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n patients with earl y-sta ge non-small cell lung cancer (NSCLC), 
he risk of post-surgical recurrence (REC) is 20%–50%, [ 1 ] and 

he risk of de v eloping a second primary lung cancer (2P) is 3–4 
imes higher than in the general population [ 2 ]. Distinguishing 
etween REC and 2P can be challenging, complicating treatment 
f these so called “equiv ocal” (EQ U) cases. We hypothesize that 
he tumor imm une pr ofile can provide insight into the immune 
ystem’s role in controlling micro-metastasis and suppressing 
 ecurr ent and/or ne w primary tumors. In this pilot study, we 
mplo y ed the NanoString GeoMx ® Digital Spatial Profiler (Ge- 
MxDSP) to detect intr atumor al RNA and protein abundance 
y region of interest (ROI) [ 3 ]. Exemplary H&E-stained tumor 
issues wer e pathologicall y r e vie w ed; tw o types of R OI w ere 
dentified here (Fig. 1 A): inflamed (hot) defined as microscopically 
nfiltrated with ≥5% of lymphocytes , macrophages , and plasma 
ells collectiv el y [ 4 ], or uninflamed (cold). All R OIs w ere further 
egmented by immunophenotyping (PanCK + , CD45 + ), where 
anCK + and CD45 + cells respecti vely re presented e pithelial 
umor and tumor immune microenvironment (TIME) cells. We 
er ein r eport how to identify intr atumor al imm une r esponse RNA 

nd protein biomarkers (immune targets) that predict REC and 2P 
SCLC. 
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A total of 62 patients were identified from an ongoing patient 
ohort [ 5 ] for this study if they had a sur gicall y r esected, primary 
denocarcinoma or squamous cell carcinoma of the lung, patho- 
ogic staged T1-2N0M0, with or without a subsequent event of ei- 
her a r ecurr ence [ 6 ] or a second primary tumor [ 7 ]. These pa- 
ients had a mean dia gnosis a ge of 61 ( ± standard deviation 13) 
 ears, w ere 52% female, 42% ne v er-smokers, 76% non-Hispanic 
hite, 84% adenocarcinoma and 16% squamous cell carcinoma 

 supplementary Tables S1 and S2 , see online supplementary ma- 
erial). Two independent gr oups serv ed as the discovery [Set-1 
 n = 38)] and validation [Set-2 ( n = 24)] sets . T he decision of REC 

n = 6) and 2P ( n = 6) tumors were abstracted from medical records 
ith a multidisciplinary-consensus diagnosis, based on conclu- 

iv e r eports fr om pathology, r adiology, thor acic sur gery, medical 
ncology, and pulmonary medicine . T he five EQU cases are those 
hat cannot be unequivocally categorized as a REC or 2P. 

Ov er all, 847 segments (421 PanCK + , 426 CD45 + ) among 362 
OIs derived from 62 NSCLC tumor tissues were analyzed. Two 
erial FFPE tissues were analyzed using GeoMxDSP RNA and pro- 
ein nCounter panels r espectiv el y ( supplementary Tables 3a and 

b , see online supplementary material), including the Immune 
 athways P anel Human RNA cor e (73 genes, 5 housek ee pers, 6 
ontr ol pr obes), and 7 NanoString GeoMx pr otein modules tar get- 
ng a total of 71 proteins, including 3 housek ee ping controls and 

ublished 17 January 2025 
hina School of Medicine & W est China Hospital of Sichuan Uni v ersity. This 
tribution-NonCommercial License 
 re-use, distribution, and r e pr oduction in any medium, pr ovided the original 
@oup.com 

f001/7959990 by guest on 04 D
ecem

ber 2025

https://orcid.org/0000-0003-4002-7497
https://orcid.org/0000-0002-4432-4707
https://orcid.org/0000-0002-8588-847X
mailto:yang.ping@mayo.edu
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf001#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf001#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf001#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf001#supplementary-data
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


