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Neoadjuvant chemotherapy plus nivolumab 
with or without ipilimumab in operable 
non-small cell lung cancer: the phase 2 
platform NEOSTAR trial

Neoadjuvant ipilimumab + nivolumab (Ipi+Nivo) and nivolumab + 
chemotherapy (Nivo+CT) induce greater pathologic response rates than 
CT alone in patients with operable non-small cell lung cancer (NSCLC). 
The impact of adding ipilimumab to neoadjuvant Nivo+CT is unknown. 
Here we report the results and correlates of two arms of the phase 2 
platform NEOSTAR trial testing neoadjuvant Nivo+CT and Ipi+Nivo+CT 
with major pathologic response (MPR) as the primary endpoint. MPR rates 
were 32.1% (7/22, 80% confidence interval (CI) 18.7–43.1%) in the Nivo+CT 
arm and 50% (11/22, 80% CI 34.6–61.1%) in the Ipi+Nivo+CT arm; the 
primary endpoint was met in both arms. In patients without known tumor 
EGFR/ALK alterations, MPR rates were 41.2% (7/17) and 62.5% (10/16) in 
the Nivo+CT and Ipi+Nivo+CT groups, respectively. No new safety signals 
were observed in either arm. Single-cell sequencing and multi-platform 
immune profiling (exploratory endpoints) underscored immune cell 
populations and phenotypes, including effector memory CD8+ T,  
B and myeloid cells and markers of tertiary lymphoid structures, that 
were preferentially increased in the Ipi+Nivo+CT cohort. Baseline fecal 
microbiota in patients with MPR were enriched with beneficial taxa, such 
as Akkermansia, and displayed reduced abundance of pro-inflammatory 
and pathogenic microbes. Neoadjuvant Ipi+Nivo+CT enhances pathologic 
responses and warrants further study in operable NSCLC. (ClinicalTrials.
gov registration: NCT03158129.)

Immune checkpoint therapy has changed the treatment paradigm 
for patients with non-small cell lung cancer (NSCLC); however, until 
recently, much of the progress had been confined to the locally 
advanced and metastatic setting. Now, considerable effort is focused 
on how to best leverage immune checkpoint therapy for patients 
with resectable early-stage NSCLC and prevent post-operative tumor 
recurrence1, using adjuvant2 or neoadjuvant3 approaches targeting 
the PD-(L)1 axis. Neoadjuvant immunotherapy trials are based on the 

premise that an intact tumor immune microenvironment elicits the 
most robust responses to immune checkpoint inhibitors1. These trials 
have benefited by using major pathologic response (MPR) or com-
plete pathologic response (pCR) as surrogate endpoints of long-term 
outcomes.

Studies of neoadjuvant single-agent anti-PD-(L)1 therapy 
have yielded MPR rates between 6.7% and 45%4–8. The addition of 
platinum-based chemotherapy to immunotherapy has proved 
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resectability and perioperative morbidity/mortality, overall survival 
(OS) and EFS, in alignment with time-to-event analyses performed in 
other neoadjuvant studies3,16, and tissue immune infiltrate analysis. 
Exploratory endpoints included tumor molecular, immunological and 
fecal microbiome biomarkers (Extended Data Fig. 1).

Results
Patient baseline characteristics and treatment disposition
Between 14 December 2018 and 22 July 2019, 23 patients were screened 
and 22 enrolled on the Nivo+CT treatment arm (Fig. 1). A full list of 
inclusion and exclusion criteria can be found in Methods. The baseline 
clinicopathological patient characteristics are shown in Table 1. All 
patients underwent baseline invasive mediastinal staging. Eleven (50%) 
patients had clinical stage IIIA (five with N2 disease, single station). 
Eighty-six percent (19/22) of patients completed the three planned 
cycles of neoadjuvant therapy, and 14% (3/22) received two cycles owing 
to treatment-related adverse events (TRAEs). Eight patients experi-
enced CT dose reduction due to TRAEs. Between 30 December 2019 
and 1 December 2020, 25 patients were screened and 22 enrolled on the 
Ipi+Nivo+CT treatment arm (Fig. 1). The baseline clinicopathological 
patient characteristics are shown in Table 1. All patients underwent 
invasive mediastinal staging. Thirteen (59%) patients presented with 
stage IIIA (nine with N2 disease, single station). Nineteen (86%) patients 
completed the planned three cycles of neoadjuvant therapies. Two 
patients discontinued nivolumab—one due to colitis possibly attrib-
uted to Ipi and Nivo (grade 3) after cycle one and one due to concern 
for increased risk of pneumonitis after cycle two and severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) infection. Neoadjuvant 
treatment was discontinued in one patient after cycle one due to death 

promising9, with initial phase 2 studies producing MPR and pCR 
rates of 57–83% and 33–63%, respectively10,11. CheckMate-816 was the 
first large-scale phase 3 randomized trial to evaluate neoadjuvant 
nivolumab plus chemotherapy (Nivo+CT) versus chemotherapy (CT) 
alone in patients with resectable stage IB–IIIA NSCLC and demonstrated 
a pCR rate of 24.0% with Nivo+CT compared to 2.2% with CT alone, as 
well as improved event-free survival (EFS)3, which led to FDA approval 
of neoadjuvant Nivo+CT as the new standard of care for patients with 
resectable NSCLC.

Another strategy to enhance the efficacy of neoadju-
vant anti-PD-(L)1 therapy is to combine it with the cytotoxic 
T-lymphocyte-associated protein (CTLA-4) immune checkpoint 
inhibitor ipilimumab (Ipi), given that the two inhibitors impact the 
immune system through two independent, and possibly complemen-
tary, mechanisms of action12,13. In the phase 2 randomized NEOSTAR 
study, we evaluated neoadjuvant Nivo or Nivo+Ipi followed by surgery 
in 44 patients with operable NSCLC8. We found that Nivo and Nivo+Ipi 
produced MPR rates of 22% and 38%, respectively. Addition of Ipi to 
Nivo also resulted in higher pCR rates, less viable tumor and enhanced 
tumor immune infiltration8.

The randomized phase 2 NEOSTAR trial evolved into a platform 
trial of sequential, single-center, single-arm, phase 2 studies with a 
modular design using MPR in each individual arm as the primary end-
point, which was hypothesized to be greater than historical controls 
of neoadjuvant CT14. Here we report the primary efficacy results of 
NEOSTAR arm C evaluating neoadjuvant Nivo+CT and arm D testing 
neoadjuvant Ipi+Nivo+CT followed by surgical resection in patients 
with stage IB–IIIA NSCLC. Select secondary endpoints included radio-
logical responses (RECIST version 1.1 (ref. 15)), pCR, toxicity, surgical 

December 2018–July 2019
23 patients screened

Nivo+CT

December 2019–December 2020
25 patients screened

Ipi+Nivo+CT

22 received treatmenta 22 received treatmentb

Screen failure (n = 3)
Ineligible for study (n = 1)
Consent withdrawal (n = 2)

Screen failure (n = 1)
Ineligible for study

22 underwent surgery 20 underwent surgery

Did not undergo surgery (n = 2)
Death due to SARS-CoV-2 complications,
unrelated to treatment (n = 1)
No longer surgical candidate, per treating
surgeon’s discretion (n = 1)

Treatment not completed (n = 3)
SARS-CoV-2 related complications (n = 1)
Nivo discontinued due to TRAE (n = 1)
Nivo discontinued due to increased risk of
pneumonitis s/p SARS-CoV-2 (n = 1)

Treatment not completed (n = 3)
Nivo+CT discontinued due to TRAEs

Fig. 1 | CONSORT flow diagram. Flow diagram depicts the disposition of patients 
throughout the phases of the study, including screening, neoadjuvant treatment 
and surgical resection. Reasons for screen failures, failure to complete planned 

neoadjuvant regimen and surgery not performed are shown. aEight patients 
required CT dose reduction. bSeven patients required CT dose reduction, and 
four patients required platinum agent change.
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from SARS-CoV-2 infection-related complications (non-treatment 
related). Seven patients had CT dose reduction due to TRAEs. At the 
time of data analysis cutoff, 17 (77%) patients in the Nivo+CT arm and 
15 (68%) patients in the Ipi+Nivo+CT arm had undergone ad hoc tumor 
molecular profiling (Supplementary Table 1). In the Nivo+CT arm, 53% 
had TP53 mutations; 29% had EGFR mutations; 24% had KRAS mutations; 
and 6% had a STK11 alteration. In the Ipi+Nivo+CT arm, 47% had TP53 
mutations; 33% had EGFR mutations; 33% had KRAS mutations; 7% had 
an ALK rearrangement; and 7% had a STK11 alteration.

Pathologic tumor responses
In the intention-to-treat (ITT) population of 22 patients in the Nivo+CT 
arm, MPR occurred in seven patients (32.1%, 7/22, 80% confidence 
interval (CI) 18.7–43.1%, P = 0.036 for the statistical test against the 
assumed historical control of 15%), and this arm met the prespecified 
boundary of six responses to be considered efficacious; pCR occurred 
in four patients (18.2%, 4/22, 95% CI 5.2–40.3%) (Fig. 2a and Supple-
mentary Table 2). All 22 treated patients underwent surgery on trial, 
and the median percentage of viable tumor was 50.5% (range 0–95.5%;  
Fig. 2b). In the ITT population of 22 patients in the Ipi+Nivo+CT arm, 
MPR occurred in 11 patients (50%, 11/22, 80% CI 34.6–61.1%, P = 0.00012 
for the statistical test against the assumed historical control of 15%), 
also meeting the prespecified boundary of six responses to be con-
sidered efficacious; pCR occurred in four patients (18.2%, 4/22, 95% CI 
5.2–40.3%) (Fig. 2a and Supplementary Table 2). Twenty patients (91%) 
underwent surgery on trial, and the median percentage of viable tumor 
was 4.5% (range 0–94.4%; Fig. 2b). In 20 resected patients, the MPR and 
pCR rates were 55% and 20%, respectively (Supplementary Table 3). 
The association between the treatment arm and MPR in subgroups of 
interest was explored (Extended Data Fig. 2a). Among the patients with 
stage IIIA disease, the odds of having MPR were 16.0 (95% CI 1.54–166) 
times higher in the Ipi+Nivo+CT arm than in the Nivo+CT arm. Similar 
results were obtained when analyses were performed in the population 
without known tumor EGFR/ALK alterations (Extended Data Fig. 2b). In 
both arms combined, the odds of having MPR among the former/cur-
rent smokers was 23.6 (95% CI 1.11–498) times higher than among never 
smokers, and the odds of having MPR among patients with squamous 
histology was 9.60 (95% CI 1.73–53.4) times higher than among patients 
with non-squamous histologies (Supplementary Table 4).

The MPR and pCR rates increased to 41.2% (7/17; 95% CI 18.4–67.1%) 
and 23.5% (4/17; 95% CI 6.8–49.9%), respectively, when patients with 
known tumor EGFR mutations and ALK rearrangements (EGFR/ALK 
alterations) were excluded in the Nivo+CT arm (Fig. 2c and Supple-
mentary Table 5). The MPR and pCR rates increased to 62.5% (10/16; 
95% CI 35.4–84.8%) and 25% (4/16; 95% CI 7.3–52.4%), respectively, 
when patients known to have these alterations were excluded in the 
Ipi+Nivo+CT arm (Fig. 2c and Supplementary Table 5). The median 
percentage of viable tumor in resected patients without known tumor 
EGFR/ALK alterations was 51% (range 0–95.5%) in the Nivo+CT arm 
(n = 17) compared with 2.8% (range 0–94.4%) in the Ipi+Nivo+CT arm 
(n = 14) (Fig. 2d). There were no notable differences in the median 
percentage of residual viable tumor in resected tumors harboring 
EGFR/ALK alterations compared with wild type (Extended Data Fig. 3a). 
However, we noted deeper median pathological regression in resected 
tumors harboring KRAS and TP53 alterations compared with wild type 
(Extended Data Fig. 3b,c). Overall, there were no marked differences in 
the median percentage of viable tumor in resected tumors with EGFR/
ALK alterations between the treatment arms (Extended Data Fig. 3d), 
whereas deeper median pathological regression was noted in resected 
tumors harboring KRAS and TP53 alterations between the treatment 
arms (Extended Data Fig. 3e,f).

Radiographic responses
In the Nivo+CT arm, radiographic partial responses (PRs) occurred 
in 41% (9/22) of patients, and 59% (13/22) of patients achieved stable 

disease (SD). None of the patients experienced progressive disease (PD) 
(Fig. 2e). There was a significantly greater reduction in overall tumor 
size from baseline to post-therapy in patients with MPR as compared 
to patients without MPR (P = 0.002; Supplementary Fig. 1a). In the 
Ipi+Nivo+CT arm, there were 21/22 radiographically evaluable patients 
due to one SARS-CoV-2 infection-related death while on neoadjuvant 
therapy. PR occurred in 29% (6/21) of evaluable patients (27% of ITT); SD 
was observed in 67% (14/21) of evaluable patients (64% of ITT); and one 
(5%) evaluable patient had radiographic PD (4.5% of ITT) (Fig. 2f). We 
also noted a significantly greater reduction in overall tumor size from 
baseline to post-therapy in patients with MPR as compared to patients 
without MPR in this treatment arm (Supplementary Fig. 1b; P = 0.041).

Surgical therapy and perioperative outcomes
In the Nivo+CT arm, all 22 (100%) patients underwent planned surgical 
resection, and the R0 resection rate was 90% (20/22). Median time from 
the last dose of neoadjuvant therapy to operation was 33 days (range 
23–138), with four (18%) operations being delayed due to TRAEs in 
three patients and pulmonary embolism in one patient. Lobectomy 
was performed in 17 (77.3%) patients, wedge in one (4.5%) patient, seg-
mentectomy in two (9.1%) patients and pneumonectomy in two (9.1%) 
patients (Supplementary Fig. 2). The 30-day complication rate was 
31.8% (7/22). The 30-day and 90-day mortality rates were 0%.

In the Ipi+Nivo+CT arm, 20/22 (91%) patients underwent planned 
operation with 18 (90%) lobectomies, of which one was sleeve and 
one bilobectomy. One (5%) patient underwent segmentectomy, and 
one (5%) patient underwent left pneumonectomy (Supplementary 
Fig. 2). The R0 resection rate was 95% (19/20). One patient died of 
SARS-CoV-2 infection-related complications (non-treatment related) 
after the first cycle of neoadjuvant therapy. Another patient was 
not resected, despite radiographic SD after completing neoadju-
vant therapy, based on surgeon’s judgment because the tumor was 

Table 1 | Patient characteristics and treatment disposition

Variable Nivo+CT 
(n = 22)

Ipi+Nivo+CT 
(n = 22)

Age—median (range), 
years

69.5 
(45.6–79.3)

63.1 (39.4–77.5)

Age—number (%) <65 years 10 (45) 13 (59)

>65 years 12 (55) 9 (41)

Sex—number (%) Female 12 (55) 7 (32)

Male 10 (45) 15 (68)

Race—number (%) Asian NOS 3 (14) 1 (5)

Black 0 (0) 3 (14)

White 19 (86) 18 (82)

Smoking status—
number (%)

Never smoker 5 (23) 5 (23)

Former smoker/
current smoker

17 (77) 17 (77)

Stage—number (%) Stage IB (≥4 cm) 
or II

11 (50) 9 (41)

Stage IIIA 11 (50) 13 (59)

Histology—number (%) Non-squamous 17 (77) 17 (77)

Squamous 5 (23) 5 (23)

ECOG PS—number (%) 0 10 (45) 16 (73)

1 12 (55) 6 (27)

Mediastinal staging—
number (%)

EBUS 21 (95) 22 (100)

Mediastinoscopy 1 (5) 0 (0)

EBUS, endobronchial ultrasound; NOS, not otherwise specified. Non-squamous includes 
adenocarcinoma, carcinoma with neuroendocrine features, NOS NSCLC, sarcomatoid 
carcinoma and large cell carcinoma.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | March 2023 | 593–604 596

Article https://doi.org/10.1038/s41591-022-02189-0

abutting the left internal mammary artery to left anterior descending 
artery graft, and the patient’s exercise test performance declined. 
The median time to operation was 28.5 days (range 23–72), with two 
operations being delayed due to scheduling and a positive preoperative 
SARS-CoV-2 test requiring quarantine before surgery. The 30-day com-
plication rate was 65% (13/20). The 30-day and 90-day mortality rates  
were 0%.

