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More than 200 milion people have been infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and 4 milion deaths have been reported worldwide to date.
Cathepsin B/cathepsin L (CTSB/L) are SARS-CoV-2 entry—associated proteases and facilitate
SARS-CoV-2 to infect host cells. However, the expressions of CTSB/L in healthy individuals
and cancer patients remain not fully elucidated yet. Here, we comprehensively profiled the
expressions and distributions of CTSB/L in human normal tissues, cancer tissues, and cell
lines. Moreover, we compared CTSB/L expressions between various cancers and matched
normal tissues, and investigated their genetic alteration and prognostic values in pan-cancer.
Finally, we also explored the correlation between CTSB/L expressions and immune infiltration.
We found that CTSB was highly expressed in most tissues, and CTSL was highly expressed
predominantly in the digestive, urinary, and respiratory systems, such as the lungs, liver and
gallbladder, and kidney tissues in the translational level. Moreover, cancer patients may be
more susceptible to SARS-CoV-2 infection. Our data suggested that CTSB/L are
overexpressed in aerodigestive and genitourinary cancers when compared with that in
matched normal tissues, and their expressions were closely related to the prognosis of
some cancer types. Interestingly, CTSB/L expressions were significantly correlated with
immune cell infiltration in manifold cancer tissues and their corresponding normal tissues.
In conclusion, our study shows a comprehensive biocinformatic analysis of two important
SARS-CoV-2 entry—related proteases, which could provide a potential indication on
prevention of SARS-CoV-2 infection.

Keywords: SARS-CoV-2, CTSB, CTSL, cancer, immune infiltration

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus diseases 2019; CTSB,
cathepsin B; CTSL, cathepsin L; HPA, Human Protein Atlas; CCLE, Cancer Cell Line Encyclopedia; GTEx, Genotype-Tissue
Expression; TCGA, The Cancer Genome Atlas; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; PAAD, pan-
creatic adenocarcinoma; READ, rectum adenocarcinoma; STAD, stomach adenocarcinoma; CHOL, cholangiocarcinoma;
LIHG, liver hepatocellular carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma;
TGCT, testicular germ cell tumors; PRAD, prostate adenocarcinoma; LUSC, lung squamous-cell carcinoma; BLCA, bladder
urothelial carcinoma; LGG, low-grade glioma; MESO, mesothelioma; BRCA, breast invasive carcinoma; GBM, glioblastoma
multiforme; LUAD, lung adenocarcinoma; HNSC, head and neck squamous-cell carcinoma; UVM, uveal melanoma.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
considered as a new human-infecting betacoronavirus, which has
resulted in an outbreak of coronavirus diseases 2019 (COVID-19)
worldwide (Lu et al., 2020; Zhu et al., 2020). As of December 19,
2021, more than 270 million cases and five million deaths have
been reported, which has been a horrible threat to global human
health (www.worldometers.info/coronavirus/). It is well known
that the spike glycoprotein of SARS-CoV-2 can bind the
angiotensin-converting enzyme 2 to facilitate its entrance into
the host cells (Hoffmann et al., 2020; Lan et al,, 2020). Exposed
to the external environment, the aerodigestive and genitourinary
tracts may provide potential routes for SARS-CoV-2 transmission.

In addition, some host cell proteases such as cathepsin B
(CTSB) and cathepsin L (CTSL) can cleave and activate the spike
protein, leading to the virus infection (Smieszek et al., 2020;
Bollavaram et al., 2021). It has been demonstrated that SARS
coronavirus, MERS coronavirus, and porcine deltacoronavirus
can take advantage of CTSB/L to enter into host cells (Zhou et al,,
2015; Zhang et al.,, 2019). Likewise, CTSB/L act as SARS-CoV-
2 entry-associated proteases, and play a crucial role in promoting
SARS-CoV-2 into the host cells (Shang et al., 2020; Trougakos
et al,, 2021). Therefore, the expressions and distributions of
CTSL/B may explain the differences in susceptibility to SARS-
CoV-2 infection.

It is well established that cellular and humoral immunity
participate in the protection against virus infection. Notably, the
pathological process of COVID-19 is probably associated with
dysregulation of the immune response, particularly T cells (Qin
et al., 2020). Moreover, Merad and Martin (2020) demonstrated
that the aberrant and excessive immune cells including monocytes
and macrophages played an immune-damaging role in COVID-19.
Cancer patients are more susceptible to SARS-CoV-2 infection due
to immune dysfunction (Curigliano, 2020; Liang et al., 2020).
Furthermore, anticancer therapy including chemotherapeutics or
radiotherapy can also induce the systemic immunosuppressive
state (Sica and Massarotti, 2017). According to a cohort study
of COVID-19 and the Cancer Consortium, patients with cancer
and COVID-19 have high mortality (Kuderer et al., 2020). Thus,
cancer patients should be paid more attention during the COVID-
19 pandemic.

Here, we conducted a profiling analysis of CTSB/L expressions
in healthy individuals and patients with pan-cancers by using
transcriptomic, genomic, and epigenomic data. Importantly, the
correlations between CTSB/L expressions and immune cell
infiltration were further analyzed. This study might promote
the understanding on susceptible cancer types to SARS-CoV-2
infection and provide a functional foundation for the potential
therapy of SARS-CoV-2.

MATERIALS AND METHODS

Expression Profile Analysis
The mRNA and protein expressions of CTSB and CTSL in
normal and cancer tissues were analyzed by using the Human

Comprehensive Analysis of CTSB/L

Protein Atlas (HPA) database (http://www.proteinatlas.org/)
(Uhlen et al, 2015), which consists of six parts: the tissue
atlas, single-cell-type atlas, brain atlas, pathology atlas, blood
atlas, and cell atlas. The mRNA expression levels of CTSB and
CTSL in human cancer cell lines were assessed by the Cancer Cell
Line Encyclopedia database (https://portals.broadinstitute.org/
ccle) (Barretina et al., 2012).

Comparisons of Cathepsin B/Cathepsin L
Expression Between Cancer and Normal

Tissues

The GEPIA2 website (http://gepia2.cancer-pku.cn/) contains
RNA sequencing data from The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) projects
(Tang et al., 2019); it was used to compare CTSB and CTSL
expressions between cancer and normal tissues. Additionally, the
expression levels between the different tumor stages were also
analyzed by using GEPIA2.

Mutation Analysis

Genetic mutation landscapes of CTSB/L in pan-cancers were
analyzed by using the c-BioPortal database (https://www.
cbioportal.org/) based on TCGA Firehose legacy studies
(Cerami et al., 2012; Gao et al, 2013), and the mutation
profiles and 3D structures were generated in the mutation
module of this database.

Prognostic Analysis

The association between the CTSB/L expressions and outcomes
in different cancers, including the overall survival (OS) and
disease-free survival (DFS), was assessed through GEPIA2
using the log-rank test and Cox proportional hazard model.

Immune Infiltration Analysis

The Tumor Immune Estimation Resource (TIMER) database
(http://timer.cistrome.org/) and TISIDB (http://cis.hku.hk/
TISIDB/index.php) database were used for the correlation
analysis between CTSB/L expressions and immune cell
infiltration in diverse cancer types (Li et al., 2017; Ru et al,
2019). Besides, the correlations between the CTSB/L expressions
and immune markers in different normal tissues (from TCGA
and GTEx) were explored through GEPIA2 using the Spearman
method.

