tions using high-salt TBST solution (0.05 M Tris, 0.3 M NaCl, and 0.1% Tween-20, pH 7.2–7.6). OPAL 
Polymer HRP Mouse plus Rabbit (PerkinElmer) was used for all secondary applications for human tissues, 
and ImmPress HRP anti–rat IgG (Vector Lab, MP-7451) polymers were used for mouse tumors. Antigen 
retrieval and antibody stripping steps were performed at 100°C with all other steps at room temperature. 
Endogenous peroxidase was blocked with 3% H2O2 for 8 minutes, followed by protein blocking with TCT 
buffer (0.05 M Tris, 0.15 M NaCl, 0.25% Casein, 0.1% Tween-20, pH 7.6 ± 0.1) for 30 minutes. The first 
primary antibody (Position 1) was applied for 60 minutes, followed by the secondary antibody application 
for 10 minutes and the application of  the tertiary TSA-amplification reagent (PerkinElmer OPAL fluor) 
for 10 minutes. The primary and secondary antibodies were stripped with retrieval solution for 20 minutes 
before repeating the process with the second primary antibody (Position 2), starting with a new application 
of  3% H2O2. The process was repeated until all 6 positions were completed; there was not a stripping step 
after Position 6. The sequence of  antibody staining was tested and optimized for both panels in a series of  
experiments depicted in Supplemental Figure 2 and Supplemental Table 3.

Slides were removed from the stainer and stained with Spectral DAPI (Perkin Elmer) for 5 minutes, 
rinsed for 5 minutes, and cover-slipped with Prolong Gold Antifade reagent (Invitrogen). Stained slides 
were cured for 24 hours at room temperature, and MSI of  representative tumor tissue areas from each 
slide were acquired on either the PerkinElmer Vectra 3.0 Automated Imaging System for 6-plex and 4-plex 
images or Aperio FL (Leica) for 3-plex images. Vectra images were spectrally unmixed using PerkinElmer 
InForm software and exported as multiimage TIFFs for analysis in HALO software (Indica Labs). Aperio 
FL images were imported directly into the HALO software for analysis.

Based on tissue section size, multiple stamps (at least 20 ROI per slide) were captured in a geographically 
unbiased and random fashion to direct deeper scanning at ×20 for acquisition of  MSI. ROI fields were 1,338 
μm by 1,000 μm in size. Vascular structures were excluded from the analysis. We ensured that key tumor 
structures were captured from each slide, including areas of  tumor/stroma interface, central tumor, necrotic 
tumor, LA, and adjacent lung tissue. These histological features were identified using characteristic tissue 
and staining attributes. Tumor cells were identified by being tumor marker (cytokeratin) positive and by their 
unique cell morphology. Based on tumor histology and tissue structure formed by densely interconnected 
tumor cell clusters, several tissue compartments were determined. Area occupied by CK+ tumor cells was 
defined as malignant tumor, and areas devoid of  tumor cells but possessing targeted immune cells and other 
cells types, along with the presence of  vascular structures, were defined as stroma. Necrotic tumor areas were 
defined by tissue destruction, apparently dead tumor cell morphology, and densely accumulated CD66b+ cell 
clusters, which were used as guides to draw the edge of  the necrotic region. LA were defined by characteristic 
cell clustering shapes (germinal center like) formed by densely packed small and round DAPI+ cells mixed 
with CD8+ cells. Lastly, adjacent lung tissue was marked by the presence of  alveolar structures.

Cells were detected based on nuclear recognition (DAPI stain), and the fluorescence intensity of  the 
cytoplasmic areas of  each cell was measured. A mean intensity threshold above background was used to 
determine positivity for each fluorochrome within the cytoplasm, thereby defining cells as either positive 
or negative for each marker. The positive cell data was then used to define colocalized populations and to 
perform spatial analysis. Final HALO analysis results were exported, and data tabulation was done with a 
custom-written Java script. Each cell type–specific signal was quantified as the number of  positively stained 
cells for the total image, stroma, tumor, necrotic tumor, LA, and adjacent lung tissue (expressed as cells/
mm2 tissue). The analytical process is depicted in detail in Supplemental Figure 4.