Toxicity
All patients were included in the toxicity analysis (secondary endpoint) 
(Supplementary Table 6). All 22 patients in the Nivo+CT arm and 20 of 
22 patients in the Ipi+Nivo+CT arm experienced TRAEs. In the Nivo+CT 
arm, 12 (55%) patients experienced grade (G) 1–2 TRAEs (nine G2 and 
three G1), and ten (45%) patients experienced G3–4 TRAEs (four G4 
and six G3) by maximum grade. G4 TRAEs included hypercalcemia, 
hyponatremia and sepsis. In the Ipi+Nivo+CT arm, 16 patients (80%) 
experienced G1–2 TRAEs (eight G2 and eight G1), and four (20%) patients 
experienced G3–4 TRAEs (four G3) by maximum grade. G3 TRAEs 
included anemia, maculopapular rash, colitis and febrile neutropenia. 
Serious adverse events (SAEs) are reported in Supplementary Table 7.

Survival outcomes
The last database check was on 18 July 2022. In the Nivo+CT arm, the 
median follow-up was 39.2 months. The median EFS and median OS 
were not reached (Fig. 3a,b). The EFS rate was 96% (95% CI 87–100%) at 
12 months, 73% (95% CI 56–94%) at 24 months and 53% (95% CI 35–79%) 
at 36 months. Ten patients who had surgery experienced primary lung 
cancer-related recurrence from 8.7 months to 35.7 months after treat-
ment initiation, and three of them later died. In the Ipi+Nivo+CT arm, 
the median follow-up was 24.0 months. The median EFS and median 
OS were not reached (Fig. 3c,d). The EFS rate was 82% (95% CI 67–100%) 
at 12 months and 77% (95% CI 61–97%) at 24 months. One patient died 
of treatment-unrelated complications from SARS-CoV-2. Four patients 
who had surgery experienced primary lung cancer-related recurrence 
from 8.3 months to 14.8 months, and two of them later died. In the 
Nivo+CT arm, analyses of EFS did not reveal notable differences with 
respect to smoking status, histology and clinical stage (Extended Data 
Fig. 4a–c). Landmark EFS analyses showed that any lung cancer-related 
recurrence occurred in 42% (3/7) of MPR versus 47% (7/15) of no MPR 
patients and in 25% (1/4) of pCR versus 50% (9/18) of no-pCR patients 
(Extended Data Fig. 4d,e). In the Ipi+Nivo+CT arm, analyses of EFS did 
not show notable differences with respect to smoking status, histol-
ogy and clinical stage (Extended Data Fig. 4f–h). Landmark EFS analy-
ses revealed that any lung cancer-related recurrence occurred in 9% 
(1/11) of MPR patients versus 33% (3/9) of no MPR patients and in 0% 
(0/4) of pCR patients versus 25% (4/16) of no-pCR patients (Extended 
Data Fig. 4i,j). The EFS, OS and landmark EFS analyses of patients 
without known tumor EGFR/ALK alterations are shown in Extended  
Data Fig. 5.

Single-cell RNA sequencing
We performed single-cell RNA sequencing (scRNA-seq) of cells derived 
from seven paired tumor and normal (tumor-uninvolved) tissues—two 
from the Nivo+CT arm and five from the Ipi+Nivo+CT arm (Supplemen-
tary Fig. 3). We also sequenced cells from an involved lymph node (LN) 
from one patient in the Nivo+CT arm. Pathologic response attributes 
and molecular characteristics of patients whose tissues underwent 
scRNA-seq are shown in Supplementary Table 8. After quality con-
trol and filtering of low-quality cells (Methods), we studied 97,943 
high-quality cells from the 15 samples (Supplementary Fig. 4a–e). 
These comprised non-cycling subsets of major lineages (n = 95,417 
cells; Fig. 4a), including stromal (endothelial and fibroblasts), epithe-
lial, lymphoid and myeloid cells. Cycling cells (n = 2,526) originated 
from multiple lineages, mostly lymphoid and myeloid (Supplementary  
Fig. 4f). We identified different subsets within the lymphoid (n = 64,260 
cells), including CD4+, CD8+ T cells and innate cells, and myeloid 
(n = 23,663 cells) compartments (Extended Data Fig. 6). Fractions of 
CD8+ terminally differentiated effector/effector memory (TERM eff/
TEM) T cells, naive CD4+ T cells, monocytes and NCAM1+/FCGR3A+ natu-
ral killer (NK) cells were significantly decreased in tumors relative to 
uninvolved lung tissues (all P < 0.0001; Fig. 4b). Conversely, fractions 
of regulatory T (Treg) cells, T follicular helper (Tfh) cells, B cells and 
CXCL9+ tumor-associated macrophages (TAMs) were largely increased 
in tumors (all P < 0.0001; Fig. 4b).

Fractions of CD8+ TERM eff/TEM, CD4+ GZMK+ memory, B, NK 
(NCAM1+/FCGR3A+) cells, CXCL9+ TAMs as well as monocytes were 
markedly increased in tumors from the Ipi+Nivo+CT group relative to 
the Nivo+CT arm (all P < 0.0001; Fig. 4c). Conversely, fractions of Treg 
cells were evidently decreased in tumors from patients treated with 
Ipi+Nivo+CT relative to those from patients treated with Nivo+CT 
(P < 0.0001; Fig. 4c). Additionally, CD8+ memory T cells (R = 0.786; 
P = 0.048) and M2-like macrophages (R = 0.857; P = 0.024) were posi-
tively correlated with the percentage of viable tumor (Fig. 4d), whereas 
an inverse trend was noted for B cells (R = −0.714; P = 0.088) (Fig. 4d). 
We compared gene expression changes within specific cell subsets 
between Nivo+CT and Ipi+Nivo+CT tumors and found increased fea-
tures of immunosuppression in immune cell subsets from Nivo+CT 
tumors, including elevated levels of CTLA4, LAG3 and IL2RA in Treg cells 
(Supplementary Fig. 5a). We also noted significantly increased levels 
of CD24 and IGHA1 in B cells from Nivo+CT relative to Ipi+Nivo+CT 
tumors (Supplementary Fig. 5b). On that theme, Nivo+CT-treated 
tumors showed increased expression of CXCL13 in both memory and 
exhausted CD8+ T cell subsets compared to that in Ipi+Nivo+CT-treated 
tumors (Supplementary Fig. 5c). We could not find marked changes 
in immune cell compositions and fractions based on major variables, 
such as smoking, genomic alterations and MPR, which may be due to 
the relatively small number of cases analyzed by scRNA-seq. Also, the 
seven tumors studied by scRNA-seq each exhibited distinct mutational 
changes (Supplementary Table 8). Nonetheless, our single-cell analyses 

Fig. 2 | Pathologic and radiographic responses in patients treated with 
neoadjuvant Nivo+CT and Ipi+Nivo+CT. a, Proportion of patients with 
pathologic responses and percentage of viable tumor in the ITT population 
(Nivo+CT, n = 22; Ipi+Nivo+CT, n = 22). Primary endpoint: MPR (≤10% viable 
tumor cells) consists of pCR (0% viable tumor) and 1–10% viable tumor. *MPR rate 
was obtained from a UMVUE. b, Percentage of viable tumor in resected tumor 
specimens (Nivo+CT, n = 22; Ipi+Nivo+CT, n = 20). Median percentage of viable 
tumor: Nivo+CT 50.5% (range 0–95.5%) and Ipi+Nivo+CT 4.5% (range 0–94.4%). 
c, Proportion of patients with pathologic responses and percentage of viable 
tumor in ITT population without known tumor EGFR/ALK alterations (Nivo+CT, 
n = 17; Ipi+Nivo+CT, n = 16). d, Percentage of tumor in resected tumor specimens 
without known tumor EGFR/ALK alterations (Nivo+CT, n = 17; Ipi+Nivo+CT, 
n = 14). Median percentage of viable tumor: Nivo+CT 51% (range 0–95.5%) and 
Ipi+Nivo+CT 2.8% (range 0–94.4%). Data in b and d are presented as the median 
with minima, lower and upper quartiles and maxima using violin plots.  

The dashed line indicates the median; the dotted lines indicate the lower quartile 
and upper quartile values; and the top and bottom indicate the maxima and 
minima. The two arrows show percentage of viable tumor at MPR and pCR. The 
green filled and empty circles depict data from MPR and no MPR, respectively, 
in Nivo+CT patients, and the red filled and empty circles depict data from MPR 
and no MPR, respectively, in Ipi+Nivo+CT patients. e,f, The top panel shows the 
radiographic response by RECIST, percentage of viable tumor and select tumor 
molecular alterations, and the bottom panel shows the radiographic percentage 
change in overall tumor size from baseline in Nivo+CT (e) and Ipi+Nivo+CT 
(f). The dashed line at the 20% point depicts cutoff for PD. The dashed line at 
the −30% point depicts cutoff for PR. *One patient was not radiographically 
and pathologically evaluable due to death from SARS-CoV-2 infection-related 
complications (non-treatment related). VT, viable tumor; mut, mutant; wt, wild 
type; NE, not evaluable, N/A, not available.
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underscored overall enhanced anti-tumor and reduced immunosup-
pressive phenotypes in patients treated with Ipi+Nivo+CT compared 
with those in the Nivo+CT arm.

NanoString analysis of resected tumors
To further characterize the immune composition of tumors treated 
with neoadjuvant chemoimmunotherapy and evaluate the impact 

of Ipi on the phenotype of tumor-infiltrating immune populations, 
we performed gene expression analysis by NanoString of resected 
tumors from patients treated with Nivo+CT and Ipi+Nivo+CT. We 
observed overall favorable immunological changes in tumors from 
the Ipi+Nivo+CT arm. Cell type scores for immune cells (CD45+), T cells, 
CD8+ T cells, NK cells, B cells, cytotoxic cells and macrophages were 
all greater in tumors resected from patients treated with Ipi+Nivo+CT 
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compared to those treated with Nivo+CT (Extended Data Fig. 7a–e and 
Supplementary Fig. 6a,b, left panels). Signature scores of tertiary lym-
phoid structures (TLSs) were also significantly higher in tumors from 
patients treated with Ipi+Nivo+CT compared to Nivo+CT (Extended 
Data Fig. 7f and Supplementary Fig. 6c, left panels). The effect of com-
bining Ipi with Nivo+CT was more evident when we segregated the 
samples based on treatment response. Pathologic responders (MPR) to 
Ipi+Nivo+CT had higher infiltration of CD45+ immune cells, including 
T cells, CD8+ T cells, NK cells, B cells, cytotoxic cells and macrophages 
compared to non-responders (no MPR) (Extended Data Fig. 7a–e and 
Supplementary Fig. 6a,b, right panels). Moreover, we observed a higher 
TLS gene signature score in MPR patients compared to no MPR patients 
(Extended Data Fig. 7f and Supplementary Fig. 6c, right panels).

Analysis of differentially expressed genes in responders (MPR) to 
Ipi+Nivo+CT compared to Nivo+CT showed an enrichment of genes 
associated with TLS formation, cytotoxic molecules and memory 
T cell markers, all of which have been shown to be associated with 

a favorable clinical outcome in patients with cancer treated with 
immune checkpoint therapies (Extended Data Fig. 7g). In contrast, 
non-responders (no MPR) to Ipi+Nivo+CT had significantly higher 
expression of immune genes associated with M2-like macrophages 
and other immunosuppressive genes compared to non-responders to 
Nivo+CT (Extended Data Fig. 7h). To investigate the potential impact of 
select tumor molecular alterations on the immune profiles of tumors 
treated with neoadjuvant therapy, we analyzed the immune scores in 
resected tumors by EGFR mutations/ALK rearrangements, KRAS muta-
tions and TP53 alterations as compared to wild-type tumors. We found 
no significant changes in NanoString-based immune scores between 
treated tumors harboring EGFR/ALK, KRAS or TP53 alterations and 
their respective wild-type counterparts (Supplementary Tables 9, 10 
and 11, respectively). Together, these results indicate that addition of 
Ipi to Nivo+CT leads to favorable immunological changes compared 
to Nivo+CT, and these changes are even more pronounced in patients 
who achieve MPR.
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Fig. 3 | Survival outcomes in patients treated with neoadjuvant Nivo+CT 
and Ipi+Nivo+CT. a, Kaplan–Meier curve of EFS for the patients treated with 
neoadjuvant Nivo+CT (n = 22). Median EFS was not reached. Ten patients 
experienced recurrences 8.7 (died at 31.6 months), 17.7 (died at 20.0 months), 
18.8 (died at 20.9 months), 19.5, 20.6, 21.7, 29.0, 30.4, 30.7 and 35.7 months after 
treatment initiation. b, Kaplan–Meier curve of OS for the patients treated with 
neoadjuvant Nivo+CT (n = 22). Median OS was not reached. Three patients died 
from complications related to recurrent lung cancer 20.0 months, 20.9 months 
and 31.6 months after treatment initiation. c, Kaplan–Meier curve of EFS for 

patients treated with neoadjuvant Ipi+Nivo+CT (n = 22). Median EFS was not 
reached. Four patients experienced recurrences 8.3, 8.6 (died at 26.7 months), 
9.6 (died at 10.1 months) and 14.8 months after treatment initiation. *One patient 
died of SARS-CoV-2 infection-related complications (non-treatment related).  
d, Kaplan–Meier curve of OS for the patients treated with neoadjuvant 
Ipi+Nivo+CT (n = 22). Median OS was not reached. Two patients died from acute 
limb ischemia complications and lung cancer complications 10.1 months and 
26.7 months after treatment initiation. *One patient died from SARS-CoV-2 
infection-related complications (non-treatment related).
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Additional tissue immunological analyses
The distribution of baseline PD-L1 expression by immunohistochem-
istry (IHC) in tumor cells according to MPR and treatment arm is 
depicted in Extended Data Fig. 8a. Responses were seen in patients 
with PD-L1-negative and PD-L1-positive tumors in both treatment arms 
(Extended Data Fig. 8a–c). A numerically higher proportion of patients 
with negative PD-L1 tumors experienced MPR in the Ipi+Nivo+CT group 
(40%, 4/10) compared with that in the Nivo+CT arm (22.2%, 2/9).

To assess the impact of adding Ipi to a backbone of Nivo+CT on 
the tumor microenvironment, we used multiplex immunofluores-
cence (mIF) staining and flow cytometry of tissues pre-therapy and 
post-therapy. mIF analyses revealed significantly higher densities 
of CD3+CD8+ tumor-infiltrating T lymphocytes (TILs) in the Nivo+CT 
arm (P = 0.032; Extended Data Fig. 8d) and, to a greater extent, in the 
Ipi+Nivo+CT arm (P = 0.005; Extended Data Fig. 8d) after neoadju-
vant therapy. Antigen-experienced and effector memory TIL densi-
ties increased in tumors after Nivo+CT compared with pre-therapy 
(Extended Data Fig. 8e,f ), respectively, whereas the density of 
antigen-activated TILs was greater in tumors after Ipi+Nivo+CT com-
pared with pre-therapy (Extended Data Fig. 8g). Examples of micro-
graphs of mIF staining of pre-therapy and post-therapy TILs in tumor 
samples from both treatment arms are shown in Extended Data  
Fig. 8h–k. Flow cytometry analyses (subgating strategy is shown in Sup-
plementary Fig. 7) revealed increased frequencies of activated (ICOS+) 
and proliferating (Ki67+) CD4+ and CD8+ TILs (Extended Data Fig. 9a–d), 
of CD4+ and CD8+ memory TILs (Extended Data Fig. 9e,f), reduced 
frequencies of CTLA-4+ immunosuppressive CD8+ TILs (Extended 
Data Fig. 9g) and increased percentages of CD8+CD103+LAG3+ TILs 
(Extended Data Fig. 9h) in tumors compared with uninvolved lungs 
treated with Nivo+CT. In tumors resected after Ipi+Nivo+CT, we 
observed an increase in the frequencies of CD4+-activated (ICOS+) 
and CD8+ tissue-resident memory TILs and memory T cells compared 
with uninvolved lungs (Extended Data Fig. 9i–l). Interestingly, we noted 
greater amounts of CD8+-activated and cytolytic TILs and reduced 
levels of CD4+LAG3+ TILs in tumors treated with Ipi+Nivo+CT com-
pared with those treated with Nivo+CT (Extended Data Fig. 9m–o). 
Together these results corroborate the scRNA-seq findings and indicate 
greater immune activation, effector memory and cytotoxic function, 
along with attenuated immune suppression, in tumors treated with 
Ipi+Nivo+CT compared with Nivo+CT.