RESULTS

Expression Profile of Cathepsin B in Normal

Human Tissues

The expression profiling of CTSB at both the gene transcription
and translation levels in human organs and tissues is
demonstrated in Figure 1A. It was found that the expression
of CTSB mRNA was primarily located in the endocrine, adipose
and soft, and bone marrow and lymphoid tissues, whereas the
expressional distribution of the CTSB protein was significantly
different from its mRNA expression. Except the eye, blood, and

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 780751


http://www.worldometers.info/coronavirus/
http://www.proteinatlas.org/
https://portals.broadinstitute.org/ccle
https://portals.broadinstitute.org/ccle
http://gepia2.cancer-pku.cn/
https://www.cbioportal.org/
https://www.cbioportal.org/
http://timer.cistrome.org/
http://cis.hku.hk/TISIDB/index.php
http://cis.hku.hk/TISIDB/index.php
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Comprehensive Analysis of CTSB/L

Huang et al.

%o, 3 g 2 &
Toy oy T, iy P Sust
248 50, gy, 8L £.3 £3%%
s ol 2, %%, S$5..52E 9%
Q 4 o, Fopdes §gEsils T
@ oo 3 " e, E2 1528
2% QO&J\ e [7) 7,
S «\?Mw@ v I opss N &ssseww . 1]
2 G, %
“ cws\m\ me0 £ Lo, he o
% ] 0 e, o
4 e, 2 iy P, % oy ™
@ sy e, e, "o %o %
c ax oy, “y, P - o,
@ %30, = < Dyoilys Ty %
e, g, i % 0y U
2 Py o NS, 3 -
%, % A ~
Q U 4 v - %
o wwwww@\ wfuﬁ MW@e @ \&@ m
% 2% 76,
Yoot e < 8 Yo
s u e g “ ey © o, R, S
wl % oy, o° S, 3
%, %,
2y %, ° y -
P . %, % »@@@ o o, ]
ocoon LS J 2
e o %, oo, Ty, °
s 2, o A @
5 o 3 ) S
a\u\&e@ PP e, %, w&w« ] 4, —
sy, %, L < ", |
Sy, %y st o Y, 3]
25, ¢ %, T T Y, e 7]
“l, sy, % émﬁfa@w N
K “, %
ufwvwwm, @@ (N @ﬁ&q “ a7
g " %, "«
" o a@M@f s, &
%, 2 o=
257 “a, e 2% 2 b3
% % %) %, . 288
%%, o @@aeaea&v @M@o&& \\w&« y ¥ g, .8 b
ke i uvnow £ “ TST _upoyEii
s o N %, %, stzzgilelss
4 Co,,S B o o,y 3553885322
e s b - 285sESFEERSE
g o Sy ae’ iatica
DRIEA g G, e,
ol ", ey Uty % U, i
oot N o, e,
o N %, oy g, .\\\aen. % 0, &
A o P 0 s,
o o - nn,
%7 o, e P &Ooeos @u@&mn&;
S, v, e SO
S %, s, %, ‘%, g %%
s.&be,.q % %, 73 o, Ve, Ve
St ey, ooy, e, o, s
S, “ 0, z %, % | E g
5 Yo S % £ 0y, = Ty e, P,
Sy %, 4, SR E BT "gggss o0, 010
% @ %, s & 8 & ‘o 2 2R € % 70,7 Rege
Pou, = e N § 2 8 %, Sty 2 e,
55,5 2 Pugs. g g & ) CICNCN
3 Aty A e L : s el Yl
8 3 8 8 8 8 ° "o, 8 & 2 B8 4, e 5 g 2E Too iy, o,
- « T 2 £ £, M 0, % Yoy,
28 = Y T, e, %,
g% CH g2 PACHR P
38 [ e T2 2 e
@ o i o
& 22 2 N2
g2 or oy %
N [ 1] Bl 9w K
= h\@msf
s Log 1, %,
8 n;
H o, H\\MM«\M&Q %
H L) oy 0 50,
H T, S 0, s Wy
n, %%, e, Hoy
g % W - 75 220, Hog,!
H “© 9 Yo % T
H = % 17} Ve, S
£ Q >, 0,76, %,
H 17} " 8 Sy,
2 © oy Py N
& m ey, o soniony
& 05, 4,
. W5,
coo@oQ@OoO0DeOOGOOCOEO0ORD I i, 3 TR,
5, < N
2 v 3, Py
£ — — — — e N m MRS
£ b (T
. 8 o 9 2, %
g i or o
£ S oy, s 2,26,
g ) s %50, %%,
< S ", 2 %05 %,0
] %, = oy
L - T T I T - oy, o,
5 s ¢ g g g ] § 58 ¢ ] g 7 g 3¢ 3 “et Yoy O
@ z 3 = = 2 g £3 2 2 2 2 @ 32 2 s, 2, P
£ 2 K 2 s S 3 2 g 2 et 52 L 2 [7] N ¢o,&
2 %z H 3 & I Kl 2 2 5 £z %, o %0, %,
2 g z g e § 3 2 £3 o Yoy, o
3 3 2 & g H £ H & 25 ) Y. Iy o Y
g 5 5 P g & 2 2 sE Yy e, > %7 ug,
& 2 z 2 = g = %,, %, = s, %,
§ 3 3 S £ A
g 3&&,& m &Mwsowba
(0] /e, %,
5 K] 24/, %
o, =) 550,70 he,
%, c 7, 0%, %y,
0, ", = 57y
%, (2] S0, 00, U
7, g, "y \\6 n ey,
W Yy o %y
ucbs S5y,
20, s, 0, %6, o,
oy s, Do ey
&fs % i,
5, %, oy, g,
K B Yoy U,V
"o, %, S 2 8 8 9 8 o Yy
9 ~ 4 =3 =3 i=3 E=3 =3 E=3 %,
x o, z R %
3 H 2 2
D ey U w

January 2022 | Volume 10 | Article 780751

FIGURE 1| CTSB expression in human tissues. (A) Overview of the CTSB expression and distribution in different human tissues. (B) The mRNA expression level of
CTSB in human tissues which is from the Consensus data set and GTEXx data set. (C) The protein expression level of CTSB in tissues based on the

immunohistochemistry scores. (D) The CTSB expression level in human blood cells. (E) The CTSB expression level in single cell types.
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lymphoid tissues were consistent with the mRNA expression,
while the adipose and soft tissues hardly expressed CTSB protein

despite possessing the second highest mRNA expression level. In

FIGURE 2 | CTSL expression in human tissues. (A) CTSL expression and distribution in human tissues. (B,C) The mRNA expression level (B) and protein

expression level (C) of CTSL in human tissues. (D,E) CTSL expression level in human blood cells (D) and single cell types (E).

adipose and soft tissues, the CTSB protein was generally
expressed in all the organs and tissues. Thus, the protein
expressions in the endocrine and the bone marrow and
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FIGURE 3 | CTSB expression in human cancers. (A) The CTSB protein expression level in cancer tissues, which was assessed by HPA018156 and HPA048998
antibodies. (B) The CTSB mRNA expression in different cancer tissues. (C) The CTSB mRNA expression levels in different human cancer cell lines. (D) Bar plot showing
CTSB expression levels in multiple cancer tissues and matched normal tissues (TCGA normal + GTEx normal) via GEPIA2. (E-G) Boxplot showing differential expression
of CTSB between cancers of the digestive, genitourinary, and respiratory systems and matched normal tissues (TCGA normal + GTEx normal) by using GEPIA2.