Data analysis. The heatmap in Figure 1A was generated using the Z-scores of percent-live flow cytometry 
measurements, Z-score values outside ± 2 were truncated to limit the effects of outlier values. All pairwise 
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expression comparisons were performed using a 2-tailed t test. The heatmap in Figure 3C was generated as 
above using cell counts/μm2 of tumor tissue from M-IHC–stained slides. The Nanostring gene expression 
heatmap in Figure 1B was generated using the Z-scores of log2 expression values of Nanostring probe counts 
after normalization and batch correction per manufacturer’s specification. Z-scores outside ± 2 were truncated 
to limit the effects of outlier values. The data in Supplemental Figure 1A were generated using a classical mul-
tidimensional scaling (MDS) sample similarity pot. Distances were calculated from Pearson correlation values 
using the “rcorr” function of the “hmisc” R package (https://cran.r-project.org/web/packages/Hmisc).

Mice. All mouse experiments reported here utilized age- and sex-matched mice and were performed at 
the Fred Hutchinson Cancer Research Center under protocols approved by the IACUC. Ptenfl/fl and Lkb1fl/fl 
mice were both acquired from the Jackson Laboratory on a pure C57BL/6 background. PL mice were gen-
erated by simple cross-breeding. To initiate tumorigenesis, the mice were treated with a single intratracheal 
dose of  AdCre at a titer of  5 × 107 pfu (University of  Iowa Viral Vector Core, Iowa City, Iowa, USA), as 
previously described (40). After allowing 30 weeks for tumor development, the mice underwent MRI using 
a Bruker 1T MRI machine (Bruker Instruments). The index tumors were measured using OsiriX DIA-
COM viewer. The tumor volume was calculated by measuring the sum of  stacked disk area from the MRI 
scans of  each tumor. At this time, each mouse was assigned to 1 of  4 treatment groups: (a) anti-PD1 anti-
body (BioXcel, clone RMP1-14, 10 mg/kg 3×/week), (b) SX-682 (CXCR1/2 inhibitor, Syntrix Biosystems) 
impregnated food (500 mg/kg/day), (c) anti-PD1 plus SX-682, or (d) isotype control. Each mouse was 
reimaged using MRI following 4 weeks of  treatment. The MRI scans were utilized to measure differences 
in tumor burden as a function of  treatment group.

Tumor specimens were either resected from mice and frozen or fixed in formalin, to allow for fur-
ther studies. RNA was isolated from frozen tumor specimens using TRIzol (Invitrogen) and subsequently 
purified with a standard kit (RNeasy Mini Kit, QIAGEN). The RNA (1 μg) was reverse transcribed using 
SuperScript II Reverse Transcriptase (Invitrogen). The expression of  the following genes was assessed using 
TaqMan primer/probe sets (Applied Biosystems): Ifnγ, Cxcl9, Cxcl10, Ilr2, Gzmb, and Stat1. qPCR analysis 
was performed using a StepOnePlus Real-Time PCR System (Invitrogen). All reactions were performed 
in triplicate. The ΔCt method was employed utilizing Gapdh as the endogenous housekeeping gene. FFPE 
tumor sections were subjected to M-IHC staining and analysis as described above.

Statistics. All data were expressed as the mean value ± SEM, unless otherwise indicated. In some 
instances, not all n = 73 cases in the resection cohort were evaluable for a given metric (e.g., poor RNA 
quality). Therefore, the actual N for each analysis is listed throughout the study. Multiple comparisons were 
assessed using 1-way ANOVA with Tukey post hoc test. Paired cell analysis depicted in Figure 4, C and D, 
was analyzed using a 2-way ANOVA. Head-to-head comparisons were assessed using a 2-tailed Student’s 
t test. Differences in survival were depicted using Kaplan-Meier life survival curves, and statistical signifi-
cance was assessed using the Log-rank test. P < 0.05 was considered significant.

Study approval. All human studies were reviewed and approved by the Fred Hutchinson Cancer 
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