Fecal microbiome
The individual composition of fecal microbiomes of pre-treatment 
samples from the Nivo+CT (n = 19, 86%) and Ipi+Nivo+CT (n = 18, 82%) 
were dominated by bacteria from the Firmicutes and Bacteroidota phyla 
(Fig. 5a) and had similar distribution of identified taxa (Extended Data 
Fig. 10a). Differential abundance analyses revealed distinct signatures 
in patients with MPR compared to those without in each treatment arm 
(Fig. 5b,c) as well as in patients with MPR compared to those without in 

both arms combined (Fig. 5d,e). Bacteria of the order of Rhodospiril-
lales and Akkermansia were consistently observed to be associated 
with MPR. In contrast, Holdemanella and Megasphaera, and Haemo-
philus and Sellimonas, were associated with lack of MPR in each arm 
and in the combined analysis, respectively. Additional analyses did 
not reveal differences in alpha-diversity (Extended Data Fig. 10b) or in 
beta-diversity (Extended Data Fig. 10c–e) in patients with MPR com-
pared to those without. Interestingly, analyses of beta-diversity, but 
not alpha-diversity, revealed significant differences in patients with 
MPR in each group (Extended Data Fig. 10f,g). Together, our findings 
indicate that a favorable gut microbiome composition, including higher 
relative abundance of Akkermansia and reduced relative abundance 
of pro-invasive strains, was associated with response to therapy in our 
patient cohorts.

Discussion
Until now, the pathologic and immunologic consequences of adding 
the CTLA-4 checkpoint inhibitor Ipi to neoadjuvant combined Nivo+CT 
for patients with resectable NSCLC have not been investigated. The 
NEOSTAR phase 2 platform trial evaluating neoadjuvant Nivo+CT and 
Ipi+Nivo+CT met its primary endpoint in both treatment arms, which 
exceeded the historical conservative MPR rate of approximately 15% 
produced by neoadjuvant CT. Neoadjuvant Nivo+CT produced an MPR 
rate of 32.1%, whereas Ipi+Nivo+CT resulted in an MPR rate of 50%. The 
addition of Ipi to Nivo+CT maintained an overall acceptable toxicity 
and allowed curative-intent surgery without adverse postoperative 
outcomes. Although the trial was not directly designed to compare both 
arms, our clinical and pathological findings of potential enhanced activ-
ity of Ipi+Nivo+CT are supported by our translational analyses demon-
strating compositional changes consistent with marked tumor immune 
infiltration with an anti-tumor activity phenotype in tumors from the 
Ipi+Nivo+CT cohort compared with those treated with Nivo+CT.

MPR was selected as the primary outcome measure in our 
study owing to the low pCR rates achieved by CT alone in histori-
cal neoadjuvant trials and as demonstrated in the control CT arm 
of the CheckMate-816 study3. pCR has become a more relevant out-
come measure only recently, since the report of 24.0% pCR rate in 
the CheckMate-816 trial3 and 36.8% pCR rate in the NADIM II trial17 in 
tumor EGFR and ALK wild-type patients. The results of our evaluation of 
Nivo+CT are overall consistent with the findings from CheckMate-816 
(ref. 3), particularly when excluding tumors with known EGFR/ALK 
alterations. In CheckMate-816, Nivo+CT resulted in MPR and pCR 
rates of 36.9% and 24.0%, respectively, and a 12-month and 24-month 
EFS of 76.1% and 63.8%, respectively3. We found MPR and pCR rates of 
41.2% and 23.5%, respectively, and a 12-month and 24-month EFS of 
100% and 71%, respectively, in patients without known tumor EGFR/
ALK alterations. The similarities between the two trials with respect to 
Nivo+CT treatment lend support for the NEOSTAR platform as a viable 
approach for evaluating new neoadjuvant therapies for resectable 

Fig. 4 | Single-cell expression analysis of resected tumors and uninvolved 
normal lung tissues from patients treated with neoadjuvant Nivo+CT and 
Ipi+Nivo+CT. scRNA-seq analysis was performed on matched NSCLCs and 
uninvolved normal lung tissues from patients treated with Nivo+CT (n = 2) and 
Ipi+Nivo+CT (n = 5). scRNA-seq was also performed on an LN sample from a 
patient treated with Nivo+CT. a, Left: UMAP visualization of 95,417 high-quality 
and non-cycling cells after clustering. Clusters are color-coded by major cell 
lineage: lymphoid, myeloid, epithelial and stromal (fibroblasts and endothelial 
cells). Right: bubble plot showing mean expression and abundance of marker 
genes that are differentially expressed among the four major lineage groups. 
b, Fractions of the indicated cell subsets from their respective lineages were 
computed in tumors (red bars) and normal tissues (blue bars) as such: CD8+ 
TERM eff/TEM from CD8+ T cells; naive CD4+ T cells, Treg cells and Tfh cells from 
all CD4+ T cells; B cells from lymphoid cells; classical monocytes and TAMs 
from myeloid cells; and NCAM1+/FCGR3A+CD56+/CD16+ NK cells from all innate 

lymphoid cells. Fractions of the indicated cell subsets were then statistically 
compared between matched tumor and normal tissues from all seven patients. 
P values are from two-sided proportion test. c, Fractions of the indicated cell 
subsets from their respective lineages were computed in tumors from Nivo+CT 
(green bars) and tumors from Ipi+Nivo+CT (red bars), as in b, and were then 
statistically compared between tumors from both treatment groups. P values 
are from two-sided proportion test. d, Correlation plots between fractions of the 
indicated cell subpopulations and the percentage of remaining viable tumor at 
the time of surgical resection. Fractions were computed in the manner  
described above: CD8+ memory T cells (CD8+ Mem) from all CD8+ T cells,  
B cells from all lymphoid cells and M2-like macrophages from all myeloid cells. 
Correlation coefficients were computed using Spearman’s correlation. P values 
were computed by two-sided Spearman’s correlation test. Source data for d are 
provided in Supplementary Table 8.
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NSCLC. Furthermore, the extent of residual viable tumor (RVT) at sur-
gery in patients treated with Ipi+Nivo+CT was a fraction of that found 
after Nivo+CT (median: 4.5% versus 50.5%). It is worth noting that 86% of 
patients with MPR in the Nivo+CT group and all patients with MPR in the 

Ipi+Nivo+CT group had <5% RVT in their tumor specimen. This observa-
tion is important in the context of the analysis from the CheckMate-816 
trial, which identified 0–5% RVT as the most optimal cutoff associated 
with 90% 2-year EFS18. We also observed even greater tumor regression 
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to Ipi+Nivo+CT in stage IIIA disease compared to Nivo+CT, which builds 
on the findings of the CheckMate-816 (ref. 3) and the phase 2 NADIM 
study11,19. These data suggest that more advanced tumors may require 
combination therapy, and addition of CTLA-4 blockade may achieve 
deeper pathologic responses in the stage III setting. We also observed 
less viable tumor cells after Ipi+Nivo+CT in tumors harboring KRAS and 
TP53 alterations, consistent with prior results demonstrating improved 
outcomes to immunotherapy in these molecular subgroups20–24, similar 
to the exploratory analyses of the CheckMate-227 part 1 study, which 
revealed improved OS in patients with KRAS-mutant and TP53-mutant 
metastatic tumors treated with Ipi+Nivo compared with CT25.

Our scRNA-seq analysis demonstrated marked differences in the 
immune landscape between tumors and uninvolved normal tissues in 
both treatment arms. Tumors were characterized by increased frac-
tions of CD4+ Treg cells and Tfh, B cells and TAMs, consistent with previ-
ous reports on single-cell analyses of samples from treatment-naive 
patients with NSCLC26,27. Comparative scRNA-seq analysis unraveled 
conspicuous changes in the fractions of immune populations in tumors 
across both arms. Our findings of increased fraction of CD8+ TERM eff/
TEM cells, a subset recently described in a pan-cancer T cell atlas28, in 
Ipi+Nivo+CT-treated tumors suggest their potential role in anti-tumor 
immune responses by the addition of Ipi. Our observations on increased 
abundance of B cells in Ipi+Nivo+CT relative to Nivo+CT and their inverse 
correlation with remaining viable tumor cells, along with our corrobora-
tive data on TLS genes by NanoString-based profiling, suggest an asso-
ciation of B lineage cells and TLS-associated genes, such as CXCL13, with 
immunotherapeutic response, as described previously29–34. B cells from 
Nivo+CT tumors showed increased expression of CD24 that is reminis-
cent of CD24hi B cell subsets that restrict T cell activation and cytokine 
production35. Bulk tumor immune profiling using the NanoString 
platform also showed elevated expression of CD24 in tumors from the 
Nivo+CT arm, although it is conceivable that the overall greater viable 
tumor in this arm may account for increased expression of CD24 (ref. 26). 
Also, our observation of increased CXCL9+ TAMs in tumors from patients 
treated with Ipi+Nivo+CT is in accordance with earlier studies suggesting 
a functional role for these macrophages in response to immune check-
point therapy36. Overall, our single-cell sequencing analysis suggests 
that addition of Ipi to Nivo+CT favors a tumor ecosystem with overall 
enhanced tumor immune infiltrates and reduced immunosuppressive 
cell subsets and states. Additional support for this notion comes from 
the results of our tissue immune profiling with mIF and flow cytometry 
studies that revealed greater infiltration of antigen-activated (GZB+) 
CD8+ TILs, higher densities of activated (ICOS+) and cytolytic (perforin+) 
CD8+ TILs and reduced infiltration of LAG3+ immunosuppressive CD4+ 
TILs in tumors resected after Ipi+Nivo+CT treatment.

The tumor PD-L1 expression analysis was limited by the number 
of pre-therapy samples available for evaluation and the unexpected, 
particularly high incidence of tumors lacking PD-L1 expression on 
malignant cells in this dataset. This limited our ability to make firm con-
clusions regarding the association between this marker and therapeutic 
responses. Nevertheless, this cohort provided a unique opportunity 

to investigate the impact of treatment on responses in tumors lacking 
PD-L1 expression on cancer cells. Our findings suggest that Ipi may 
be particularly relevant to the treatment of PD-L1-negative tumors 
in which MPR was seen in 22.2% of patients treated with Nivo+CT and 
40% of patients treated with Ipi+Nivo+CT. In patients with metastatic 
disease, the CheckMate-227 study (evaluating first-line Ipi+Nivo)37 and 
the CheckMate-9LA study (evaluating Ipi+Nivo+CT)38 suggested nota-
ble activity of Ipi in PD-L1-negative tumors. Benefits from neoadjuvant 
Nivo+CT (in ChekMate-816)3 and adjuvant atezolizumab after CT (in 
IMpower-010)2 were less in the PD-L1-negative subgroups, underscor-
ing the need for improved perioperative strategies, possibly involving 
dual immunotherapy, for this patient subset.

The gut microbiome remains a strong tumor-extrinsic factor 
associated with anti-tumor response across various cancer histologies 
and treatment modalities. In this study, we observed different fecal 
microbiome structures and compositions between patients with MPR 
and those without MPR by treatment arm, suggesting a distinct asso-
ciation among treatment, response and gut microbiome composition. 
Notably, patients achieving MPR in both arms had fecal microbiomes 
enriched in Akkermansia, a mucin-degrading bacteria previously asso-
ciated with responses to immunotherapy in NSCLC by our group8 and 
others39. Future larger studies will shed light on the mechanisms by 
which distinct microbial strains influence treatment outcomes and 
provide the foundation to evaluate the therapeutic benefit of additional 
microbiome modulation strategies in patients with cancers refractory 
to standard-of-care treatments.

In conclusion, our findings further support the role of neoadju-
vant chemoimmunotherapy before NSCLC resection and expand on 
the standard-of-care neoadjuvant Nivo+CT by incorporating CTLA-4 
blockade to this treatment regimen. The dual immune checkpoint 
therapy plus CT produces numerically higher MPR rates, is overall safe 
and tolerated, enhances anti-tumor immune activity and mitigates 
an immunosuppressive phenotype in exploratory analyses. The NEO-
STAR platform trial design with surrogate endpoints and integrated 
multi-omic correlates enables the rapid assessment of promising thera-
peutic strategies and the identification of candidate targets to open 
new areas of translational investigation in the perioperative setting. 
The addition of CTLA-4 blockade to PD-(L)1 inhibition plus CT deserves 
further investigation for patients with resectable NSCLC.
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Methods
Trial design, hypotheses and endpoints
This is a phase 2, open-label, single-institution, multi-arm study 
(NCT03158129) that, after completion of the first two randomized 
arms, evolved into a modular platform design40 with multiple, inde-
pendent, single-arm studies expected to be analyzed and reported 
separately, with the goal to expedite the investigation of novel 
immunotherapy-based strategies in the neoadjuvant setting. The 
results of the first two randomized arms of the study have been 
reported8. New eligible patients were enrolled to the third arm (arm 
C) and treated with nivolumab plus platinum-based chemotherapy 
(Nivo+CT). Once the accrual of arm C was complete, eligible patients 
were enrolled to the fourth arm (arm D) and treated with ipilimumab 
plus nivolumab plus platinum-based chemotherapy (Ipi+Nivo+CT). 
The primary hypothesis to be tested was that, in patients with NSCLC 
amenable for surgical resection, induction therapy with Nivo+CT or 
Ipi+Nivo+CT will produce MPR rates of at least 40%, a target response 
rate that is superior to the one observed after induction platinum-based 
CT alone of 15% (as observed in MD Anderson historical controls14). The 
prespecified boundary for a treatment arm to be considered promising 
for further testing was ≥6 MPR in 21 evaluable patients. The secondary 
hypothesis to be tested was that Nivo+CT or Ipi+Nivo+CT would induce 
immune responses (as assessed by CD8+ TILs) and tumor shrinkage (as 
assessed by radiographic imaging) and improve survival outcomes 
(time to events including EFS and OS). The primary endpoint of the trial 
was MPR, defined as less than or equal to 10% viable tumor cells in the 
original resected tumor bed after neoadjuvant therapy on trial. Second-
ary endpoints included treatment toxicity, perioperative morbidity 
and mortality, quantification of CD8+ TILs in resected tumor tissues, 
objective response rate, pCR, completeness of surgical resection, 
time to events (including EFS and OS) and correlation of blood, tissue 
and stool biomarkers with efficacy. Exploratory endpoints included 
tissue-based, blood-based, stool-based and imaging-based biomarkers 
(Extended Data Fig. 1).

Sample size justification and toxicity monitoring guidelines
Simon’s minimax two-stage design41 was applied to test the MPR rate for 
each of the treatment arms. We assumed a historical MPR rate of 15%14 
under the null hypothesis versus an MPR rate of 40% under the alterna-
tive hypothesis. For each treatment arm, 15 patients were enrolled in the 
first stage. If only two or fewer of the 15 patients have experienced an 
MPR, enrollment to that treatment arm would be terminated, and the 
treatment would be considered inefficacious. Otherwise, with at least 
three MPRs, an additional six patients were enrolled to reach a total of 
21 patients. At the end of each arm, if we observed six or more patients 
experiencing MPR, the treatment would be considered efficacious and 
inefficacious otherwise. Each arm has 90% power when the MPR rate is 
40%. When the MPR rate is 15%, the probability of early termination is 
60% with an average sample size of 17.4 and one-sided 10% type I error 
rate. From the above calculations, the study needs up to 21 evaluable 
patients in each arm. Assuming a non-evaluable rate of 5% (for example, 
patients drop out, become lost to follow-up or rescind consent due to 
non-treatment-related reasons before endpoints can be evaluated), 
we would need to enroll up to a total of 22 patients per arm. Enrolled 
patients were monitored for adverse events (AEs). AEs were treated as 
detailed in the protocol algorithm of toxicity management. We applied 
a Bayesian method to formally monitor the toxicity in the perioperative 
phase within each treatment arm42.

Study oversight, ethical approval and ethical standards
Written informed consent was provided by all study participants or 
their legal representatives. The study was approved by The University 
of Texas MD Anderson Cancer Center’s institutional review board. 
Data were collected and analyzed by the investigators and interpreted 
by the authors. All authors approved and agreed to submit the final 

manuscript for publication. The authors vouch for the accuracy and 
completeness of the data and for the fidelity of the trial to the study 
protocol.

Participants and neoadjuvant treatment
Male and female patients were screened, enrolled and treated at MD 
Anderson Cancer Center. The complete list of inclusion criteria is 
shown below:

	(1)	 Age >18 years.
	(2)	 Histologically or cytologically confirmed previously untreated 

NSCLC. If a diagnostic biopsy is available, a pre-treatment 
biopsy is not required. Patients with a suspected lung cancer 
are eligible, but pathology must be confirmed before initiat-
ing treatment on study. Neuroendocrine carcinomas are not 
eligible. Carcinomas with neuroendocrine differentiation are 
eligible.

	(3)	 Patients with stage IB ≥4 cm, IIA, IIB or IIIA disease (according 
to the American Joint Committee on Cancer 7th edition) are 
eligible for enrollment into arms C and D.

	(4)	 Patients with stage IIIA must not have more than one mediasti-
nal LN station involved by tumor.

	(5)	 All patients must have LN evaluation of contralateral stations 2 
and/or 4 to exclude N3 disease.

	(6)	 The patient must be a suitable candidate for surgery, in the 
opinion of the treating physician.