(DS M) T =338

addition, the expression of CTSB was further verified in the
Consensus data set and GTEx data set. In accordance with the
results mentioned above, the top three tissues of CTSB mRNA
expression in the Consensus data set are the thyroid gland,
adipose tissue, and lymph node, respectively. As for the GTEx
data set, the thyroid gland had the most CTSB mRNA expression
likewise (Figure 1B). In the protein expression data set, it was
verified that most organs and tissues had high expressions of
CTSB, except for the muscle and adipose tissues (Figure 1C).
Furthermore, the mRNA expression of CTSB was investigated in
the blood cells in Consensus, Monaco scaled, HPA scaled, and
Schmiedel data sets. All the four data sets suggested that CTSB
was highly expressed in the monocytes and dendritic cells rather
than in the lymphocytes, including the T, B, and NK cells
(Figure 1D). The RNA single-cell-type specificity indicated
that CTSB was most expressed in the blood and immune cells,

especially in the Hofbauer cells, Kupffer cells, macrophages, and
monocytes (Figure 1E).

Expression Profile of Cathepsin L in Normal

Human Tissues

Similar to CTSB, CTSL also plays a crucial role in promoting
SARS-Cov-2 entry into cells. Thus, the expression profile of CTSL
was conducted as well. Notably, female tissues have the highest
expression level of CTSL mRNA, followed by the bone marrow
and lymphoid, and liver and gallbladder tissues (Figure 2A),
which roughly resembled the trend in the Consensus and GTEx
data sets (Figure 2B). As for the translational level, CTSL was
principally enriched in the lung and the liver and gallbladder
tissues (Figure 2A), which was further verified in the protein
expression data set (Figure 2C). Additionally, the CTSL RNA
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(B,C) The CTSL mRNA expression in different cancer tissues (B) and different human cancer cell lines (C). (D) Bar plot showing CTSL expression levels in multiple cancer
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expression level in monocytes took the leading position in all
blood cells (Figure 2D). Finally, the RNA single-cell-type
specificity showed that the trophoblast cells had the most
mRNA expression of CTSL, including the syncytiotrophoblast,
cytotrophoblast, and extravillous trophoblast (Figure 2E).

Differential Expression of Cathepsin B
Between Tumor and Matched Normal

Tissues

There is increasing evidence that patients with cancer are more
vulnerable to SARS-Cov-2 infection. It was found that the
expressions of CTSB in thyroid and gynecological cancer
(especially endometrial cancer) were generally higher than any
other cancer types in the two HPA data sets (HPA018156 and
HPA048998) and TCGA data set (Figures 3A,B). The mRNA

expression of CTSB in cancer cell lines also indicated the thyroid
and endometrial cancer had a relatively high CTSB expression
(Figure 3C). In addition, the CTSB mRNA expression levels
between different cancer tissues and matched normal tissues
(TCGA normal + GTEx normal) were compared by using
GEPIA2 (Figure 3D). Thereinto, thyroid and ovarian cancers
had significantly high CTSB expressions than the matched
normal tissues. In the digestive tract, CTSB was overexpressed
in colon adenocarcinoma (COAD), esophageal carcinoma

(ESCA), pancreatic adenocarcinoma (PAAD), rectum
adenocarcinoma (READ), and stomach adenocarcinoma
(STAD) rather than cholangiocarcinoma and liver

hepatocellular carcinoma (Figure 3E). In the urinary and male
reproductive tracts, CTSB was expressed more highly in kidney
renal clear-cell carcinoma (KIRC), kidney renal papillary cell
carcinoma (KIRP), and testicular germ cell tumors (TGCT)
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compared with the normal tissues. However, prostate
adenocarcinoma (PRAD) had a lower CTSB expression
(Figure 3F). As for the respiratory tract, lung squamous cell
carcinoma (LUSC) showed a significantly higher expression level
of CTSB than the normal lung tissues (Figure 3G).

Furthermore, there were no statistically significant differences
in the expression levels among different stages of aerodigestive
cancers, except for PAAD, bladder urothelial carcinoma (BLCA),
and LUSC for CTSB (Supplementary Figure S1).

Differential Expression of Cathepsin L
Between Tumor and Matched Normal

Tissues

As shown in Figure 4A, the expression of CTSL took the leading
position in thyroid cancer, followed by liver and cervical cancer in
a HPA data set (CAB000459). But in the TCGA data set, the
overall CTSL expression remained relatively low in various cancer
types with no significant difference (Figure 4B). In the cancer cell
lines, the top three cell lines with a high CTSL mRNA expression
were giant cell tumor, melanoma, and chondrosarcoma,
respectively (Figure 4C).

Likewise, Figure 4D shows the CTSL mRNA expression
profiles in different cancer types with their matched normal
tissues. In the digestive tract, CTSL was overexpressed in
ESCA, PAAD, and STAD while being downregulated in
COAD and READ, which was intriguing (Figure 4E). As for

the urinary and male reproductive tracts, KIRP and TGCT had a
higher level of CTSL expression than the matched normal tissues
(Figure 4F). In the respiratory tract, CTSL was significantly
downregulated in LUSC (Figure 4G).

Additionally, there existed statistically significant differences
in CTSL expression levels among the different stages of ESCA,
STAD, BLCA, KIRC, and lung adenocarcinoma (LUAD)
(Supplementary Figure S2).

Mutation Landscape of Cathepsin
B/Cathepsin L in Pan-Cancers

Due to frequent gene mutations in tumors, the mutative status of
CTSB and CTSL were analyzed in pan-cancers. The frequency of
these two mutated genes was overall less than 10% in the
individual cancer types except for around 12% mutated
frequency of CTSB in prostate cancer. The top three cancer
types with mutated CTSB were prostate, esophagogastric, and
ovarian cancers, while those with mutated CTSL were
adrenocortical ~ carcinoma, and  esophagogastric  and
endometrial cancers. Additionally, the dominating mutation
type of CTSB was deep deletion, while the mutation and
amplification were the main mutation types of CTSL (Figures
5A,B). The detailed mutation landscapes of CTSB and CTSL are
presented in Figure 5C. Moreover, the three-dimensional crystal
structures of the protein and mutation styles are shown in
Figure 5D.
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FIGURE 6 | Prognostic value of CTSB/L in pan-cancers. (A) Heat map showing the survival significance of CTSB, including OS and DFS, in pan-cancers from
GEPIA2 (the red blocks indicate higher risks, blue blocks indicate lower risks; the squares with frames represent p < 0.05). (B) Kaplan-Meier plots of CTSB for OS and
DFS in LGG and MESO. (C) Heat map showing the survival significance of CTSL in pan-cancers. (D) Kaplan-Meier plots of CTSL in LUAD, LUSC, LGG, and KIRC.
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respiratory tract cancers.