Spatial defined tumor markers and lung cancer outcome | 1 

Figure 1. Identification of intr atumor al imm une r esponse biomarkers that pr edict REC and 2P NSCLC. ( A ) Is the 2nd tumor (right) a r ecurr ence or a 
new primary? This patient developed two lung adenocarcinomas 3 years apart; H&E-stained tumor sections are shown in the top panels. Middle 
panels: color-marked Inflamed/hot (red) or main/cold (blue) areas within each tumor section, mimicking macro-dissected tissue samples, with 
differing immune cell infiltrations. Bottom panels show two spatial segments or compartments within each ROI: PanCK + TUMOR and CD45 + TIME. 
( B ) Analyses and model builds . T he four spatially defined tissue sector analyses are outlined in 4-levels. Level-1: microscopically inspected tumor 
tissue areas (hot and cold) including both ROI subgroups PanCK + (TUMOR) and CD45 + (TIME) cells, akin to macro-dissected bulk tumor samples 
(gr ey). Le v el-2: mor phologicall y distinct tumor tissue ar eas, either hot or cold including both P anCk + (TUMOR) and CD45 + (TIME) cells (c y an). Le v el-3: 
segment-distinct tumor tissue areas either TUMOR or TIME cells (dark green). Level-4: morphology- and segment-specific tumor tissue areas: 
cold-TUMOR, cold-TIME, hot-TUMOR, hot-TIME (pink). ( C ) Validated Imm une functional markers pr edicting outcomes of sta ge-I NSCLC. The two 
hemispheres, color shaded to represent specific spatial designations, show significant markers for REC (left) or 2P (right). Pr otectiv e and hazardous 
markers are shown in blue and red text respectively. ( D ) Predicting alignment of EQU to REC or 2P using 13 validated protein markers. All four EQU 

cases (Y -035, Y -036, Y -037, and Y -038) had subsequent tumors that ar ose ov er 2 years (4.5, 2.1, 3.5, and 2.1 years r espectiv el y) later and with the same 
histology, but in a different lung lobe to the primary tumors assessed in this study. The same histology supports r ecurr ence, while the different lung 
lobe supports the subsequent tumor being a second primary tumor. Typically, the timeframe for REC and 2P is considered to arise within or after 2 
years. 
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Figure 1. Continued. 
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 negativ e contr ols . Cell counts as per SYT O-13-positi ve n uclei
ounts are provided in supplementary Table S4 (see online supple-
entary material). Set-2 only had protein data because the RNA

latform was not a vailable . T he o verall distributions of the log2-
r ansformed expr ession le v el of all RNA and pr otein tar gets ar e il-
ustrated in supplementary Fig. S1a –c , see online supplementary

aterial. 
Four-le v el bi-dir ectional discov ery-v alidation anal yses (Fig. 1 B)

ere conducted between RNA and protein, and two independent
r otein datasets. Cox pr oportional hazard (Cox) models for pr e-
icting REC and 2P were built at four spatial le v els starting with
nivariate model of all ROIs for all RNA markers and eight co-
 ariates (a ge, sex, smoking history, race, histology, sta ge, mor phol-
gy, segment). The 2P-smk model in lieu of 2P was used because
er o “ne v er-smokers” de v eloped 2P. Cox models wer e cluster ed by
nique patient ID to account for intra-person correlation due to
ultiple ROIs per tumor sample [ 9 ]. Hazard r atio (HR) v alues with

5% confidence interv al (CI) wer e estimated for each biomarker
nd co variate , with those ha ving P < 0.2 considered for inclusion
n the m ultiv ariable Cox model. Multiple testing corrections [ 10 ]
tilized false discovery rate (FDR) < 0.01 threshold in all discov-
ry models (to minimize ov erla pping markers between REC and
P) and FDR < 0.2 in validation models. In addition to frequency-
atched confounding effects by selected known prognostic fac-

ors in both sample sets, residual confounding effects were tested
t all four le v els of ROI-based analyses and for both RNAs and

https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbaf001#supplementary-data
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protein markers . P otential confounders [ Supplementary Fig. S2 
(see online supplementary materials), covariates in green box] 
were adjusted. A 2-tailed P -value < 0.05 was considered sta- 
tistically significant in the final (global) multiple Cox models,
adjusting for significant covariates identified at various spa- 
tial le v els. All statistical anal yses wer e conducted using the R 