	(7)	 Signed and dated written informed consent must be provided 
by the patient before admission to the study in accordance 
with International Conference on Harmonisation Good Clinical 
Practice guidelines and to the local legislation.

	(8)	 Eastern Cooperative Oncology Group (ECOG) performance 
status (PS) score 0–1.

	(9)	 Patients must have organ and marrow function as defined below:

•	 Absolute neutrophil count ≥1.5 × 109 per l
•	 Hemoglobin ≥8.0 g dl−1

•	 Platelets ≥100 × 109 per l
•	 Total bilirubin ≤1.5× upper limit of normal (ULN) (except 

partients with Gilbert syndrome, who can have total bilirubin 
<3.0 mg dl−1)

•	 AST and ALT ≤3× ULN
•	 Creatinine ≤1.5× ULN or calculated creatinine clearance 

(Cockcroft–Gault formula for creatinine clearance calculation) 
≥50 ml min−1 or 24-hour urine creatinine clearance ≥50ml min−1

The complete list of exclusion criteria is shown below:

	(1)	 Prior systemic therapy or radiation therapy for treatment of the 
current lung cancer.

	(2)	 Currently receiving cancer therapy (CT, radiation therapy, 
immunotherapy or biologic therapy) or investigational 
anti-cancer drug.

	(3)	 Pregnant or lactating female.

•	 Women of childbearing potential (WOCBP) must have a negative 
serum or urine pregnancy test (minimum sensitivity 25 IU L−1 
or equivalent units of hCG) within 72 hours before the start of 
nivolumab.

•	 WOCBP is defined as any female who has experienced menarche 
and who has not undergone surgical sterilization (hysterectomy 
or bilateral oophorectomy) or who is not postmenopausal. 
Menopause is defined clinically as 12 months of amenorrhea in a 
woman over 45 years of age in the absence of other biological or 
physiological causes.

	4.	 Unwillingness or inability to follow the procedures required in 
the protocol.
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	5.	 Patients with pre-existing sensorineural hearing impairment/
loss or newly diagnosed as documented by an audiology assess-
ment performed before study enrollment may not be eligible 
for cisplatin and may be dispositioned to carboplatin, as deter-
mined by the treating physician.

	6.	 Patients with a history of severe hypersensitivity reaction to 
Taxotere and or polysorbate 80 must be excluded.

	7.	 Any serious or uncontrolled medical disorder that, in the 
opinion of the investigator, may increase the risk associated 
with study participation or study drug administration, impair 
the ability of the patient to receive protocol therapy or interfere 
with the interpretation of study results. Prior malignancy ac-
tive within the previous 2 years. Patients with locally curable 
cancers that have been apparently cured, such as basal or 
squamous cell skin cancer, superficial bladder cancer or carci-
noma in situ of the prostate, cervix or breast with local control 
measures (surgery and radiation), are eligible.

	8.	 Patients with active, known or suspected autoimmune disease. 
Patients with vitiligo, type I diabetes mellitus, residual hypo-
thyroidism due to an autoimmune condition requiring only 
hormone replacement, psoriasis not requiring systemic treat-
ment or conditions not expected to recur in the absence of an 
external trigger are permitted to enroll.

	9.	 Patients with a condition requiring systemic treatment with 
either corticosteroids (>10 mg daily prednisone equivalents) or 
other immunosuppressive medications within 14 days of study 
drug administration. Inhaled or topical steroids and adrenal 
replacement doses >10 mg daily prednisone equivalents are 
permitted in the absence of active autoimmune disease.

•	 Patients are permitted to use topical, ocular, intra-articular, 
intranasal and inhalational corticosteroids (with minimal sys-
temic absorption). Physiologic replacement doses of systemic 
corticosteroids are permitted, even if >10 mg per day pred-
nisone equivalents. A brief course of corticosteroids for prophy-
laxis (for example, contrast dye allergy) or for treatment of 
non-autoimmune conditions (for example, delayed-type hyper-
sensitivity reaction caused by contact allergen) is permitted.

	10.	 Prior treatment with an anti-PD-1, anti-PD-L1 or anti-CTLA-4 
antibody.

	11.	 Known positive test for hepatitis B virus surface antigen or 
hepatitis C virus ribonucleic acid indicating acute or chronic 
infection.

	12.	 Known history of testing positive for HIV or known AIDS.
	13.	 History of severe hypersensitivity reaction to any monoclonal 

antibody and/or to study drug components.
	14.	 Serious illness or concomitant non-oncological disease such 

as neurologic, psychiatric, infectious disease or laboratory 
abnormality that may increase the risk associated with study 
participation or study drug administration and, in the judg-
ment of the investigator, would make the patient inappropriate 
for entry into the study.

	15.	 Patients who are sexually active, with preserved reproductive 
capacity, and unwilling to use a medically acceptable method 
of contraception (for example, implants, injectables, combined 
oral contraceptives, some intrauterine devices or vasectomized 
partner for participating females and condoms for participat-
ing males) during and after the trial as detailed below:

•	 WOCBP should use an adequate method to avoid pregnancy for 
23 weeks after the last dose of investigational drug(s).

•	 Men who are sexually active with WOCBP must use any con-
traceptive method with a failure rate of less than 1% per year.

•	 Men receiving nivolumab and who are sexually active with 
WOCBP will be instructed to adhere to contraception for 

a period of 31 weeks after the last dose of investigational 
product.

•	 Women who are not of childbearing potential as well as 
azoospermic men do not require contraception.

	16.	 Psychological, familial, sociological or geographical factors 
potentially hampering compliance with the study protocol and 
follow-up schedule.

Sex and/or gender was not considered in the trial design. Patient 
characteristics, including self-reported sex, are reported in Table 1. 
The participants were not compensated for their participation on 
the trial. The neoadjuvant treatment consisted of nivolumab 360 mg 
intravenously (IV) every 3 weeks (on day (D) 1, D22 and D43) plus cis-
platin 75 mg per m2 (or carboplatin AUC 5 or 6) IV and docetaxel 75 mg 
per m2 IV administered every 3 weeks (on D1, D22 and D43), up to a 
maximum of three cycles for squamous histology NSCLC or nivolumab 
360 mg IV every 3 weeks (on D1, D22 and D43) plus cisplatin 75 mg per 
m2 (or carboplatin AUC 5 or 6) IV and pemetrexed 500 mg per m2 IV 
administered every 3 weeks (on D1, D22 and D43), up to a maximum of 
three cycles for non-squamous histology NSCLC. For carcinomas with 
neuroendocrine features and/or differentiation, either regimen with 
nivolumab plus platinum and docetaxel or nivolumab plus platinum 
and pemetrexed were allowed based on the treating physician’s pref-
erence. In arm D, Ipi 1 mg per kg IV was administered on D1 of therapy 
only (cycle 1). Carboplatin was an option in arm D only.

Pathologic assessment
Pathologic assessment consisted of gross and histopathologic exami-
nation of the lung resection specimens. After gross identification of 
the tumor or tumor bed, at least one section per centimeter of greatest 
tumor (bed) diameter was submitted for histopathological evaluation, 
as previously reported14. In cases in which no residual viable tumor was 
identified microscopically on initial representative sections and for 
tumors less than or equal to 3 cm in size, the entire tumor bed was sub-
mitted for review. In total, the tumor (bed) was submitted entirely in 38 
cases. Histopathologically, the mean percentage of viable tumor cells, 
averaged across all reviewed tumor slides, was assessed for each patient 
as previously reported14. Tumors with less than or equal to 10% of viable 
tumor cells were considered to have undergone MPR, and tumors with 
0% viable tumor were considered to have undergone pCR. After initial 
clinical reporting, pathologic responses were subsequently reviewed 
in a blinded manner by two pathologists experienced in the evaluation 
of tumor response after neoadjuvant therapy, and the average scores 
were used for final analysis as previously reported8,43. Mediastinal and 
peribronchial LNs were submitted and processed in a routine fashion 
for microscopic assessment and examined for metastatic disease. 
Pathologic staging was performed based on tumor and LN assessment 
of the resection specimens.

Tumor molecular profiling
A next-generation sequencing (NGS)-based analysis for the detection 
of somatic variants of 146 cancer genes, including single-nucleotide 
variants (SNVs) of 134 genes and copy number gains of 47 genes, was 
performed on the DNA extracted from the available samples at the MD 
Anderson Cancer Center Clinical Laboratory Improvement Amend-
ments (CLIA)-certified Molecular Diagnostics Laboratory (MDL). When 
possible, an in-house NGS-based analysis for the detection of targeted 
intergenic and intragenic fusions involving 51 cancer genes (RNA) was 
performed at the MD Anderson Cancer Center MDL. When possible, 
in-house fluorescence in situ hybridization assay (cytogenetics) was 
performed for ALK, RET and ROS1 rearrangements and MET amplifi-
cation. In some cases, tumor molecular profiling was obtained using 
in-house NGS-based analysis for the detection of SNVs in 70 genes, 
copy number gains in 19 genes and fusions in six genes performed on 
the plasma circulating cell-free DNA in our CLIA-certified MDL.
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Single-cell derivation and library preparation
Lung tissues were collected from seven patients with NSCLC who under-
went surgical resection after neoadjuvant therapy with Nivo+CT (n = 2 
patients) or Ipi+Nivo+CT (n = 5 patients). Tumor and matched unin-
volved normal lung tissues from the seven patients, as well as a LN 
sample from one of the patients, were freshly obtained under clinical 
trial protocol and approved by the MD Anderson institutional review 
board. Tissues were collected in ice-cold DMEM medium supplemented 
with 2% FBS and immediately minced and enzymatically digested in 
DMEM containing 0.16 mg/ml of DNase I (9003-98-9, Worthington 
Biochemical) and 328 U/ml of Liberase (5401020001, Roche) for  
30 minutes at 37 °C. Lysate was filtered and washed, after which red 
blood cells were eliminated using red blood lysis buffer (A1049201, 
Gibco). Total cells were cryopreserved in FBS with 10% DMSO and stored 
in the vapor phase of a liquid nitrogen tank until further processing. At 
the time of scRNA-seq library preparation, cryopreserved cells were 
thawed and washed twice with pre-warmed 2% FBS in PBS and then 
stained with viability marker (SYTOX Blue, S34857, Thermo Fisher 
Scientific) at room temperature in the dark. Viable singlets from each 
sample were sorted into 2% FBS in PBS using a BD FACSAria cell sorter. 
Sorted cells were maintained on ice before being washed, filtered, 
manually counted using a hemocytometer and trypan blue (T8154, 
Sigma-Aldrich) exclusion and resuspended in 2% FBS in PBS at 1,000 
cells per microliter. Viable single cells were loaded on 10x Chromium 
microfluidic chips, and single-cell gene expression libraries were gen-
erated as previously described26 and according to the manufacturer’s 
standard protocols (Chromium 5′ Next GEM Single Cell Kit version 1.0, 
1000006, 10x Genomics) and targeting 1,300-10,000 cells per sample. 
Single cells loaded onto Chromium Next GEM Chips A (2000167, 10x 
Genomics) were partitioned into nanoliter-scale gel beads-in-emulsion 
(GEMs) using Chromium Next GEM Single Cell 5′ Gel Bead Kit version 
1.0 (1000003, 10x Genomics). Recovered barcoded GEMs were broken, 
pooled and underwent magnetic bead clean-up (Dynabeads MyOne 
Silane, 37002D, Thermo Fisher Scientific) to construct single-cell gene 
expression libraries using the Chromium Next GEM Single Cell 5′ Library 
kit (1000002, 10x Genomics) according to the manufacturer’s protocol. 
Next, 10x-barcoded full-length cDNA was amplified by PCR and analyzed 
using Bioanalyzer High Sensitivity DNA Kit (5067-4626, Agilent). Up 
to 50 ng of cDNA was subjected to enzymatic fragmentation and size 
selection to optimize the cDNA amplicon size before 5′ gene expression 
library construction. Finally, Illumina-ready barcoded gene expression 
libraries were generated after a round of end-repair, A-tailing, adaptor 
ligation and sample index PCR using Chromium i7 Multiplex Kit (120262, 
10x Genomics). Library quality and yield were measured using Bioana-
lyzer High Sensitivity DNA (5067-4626, Agilent) and Qubit dsDNA High 
Sensitivity Assay (Q32854, Thermo Fisher Scientific) kits. Pooling of 
indexed libraries was done after adjustment of the ratio of the targeted 
cells per library as well as individual library concentration. Library pools 
were then denatured and diluted as recommended for sequencing on 
the Illumina NovaSeq 6000 platform. After quality control assessment, 
libraries were pooled and sequenced at a target depth of ~50,000 reads 
per cell on the Illumina NovaSeq 6000 platform.

scRNA-seq analysis
scRNA-seq analysis was performed using available computational 
framework. The raw reads were aligned to human reference genome 
GRh38 (hg38) and processed by 10x Genomics Cell Ranger version 
3.1.0 to generate the unique molecular identifier (UMI) count data 
matrix. The UMI data matrix was processed using the Seurat package  
(version 3)44, with the following workflow. (1) Data filtering: The UMI 
data matrix was filtered to remove genes that were not expressed in 
any cells as well as cells with fewer than 300 expressed genes or more 
than 10% of total UMI count of mitochondrial genes. (2) Data normali-
zation and integration: Filtered UMI data matrices from different data 
batches were normalized, scaled, batch corrected and integrated using 

the data integration workflow in Seurat version 3, with the integration 
anchor features set to all genes in filtered datasets44. (3) Data reduction 
and visualization: Principal component analysis was performed using 
highly variable genes identified using the Seurat version 3 ‘VariableFea-
tures’ function. The top-ranked principal components that covered 
80% of the total variance were selected and transformed into uniform 
manifold approximation and projection (UMAP) components for 
visualization. (4) Unsupervised clustering: Cell clusters were identified 
using the Seurat ‘FindClusters’ function, with resolution value manu-
ally adjusted to find the best separation. (5) Cluster annotation: The 
marker genes for each cluster were identified using the Seurat version 
3 ‘FindClusterMarkers’ function. These markers genes, combined with 
gene markers for known cell types, such as immune cells and epithelial 
cells, were used to identify the major cell lineages of each cluster. Each 
cell lineage was further clustered to identify sublineages if needed. Dur-
ing these processes, additional doublets were identified and removed 
from the clusters. These clustering/identification processes were per-
formed iteratively until all cell populations were annotated. (6) Differ-
ential analysis: For each cell population, we identified the differentially 
expressed genes between sample types (tumor versus uninvolved) and 
treatment group (Nivo+CT versus Ipi+Nivo+CT), using the Wilcoxon 
rank-sum test, with statistical cutoff set to false discovery rate less than 
0.05 and log2 fold change greater than 1. Cell proportions between sam-
ple types (tumor versus uninvolved) and treatment group (Nivo+CT 
versus Ipi+Nivo+CT) were compared using two-sided proportion test. 
All statistical analyses were performed in R version 4.0.1.

NanoString analysis
Surgically resected post-treatment formalin-fixed paraffin-embedded 
(FFPE) tissue samples from 19 Nivo+CT-treated and 19 
Ipi+Nivo+CT-treated patients were cut into 4-µm-thick sections 
and shipped to the Immunotherapy Platform at our institution for 
NanoString analysis. The analysis was performed as per the umbrella 
protocol PA13-0291. Tissue sections were dewaxed using deparaffi-
nization solution (Qiagen), and total RNA was extracted using the 
RecoverALL Total Nucleic Acid Isolation Kit (Ambion) according to the 
manufacturer’s instructions. RNA quality and quantity were assessed 
using the NanoDrop spectrometer (NanoDrop ND-1000, Thermo Fisher 
Scientific). For the assay, 100 ng of RNA was used to detect immune 
gene expression using the nCounter PanCancer Immune Profiling 
panel along with custom CodeSet. nCounter Digital Analyzer was 
used to tabulate the counts of the reporter probes, and, for further 
analysis, raw data output was imported into nSolver analysis software 
(version 4.0.70) (http://www.nanostring.com/products/nSolver). 
Normalization, cell type and differential gene expression analyses 
were performed using the nSolver Advanced data analysis package 
(version 2.0.134). The TLS signature score shown in Extended Data  
Fig. 7 is derived from the median expression of the following genes: 
CCL19, CCL21, CXCL13, CCR7, SELL, LAMP3, CXCR4, CD86 and BCL6  
(ref. 30). The TLS signature score shown in Supplementary Fig. 6 is 
derived from the median expression of the following genes: CD79A, 
MS4A1, LAMP3 and POU2AF1 (ref. 32). Data were collected using Micro-
soft Excel version 2016 and plotted using GraphPad Prism version 9.0.0.