FIGURE 7 | Correlation of CTSB expression and immune infiltration levels in multiple cancers by TIMER database. (A-G) The correlations between the CTSB
expression and immune cells (B cell, CD4™ T cell, CD8" T cell, macrophage, neutrophil, and dendritic cell) in digestive tract cancers. (H-L) The correlations between
CTSB expression and immune cell infiltration in urinary and male reproductive cancers. (M=N) The correlations between CTSB expression and immune cell infiltration in

The Prognostic Value of Cathepsin

B/Cathepsin L in Pan-Cancers

The prognostic value of CTSB and CTSL was further explored in
pan-cancers. It was found that CTSB was negatively associated
with both OS and DFS in brain low-grade glioma (LGG) and
mesothelioma (MESO), and negatively correlated with OS in
BLCA, breast invasive carcinoma, and glioblastoma multiforme
(GBM) (Figures 6A,B). In addition, CTSL was negatively
correlated with both OS and DFS in LUAD, LUSC, LGG, and
GBM and negatively correlated with DFS in head and neck
squamous-cell carcinoma and PRAD (Figures 6C,D).
However, the high level of CTSL in KIRC predicted a
prolonged OS and DFS (Figures 6C,D).

Cathepsin B/Cathepsin L Expression
Correlated With Immune Cell Infiltration in
Both Cancer and Normal Tissues

Owing to the indispensability of the immune system during
antiviral processes, the association between the CTSB
expression and immune infiltration level in cancer was
investigated by TIMER. Supplementary Figure S3 showed the

correlation between CTSB expression and immune infiltration
levels in manifold cancer types. Importantly, the expression of
CTSB was significantly related to at least three types infiltrating
immune cells in thyroid and gynecological cancer. Furthermore,
the correlation coefficients in digestive, urogenital, and
respiratory cancers are presented in Figures 7A-N. Thereinto,
all the cancer types showed a close relation to infiltrating immune
cells (at least two types).

Moreover, the association between CTSB and some gene
markers of the immune cells in normal tissues was further
explored by GEPIA2 (Table 1). It was found that most of the
immune cell markers significantly correlated with CTSB
expression.

Likewise, the correlation between the CTSL expression
and immune infiltration level was also investigated.
Supplementary Figure S4 also showed the correlation of
the CTSL expression and immune infiltration levels in
multiple cancer types. The expressions of CTSL in
thyroid and endometrial cancers were related to at least
two types of infiltrating immune cells. In digestive,
urogenital, and respiratory cancers, only COAD, STAD,
LUAD, and LUSC showed a correlation between CTSL
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TABLE1 | The correlations between CTSB and gene markers of immune cells in normal tissues by GEPIA2.

Description

B cell
CD8* T cell

T cell (general)

Macrophage

M1

M2

Monocyte

Neutrophils

Dendritic cell

Cor, R value of Spearman’s correlation. *p < 0.05; **p < 0.01; ***p < 0.001.

Gene
markers

CD19
CD79A
CD8A
CcD8B
CD3D
CD3E
CD2
CD68
CD11b
NOS2
ROS

IRF5
COX2
ARG1
MRC1
CD163
CD14
CD16A
CD16B
CD115
CD15
CD66b
CD11b
HLA-DPB1
HLA-DQBH
HLA-DRA
HLA-DPA1
CD1c
CD141

Lung Esophagus
Cor P Cor P
-0.12 * 0.18 -
0.13 * 0.064 0.31
-0.026 0.6 0.41
0.02 0.7 0.38
0.11 * 0.26
0.1 * 0.43
0.12 * 0.36
0.75 0.77
0.36 0.67
-0.2 -0.078 0.21
0.47 -0.056  0.37
0.27 0.44
-0.22 -0.085 0.17
-0.097 0.054 0.05 0.43
0.67 0.76
0.61 0.74
0.42 0.63
0.63 0.71
0.027 0.59 0.28
0.62 0.51
0.34 0.41
-0.16 = -0.11  0.085
0.36 0.67
0.36 0.2 =
0.085 0.091 -0.08 0.2
0.42 0.23
0.37 0.13 *
017 0.12 0.058
-0.041 0.1 0.081 0.2

Stomach

Cor
0.22
-0.15
-0.17
-0.18
-0.14
-0.11
-0.12
0.79
0.66
0.61
-0.38
0.49
0.61
0.23
0.68
0.52
0.79
0.68
0.48
0.41
0.015
0.13
0.66
0.62
0.26
0.51
0.56
0.33
0.45

ok

Colon

Cor
-0.22
-0.19
-0.16
-0.18
-0.18
-0.19
-0.18

0.44

0.59
-0.22
-0.26
0.033

0.49
0.035

0.62

0.56

0.59

0.67

0.34

0.47
-0.12
-0.23

0.59

0.17

-0.017

0.14

0.1

0.13

0.19

*k

0.74

0.055

Sk

Liver

Cor
0.12
0.48
0.45
0.39
0.47
0.42
0.41
0.87
0.21
0.32

-0.054

0.15

-0.15
0.32
0.58
0.74
0.62
0.76
0.19
0.76
0.51

-0.12
0.21
0.68

0.4
0.71
0.69
0.47
0.42

Pancreas

Cor
0.33
0.33
0.61
0.56
0.43
0.63
0.63
0.77
0.76
0.24
0.25
0.64
0.39

0.3
0.71
0.74
0.72
0.74
0.51
0.74
0.68

0.071
0.76

0.7
0.32
0.71
0.64
0.52
0.62

Kidney

Cor
0.16
0.42
0.31
0.43

0.3

0.4
0.41
0.86
0.48
0.35

-0.25
-0.31
-0.1
0.11
0.62
0.37
0.47
0.45
0.55
0.56
0.51
-0.17
0.48

0.3

0.1
0.32
0.32
0.49
0.31

0.19

Bladder
Cor P
-0.01 0.96
0.053 0.79
0.13 0.51
0.17 0.38
0.1 0.61
0.075 0.7
0.045 0.82
0.69 e
0.29 0.14
-0.082 0.68

0.42 *
0.096 0.63
-0.17 0.39

0.62 *

0.2 0.32

0.29 0.13
0.082 0.87

0.37 0.052

0.38 0.048

0.36 0.06

0.17 0.39

0.22 0.26

0.29 0.14

0.00055 1

0.18 0.36
0.086 0.66
0.054 0.79
0.045 0.82

0.26 0.18

Prostate

Cor
0.19
0.35
0.47
0.36
0.41
0.43
0.45
0.65
0.25

0.3
0.11
0.16
0.35

-0.07
0.33
0.12

0.6
0.52
0.27
0.33
0.35

0.041
0.25
0.45
0.23
0.54
0.44
0.43

-0.058

Testis

Cor
-0.59
0.31
0.35
0.3
0.22
0.015
-0.47
0.64
0.54
0.33
-0.37
0.68
0.4
0.1
0.67
0.64
0.77
0.7
0.3
0.59
0.46
-0.29
0.54
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-0.0049
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0.51
-0.24
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FIGURE 8 | Correlation of CTSL expression and immune infiltration levels in multiple cancers by TIMER database. (A-G) The correlations between CTSL
expression and immune cell infiltration in digestive tract cancers. (H-L) The correlations between CTSL expression and immune cell infiltration in genitourinary cancers.
(M,N) The correlations between CTSL expression and immune cell infiltration in LUAD and LUSC.

and at least two types of infiltrating immune cells
(Figures 8A-N).