software (v4.1.2). 
In Le v el-1, all cold and hot ROIs with both TUMOR and TIME 

cells, r esembling bulk macr o-dissected tumor tissue, wer e in- 
cluded. Six independent m ultiv ariable Cox models were built (3 
for REC, 3 for 2P) following the bi-directional discovery-validation 

process ( supplementary Table S5 , see online supplementary ma- 
terial). Then, ROIs that were spatially defined by morphology (hot,
cold), segment (PanCK + , CD45 + ), and morphology plus segment 
(hot PanCK + , hot CD45 + , cold PanCK + , cold CD45 + ) were as- 
sessed, yielding 24 m ultiv ariable Cox models: 12 for REC and 12 
for 2P. Of these, 6 were built at the morphology level (hot vs. cold),
6 at the segment le v el (P anCK + vs. CD45 + ), and 12 at the mor- 
phology by segment le v el ( supplementary Tables S6 and S7 , see 
online supplementary material). Each validated marker was inter- 
r ogated a gainst the published liter atur e to determine its nov elty 
in predicting REC and/or 2P. A total of 130 publications and 4324 
candidate markers were interrogated; of these, 4 articles reported 

markers validated in our study, but none by GeoMxDSP technol- 
ogy ( supplementary Table S8 , see online supplementary material).
We identified pr edictiv e markers for REC and 2P at different spa- 
tially defined tumor areas and cell designations (Fig. 1 C). The two 
hemispheres show significant markers for REC (left) or 2P (right).
Pr otectiv e markers are shown in blue text, hazardous in red. Mark- 
ers that predicted both REC and 2P are intriguing: Bcl-2 and CD20 
wer e pr otectiv e for REC when detected at cold or cold-CD45 + lev- 
els but hazardous for 2P when detected at the cold-PanCK + level,
showing tumor-spatial-marker specificity 

Next, we de v eloped two global pr edictiv e models acoss all four 
le v els, one for REC and one 2P; significant markers are in bold font 
(Fig. 1 C), r e v ealing nine novel prognostic biomarkers: three that 
pr otect a gainst REC, four hazar dous for 2P, and tw o that exhibit 
opposing effects between REC and 2P . Notably , reduced expression 

of CD44 and PARP were found to be protective against REC, while 
increased RNA and protein expression of PDCD1 /PD-1 were found 

to be hazardous for 2P. Inter estingl y, r educed pr otein expr ession of 
BCL2 was found to be pr otectiv e for REC, while increased protein 

expression was hazardous for 2P. 
Finally, EQ U cases w ere compared to the validated protein 

markers from Set-1 with the objective of predicting REC or 2P 
classifications . T he normalized log2-transformed expression ra- 
tios for each protein target within each group (none, REC, 2P) and 

EQU case compared to the control group (none) was determined.
Bioinformaticall y v alidated tar gets for whic h an EQU case had 

expression equal, exceeding (negative or positive), or contradic- 
tory to the mean REC or 2P gr oup expr ession wer e visualized us- 
ing SigmaPlot 14.5. The log2-transformed REC/none and 2P/none 
r atios ar e depicted as histogr ams and r epr esent the mean ex- 
pr ession for pr otein tar gets identified as significant within REC 

or 2P, Fig. 1 D. Using our pr ototypic “Alignment Scor e” algorithm 

( supplementary Table S9 , see online supplementary material) as 
a proof-of-principle, by either a simple count of supporting mark- 
ers (equal or exceeding the r efer ence mean) or penalized points 
(subtr acting contr adictory markers fr om the supporting), allo w ed 

us to align the EQU cases . T he results show that Y-035 (red sym- 
bol) aligns to 2P, while Y-037 (y ello w), Y-036 (green) and Y-038 
(blue) align with REC. In summary, our findings demonstrated the 
feasibility of identifying differential biomarkers that predict REC 
r 2P at spatially defined intra-tumoral sectors, supporting new 

ir ections in imm unother a pies and interce ptions be yond the ex-
sting strategies. 
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