Multiparameter flow cytometry
Fresh uninvolved tumor-adjacent normal lung and tumor tissues 
collected at surgery were disaggregated using the BD Medimachine 
System (BD Biosciences) to make a single-cell suspension for flow 
cytometry staining. Disaggregated cells were Fc-blocked using 5% 
goat serum (G9023, Sigma-Aldrich) for 30 minutes on ice. Surface 
staining was performed in 1× DPBS with 1% BSA (A8577, Sigma-Aldrich) 
for 30 minutes on ice using fluorochrome-conjugated monoclonal 
antibodies against CD45 (BUV395, clone HI30, 563792, BD Biosciences, 
5 µl per sample), CD3 (PerCP-Cy5.5, clone SK7, 340949, BD Biosciences, 
10 µl per sample), CD8 (AF700, clone RPA-T8, 557945, BD Biosciences, 
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5 µl per sample), CD4 (BUV496, clone SK3, 612936, BD Biosciences, 5 µl 
per sample), PD-1 (SB645, clone MIH4, 64-9969-42, eBioscience, 4 µl 
per sample), TIM3 (BV605, clone F38-2E2, 345018, BioLegend, 4 µl per 
sample), CD103 (BV711, clone Ber-Act8, 563162, BD Biosciences, 5 µl per 
sample), CTLA-4 (BV786, clone BNI3, 563931, BD Biosciences, 3 µl per 
sample), GITR (AF488, clone eBioAITR, 53-5875-42, eBioscience, 5 µl 
per sample), LAG3 (PE, clone 3DS223H, 2-2239-42, eBioscience, 5 µl 
per sample), CD56 (PE-Cy7, clone B159, 557747, BD Biosciences, 5 µl 
per sample), ICOS (BV421, clone C398.A4, 313524, BioLegend, 5 µl per 
sample) and CD25 (APCFire/750, clone BC96, 302642, BioLegend, 5 µl 
per sample). After surface staining, cells were fixed and permeabilized 
using eBioscience Foxp3/Transcription Factor Staining Buffer Set (00-
5523-00, Thermo Fisher Scientific) according to the manufacturer’s 
instructions and stained using FOXP3 (PE-eFluor610, clone PCH101, 
61-4776-42, eBioscience, 5 µl per sample) and Ki67 (APC, clone 20Raj1, 
17-5699-42, eBioscience, 5 µl per sample) anti-human antibodies. For 
the memory panel, Fc-blocked cells were surface stained for 30 min-
utes on ice using monoclonal antibodies against CD27 (FITC, clone 
M-T271, 555440, BD Biosciences, 20 µl per sample), CCR7 (PerCP-Cy5.5, 
clone 150503, 561144, BD Biosciences, 5 µl per sample), CD45RA (V450, 
clone HI100, 560362, BD Bioscience, 5 µl per sample), CD3 (APC, clone 
UCHT1, 555335, BD Biosciences, 20 µl per sample), CD4 (BUV496, clone 
SK3, 612936, BD Biosciences, 5 µl per sample), CD8 (AF700, clone 
RPA-T8, 557945, BD Biosciences, 5 µl per sample), CD45RO (APC-H7, 
clone UCHL1, 561137, BD Biosciences, 5 µl per sample), BTLA (PE, clone 
J168-540, 558485, BD Biosciences, 5 µl per sample) and CD28 (PE-Cy7, 
clone CD28.2, 560684, BD Biosciences, 5 µl per sample). For the func-
tional panel, Fc-blocked cells were surface stained for 30 minutes on 
ice using monoclonal antibodies against PD-1 (PerCP-Cy5.5, clone EH12, 
329914, BioLegend, 5 µl per sample), TIM3 (APC, clone F38-2E2, 17-3109-
42, eBioscience, 5 µl per sample), CD8 (APC-Cy7, clone RPA-T8, 557760, 
BD Biosciences, 3 µl per sample) and CD3 (PE-Cy7, clone UCHT1, 563423 
BD Biosciences, 5 µl per sample). After staining, cells were fixed using 
the BD Fix/Perm buffer solution from the Fixation/Permeabilization 
Kit (554714, BD Biosciences) by incubating them for 20 minutes in the 
dark at room temperatures. Cells were then washed and stained with 
monoclonal antibodies against perforin (FITC, clone DG9, 11-9994-42, 
eBiosciences, 5 µl per sample), granzyme B (V450, clone GB11, 561151, 
BD Biosciences, 5 µl per sample) and IFNγ (PE, clone B27, 559327, BD 
Biosciences, 10 µl per sample) anti-human antibodies using the BD 
Perm Buffer I solution that was diluted with water according to the 
manufacturer’s instructions. Cells were stained for 30 minutes on ice 
for intracellular markers. Dead cells were stained using LIVE/DEAD 
Fixable Yellow Dead Cell Stain dye (L-34968, Life Technologies, 1 µl per 
sample) and excluded from the analysis. Data were acquired using the 
BD Fortessa X20 or Canto II (BD Bioscience) with BD FACSDiva software 
version 8.0.1 and analyzed using FlowJo software version 10.5.3 (Tree 
Star). Experiments and gating related to the presented results were 
conducted once. Detailed information on flow cytometry antibody 
panels is provided in Supplementary Table 12. The associated gating 
strategies are shown in Supplementary Fig. 7. The results were graphed 
using Microsoft Excel version 2016 and GraphPad Prism version 9.00.

mIF staining and analysis
For mIF staining, reagents were validated, and similar methods to 
those previously described were applied45. Using an automated stain-
ing system (BOND-RX, Leica Microsystems), 4-μm-thick FFPE tumor 
sections were stained for two panels containing antibodies against: 
panel 1: cytokeratin (clone AE1/ AE3, M351501-2, dilution 1:300, Dako), 
CD3 (IS503, dilution 1:100, Dako), CD8 (clone C8/144B, MS-457-S, dilu-
tion 1:300, Thermo Fisher Scientific), CD68 (clone PG-M1, M0875, 
dilution 1:450, Dako), PD-1 (clone EPR4877-2, ab137132, dilution 1:250, 
Abcam) and PD-L1 (clone E1L3N, 13684S, dilution 1:3,000, Cell Sign-
aling Technology); panel 2: cytokeratin (clone AE1/AE3, M351501-2, 
dilution 1:300, Dako), CD3 (IS503, dilution 1:100, Dako), CD8 (clone 

C8/144B, MS-457-S, dilution 1:300, Thermo Fisher Scientific), CD45RO 
(clone UCHL1, PA0146, Cell Signaling Technology), granzyme B (clone 
11F1, PA0291, Cell Signaling Technology) and FOXP3 (clone D2W8E, 
98377S, Cell Signaling Technology). All the markers were stained in 
sequence using their respective fluorophore contained in the Opal 
7 kit (NEL797001KT, Akoya Biosciences/PerkinElmer). The stained 
slides were scanned using the multispectral microscope, Vectra ver-
sion 3.0.3 imaging system (Akoya Biosciences/PerkinElmer), under 
fluorescence conditions in low (×10) magnification46. After the scan-
ning phase in low magnification, a pathologist selected around five 
regions of interest (ROIs; each ROI: 0.3345 mm2) per sample to cover 
around 1.65 mm2 of tumor tissue using the Phenochart version 1.0.9 
viewer (Akoya Biosciences/PerkinElmer). The ROIs were analyzed 
by a pathologist using InForm version 2.8.2 image analysis software 
(Akoya Biosciences/PerkinElmer). In panel 1, marker co-localization was 
used to identify malignant cells expressing (AE1/AE3+), malignant cells 
expressing PD-L1 (AE1/AE3+PD-L1+), T cell population expressing (CD3+), 
cytotoxic T cells (CD3+CD8+), antigen-experienced T cells (CD3+PD-1+), 
cytotoxic antigen-experienced T cells (CD3+CD8+PD-1+), T cells PD-L1+ 
(CD3+PD-L1+), cytotoxic T cells PD-L1+ (CD3+CD8+PD-L1+), cytotoxic 
T cells antigen-experienced expressing PD-L1+ (CD3+CD8+PD-1+PD-L1+), 
macrophages (CD68+) and macrophages expressing PD-L1 
(CD68+PD-L1+). In panel 2, the positive expression of CD3 protein sur-
face was used to identify T cells (CD3+), and the co-localization of 
more than one protein surface marker was used to identify cytotoxic 
T cells (CD3+CD8+), cytotoxic activated T cells (CD3+CD8+granzyme B+),  
memory T cells (CD3+CD45RO+), effector/memory cytotoxic T cells 
(CD3+CD8+CD45RO+), Treg cells ((CD3+FoxP3+)−(CD3+CD8+FOXP3+)) 
and memory/Treg cells (CD3+CD45RO+FoxP3+). Densities of each 
co-localized cell population were quantified as the average, and the 
final data were expressed as number of cells per mm2 in two compart-
ments: tumor nests and tumor stroma47. Malignant cells and mac-
rophages expressing PD-L1 were also expressed as percentages. All the 
data were consolidated using R Studio version 3.5.3 (Phenopter version 
0.2.2 packet, Akoya Biosciences/PerkinElmer) and SAS version 7.1 Enter-
prise. Experiments and scorings related to the presented micrographs 
were conducted once. The data were collected using Microsoft Excel 
version 2016 and plotted using GraphPad Prism version 9.00.

IHC of PD-L1 and analysis
We used FFPE tumor tissues to perform single chromogenic IHC analy-
sis for PD-L1 (clone 28-8, ab205921, dilution 1:100, Abcam) using a 
Leica BOND-MAX autostainer system (Leica Biosystems). The opti-
mal conditions were previously validated48 and are described here in 
brief. We used the automated standard Leica protocol in which tissue 
sections were first deparaffinized and rehydrated. Antigen retrieval 
was performed with BOND Solution 2 (Leica Biosystems, equivalent 
to ethylenediaminetetraacetic acid, pH 9.0) for 20 minutes. The pri-
mary antibody was incubated for 15 minutes at room temperature 
and detected using the BOND Polymer Refine Detection Kit (Leica 
Biosystems) with 3,3′-diaminobenzidine as the chromogen. Finally, 
the slides were counterstained with hematoxylin, dehydrated and 
cover-slipped. PD-L1 stained slides were scored by standard microscopy 
following the recommendations of the International Association for 
the Study of Lung Cancer guidelines49. Two pathologists evaluated 
PD-L1 expression in the membrane of viable malignant cells, and the 
results are reported as percentage of malignant cells with any positive 
membrane staining (tumor proportion score). Experiments and scor-
ings related to the presented micrographs were conducted once. The 
data were collected using Microsoft Excel version 2016 and plotted 
using and GraphPad Prism version 9.00.

Fecal microbiome specimen processing and analyses
Thirty-seven fecal samples collected before treatment were charac-
terized via 16S V4 ribosomal RNA gene profiling. Fecal samples were 
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processed as described previously8. In brief, fecal DNA was extracted 
using the QIAamp DNA Stool Kit (Qiagen), including a bead-beating 
lysis step. The V4 region of the bacterial 16S rRNA gene was amplified 
and sequenced on the Illumina MiSeq platform using the 2 × 250-bp 
paired-end protocol yielding paired-end reads with near-complete 
overlap. Raw FASTQ files were processed using DADA2 (1.18)50 to gener-
ate amplicon sequence variants and taxonomies assigned with SILVA 
version 138 (ref. 51). The resulting amplicon sequence variant table and 
taxonomies were used to compute alpha-diversity and beta-diversity 
metrics as well as taxonomic relative abundances.

Statistical methods
At the completion of the first stage (15 patients) of the Simon’s minimax 
two-stage design in each study arm, the number of MPR was evalu-
ated. The study would proceed to the second stage if the number was 
greater than the critical value of two. In the Nivo+CT arm, six MPRs 
were achieved in the first stage, and, thus, the study proceeded to the 
second stage. In the Ipi+Nivo+CT arm, seven MPRs were achieved in the 
first stage, and, thus, the study proceeded to the second stage. As the 
primary analysis, a uniformly minimum variance unbiased estimator 
(UMVUE) of the MPR rate was obtained using the approach proposed 
by Jung and Kim52 within each study arm. A P value for the statistical 
test against the assumed historical control of 15% and the correspond-
ing 80% two-sided CI was calculated using the method developed by 
Koyama and Chen53 to adjust for the Simon’s two-stage design’s adap-
tiveness. TRAEs are summarized with frequencies and percentages. 
Subsequent analyses comparing the two treatments arms are consid-
ered as exploratory in nature. For correlative analyses, the normality 
was checked before the Wilcoxon rank-sum test or t-test was used to 
compare continuous variables between two independent groups. The 
Wilcoxon signed-rank test was used for comparison of paired data. 
Exact tests were performed where applicable. A univariate logistic 
regression model was used to assess the association between charac-
teristics and MPR in combined arms and between treatment arm and 
MPR in characteristics subgroups. Time-to-event analyses, including 
EFS and OS, were performed. EFS was defined as the time from treat-
ment initiation to any progression of primary lung cancer precluding 
planned surgery, any progression or recurrence (as assessed by imag-
ing and/or histopathologically) of primary lung cancer after surgery, 
any progression of primary lung cancer in patients without surgery or 
death from all causes or to the time of last imaging. OS was defined as 
the time from treatment initiation to the time of death from all causes 
or to the time of last follow-up. Obituaries were cross-referenced for 
any unreported patient deaths. The landmark method54 was applied 
to conduct EFS analysis by pathologic response assessed at surgery in 
the primary lung cancer. In the landmark analysis, EFS was defined as 
the time from surgery to any recurrence (as assessed by imaging and/
or histopathologically) caused by primary lung cancer or death from 
all causes or to the time of last imaging. The distributions of EFS and 
OS were estimated by the Kaplan–Meier method55. The log-rank test56 
was performed to test the difference in survival between groups. A 
two-sided P value of 0.05 was considered significant. All analyses were 
performed in SAS version 9.4 and R version 4.1.2. For microbiome 
analyses, beta-diversity distances were calculated using Bray–Curtis 
dissimilarity and represented on principal coordinate analysis plots 
using the top two principal components. PERMANOVA57 analyses (with 
999 permutations) and beta-dispersion tests were used to compare 
microbiota diversity and dispersion between groups. Differential 
abundance analysis of identified taxonomies was performed with 
DESeq2 (ref. 58) and implemented in R59 along with additional statistical 
analyses and illustrations using ggplot2 (ref. 60).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
De-identified scRNA-seq raw data reported in this paper have been 
deposited in the European Genome-phenome Archive (EGA) with 
accession number EGAS00001006728. Access to this dataset is con-
trolled by the institutional Data Access Committee in compliance with 
National Institutes of Health policy for Data Management and Sharing 
and in accordance with an alliance agreement between MD Anderson 
Cancer Center and Bristol Myers Squibb. Access to this dataset will be 
granted upon review and acceptance of academic requests. Further 
information about the EGA can be found at https://egaarchive.org. The 
raw reads were aligned to human reference genome GRCh38 (hg38). 
The 16S fecal microbiome sequencing data have been deposited in 
the National Center for Biotechnology Information Sequence Read 
Archive (SRA) under SRA BioProject ID PRJNA665109. Taxonomies were 
assigned with SILVA database version 138 (https://www.arb-silva.de). 
Source data are provided with this paper.