However, most of the immune cell markers significantly
correlated with CTSL expression in normal tissues, which was
similar to CTSB (Table 2).

Additionally, we further verified the correlation between
CTSB/L and tumor-infiltrating immune cells, and major
histocompatibility complex (MHC) molecules in another
database TISDB, which has more detailed classifications of the
immune cells (Figures 9A-D). The results showed that CTSB/L
had been positively related to most infiltrating immune cells and
MHC molecules in almost all cancer types. However, there was a
negative association between CTSL and the infiltrating immune
cells in uveal melanoma.

DISCUSSION

The worldwide pandemic of COVID-19 has been a rigorous
challenge for public health and social stability. Therefore, it is
urgent to identify susceptible individuals and prevent them from
infection. Furthermore, cancer patients should get more attention
owing to high mortality caused by some severe symptoms, such as
respiratory failure and multi-organ failure (Liang et al., 2020).

Evidence has shown that CTSB/L play a critical role in the
process of coronavirus infecting host cells. Bollavaram et al.
(2021) found that there existed multiple sites on SARS-CoV-2
spike protein that are prone to proteolysis by CTSB/L. Thus,
inhibition of CTSB/L can prevent SARS-CoV-2 infection. There
are three CTSL inhibitors showing potent efficiency in blocking
SARS-CoV-2 infection (Smieszek et al., 2020; Ma et al., 2022).
However, these preclinical studies should be further investigated
in patients. According to the results mentioned above, the
expressions of CTSB/L were widely expressed in human
tissues. It is speculated that the leakage of pulmonary vessels
during acute respiratory distress syndrome could lead to the
spread of SARS-CoV-2 in the circulation and eventually infect
organs with high CTSB/L expressions (Gkogkou et al., 2020; Ma
et al,, 2022).

Moreover, CTSB/L have been reported to serve as oncogenes
(Li et al., 2020), which is in accordance with our result that
expressions of CTSB/L in cancer are generally higher than the
matched normal tissues. Additionally, we found that CTSB had a
potential prognostic value in LGG and MESO, while CTSL might
predict a poor prognosis in LUAD, LUSC, LGG, and GBM
(Figure 6). However, the prognostic value of CTSB/L was
analyzed through the TCGA database at the transcriptome
level, which should be further verified in a larger sample size
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TABLE2 | The correlations between CTSL and gene markers of immune cells in normal tissues by GEPIA2.

Description

B cell
CD8* T cell

T cell (general)

Macrophage

M1

M2

Monocyte

Neutrophils

Dendritic cell

Gene
markers

CD19
CD79A
CD8A
CcD8B
CD3D
CD3E
cb2
CD68
CD11b
NOS2
ROS
COxX2
ARG1
MRCA
CD163
CD14
CD16A
CcDh16B
CD115
CD15
CD66b
CD11b
HLA-DPB1
HLA-DQB1
HLA-DRA
HLA-DPA1
CD1c
CD141

Lung
Cor P
-0.14 =
0.0047 0.93
-0.057 0.26
-0.055 0.27
0.022 0.67
-0.092 0.067
-0.066 0.19
0.46 e
0.32 e
0.0038 0.94
0.16 =
-0.016  0.75
0.12 *
0.32 o
052 e
0.47 o
0.37 e
0.08 0.11
0.32 s
0.21 e
-0.004 0.94
0.32 e
0.11 *
0.0037 0.94
0.19 e
0.13 *
-0.094 0.06
0.012 0.8

Esophagus

Cor
-0.11
-0.46
-0.12
-0.11
-0.33
-0.29
-0.29

-0.048

0.78

0.44
0.044

0.5
-0.28

0.74

0.73
0.79
0.69
0.26
0.56
0.63
0.02
0.78
0.43
-0.066
0.26
0.38
-0.35
-0.28

Stomach Colon
Cor P Cor P
0.049 048 -0.49 x
-0.44 o -0.61 i
-0.29 -0.55
-0.32 -0.58 x
04 _0.58 sork
04 06 .
0.4 _0.59 soxk
0.34 B -0.073 0.17
0.74 o 0.67 o
0.5 -0.62
-0.34 -0.66 x
0.75 0.8
0.33 0.14 >
0.69 0.35
0.68 0.44 x
0.62 0.21 rx
0.53 0.35 x
0.36 0.2 o
0.23 0.18
-0.18 > -0.59 e
012 009 -0.56 o
0.74 0.67 x
0.3 P -0.094 0.078
0.021 076 -0.17 >
0.14 * -0.18 .
0.25 > -0.16 >
-0.026 071 -0.02 0.71
0.54 0.33

Cor, R value of Spearman'’s correlation. *p < 0.05; *p < 0.01; **p < 0.001.

Liver

Cor
0.075
0.41
0.4
0.34
0.4
0.31
0.31
0.87
0.36
0.14
-0.093
-0.086
0.26
0.62
0.77
0.58
0.74
0.19
0.72
0.58
-0.057
0.36
0.57
0.34
0.61
0.6
0.33
0.6

0.07
0.24
0.28

0.47

Pancreas
Cor P
0.21 >
0.26 o
0.45 o
0.36 o
0.31 o
0.39 o
0.43 o
0.65 o
0.53 o
0.15 *
0.32 e
0.22 >
0.29 -
07 .
0.72 o
0.63 o
0.59 o
0.33 o
0.53 o
0.53 o
-0.088 0.62

0.53 o
0.47 o
0.19 *
0.46 o
0.42 o
0.33 o
0.51 o

Kidney
Cor P
-0.23 >
-0.12 0.14
0.014 0.86
-0.032 0.69
-0.03 071
-0.083 0.3
-0.023 0.77
0.1 0.2
-0.17 *
0.25 >
0.45 e
0.22 *
-0.29 x
0.086  0.28
-0.072 0.37
0.21 >
0.045 0.58
0.065 0.42
0.028 0.72
0.12 0.13
-0.058 047
-0.17 *
0.2 *
-0.085 0.29
0.29 e
0.25 >
0.022 0.78
0.15  0.055

Bladder

Cor
-0.018
-0.43
-0.51
-0.61
-0.57
-0.59
-0.58
-0.22
0.65
-0.16
-0.048
0.027
-0.11
0.78
0.64
0.56
0.43
-0.025
0.33
0.2
-0.2
0.65
-0.48
-0.46
-0.45
-0.49
-0.48
-0.15

0.93

0.088
0.3
0.31

3

*k

0.44

Prostate

Cor
0.1
0.23
0.17

0.093
0.18
0.18
0.15
0.67

0.094

0.044
0.28
0.26

-0.12
0.51
0.19
0.56
0.45
0.21
0.29
0.55

-0.068

0.094
0.38
0.11
0.49
0.44
0.27
0.36

Testis

Cor
-0.11
0.19
0.041
0.16
0.33
-0.13
-0.18
0.43
0.2
0.32
-0.057
-0.013
0.12
0.32
0.36
0.32
0.29
-0.067
0.21
0.44
-0.012
0.2
0.24
-0.0055
0.15
0.17
-0.078
0.35

‘e 16 Bueny

/931D 1O Sishjeuy oAisusyIdwo)


