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Abstract

It has been suggested that the heterogeneity of TAAs in lung cancer may affect the therapeutic response and
disease progression. Up to now, several tumor-associated antigen (TAA)-based cancer vaccines have been
investigated in lung adenocarcinoma (LUAD); however, most of them have failed at the stage of clinical trials. The
present study suggests that inter-tumoral heterogeneity of TAAs is large at single-cell resolution, while the
communication between tumor cells and infiltrating T cells is closely related to the expression profile of TAAs.
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To the Editor,

While non-small-cell lung cancer (NSCLC) ranks as
the most commonly diagnosed malignancy worldwide,
lung adenocarcinoma (LUAD) is the major histological
subtype of NSCLC [1]. Although tumor-associated anti-
gen (TAA)-based cancer vaccines have been used in
NSCLC for a long time, their efficacy has reportedly
been limited due to the deficient T cell priming [2].
Thus, further investigation of TAA expression and its
interaction with T cells may provide telling evidence to
support the application of TAA-based cancer vaccines in
NSCLC. Here, we performed single-cell RNA sequencing
(scRNA-seq) on primary lung tumor and distant metas-
tases to profile the TAA diversity in LUAD.
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We first merged scRNA-seq data from seven samples
out of 6 patients with primary (n =4) or metastatic (n =
2) LUAD (see Fig. 1la for patient attributes) using diago-
nalized canonical correlation analysis (CCA) to conduct
a systematic comparison among the patients. Gene-
expression profiles of 14,134 cells were retained after
quality control filtering, and twenty clusters were identi-
fied using graph-based clustering on the informative
principal-component analysis (PCA) space. As depicted
in Figs. Sla and b, the clusters were largely consistent
across patients in the integrated data. General cell types
were annotated by reference to bulk transcriptomes (see
“Method details”), and the annotation was supported by
specific marker genes for matching cell types (Fig. Slc
and d). Although the abundance of each cell type varied
from one sample to another, most of immune and epi-
thelial cell types were present in all patients (Fig. Sle).
Epithelial cells (n =3,442) were then subsetted and re-
clustered. In agreement with previous reports [3-5], we
found that the majority of epithelial cell (cancer cell)
clusters were patient-specific (Fig. 1b). Strikingly, epithe-
lial cells isolated from two primary lesions of the same
patient showed a lesion-specific clustering.

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s40364-021-00287-8&domain=pdf
http://orcid.org/0000-0002-2820-7447
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:xueqi@cicams.ac.cn
mailto:zhhbao@ccmu.edu.cn
mailto:drzhaojun@126.com

Lv et al. Biomarker Research (2021) 9:41 Page 2 of 4
-
a Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Tumor sample: patient1_lesion1  patient1_lesion2 patient2 patient3 patient4 patient5_mBrain patient6_mBone
. LUAD LUAD
Pathologlcal type: (double primary carcinoma of lung) (combined with LCNEC) LUAD LUAD LUAD LUAD
Tissue site: | Primary (upper)  Primary (bottom) Primary Primary Primary Brain metastasis Bone metastasis
Stage: IA 1B A IV \Y v
Therapy: None None cgz;aodtjkl\levraa;ly None Chemotherapy Chemotherapy
b. f
Incoming communication patterns of target cells
20 TAA_positive_tumor{- @+ eeeeee - see o e o se¢ 00 oooo
Contribution
. o 04
o TAA_negative_tumor{+ e+ cee00es see e o c¢ o ocoee
2o o 06
g
O 08
CD8+_T cell{s =« ecee . . .
-20
CD4+_T_cell scoee o 00000 00 oo .0
-40 -20 0 20 40 s
tSNE_1 . . .
C g Incoming communication patterns of target cells
Sample
. patient1_lesion1
© patient1_lesion2 TAA_positive_tumor{e e e e @ @ . ee: eececccoe
patient2
patient3 Contribution
20. patient4 X
© patient5_mBrain TAA_negative_tumor{e e e 000 e e eeeecece oo eec 0000 o000e O 04
patient6_mBone o 06
S TAAs
g o @BTBD2 CD8+_T_cell eece o o O 08
- CEACAMS5
@ EZH2
GPNMB
:HHAT CD4+_T_cell oo X}
- @ MAGEA12
[
non_expr N
~40; @ PRAME <
d ED ED T % 3 h H
i lesion 1 ] HALLMARK_INTERFERON_GAMMA_RESPONSE
- 08
PRAME I IFN-II signaling pathway network 'Wi
CEACAMS5 I . ° !
BTBD2 I . TAA_negative_tumor e * Group
sample 3 E3 TAA_negative
MAGEA6 patient1_lesion1 3 M tumor
[ patient1_lesion2 © 04 -
MAGEA12 I patient2 P > E3 TAA_positive
tient3
MAGEA3 | o CD8+ T cell TAA_positive_tumor _tumor
| | patient5_mBrain oz
EzH2 I I patient6_mBone
GPNMB ‘ I . -
TAA_negative TAA_positive
HHAT | CD4+ T cell _tumor _tumor
50% — .
e [ k
lesion 2 HALLMARK_INTERFERON_GAMMA_RESPONSE
patients_mBone IFN-II signaling pathway network
.‘ p<0001
patient5_mBrain TAAs . 06 4
[ ] z-éiziM TAA_negative_tumor l Group
! 5
patientd M ez ° E3 TAA_negative
M cPNvB Sos _tumor
patient3 HHAT g B
= MAGEA12 [ o E3 TAA_positive
patient2 I B MAGEA3 CD8+_T_cell TAA_positive_tumor _tumor
[1] MAGEAS o
patient1_lesion2 M PRAME
" . . TAA_negative ~ TAA_positive
patient1_lesion1 CD4+_T_cell _tumor _tumor
50% ——
Fig. 1 (See legend on next page.)
A