Code availability
Codes used for scRNA-seq analysis are available from https://github. 
com/MD-Anderson-Bioinformatics/Neoimmuno.
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Extended Data Fig. 1 | Trial schema. Patients with resectable, cytologically/
histopathologically confirmed, clinical stage IB (≥4 cm)-IIIA (N2 single station) 
NSCLC were treated with neoadjuvant Nivo+CT for up to three cycles (arm C; 
D1, D22 and D43) or Ipi+Nivo+CT for up to three cycles (arm D; D1, D22 and 
D43; Ipi given on cycle 1 [D1] only), followed by surgical resection (within 3 to 
6 weeks after the last cycle of therapy). *Standard of care adjuvant systemic 
therapy and/or postoperative radiation therapy were allowed at the discretion 
of the treating physicians. The primary endpoint of the trial was MPR, defined 
as ≤10% viable tumor in resected tumor specimens, in treated patients. Tumor 
samples were collected, when possible, pretherapy and at surgery, adjacent 

uninvolved (normal) lung tissues were also collected, where possible, at surgery. 
Stool samples were collected, where possible, pretherapy and post-therapy 
(prior to surgery). Longitudinal blood samples were collected, where possible, 
pretherapy, prior to cycle 2 and 3, post-therapy (prior to surgery) and within 
8 weeks after surgery (post-surgery). NSCLC, non–small cell lung cancer; 
Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy; D, day of therapy; CT, 
computer tomography scan; PET-CT, positron emission tomography-computer 
tomography scan, SOC, standard of care. BioRender (https://biorender.com) was 
used to generate portions of this Figure.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Impact of clinicopathological characteristics on 
efficacy of neoadjuvant Nivo+CT and Ipi+Nivo+CT. a, Forest plot of the odds 
ratio (95% confidence interval) to explore the association between treatment  
arm and MPR for each subgroup (Nivo+CT, n = 22; Ipi+Nivo+CT, n = 22). b, Forest 
plot of the odds ratio (95% confidence interval) to explore the association 
between treatment arm (Nivo+CT, n = 17; Ipi+Nivo+CT, n = 16) and MPR for each 
subgroup in patients without known tumor EGFR/ALK alterations. In both panels, 
the vertical reference lines at 1 indicate no difference between two treatment 
arms. The point estimates of odds ratios are represented by solid squares.  
The whiskers are the two lines that extend to the lower and upper bounds 

of the 95% confidence intervals. The lower and upper limits of the 95% 
confidence intervals are clipped at 0.1 and 10.0 to arrows. The odds ratios and 
95% confidence interval are from univariate logistic regression. MPR, major 
pathologic response; Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy; 
Never, never smoker; Former/Current, former/current smoker; ECOG, Eastern 
Cooperative Oncology Group; PS, performance status; Squamous, squamous 
cell carcinoma; Nonsquamous includes adenocarcinoma, carcinoma with 
neuroendocrine features, NOS NSCLC, sarcomatoid carcinoma, and large cell 
carcinoma; NA, not available.
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Extended Data Fig. 3 | Pathological regression in resected patients with 
known tumor EGFR/ALK, KRAS, and TP53 alterations. a-c, Comparison of 
the percentage of viable tumor in resected tumor specimens with: known EGFR 
mutant/ALK rearranged (n = 11) and EGFR wt/ALK wt (n = 20), median percentage 
of viable tumor: EGFR mutant/ALK rearranged 45% (range 0.6 – 94%), EGFR 
wt/ALK wt 45.8 (range 0 – 95.5%) (a); known KRAS mutant (n = 9) and KRAS wt 
(n = 22), median percentage of viable tumor: KRAS mutant 31.2% (range 0 – 
94.5%), KRAS wt 50.5% (range 0 – 95.5%) (b); known TP53 altered (n = 15) and 
TP53 wt (n = 16), median percentage of viable tumor: TP53 altered 29.4% (range 
0 – 90%), TP53 wt 61.4% (range 1.3 – 95.5%) (c). d-f, Percentage of viable tumor in 
resected tumor specimens with: known EGFR mutant/ALK rearranged tumors 
(Nivo+CT, n = 5; Ipi+Nivo+CT, n = 6), median percentage of viable tumor in 
Nivo+CT 39.5% (range 16.3 – 90%), in Ipi+Nivo+CT 51.5% (range 0.6 – 94%) (d); 
known KRAS mutant (Nivo+CT, n = 4; Ipi+Nivo+CT, n = 5), median percentage of 
viable tumor in Nivo+CT 73.3% (range 2.5 – 94.5%), in Ipi+Nivo+CT 4.4% (range 

0 – 41.7%) (e); known TP53 altered (Nivo+CT, n = 9; Ipi+Nivo+CT, n = 6), median 
percentage of viable tumor in Nivo+CT 39.5% (range 0 – 90%), in Ipi+Nivo+CT 
15.5% (range 0 – 57.9%) (f). Tumor alterations are shown as amino acid change; 
the splice site variants c.673-1 G>T and c.673-2A>T are shown as codon change. 
One patient (who had tumor TP53 alteration) was not included due to death from 
SARS-CoV-2 infection-related complications (non-treatment related) during 
neoadjuvant treatment. Dashed line at 10% point depicts cutoff for MPR. The 
green filled and empty circles depict data from MPR and no MPR, respectively,  
in Nivo+CT patients; the red filled and empty circles depict data from MPR and 
no MPR, respectively, in Ipi+Nivo+CT patients. Data are presented as median with 
minima, lower and upper quartiles, and maxima using violin plots. The dashed 
line indicates the median; the dotted lines indicate the lower quartile and upper 
quartile values; top and bottom indicate the maxima and minima. MPR, major 
pathologic response; Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy;  
wt, wild type.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Impact of smoking status, histology, stage, MPR 
and pCR on EFS. a-c, Kaplan-Meier curves of EFS by smoking status (n = 22) 
(a), histology (n = 22) (b), and stage (n = 22) (c) in Nivo+CT arm. d-e, Kaplan-
Meier curves of EFS by MPR (n = 22) (d) and pCR (n = 22) (e) using landmark 
analysis from the surgery date in Nivo+CT arm. f-h, Kaplan-Meier curves of 
EFS by smoking status (n = 22) (f), histology (n = 22) (g), and stage (n = 22) (h) 
in Ipi+Nivo+CT arm. *One patient died from SARS-CoV-2 infection-related 
complications (non-treatment related). i-j, Kaplan-Meier curves of EFS by MPR 

(n = 20) (i) and pCR (n = 20) (j) using landmark analysis from the surgery date 
in Ipi+Nivo+CT arm. Two-sided P values are from logrank test. ITT, intention-
to-treat population; Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy; 
EFS, event-free survival; Squamous, squamous cell carcinoma; Nonsquamous 
includes adenocarcinoma, carcinoma with neuroendocrine features, NOS 
NSCLC, sarcomatoid carcinoma, and large cell carcinoma; Never, never smoker; 
Former, former smoker; Former/Current, former/current smoker; MPR, major 
pathologic response; pCR, pathologic complete response.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Survival outcomes in patients without known tumor 
EGFR/ALK alterations treated with neoadjuvant Nivo+CT and Ipi+Nivo+CT. 
a, Kaplan-Meier curve of EFS for the patients without known tumor EGFR/ALK 
alterations treated with Nivo+CT (n = 17). b, Kaplan-Meier curve of OS for the 
patients without known tumor EGFR/ALK alterations treated with Nivo+CT 
(n = 17). c, Kaplan-Meier curves of EFS by MPR status (n = 17) using landmark 
analysis from the surgery date in patients without known tumor EGFR/ALK 
alterations treated with Nivo+CT. d, Kaplan-Meier curve of EFS by pCR status 
(n = 17) using landmark analysis from the surgery date in patients without known 
tumor EGFR/ALK alterations treated with Nivo+CT. e, Kaplan-Meier curve of 
EFS for the patients without known tumor EGFR/ALK alterations treated with 

Ipi+Nivo+CT (n = 16). f, Kaplan-Meier curve of OS for the patients without known 
tumor EGFR/ALK alterations treated with Ipi+Nivo+CT (n = 16). In e-f, * indicates 
one patient who died from SARS-CoV-2 infection-related complications (non-
treatment related). g, Kaplan-Meier curve of EFS by MPR status (n = 16) using 
landmark analysis from the surgery date in patients without known tumor  
EGFR/ALK alterations treated with Ipi+Nivo+CT. h, Kaplan-Meier curve of EFS 
by pCR status (n = 16) using landmark analysis from the surgery date in patients 
without known tumor EGFR/ALK alterations treated with Ipi+Nivo+CT. ITT, 
intention-to-treat population; Nivo, nivolumab; Ipi, ipilimumab;  
CT, chemotherapy; OS, overall survival; EFS, event-free survival; MPR, major 
pathologic response; pCR, pathologic complete response.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Single-cell analysis of lymphoid and myeloid cell 
populations in tissues from patients treated with neoadjuvant Nivo+CT and 
Ipi+Nivo+CT. a, Visualization of 64,260 lymphoid cells following clustering 
and color-coded by lymphoid lineages (CD4+T, CD8+ T, innate lymphoid, B, and 
plasma). Visualization of CD4+ T (b; n = 17,473), CD8+ T (c, n = 27,465), and innate 

lymphoid cells (d, n = 9,161) following clustering and color-coded by sublineages. 
e, Visualization of 23,663 myeloid cells following clustering and color-coded by 
lineages. All right panels: Bubble plots showing mean expression and abundance 
of marker genes that are differentially expressed among lymphoid cells (a), 
lymphoid subsets (b-d), and myeloid (e) cells based on lineage or sublineage.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Composition of immune infiltrates by NanoString 
analysis in tumors resected after neoadjuvant Nivo+CT and Ipi+Nivo+CT. 
NanoString gene expression analysis was performed on post-treatment tumor 
tissues from patients treated with Nivo+CT (n = 19) and Ipi+Nivo+CT (n = 19). 
a–f, Violin plots showing the distribution of CD45+ (a), T cells (b), CD8+ T 
cells (c), NK cells (d), B cells (e), and TLS (f) scores (log2 normalized counts) in 
resected tumors by treatment arm (left panels) and by treatment arm and MPR 
(right panels). The TLS signature score is derived from the median expression 
of CCL19, CCL21, CXCL13, CCR7, SELL, LAMP3, CXCR4, CD86, and BCL6 genes. The 
green filled and empty circles depict data from MPR and no MPR, respectively, 
in Nivo+CT patients, and the red filled and empty circles depict data from 
MPR and no MPR, respectively, in Ipi+Nivo+CT patients. Data are presented as 
the median with minima, lower and upper quartiles, and maxima using violin 
plots. The dashed line indicates the median; the dotted lines indicate the lower 
quartile and upper quartile values; the top and bottom indicate the maxima and 

minima. g, Differential expression of genes between Nivo+CT and Ipi+Nivo+CT 
in MPR samples are illustrated as a volcano plot. The green filled circles depict 
significantly upregulated genes in Nivo+CT compared to Ipi+Nivo+CT. The red 
filled circles depict significantly upregulated genes in Ipi+Nivo+CT compared to 
Nivo+CT. h, Differential expression of genes between Nivo+CT and Ipi+Nivo+CT 
in no MPR samples are illustrated as a volcano plot. The green empty circles 
depict significantly upregulated genes in Nivo+CT compared to Ipi+Nivo+CT. 
The red empty circles depict significantly upregulated genes in Ipi+Nivo+CT 
compared to Nivo+CT. Two-sided P values are from Wilcoxon rank-sum test in the 
left panels in a and b and the right panels in a-f and two-sided P values are from 
unpaired t-test in in the left panels in c-f. The exact two-sided P value in the right 
panel in a is 0.000793840. Two-sided P values are from Welch’s t-test in g-h. Nivo, 
nivolumab; Ipi, ipilimumab; CT, chemotherapy; MPR, major pathologic response. 
Source data is provided as Source Data file.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Tumor PD-L1 expression and immune population 
changes in tissues treated with neoadjuvant Nivo+CT and Ipi+Nivo+CT.  
a, Pretherapy tumor PD-L1 IHC membranous expression (%) in malignant cells 
from responders and nonresponders treated with Nivo+CT and Ipi+Nivo+CT by 
MPR status (MPR vs. no MPR, n = 9 vs. n = 13). Data is presented as the median with 
minima, lower and upper quartiles, and maxima using violin plots. Individual 
data points are shown; the dashed line shows the median value, and dotted lines 
show lower quartile and upper quartile values; the top and bottom of the violin 
plots indicate the maxima and minima. Two-sided P value is from Wilcoxon’s 
rank-sum test. b, c, Examples of hematoxylin and eosin (H&E) micrographs 
(left panels) of pretherapy tumors from patients with MPR in Nivo+CT (b) 
and in Ipi+Nivo+CT (c) arms with pretherapy PD-L1 expression (right and top 
panel) or without PD-L1 expression (right and bottom panel) in malignant cells. 
Experiments and scorings related to the presented micrographs were conducted 
once. d-g, Quantification of CD3+CD8+ T cells (panel 1) (d), CD3+PD-1+ T cells 

(panel 1) (e), CD3+CD8+CD45RO+ T cells (panel 2) (f), and CD3+CD8+GZB+  
T cells (panel 2) (g) densities (no. per mm2) by mIF staining in paired pretherapy 
and post-therapy tumor samples in Nivo+CT (n = 11) and Ipi+Nivo+CT (n = 11) 
groups. Two-sided P value is from Wilcoxon’s signed-rank test. h-k, Examples  
of micrographs of mIF staining of pretherapy and post-therapy CD3+CD8+  
T cells (panel 2 and 1) (h), CD3+PD-1+ T cells (panel 1) (i), CD3+CD8+CD45RO+  
T cells (panel 2) (j), and CD3+CD8+GZB+ T cells (panel 2) (k) in tumor samples in 
Nivo+CT and Ipi+Nivo+CT arms. Experiments and scoring related the presented 
micrographs were conducted once. The green filled and empty circles depict 
data from MPR and no MPR, respectively, in Nivo+CT patients, and the red  
filled and empty circles depict data from MPR and no MPR, respectively,  
in Ipi+Nivo+CT patients. Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy; 
MPR, major pathologic response. Source data for panels a, d-g is provided as 
Source Data file.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Immune infiltrates by flow cytometry analysis in 
resected uninvolved lungs and tumors treated with neoadjuvant Nivo+CT 
and Ipi+Nivo+CT. a-h, Flow cytometry in paired resected uninvolved lung (n = 9) 
and tumor tissues (n = 9) in Nivo+CT. Percentage of CD4+ (Non Treg) ICOS+ TILs 
(a), CD4+ Treg TILs (b), CD8+ ICOS+ TILs (c), CD8+ ICOS+ Ki67+ TILs (d), CD4+ 
CD45RO+ CD27+ TILs (e), CD8+ CD45RO+ CD27+ TILs (f), CD8+ CTLA-4+ TILs (g), 
CD8+ CD103+ LAG3+ TILs (h). i-l, Flow cytometry in paired resected uninvolved 
lung (n = 6) and tumor tissues (n = 6) in Ipi+Nivo+CT. Percentage of CD4+ (Non 
Treg) ICOS+ TILs (i), CD8+ CD103+ (tissue-resident memory T cells, TRM) TILs 
(j), CD4+ CD45RO+ CD27+ TILs (k), CD8+ CD45RO+ CD27+ TILs (l). m-o, Flow 
cytometry in resected tumor tissues after Nivo+CT (n = 9) and Ipi+Nivo+CT (n = 6 
in m and n, n = 5 in o) treatments. Percentages (top panels) and representative 
gates (bottom panels) of CD8+ ICOS+ Ki67- TILs (m), CD4+ (Non Treg) LAG3+ 

TILs (n), CD8+ Perforin+ TILs (o). The green filled and empty circles depict data 
from MPR and no MPR, respectively, in Nivo+CT patients, and the red filled and 
empty circles depict data from MPR and no MPR, respectively, in Ipi+Nivo+CT 
patients. Data are presented as the median with minima, lower and upper 
quartiles, and maxima using violin plots. The dashed line shows the median 
value, and dotted lines show the lower quartile and upper quartile values of the 
range; the top and bottom of the violin plots indicate the maxima and minima. 
Two-sided P value is from Wilcoxon signed-rank test (a-l) and Wilcoxon rank-sum 
test (m-o). Experiments and gating related to presented results were conducted 
once. Subgating was performed only when more than 100 events were present 
in the parental gate. Nivo, nivolumab; Ipi, ipilimumab; CT, chemotherapy; TILs, 
tumor-infiltrating lymphocytes; MPR, major pathologic response. Source data is 
provided as Source Data file.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Association of MPR with fecal microbiome diversity 
and composition following neoadjuvant Nivo+CT or Ipi+Nivo+CT. Fecal 
samples collected before treatment were characterized via 16Sv4 RNA gene 
profiling in Nivo+CT (n = 19) or Ipi+Nivo+CT (n = 18) arms. a, Abundance (log-
scale) of amplicon sequence variants (ASV) (in log-scale) observed in patients 
from both treatment groups with MPR and no MPR. b, Comparison of Shannon 
Index scores between patients with MPR and no MPR in each treatment arm 
(top, Nivo+CT; bottom: Ipi+Nivo+CT). c, Comparison of between-sample 
variance in between treatment arms using beta-dispersion test with Bray-
Curtis dissimilarity. d, Principal coordinate analysis (PCoA) plots of Bray-Curtis 
distances comparing MPR versus no MPR (top, Nivo+CT; bottom: Ipi+Nivo+CT). 
e, Principal coordinate analysis (PCoA) plots of Bray-Curtis distances comparing 

samples from patients with MPR and no MPR from all treatment arms. f, Principal 
coordinate analysis (PCoA) plots of Bray-Curtis distances comparing MPR from 
both treatment arms (Nivo+CT n = 7, Ipi+Nivo+CT n = 8). g, Comparison of 
Shannon Index scores between MPR from both treatment groups (Nivo+CT n = 7, 
Ipi+Nivo+CT n = 8). For alpha diversity analyses (b, g) two-sided P value derived 
from ANOVA. For beta diversity analyses (c–f) two-sided P value derived from 
PERMANOVA with 999 permutations. For box and whisker plots (b, c, g), the box 
includes data within first (Q1) and third (Q3) quartiles. Horizontal line represents 
the median. Length of whiskers represent minima (Q1-[1.5xIQR]) and maxima 
(Q3+ 1.5xIQR]). Data points outside of whiskers are considered outliers. Nivo, 
nivolumab; Ipi, ipilimumab; CT, chemotherapy; MPR, major pathologic response. 
Source data is provided as Source Data file.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Clinical Data were collected via the Data Management Initiative (DMI) project at the University of Texas MD Anderson Cancer Center and 
Microsoft Excel (v. 2016) Spreadsheets. 
 