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Huang et al. Comprehensive Analysis of CTSB/L
Act CD8 B2M
Tem CD8
Tem CD8 HLA-A
Act CD4 HLA-B
Tcm CD4 HLA-C
Tem CD4
Tth HLA-DMA
Tgd HLA-DMB
Th1 g HLA-DOA
T?:‘; u . . : | HLA-DOB 1
Treg HLA-DPA1
ActB HLA-DPB1
Imm B
o 0
Mem B HLA-DQA1
NK HLA-DQA2
CDS56bright J HLA-DQB1 J
CD56dim
MDSC 1 HLA-DRA 1
NKT HLA-DRB1
Act DC HLA-E
pDC !
a0 HLA-F
Macrophage HLA-G
Eosinophil TAP1
Mast
Monocyte TAR2
Neutrophil TAPBP i |
CReR (20O, PRl C R (00O 190610 10 G O K e
RS R R B R BRI AP PR RS R
Act CD8 B2M | I
Tem CD8 =3
Tem CD8 HLA-A.
Act CD4 HLA |
Tcm CD4 HLA-C
Tem CD4
Tth HLA-DMA
Tgd HLA-DMB
Thi HLA-DOA
Th17
Tha HLA-DOB
Treg | | HLA-DPA1
Act B7 HLA-DPB1
ImmB
Mem B HLA-DQA1
NK HLA-DQA2
CD56bright HLA-DQB1
CD56dim
MDSC HLA-DRA
NKT HLA-DRB1
ActDC~ HLA-E
pDC gl
iDC HLAF .
Vlacrophage- HLA-G
Eosinophil TAPT | .
Mast | TAP2 |
Mcnocyte- J
Neutrophil | TAPBP
C O AN GR o0 O . v CARGR 0RO 19000 0 b 0. A (B o
RPBEFPRAATRIUFRAR HFBEPTREAEREUP IRV
FIGURE 9 | Correlation of CTSB/L expression with tumor-immune system in pan-cancers determined by the TISIDB database. (A,B) The overview of correlation
between CTSB expression and immune cells, MHC molecules in pan-cancers. (C,D) The correlations between CTSL expression and immune cells, and MHC molecules
in pan-cancers.

at the translational level. Furthermore, the underlying
mechanisms also need to be explored. Importantly, CTSB/L
had significantly higher expressions in thyroid and
gynecological cancer than any other cancer type (Figures 3,
4). Kim et al. (2020) found that CTSB was a promising
prognostic marker of thyroid cancer due to its function of
enhancing the migration capacity of cancer cells. It was also
identified that CTSB played a cancer-promoting role in
endometrial and cervical cancers (Wu et al., 2012; Bao et al.,
2013). As for CTSL, Zhang et al. (2014) reported that the
upregulated CTSL was a biomarker of invasion and
metastasis in ovarian cancer. Overall, it is suggested that the

overexpression of CTSB/L not only predicts a poor prognosis of
cancers but also increases the susceptibility of SARS-CoV-2,
leading to unsatisfied clinical outcomes of cancer patients.
Nevertheless, whether SARS-CoV-2 can infect tumor tissues
merits further investigation considering the limited biopsy
samples.

Although the expressions of CTSB/L in aerodigestive and
genitourinary tract cancers are not as high as found in thyroid
and gynecological cancers, there remains a high risk of SARS-
CoV-2 infection in these cancers. The increased potential of being
infected is probably attributed to these organs being exposed to
the external environment, which provides favorable routes for
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SARS-CoV-2 transmission (Patel et al., 2020; He et al., 2021).
Therefore, it is also critical to pay attention to patients with
aerodigestive and genitourinary tract cancers to prevent SARS-
CoV-2 infection.

On the one hand, the infiltration of numerous immune cells
often occurs at SARS-CoV-2 infection sites (Xu et al., 2020; Yuki
et al., 2020). On the other hand, cancer patients usually harbor
dysfunctional immune cells in their circulation or the tumor
microenvironment, such as T cells, NK cells, and dendritic cells
(Saxena and Bhardwaj, 2018; Scheper et al., 2019; Zhang and Liu,
2020). Moreover, tumor-associated macrophages that are classified
into the M1 and M2 phenotypes constitute an indispensable part of
the dynamic tumor microenvironment (Cassetta and Pollard,
2020). Thereinto, M2 populations play a carcinogenic function
of repressing anti-cancer immune response, while M1 ones exert
the opposite function (Pan etal, 2020). Nonetheless, the host
immune response to SARS-CoV-2 in cancer patients has not
been fully demonstrated. Our results show that the immune cell
infiltration was correlated with CTSB expression in most cancer
types and CTSL expression in a part of the cancer types (COAD,
STAD, LUAD, and LUSC) (Figures 7, 8, respectively). When
infection occurs, the immune cells move into the infection and
position against SARS-CoV-2. This hypothesis may partially
explain the decreased number of lymphocytes and monocytes in
the circulation in the patients with COVID-19 (Qin et al., 2020).
Although CTSB/L indicates an increased level of immune cell
infiltration in various cancers, the prognosis might not be better
because the immune cells tend to be blunt and dysfunctional
(Huang et al, 2020). We provided an overview of the
association between CTSB/L and immune cell infiltration, but
the specific association needs further experimental evidence due
to the predominant immune cells varying from cancer to cancer
(Kohchiyama et al., 1987; Kurebayashi et al., 2018; Huang and Fu,
2019; Karamitopoulou, 2019).

However, there still are some limitations about our research.
For example, this study mainly relies on bioinformatics analysis,
and a validation cohort to validate our findings is lacking. Also
there is a lack of experimental data and mechanism research in

REFERENCES

Bao, W, Fan, Q., Luo, X., Cheng, W.-W., Wang, Y.-D,, Li, Z.-N,, et al. (2013).
Silencing of Cathepsin B Suppresses the Proliferation and Invasion of
Endometrial Cancer. Oncol. Rep. 30 (2), 723-730. doi:10.3892/0r.2013.2496

Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A. A,, Kim, S.,
et al. (2012). The Cancer Cell Line Encyclopedia Enables Predictive Modelling
of Anticancer Drug Sensitivity. Nature 483 (7391), 603-607. doi:10.1038/
nature11003

Bollavaram, K., Leeman, T. H., Lee, M. W., Kulkarni, A., Upshaw, S. G., Yang, .,
et al. (2021). Multiple Sites on SARS-CoV -2 Spike Protein Are Susceptible to
Proteolysis by Cathepsins B, K, L, S, and V. Protein Sci. 30 (6), 1131-1143.
d0i:10.1002/pro.4073

Cassetta, L., and Pollard, J. W. (2020). Tumor-associated Macrophages. Curr. Biol.
30 (6), R246-R248. do0i:10.1016/j.cub.2020.01.031

Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A,, et al.
(2012). The cBio Cancer Genomics Portal: An Open Platform for Exploring
Multidimensional Cancer Genomics Data: Figure 1. Cancer Discov. 2 (5),
401-404. doi:10.1158/2159-8290.CD-12-0095

Comprehensive Analysis of CTSB/L

understanding the link between the cancer data on SARS-CoV-2
and the potential role for CTSB/L; further experimental data is
therefore needed.