Lv et al. Biomarker Research (2021) 9:41

Page 3 of 4

(See figure on previous page.)

Fig. 1 The TAA profile in lung adenocarcinoma. aA summary of the patient attributes. b and ¢ t-SNE plot of 3,442 epithelial cells that were color-
coded by the sample type of origin (b) or the TAA expression (c). d and e The fraction of cells that were colored by sample (d) or TAAs (e). In
each image, the gray scale bar corresponds to 50 percent. f and g Dot plots showing the incoming signaling patterns of secreting cells in lesion
1 (f) or lesion 2 (g). The size of dots is in proportion to the communication probability. h and i Circle plots showing the inferred IFN-II signaling
networks in lesion 1 (h) or lesion 2 (i). jand k Boxplots displaying the “ssgsea” scores of HALLMARK INTERFERON GAMMA RESPONSE in lesion 1 (j) or
lesion 2 (k). P-values were calculated using the Wilcox-test. The box shows the upper and lower quartiles

Next, we collected information on the TAAs from the
CTDatabase and ClinicalTrial.gov. For further analysis,
we selected a total of seventy-five TAAs from TCGA
database, which were frequently expressed in LUAD pa-
tients (Table S1). Among the 75 TAAs, 9 (CEACAMS,
BTBD2, EZH2, GPNMB, HHAT, PRAME, MAGEAS3,
MAGEA6, and MAGEA12) were expressed at the single-
cell level (log-normalized counts > 0) (Table S2; Fig. 1c).
As illustrated in Fig. 1d, CEACAMS5 displayed the high-
est frequency of expression in early-stage LUAD (patient
1 lesion 1, 34.8 %; patient 1 lesion 2, 24.3 %; patient 2,
78.0 %; and patient 3, 49.6 %), while EZH2, BTBD2 and
GPNMB were among the most frequently expressed
TAAs in stage IV primary tumor (23.8 %, 22.1 %, 20.4 %,
respectively) and metastatic bone lesion (24.3 %, 32.5 %,
4.6 %, respectively). In the meantime, MAGEA3, MAGE
A6 and MAGEAI2 were detected only in patient 2
(LUAD combined with large cell neuroendocrine carcin-
oma) and patient 5 (brain metastases), suggestive of a
large variation on the TAA profile across the different
pathological types of tumor (Fig. 1le).

Lastly, we sought to determine whether cancer cells
with TAA expression could potentiate T cell responses.
The six patients included in this study were different in
age, gender, race, pack-year smoking histories (above are
environmental conditions), germline mutations or HLA
typing (above are genetic background) which may cause
significant interpatient immune-response variability. We
therefore performed analyses in different lesions from
patient 1 to avoid confounding effects of genetic back-
ground and environmental conditions. While T cell sub-
set was classified into CD4" (lesion 1, n =442; lesion 2,
n =23) and CD8" (lesion 1, n = 362; lesion 2, n=295) T
cells according to the cluster of differentiation receptors
that were expressed in the cells, cancer cells were cate-
gorized as TAA-positive (lesion 1, n=217; lesion 2, n=
639) or TAA-negative (lesion 1, n=251; lesion 2, n=
797) cells based on whether or not the 75 TAAs from
the database were expressed in the cells. As depicted in
Fig. 1f g, relatively consistent incoming signaling pat-
terns were present between TAA-positive and TAA-
negative groups (see “Method details”). Surprisingly, the
contribution score of IFN-II signaling reached statistical
significance only in TAA-positive groups. Meanwhile,
CD8" T cells tended to send stronger IFN-II signal than
CD4" T cells (Fig. 1 h and 1i). Finally, a “ssgsea” score

for quantifying the extent of IFN-y pathway activation
was calculated for each cancer cell (see “Method de-
tails”). As shown in Fig. 1j and k, TAA-positive cells in
the two lesions exhibited a significantly higher score of
IFN-y response than the corresponding TAA-negative
cells (both p <0.001), suggesting that TAA-positive can-
cer cells may have a better response to antitumor
immunity.

Collectively, this study suggests that while inter-
tumoral heterogeneity of TAAs is large, the communica-
tion between tumor cells and infiltrating T cells is
closely related to the TAA expression profile. Our find-
ings might provide new clues for designing TAA-based
cancer vaccines against LUAD.
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