Pathological data collection was performed with routine cytophatological/histopathological processing of tissue samples as detailed in the 
Methods session "Pathological analysis" of the manuscript. Data were collected using Microsoft Excel v.2016  
 
Single-cell RNA-sequencing (scRNA-seq): Available tumor and matched uninvolved lung tissues were freshly collected  at surgery and placed in 
ice-cold DMEM medium supplemented with 2% FBS and immediately minced and enzymatically digested in DMEM containing 0.16 mg/mL 
DNase I (9003-98-9; Worthington Biochemical Corp.) and 328 U/mL Liberase (5401020001; Roche) for 30 minutes at 37°C. Lysate was filtered 
and washed, after which red blood cells were eliminated using Red Blood lysis buffer (A1049201; Gibco). Total cells were cryopreserved in FBS 
with 10% DMSO and stored in the vapor phase of a liquid nitrogen tank until further processing. Details of scRNA-seq library preparation are 
available in the manuscript. 
 
NanoString data: Available tumor samples were collected post neoadjuvant treatments at surgery. FFPE tissue samples from resected tumors 
were cut into 4 μm thick sections. Tissue sections were processed and with reagents and methods described in the manuscipt. RNA quality 
and quantity were assessed using the Nanodrop spectrometer (ND-Nanodrop1000, Thermo Scientific, Wilmington, MA, USA). Data were 
collected using Microsoft Excel v.2016.  
 
Immunohistochemistry (IHC) of PD-L1 data: Available FFPE tumor tissue samples were collected from patients pre-neoadjuvant therapies for 
single chromogenic IHC staining of tumor PD-L1 using a a Leica Bond Max autostainer system (Leica Biosystems). Automated standard Leica 
protocol and reagents were utilized as detailed in the methods of the manuscript. Data were collected using Microsoft Excel v.2016.  
 
Multiparameter flow cytometry data: Fresh uninvolved tumor-adjacent and tumor tissues collected at surgery were disaggregated using the 
BD Medimachine System (BD Biosciences) to make a single cell suspension for flow cytometry staining. Detailed methods and antibodies are 
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described in the manuscript and in the antibody section below. Data were acquired with the Fortessa X20 (BD Bioscience) or Canto II (BD 
Bioscience) using BD FACSDiva software v8.0.1. and Microsoft Excel (v. 2016). 
 
Multiplex immunofluorescence (mIF) staining data: Using an automated staining system (BOND-RX; Leica Microsystems), 4-μm-thick FFPE 
tumor sections were stained for two panels containing antibodies against the antibodies in panel 1 and panel 2, as detailed in the manuscript 
methods and in the antibody section below. The stained slides were scanned using the multispectral microscope, Vectra v.3.0.3 imaging 
system (Akoya Biosciences/ PerkinElmer). After the slides were scanned in low magnification, a pathologist selected around five regions of 
interest (ROIs; each ROI: 0.3345mm2) per sample to cover around 1.65 mm2 of tumor tissue using the phenochart v.1.0.9 viewer (Akoya 
Biosciences/PerkinElmer). The data were collected using  Microsoft Excel v.2016.  
 
Gut microbiome data: Fecal samples were collected from patients on NEOSTAR trial as previously reported (https://
pubmed.ncbi.nlm.nih.gov/33603241/). Total DNA was extracted from fecal samples using the QIAamp DNA Stool Kit (Qiagen, Hilden, 
Germany), followed by a bead-beating lysis step. 

Data analysis Statistics: As the primary analysis, an uniformly minimum variance unbiased estimator (UMVUE) of the MPR rate was obtained using the 
approach proposed by Jung and Kim within each study arm. A P value for the statistical test against the assumed historical control of 15% and 
the corresponding 80% two-sided confidence interval (CI) was calculated using the method developed by Koyama & Chen to adjust for the 
Simon’s two-stage design’s adaptiveness. The distributions of EFS and OS were estimated by the Kaplan-Meier method. Logrank test was 
performed to test the difference in survival between groups. A two-sided P value of 0.05 was considered significant. Analyses were performed 
in SAS v.9.4, R v.4.1.2 and GraphPad Prism v.9.0.0. 
 
scRNA-seq: Sequencing was performed using the NovaSeq 6000 platform from Illumina. The raw reads were aligned to human reference 
genome GRCh38 (hg38) and processed by 10X Genomics Cell Ranger V3.1.0 to generate the unique molecular identifier (UMI) count data 
matrix. The UMI data matrix were processed using the Seurat package (V3) , with the following workflow: 1) Data filtering: the UMI data 
matrix were filtered to remove genes that have zero total UMI counts in all cells, as well as cells with less than 300 expressed genes or more 
than 10% of total UMI count of mitochondrial genes, 2) Data normalization and integration: Filtered UMI data matrices from different data 
batches were normalized, scaled, batched corrected, and integrated using the data integration workflow in Seurat v3  with the integration 
anchor features set to all genes in filtered datasets as described by Stuart and colleagues (in Stuart et al, Cell, 2019). 3) Data reduction and 
visualization: principal component analysis (PCA) were performed using highly variable genes identified by the Seurat “VariableFeatures” 
function. The top ranked principal components that covered 80% of the total variance were selected and transformed into UMAP 
components for visualization. 4) Unsupervised clustering: cell clusters were identified using Seurat's “FindClusters” function, with resolution 
value manually adjusted to find the best separation. 5) Cluster annotation: The marker genes for each cluster were identified using Seurat's 
“FindClusterMarkers” function. These markers genes, combined with  markers for known cell types such as immune cells and epithelial cells 
etc., were used to identify the major cell lineages of each cluster. Each cell lineage was further clustered to identify sub-lineages a if needed. 
During these processes additional doublets were identified and removed from the clusters. These clustering/identification processes were 
performed iteratively until all cell populations were annotated. 6) Differential analysis: for each cell population, we identified the differential 
expressed genes between sample types (tumor vs uninvolved) and treatment group (Nivo+CT vs Ipi+Nivo+CT), using Wilcoxon rank-sum test, 
with statistical cutoff set to false discovery rate (FDR) less than 0.05 and log2 fold change greater than 1. The proportions of sub lineages 
between sample types (tumor vs uninvolved) and treatment group (Nivo+CT vs Ipi+Nivo+CT) were compared using two-sided proportion test. 
All statistical analyses were performed in R v4.0.1. Codes used for scRNA-seq analysis are available from https://github.com/MD-Anderson-
Bioinformatics/Neoimmuno. 
 
lmmunohistochemistry analysis: PD-L1 stained slides were scored by standard microscopy following the recommendations of the 
International Association for the Study of Lung Cancer guidelines (PMID: 29800747). The results were plotted using GraphPad Prism v.9.00.  
 
Flow Cytometry analysis: Data were analyzed using FlowJo Software v.10.5.3 (Tree Star, Inc.). Dead cells were stained using LIVE/DEAD Fixable 
Yellow Dead Cell Stain dye (catalog no. L-34968, Life Technologies) and excluded from the analysis. Analyzed data were plotted using 
GraphPad prism v. 9.00. 
 
Multiplex immunofluorescence analysis: ROIs were analyzed by a pathologist using InForm v.2.8.2 image analysis software (Akoya 
Biosciences). All the data were consolidated using the R studio v.3.5.3 (Phenopter v.0.2.2 packet, Akoya Biosciences/PerkinElmer) and SAS 
v.7.1 Enterprise. The data were plotted using GraphPad Prism v.9.00. 
 
NanoString analysis: nCounter Digital Analyzer was used to tabulate the counts of the reporter probes and for further analysis raw data output 
was imported into nSolver analysis software (v4.0.70) (http://www.nanostring.com/products/nSolver). Normalization, cell type and 
differential gene expression analyses were performed using the nSolver Advanced data analysis package (v2.0.134). The data were plotted 
using GraphPad prism v. 9.0.0. 
 
Gut microbiome analysis: The V4 region of the bacterial 16S rRNA gene was amplified and sequenced on the Illumina MiSeq (Illumina, Inc.) 
platform using the 2x250 bp paired-end protocol yielding paired-end reads with near-complete overlap. Raw FASTQ files were processed 
using DADA2 (1.18) to generate amplicon sequence variants (ASVs) and taxonomies assigned with SILVA database v138 (https://www.arb-
silva.de). The resulting ASV table and taxonomies were used to compute alpha and beta diversity metrics as well as taxonomic relative 
abundances. The sequencing depths ranged from 19,310  to 159,961 with a mean of 59,057 reads per sample. Alpha diversity was calculated 
using Shannon Index. Bray-Curtis dissimilarity were used to calculate the pairwise dissimilarities and perform principal coordinate analysis 
(PCoA) between samples. PERMANOVA analyses (with 999 permutations) and beta-dispersion tests were used to compare microbiota 
diversity and dispersion between the two trials. Differentially abundant taxa were identified in each of the trials using the statistical method 
implemented in the R package DESeq2. The results were plotted in R (R Core Team 2020; https://www.R-project.org) using ggplot2 package 
(https://ggplot2.tidyverse.org).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

De-identified single-cell RNA-sequencing raw data reported in this manuscript have been deposited in the European Genome-phenome Archive with accession 
number EGAS00001006728. Access to this dataset is controlled by the institutional Data Access Committee in compliance with the NIH policy for Data Management 
and Sharing and in accordance with an alliance agreement between MD Anderson Cancer Center and Bristol Myers Squibb. Access to this dataset will be granted 
upon review and acceptance of academic requests. Further information about EGA can be found at https://egaarchive.org. The raw reads were aligned to human 
reference genome GRCh38 (hg38). The 16S fecal microbiome sequencing data have been deposited in the National Center for Biotechnology Information Sequence 
Read Archive under the SRA BioProject ID PRJNA665109 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA665109). Taxonomies were assigned with SILVA database 
v138 (https://www.arb-silva.de). Source data for Figure 5, Extended Data Figures 7-10 and Supplementary Figure 6 are provided.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Simon's minimax two-stage design was applied to test the major pathologic response rate for each one of the two treatment arms. We 
assumed the 15% major pathologic response rate under the null hypothesis versus the 40% major pathologic response rate under the 
alternative hypothesis. For each treatment arm, 15 patients were enrolled in the first stage. If only two or less of the 15 patients have major 
pathologic response, enrollment to that treatment arm would be terminated and the treatment is considered inefficacious. Otherwise, with at 
least three major pathologic response, additional 6 patients would be enrolled to reach a total of 21 patients. At the end of trial, if we observe 
6 or more patients have major pathologic response, the treatment is considered efficacious and inefficacious otherwise. The trial would have 
90% power when the major pathologic response rate is 40%. When the major pathologic response rate is 15%, the probability of early 
termination is 0.60 with an average sample size of 17.4 and one-sided 10% type I error rate. 

Data exclusions Clinical analyses: All eligible patients enrolled into the study were included in the analyses.  
 
Correlative analyses: All samples available and considered appropriate based on QC for correlative studies at time of analyses were included. 
 
Flow cytometry analysis: Available samples were excluded from analysis if they did not pass the respective QC for a given assay as detailed in 
Methods and Figure Legends of the manuscript.

Replication Replication was not applicable to this study as this was a clinical study with unique patient samples. All techniques and reagents used for the 
correlative analyses of this study had been previously optimized and validated.

Randomization Patient were enrolled to the nivolumab plus chemotherapy arm followed by ipilimumab plus nivolumab plus chemotherapy arm of the 
NEOSTAR platform study. Randomization was not performed in these two arms. Treatment allocation was not relevant in this multi-arm 
platform trial with two independent single-arm. These two arms were expected to be analyzed and reported separately with the goal to 
expedite the investigation of novel immunotherapy-based strategies in the neoadjuvant setting. 

Blinding The trial was not a blinded study. Blinding was not practical in this multi-arm platform phase 2 trial of single studies performed in sequence as 
experimental treatments were administered intravenously with different doses and schedules. However, after initial clinical reporting, the 
primary endpoint of the study was reviewed in a blinded manner by two pathologists experienced in the evaluation of tumor response after 
neoadjuvant therapy. Furthermore, the study was designed to compare the primary endpoint to historical controls of neoadjuvant 
chemotherapy and both experimental arms were novel strategies added to standard-of-care approach.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Immunohistochemistry (IHC) studies for PD-L1 staining in malignant cells: PD-L1 anti-human antibody clone 28-8, catalog no. 

ab205921, dilution 1:100; Abcam, Cambridge, MA, USA. 
 
Flow Cytometry studies: fluorochrome-conjugated monoclonal antibodies against CD45 (BUV395, Clone HI30, catalog no. 563792, BD 
Biosciences, 5μl/sample), CD3 (PerCP-Cy5.5, clone SK7, catalog no. 340949, BD Biosciences, 10μl/sample), CD8 (AF700, clone RPA-T8, 
catalog no. 557945, BD Biosciences, 5μl/sample), CD4 (BUV496, clone SK3, catalog no. 612936, BD Biosciences, 5μl/sample), PD-1 
(SB645, clone MIH4, catalog no. 64-9969-42, eBioscience, 4μl/sample), TIM3 (BV605, Clone F38-2E2, catalog no. 345018, BioLegend, 
4μl/sample), CD103 (BV711, clone Ber-Act8, catalog no. 563162, BD Biosciences, 5μl/sample), CTLA-4 (BV786, clone BNI3, catalog no. 
563931, BD Biosciences, 3μl/sample), GITR (AF488, clone eBioAITR, catalog no. 53-5875-42, eBioscience, 5μl/sample), LAG3 (PE, 
clone 3DS223H, catalog no. 12-2239-42, eBioscience, 5μl/sample), CD56 (PE-Cy7, clone B159, catalog no. 557747, BD Biosciences, 
5μl/sample), ICOS (BV421, clone C398.A4, catalog no. 313524, BioLegend, 5μl/sample) and CD25 (APCFire/750, clone BC96, catalog 
no. 302642, BioLegend, 5μl/sample), FOXP3 (PE-eFluor610, clone PCH101, catalog no. 61-4776-42, eBioscience, 5μl/sample) and Ki67 
(APC, clone 20Raj1, catalog no. 17-5699-42, eBioscience, 5μl/sample), CD27 (FITC, clone M-T271, catalog no. 555440, BD Biosciences, 
20μl/sample), CCR7 (PerCP-Cy5.5, clone 150503, catalog no. 561144, BD Biosciences, 5μl/sample), CD45RA (V450, clone HI100, 
catalog no. 560362, BD Bioscience, 5μl/sample), CD3 (APC, clone UCHT1, catalog no. 555335, BD Biosciences, 20μl/sample), CD4 
(BUV496, clone SK3, catalog no. 612936, BD Biosciences, 5μl/sample), CD8 (AF700, clone RPA-T8, catalog no. 557945, BD 
Biosciences, 5μl/sample), CD45RO (APC-H7, clone UCHL1, catalog 561137, BD Biosciences, 5μl/sample), BTLA (PE, clone J168-540, 
catalog no. 558485, BD Biosciences, 5μl/sample), and CD28 (PE-Cy7, Clone CD28.2, catalog no. 560684, BD Biosciences, 5μl/sample), 
PD-1 (PerCP-Cy5.5, clone EH12, catalog no. 329914, BioLegend, 5μl/sample), TIM3 (APC, clone F38-2E2 catalog no. 17-3109-42, 
eBioscience, 5μl/sample), CD8 (APC-Cy7, clone RPA-T8, catalog no. 557760, BD Biosciences,3μl/sample), and CD3 (PE-Cy7, clone 
UCHT1, catalog no. 563423 BD Biosciences, 5μl/sample), Perforin (FITC, clone DG9, catalog no. 11-9994-42, eBiosciences, 5μl/
sample), Granzyme B (V450, clone GB11, catalog no. 561151, BD Biosciences, 5μl/sample), and IFNγ (PE, clone B27, catalog no. 
559327, BD Biosciences, 10μl/sample) anti-human antibodies. Dead cells were stained using LIVE/DEAD Fixable Yellow Dead Cell Stain 
dye (catalog no. L-34968, Life Technologies, 1μl/sample).  
 