Taken together, our study reveals the expression and
distribution of two novel SARS-CoV-2 entries CTSB/L in
different tissues/organs, and the differential expression,
mutation landscape and specifically prognostic significance
across different cancer types, and immune implications,
although these need to be further proven in future studies.
Our current work certainly might provide some useful
implication for understanding the pandemic of SARS-CoV-2.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, and further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YH and SL designed the study. YH, SL, SH, JT, XC, and LX
analyzed and interpreted the data. YH, SL, BL, and XY drafted
and modified the manuscript.

FUNDING

This work was supported by the State Key Program of National
Natural Science of China (Grant No. 82130092).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.780751/
full#supplementary-material

Curigliano, G. (2020). Cancer Patients and Risk of Mortality for COVID-19.
Cancer Cell 38 (2), 161-163. doi:10.1016/j.ccell.2020.07.006

Gao, J., Aksoy, B. A., Dogrusoz, U., Dresdner, G., Gross, B., Sumer, S. O,, et al.
(2013). Integrative Analysis of Complex Cancer Genomics and Clinical Profiles
Using the cBioPortal. Sci. Signal. 6 (269), pll. doi:10.1126/scisignal.2004088

Gkogkou, E., Barnasas, G., Vougas, K., and Trougakos, I. P. (2020). Expression
Profiling Meta-Analysis of ACE2 and TMPRSS2, the Putative Anti-
inflammatory Receptor and Priming Protease of SARS-CoV-2 in Human
Cells, and Identification of Putative Modulators. Redox Biol. 36, 101615.
doi:10.1016/j.redox.2020.101615

He, C, Hua, X, Sun, S, Li, S., Wang, J., and Huang, X. (2021). Integrated
Bioinformatic Analysis of SARS-CoV-2 Infection Related Genes ACE2, BSG
and TMPRSS2 in Aerodigestive Cancers. J. Inflamm. Res. 14, 791-802. doi:10.
2147/JIR.S300127

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and
Is Blocked by a Clinically Proven Protease Inhibitor. Cell 181 (2), 271-280.
doi:10.1016/j.cell.2020.02.052

Huang, T.-X,, and Fu, L. (2019). The Immune Landscape of Esophageal Cancer.
Cancer Commun. 39 (1), 79. doi:10.1186/s40880-019-0427-z

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 780751


https://www.frontiersin.org/articles/10.3389/fbioe.2022.780751/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.780751/full#supplementary-material
https://doi.org/10.3892/or.2013.2496
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003
https://doi.org/10.1002/pro.4073
https://doi.org/10.1016/j.cub.2020.01.031
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1016/j.ccell.2020.07.006
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1016/j.redox.2020.101615
https://doi.org/10.2147/JIR.S300127
https://doi.org/10.2147/JIR.S300127
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1186/s40880-019-0427-z
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Huang et al.

Huang, X., He, C,, Hua, X,, Kan, A,, Sun, S., Wang, ], et al. (2020). Bioinformatic
Analysis of Correlation between Immune Infiltration and COVID-19 in Cancer
Patients. Int. ]. Biol. Sci. 16 (13), 2464-2476. doi:10.7150/ijbs.48639

Karamitopoulou, E. (2019). Tumour Microenvironment of Pancreatic Cancer:
Immune Landscape Is Dictated by Molecular and Histopathological Features.
Br. J. Cancer 121 (1), 5-14. doi:10.1038/s41416-019-0479-5

Kim, E.-K,, Song, M.-],, Jang, H. H., and Chung, Y. S. (2020). Clinicopathologic
Analysis of Cathepsin B as a Prognostic Marker of Thyroid Cancer. Int. J. Mol.
Sci. 21 (24), 9537. doi:10.3390/ijms21249537

Kohchiyama, A., Oka, D., and Ueki, H. (1987). Expression of Human Lymphocyte
Antigen (HLA)-DR on Tumor Cells in Basal Cell Carcinoma. J. Am. Acad.
Dermatol. 16 (4), 833-838. doi:10.1016/s0190-9622(87)70109-1

Kuderer, N. M., Choueiri, T. K., Shah, D. P., Shyr, Y., Rubinstein, S. M., Rivera, D.
R, et al. (2020). Clinical Impact of COVID-19 on Patients with Cancer
(CCC19): a Cohort Study. Lancet 395 (10241), 1907-1918. doi:10.1016/
$0140-6736(20)31187-9

Kurebayashi, Y., Ojima, H., Tsujikawa, H., Kubota, N., Machara, J., Abe, Y., et al.
(2018). Landscape of Immune Microenvironment in Hepatocellular Carcinoma
and its Additional Impact on Histological and Molecular Classification.
Hepatology 68 (3), 1025-1041. doi:10.1002/hep.29904

Lan,J., Ge,J., Yu,]., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-
CoV-2 Spike Receptor-Binding Domain Bound to the ACE2 Receptor. Nature
581 (7807), 215-220. doi:10.1038/541586-020-2180-5

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q,, Liu, J. S,, et al. (2017). TIMER: A Web
Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells.
Cancer Res. 77 (21), e108-e110. doi:10.1158/0008-5472.CAN-17-0307

Li, H,, Xie, L., Chen, L., Zhang, L., Han, Y., Yan, Z, et al. (2020). Genomic,
Epigenomic, and Immune Subtype Analysis of CTSL/B and SARS-CoV-2
Receptor ACE2 in Pan-Cancer. Aging 12 (22), 22370-22389. doi:10.18632/
aging.104147

Liang, W., Guan, W., Chen, R., Wang, W,, Li, ], Xu, K,, et al. (2020). Cancer
Patients in SARS-CoV-2 Infection: a Nationwide Analysis in China. Lancet
Oncol. 21 (3), 335-337. doi:10.1016/S1470-2045(20)30096-6

Lu, R, Zhao, X, Li, J., Niu, P, Yang, B, Wu, H, et al. (2020). Genomic
Characterisation and Epidemiology of 2019 Novel Coronavirus: Implications
for Virus Origins and Receptor Binding. Lancet 395 (10224), 565-574. doi:10.
1016/S0140-6736(20)30251-8

Ma, X. R, Alugubelli, Y. R., Ma, Y., Vatansever, E. C,, Scott, D. A,, Qiao, Y., et al.
(2022). MPI8 Is Potent against SARS-CoV-2 by Inhibiting Dually and
Selectively the SARS-CoV-2 Main Protease and the Host Cathepsin L**.
ChemMedChem 395 (1), €202100456. doi:10.1002/cmdc.202100456

Mellott, D. M., Tseng, C.-T., Drelich, A., Fajtova, P., Chenna, B. C., Kostomiris, D.
H., et al. (2021). A Clinical-Stage Cysteine Protease Inhibitor Blocks SARS-
CoV-2 Infection of Human and Monkey Cells. ACS Chem. Biol. 16 (4),
642-650. doi:10.1021/acschembio.0c00875

Merad, M., and Martin, J. C. (2020). Pathological Inflammation in Patients with
COVID-19: a Key Role for Monocytes and Macrophages. Nat. Rev. Immunol.
20 (6), 355-362. doi:10.1038/s41577-020-0331-4

Pan, Y., Yu, Y., Wang, X,, and Zhang, T. (2020). Tumor-Associated Macrophages
in Tumor Immunity. Front. Immunol. 11, 583084. doi:10.3389/fimmu.2020.
583084