Multiplex Immunofluorescence studies: antibodies against (Panel 1): cytokeratin (clone AE1/AE3, catalog no. M351501-2, dilution 
1:300, Dako, Santa Clara, CA), CD3 (catalog no. IS503, dilution 1:100, Dako),  CD8 (clone C8/144B, catalog no. MS-457-S, dilution 
1:300, Thermo Fisher Scientific), CD68 (clone PG-M1, catalog no. M0875, dilution 1:450, Dako), PD-1 (clone EPR4877-2, catalog no. 
ab137132, dilution 1:250, Abcam), and PD-L1 (clone E1L3N, catalog no. 13684S, dilution 1:3,000, Cell Signaling Technology); and 
antibodies against (Panel 2): panel 2: cytokeratin (clone AE1/AE3, catalog no. M351501-2, dilution 1:300, Dako), CD3 (catalog no. 
IS503, dilution 1:100, Dako), CD8 (clone C8/144B, catalog no. MS-457-S,  dilution 1:300, Thermo Fisher Scientific), CD45RO (clone 
UCHL1, catalog no. PA0146, Cell Signaling Technology), Granzyme B (clone 11F1, catalog no. PA0291, Cell Signaling Technology) and 
FOXP3 (clone D2W8E, catalog no. 98377S, Cell Signaling Technology).  All the markers were stained in sequence using their 
respective fluorophore containing in the Opal 7 kit (catalog no. NEL797001KT; Akoya Biosciences/PerkinElmer).

Validation Immunohistochemistry (IHC) antibody for PD-L1 staining in malignant cells was previously validated as reported in https://
www.ncbi.nlm.nih.gov/pubmed/28719380. 
 
Flow cytometry staining:: antibodies were titrated on PBMCs and expanded tumor-infiltrating lymphocytes including unstained 
controls. The majority of these markers have been previously described in Bentebibel et al., Cancer Discovery 2019 (PMID:30988166). 
CD45 (BUV395, Clone HI30, Cat. No. 563792) - antibody internally validated by using tumor cells as a negative control and normal 
donor PBMCs  as a positive control. Vendor validation and technical information can be found at https://www.bdbiosciences.com/
content/bdb/paths/generate-tds-document.us.563792.pdf. 
CD3 (PerCP-Cy5.5, Clone SK7, Cat. No. 340949, BD Biosciences [panel 1]; APC, Clone UCHT1, Cat. No. 555335, BD Biosciences [panel 
2];  PE-Cy7, Clone UCHT1, Cat. No. 563423, BD Biosciences [panel 3]) - antibody internally titrated and validated using normal donor 
PBMCs and B cells as a negative control. Vendor validation and technical information can be found at https://
www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.340949.pdf; https://www.bdbiosciences.com/content/bdb/
paths/generate-tds-document.us.555335.pdf,;https://www.bdbiosciences.com/content/bdb/paths/generate-tds-
document.us.563423.pdf. 
CD8 (AF 700, Clone RPA-T8, Cat. No. 557945, BD Biosciences [panel 1 and panel 2]; APC-Cy7, Clone RPA-T8, Cat. No. 557760 [panel 
3]) - antibody internally titrated and validated using expanded tumor infiltrating lymphocytes and normal donor PBMCs. B cells were 
used as a negative control from normal donor PBMCs; Vendor validation and technical information can be found at https://
www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.557945.pdf; https://www.bdbiosciences.com/content/bdb/
paths/generate-tds-document.us.557760.pdf. 
CD4 (BUV496, Clone SK3, Cat. No. 612936, BD Biosciences [panel 1 and panel 2]) - antibody internally titrated and validated using 
expanded tumor-infiltrating lymphocytes and normal donor PBMCs. B cells were used as a negative control from normal donor 
PBMCs; Vendor validation and technical information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-
tds-document.us.612936.pdf. 
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PD1 (SB645, Clone MIH4, Cat. No. 64-9969-42, eBiosciences [panel 1], PerCP-Cy5.5, Clone EH12 Cat. No. 329914, BioLgend [panel 3]) 
- antibody internally titrated and validated with respect to differential staining patterns on CD8 T cells from expanded tumor-
infiltrating lymphocytes as a positive control and normal donor PBMCs as a negative control; Vendor validation and technical 
information can be found at https://www.thermofisher.com/antibody/product/CD279-PD-1-Antibody-clone-MIH4-
Monoclonal/64-9969-42; https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-human-cd279-pd-1-antibody-5611 
TIM3 (BV605, Clone F38-2E2, Cat. No. 345018, BioLegend [panel 1]; APC, Clone F38-2E2, Cat. No. 17-3109-42, eBioscience [panel 3]) 
- antibody internally titrated and validated with respect to differential staining patterns on CD8 T cells from expanded tumor-
infiltrating lymphocytes as a positive control and normal donor PBMCs as a negative control; Vendor validation and technical 
information can be found at https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-cd366-tim-3-
antibody-8606; https://www.thermofisher.com/antibody/product/CD366-TIM3-Antibody-clone-F38-2E2-Monoclonal/17-3109-42. 
CD103 (BV711, Clone Ber-Act8, Cat. No. 563162, BD Biosciences) - antibody internally validated by gating on T cells from normal 
donors as a negative control and CD8+ tumor-infiltrating lymphocytes as a positive control; Vendor validation and technical 
information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.563162.pdf. 
CTLA4 (BV786, Clone BNI3, Cat. No. 563931, BD Biosciences) - antibody internally validated with respect to differential staining 
pattern on activated T cells as compared to unactivated T cells from expanded tumor-infiltrating lymphocytes and normal donor 
PBMCs; Vendor validation and technical information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-
tds-document.us.563931.pdf. 
GITR (AF 488, Clone eBioAITR, Cat. No. 53-5875-42, eBioscience) - antibody internally validated by differential staining on 
unstimulated T cells from normal donor PBMCs as compared to expression on CD4+CD25+FoxP3+ tumor-infiltrating lymphocytes; 
Vendor validation and technical information can be found at https://www.thermofisher.com/antibody/product/CD357-AITR-GITR-
Antibody-clone-eBioAITR-Monoclonal/53-5875-42. 
LAG3 (PE, Clone 3DS223H, Cat. No. 12-2239-42, eBioscience) - antibody internally validated with respect to differential staining 
pattern on CD8 T cells and CD4 T cells from expanded tumor-infiltrating lymphocytes as a positive control as compared to from 
normal donor PBMCs as a negative control; Vendor validation and technical information can be found at https://
www.thermofisher.com/antibody/product/CD223-LAG-3-Antibody-clone-3DS223H-Monoclonal/12-2239-42. 
CD56 (PE-Cy7, Clone B159, Cat. No. 557747, BD Biosciences) - antibody internally validated by gating on CD3 negative cells from 
normal donor PBMCs; Vendor validation and technical information can be found at https://www.bdbiosciences.com/content/bdb/
paths/generate-tds-document.us.557747.pdf. 
ICOS (BV421, Clone C398.A4, Cat. No. 313524, BioLegend) - antibody internally validated with respect to differential staining pattern 
on activated T cells as compared to unactivated T cells from expanded tumor-infiltrating lymphocytes and normal donor PBMCs; 
Vendor validation and technical information can be found at https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-
human-mouse-rat-cd278-icos-antibody-8876.  
CD25 (APCFire/750, Clone BC96, Cat. No. 302642, BioLegend) - antibody internally validated by assessing differential expression on 
activated and non-activated T cells; Vendor validation and technical information can be found at https://www.biolegend.com/en-us/
products/apc-fire-750-anti-human-cd25-antibody-13841.  
FOXP3 (PE-eFluor610, Clone PCH101, Cat. No. 61-4776-42, eBioscience) - antibody internally validated by gating on CD45+CD3+CD4+ 
T cells from normal donor PBMCs;Vendor validation and technical information can be found at https://www.thermofisher.com/
antibody/product/FOXP3-Antibody-clone-PCH101-Monoclonal/61-4776-42. 
Ki67 (APC, Clone 20Raj1, Cat. No. 17-5699-42, eBioscience) - antibody internally validated by gating on T cells from normal donor 
PBMCs as a negative control and expanded tumor-infiltrating lymphocytes as a positive control; Vendor validation and technical 
information can be found at https://www.thermofisher.com/antibody/product/Ki-67-Antibody-clone-20Raj1-
Monoclonal/17-5699-42. 
CD27 (FITC, Clone M-T271, Cat. No. 555440, BD Biosciences) - antibody internally validated by gating on T cells from normal donor 
PBMCs as a positive control and monocytes as a negative control; Vendor validation and technical information can be found 
at;https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.555440.pdf. 
CCR7 (PerCP-Cy5.5, Clone 150503, Cat. No. 561144, BD Biosciences) - antibody internally validated by gating on T cells from normal 
donor PBMCs as a positive control and fluorescence minus one negative controls; Vendor validation and technical information can be 
found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.561144.pdf. 
CD45RA (V450, Clone HI100, Cat. No. 560362, BD Biosciences) - antibody internally validated by gating on T cells from normal donor 
PBMCs as a positive control and fluorescence minus one negative controls; Vendor validation and technical information can be found 
at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.560362.pdf. 
CD45RO (APC-H7, Clone UCHL1, Cat. No. 561137, BD Biosciences) - antibody internally validated by gating on T cells from normal 
donor PBMCs as a positive control and fluorescence minus one negative controls; Vendor validation and technical information can be 
found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.561137.pdf. 
BTLA (PE, Clone J168-540, Cat. No. 558485, BD Biosciences) - antibody internally validated by gating on T cells and B cells from 
normal donor PBMCs as well as expanded TIL as a positive control and fluorescence minus one negative controls; Vendor validation 
and technical information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-
document.us.558485.pdf. 
CD28 (PE-Cy7, Clone CD28.2, Cat. No. 560684, BD Biosciences) - antibody internally validated by gating on T cells from normal donor 
PBMCs as a positive control and monocytes as a negative control; Vendor validation and technical information can be found at 
https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.560684.pdf. 
Perforin (FITC, Clone DG9, Cat. No. 11-9994-42, eBiosciences) - antibody internally validated by gating on expanded TIL and  T cells 
and NK cells from normal donor PBMCs as a positive control and B cells as a negative control; Vendor validation and technical 
information can be found at https://www.thermofisher.com/antibody/product/Perforin-Antibody-clone-dG9-delta-G9-
Monoclonal/11-9994-42. 
Granzyme B (V450, Clone GB11, Cat. No. 561151, BD Biosciences) - antibody internally validated by gating on expanded TIL and T 
cells and NK cells from normal donor PBMCs as a positive control and monocytes as a negative control; Vendor validation and 
technical information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.561151.pdf. 
IFNg (PE, Clone B27, Cat. No. 559327, BD Biosciences) - antibody internally validated by gating on stimulated, expanded TIL and T 
cells from normal donor PBMCs as a positive control and unstimulated T cells from normal donor PBMCs as a negative control. 
Vendor validation and technical information can be found at https://www.bdbiosciences.com/content/bdb/paths/generate-tds-
document.us.559327.pdf. 
 
Multiplex immunofluorescence antibodies were previously validated as reported in https://pubmed.ncbi.nlm.nih.gov/29042640.
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Human research participants
Policy information about studies involving human research participants

Population characteristics Male and female patients who met inclusion criteria for the study were 18 years of age and older and had stage IB (equal to 
or greater than 4 cm) to IIIA NSCLC according to American Joint Commission on Cancer (AJCC) 7th edition staging system. 
Only single mediastinal ipsilateral N2 station was allowed for the enrollment. All patients had to have surgically resectable 
disease and Eastern Cooperative Group performance status 0-1, adequate organ function, and cardiopulmonary status. 
Patients were excluded from the study if they had autoimmune disease, immunodeficiency, or previously received 
immunotherapy for other disease, if they had active infectious disease requiring ongoing treatment or cancer within the last 
two years. A complete list of inclusion and exclusion criteria is included in the Methods of the manuscript. Patient 
characteristics, including self-reported sex, are reported in Table 1. Sex and/or gender was not considered in the trial design. 
Twelve females and ten males were recruited in the Nivo+CT arm; seven females and fifteen males were recruited in the Ipi
+Nivo+CT arm. Ten and thirteen patients were less than 65 years of age in the Nivo+CT and in the Ipi+Nivo+CT arms, 
respectively; twelve and nine patients were more than 65 years of age in the Nivo+CT and in the Ipi+Nivo+CT arms, 
respectively. The participants were not compensated for their participation on the studies.

Recruitment Patient enrollment of the nivolumab plus chemotherapy arm started on December 14, 2018 and ended on July 22, 2019 and 
followed by nivolumab plus ipilimumab plus chemotherapy arm which started on December 30, 2019 and ended on 
December 1, 2020. Patients were screened, enrolled and treated in the Departments of Thoracic/Head and Neck Medical 
Oncology and Thoracic Surgery at the University of Texas MD Anderson Cancer Center. The Thoracic Medical Oncology and 
Thoracic Surgery Clinics at MD Anderson Cancer Center implemented the same screening protocols to identify  and offer 
enrollment to patients with medically operable/technically resectable NSCLC. Participants were informed about the clinical 
trial by the treating physicians and surgeons and the clinical trial coordination team before signing the consent. 
 
Potential biases applicable to the study were the relatively subjective operability/resectability of the disease prior to 
enrollment and the self-selection bias, which could derive from patient health literacy about the study (clinicaltrial.gov). The 
impact of both biases on the results of our study were minimized by presenting and discussing eligible patients at 
multidisciplinary tumor board conference before enrollment and by the objective evaluation of all study endpoints. 

Ethics oversight Written informed consent was provided by all study participants or their legal representatives. The study was approved by 
the University of Texas MD Anderson Cancer Center's Institutional Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration NCT03158129

Study protocol Information regarding the study protocol can be found in the Methods of the manuscript and at https://clinicaltrials.gov/ct2/show/
NCT03158129.

Data collection Patient enrollment of the nivolumab plus chemotherapy arm started on December 14, 2018 and ended on July 22, 2019 and 
followed by nivolumab plus chemotherapy with ipilimumab arm which started on December 30, 2019 and ended on December 1, 
2020. Data were collected from commencement of the clinical study until reported data cut-off date (July 18, 2022) in the 
department of Thoracic/Head and Neck Medical Oncology and Thoracic Surgery at the University of Texas MD Anderson Cancer 
Center. Electronic clinical report forms were collected through the Data Management Initiative (DMI) project at the University of 
Texas MD Anderson Cancer Center and Microsoft Excel (v. 2016) Spreadsheets.

Outcomes The primary endpoint of the trial was major pathologic response (MPR), defined as less than or equal to 10% viable tumor cells in the 
original resected tumor bed following neoadjuvant therapy on trial and assessed by the pathologists involved in the study as detailed 
in the methods of the manuscript. Select secondary endpoints included treatment toxicity, perioperative morbidity and mortality, 
quantification of CD8+ TILs in resected tissues, ORR, pCR, completeness of surgical resection, time-to-events (including EFS and OS), 
correlation of blood, tissue and stool biomarkers with efficacy. Exploratory endpoints included tissue-, blood-, stool- and imaging-
based biomarkers. All outcomes were assessed by the study investigators using the methods and criteria detailed in the manuscript, 
including RECIST criteria v. 1.1, National Cancer Institute Common Terminology Criteria for Adverse Events v. 4., time-to-events 
(event-free survival [EFS] defined as the time from treatment initiation to any progression of primary lung cancer precluding planned 
surgery, any progression or recurrence (as assessed by imaging and/or histopathologically) of primary lung cancer after surgery, any 
progression of primary lung cancer in patients without surgery, or death from all causes, or to the time of last imaging), and overall 
survival [OS], defined as the time from treatment initiation to the time of death from all causes or to the time of last follow up, 
obituaries were cross-referenced for any unreported patient deaths), tissue scRNA-seq, tumor NanoString, tissue flow cytometry, 
tumor PD-L1 IHC, tissue multiplex immunofluorescence staining and 16S gut microbiome, by the study investigators.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Fresh tumor tissue was disaggregated using a medimachine and subsequent filtering to generate a single cell suspension for 
staining. PBMCs were thawed, washed and resuspended for staining. Surface staining was performed in FACS Wash Buffer (lX 
DPBS with 1% Bovine Serum Albumin) for 30 min on ice using fluorochrome-conjugated monoclonal antibodies from BD 
Biosciences, Biolegend, and eBioscience. Cells were fixed in 1% paraformaldehyde solution for 20min at room temperature 
following surface staining. For panels containing transcription factors, cells were fixed and permeabilized using the BD 
Transcription factor kit according to the manufacturer's instructions. A complete list of the antibodies, catalog numbers, 
company and clones used are available. Dead cells were stained using AQUA live/dead dye (lnvitrogen)and excluded from the 
analysis. 

Instrument BD Fortessa X20 or Canto II (BD Bioscience) 

Software BD FACSDiva software v8.0.1. was used for data acquisition. FlowJo v. 10.5.3 was used for all flow cytometry analysis 

Cell population abundance No cells were sorted in this study.

Gating strategy Cells were initially gated using FSC-A v SSC-A followed by singlet gates using SSC-Av SSC-H. Single cells were then gated for 
exclusion of dead cells. A QC metric of 100 events was required in the immediate parental gate for any subgating. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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