Patel, K. P., Vunnam, S. R,, Patel, P. A, Krill, K. L., Korbitz, P. M., Gallagher, J. P.,
et al. (2020). Transmission of SARS-CoV-2: an Update of Current Literature.
Eur. J. Clin. Microbiol. Infect. Dis. 39 (11), 2005-2011. doi:10.1007/5s10096-020-
03961-1

Qin, C,, Zhou, L., Hu, Z,, Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation of
Immune Response in Patients with Coronavirus 2019 (COVID-19) in Wuhan,
China. Clin. Infect. Dis. 71 (15), 762-768. do0i:10.1093/cid/ciaa248

Ru, B., Wong, C.N., Tong, Y., Zhong, J. Y., Zhong, S. S. W., Wu, W. C,, et al. (2019).
TISIDB: an Integrated Repository portal for Tumor-Immune System
Interactions. Bioinformatics 35 (20), 4200-4202. doi:10.1093/bioinformatics/
btz210

Saxena, M., and Bhardwaj, N. (2018). Re-Emergence of Dendritic Cell Vaccines for
Cancer Treatment. Trends Cancer 4 (2), 119-137. doi:10.1016/j.trecan.2017.
12.007

Comprehensive Analysis of CTSB/L

Scheper, W., Kelderman, S., Fanchi, L. F., Linnemann, C., Bendle, G., de Rooij, M.
A.J.,etal. (2019). Low and Variable Tumor Reactivity of the Intratumoral TCR
Repertoire in Human Cancers. Nat. Med. 25 (1), 89-94. doi:10.1038/s41591-
018-0266-5

Shang, J., Wan, Y, Luo, C,, Ye, G., Geng, Q., Auerbach, A, et al. (2020). Cell Entry
Mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 117 (21),
11727-11734. doi:10.1073/pnas.2003138117

Sica, A., and Massarotti, M. (2017). Myeloid Suppressor Cells in Cancer and
Autoimmunity. J. Autoimmun. 85, 117-125. doi:10.1016/j.jaut.2017.07.010

Smieszek, S. P., Przychodzen, B. P., and Polymeropoulos, M. H. (2020).
Amantadine Disrupts Lysosomal Gene Expression: A Hypothesis for
COVIDI19 Treatment. Int. J. Antimicrob. Agents 55 (6), 106004. doi:10.1016/
jjantimicag.2020.106004

Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: an Enhanced
Web Server for Large-Scale Expression Profiling and Interactive Analysis.
Nucleic Acids Res. 47 (W1), W556-W560. doi:10.1093/nar/gkz430

Trougakos, 1. P., Stamatelopoulos, K., Terpos, E., Tsitsilonis, O. E., Aivalioti, E.,
Paraskevis, D., et al. (2021). Insights to SARS-CoV-2 Life Cycle, Pathophysiology,
and Rationalized Treatments that Target COVID-19 Clinical Complications.
J. Biomed. Sci. 28 (1), 9. doi:10.1186/512929-020-00703-5

Uhlén, M., Fagerberg, L., Hallstrém, B. M., Lindskog, C., Oksvold, P., Mardinoglu,
A, et al. (2015). Proteomics. Tissue-Based Map of the Human Proteome.
Science 347 (6220), 1260419. doi:10.1126/science.1260419

Wu, D., Wang, H,, Li, Z., Wang, L., Zheng, F., Jiang, J., et al. (2012). Cathepsin B
May Be a Potential Biomarker in Cervical Cancer. Histol. Histopathol. 27 (1),
79-87. doi:10.14670/hh-27.79

Xu, Z., Shi, L., Wang, Y., Zhang, J., Huang, L., Zhang, C,, et al. (2020). Pathological
Findings of COVID-19 Associated with Acute Respiratory Distress Syndrome.
Lancet Respir. Med. 8 (4), 420-422. doi:10.1016/s2213-2600(20)30076-x

Yuki, K., Fujiogi, M., and Koutsogiannaki, S. (2020). COVID-19 Pathophysiology:
A Review. Clin. Immunol. 215, 108427. doi:10.1016/j.clim.2020.108427

Zhang, C., and Liu, Y. (2020). Targeting NK Cell Checkpoint Receptors or
Molecules for Cancer Immunotherapy. Front. Immunol. 11, 1295. doi:10.
3389/fimmu.2020.01295

Zhang, W., Wang, S., Wang, Q., Yang, Z., Pan, Z., and Li, L. (2014). Overexpression
of Cysteine Cathepsin L Is a Marker of Invasion and Metastasis in Ovarian
Cancer. Oncol. Rep. 31 (3), 1334-1342. doi:10.3892/0r.2014.2967

Zhang, J., Chen, J.,, Shi, D., Shi, H., Zhang, X,, Liu, J., et al. (2019). Porcine
Deltacoronavirus Enters Cells via Two Pathways: A Protease-Mediated One at
the Cell Surface and Another Facilitated by Cathepsins in the Endosome. J. Biol.
Chem. 294 (25), 9830-9843. doi:10.1074/jbc.RA119.007779

Zhou, Y., Vedantham, P., Lu, K., Agudelo, J., Carrion, R,, Jr., Nunneley, ]. W., et al.
(2015). Protease Inhibitors Targeting Coronavirus and Filovirus Entry.
Antiviral Res. 116, 76-84. doi:10.1016/j.antiviral.2015.01.011

Zhu, N., Zhang, D., Wang, W,, Li, X,, Yang, B., Song, J., et al. (2020). A Novel
Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 382
(8), 727-733. doi:10.1056/NEJM0a2001017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huang, Li, Huang, Tu, Chen, Xiao, Liu and Yuan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 780751


https://doi.org/10.7150/ijbs.48639
https://doi.org/10.1038/s41416-019-0479-5
https://doi.org/10.3390/ijms21249537
https://doi.org/10.1016/s0190-9622(87)70109-1
https://doi.org/10.1016/s0140-6736(20)31187-9
https://doi.org/10.1016/s0140-6736(20)31187-9
https://doi.org/10.1002/hep.29904
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.18632/aging.104147
https://doi.org/10.18632/aging.104147
https://doi.org/10.1016/S1470-2045(20)30096-6
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1002/cmdc.202100456
https://doi.org/10.1021/acschembio.0c00875
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.1007/s10096-020-03961-1
https://doi.org/10.1007/s10096-020-03961-1
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1016/j.trecan.2017.12.007
https://doi.org/10.1016/j.trecan.2017.12.007
https://doi.org/10.1038/s41591-018-0266-5
https://doi.org/10.1038/s41591-018-0266-5
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1016/j.jaut.2017.07.010
https://doi.org/10.1016/j.ijantimicag.2020.106004
https://doi.org/10.1016/j.ijantimicag.2020.106004
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1186/s12929-020-00703-5
https://doi.org/10.1126/science.1260419
https://doi.org/10.14670/hh-27.79
https://doi.org/10.1016/s2213-2600(20)30076-x
https://doi.org/10.1016/j.clim.2020.108427
https://doi.org/10.3389/fimmu.2020.01295
https://doi.org/10.3389/fimmu.2020.01295
https://doi.org/10.3892/or.2014.2967
https://doi.org/10.1074/jbc.RA119.007779
https://doi.org/10.1016/j.antiviral.2015.01.011
https://doi.org/10.1056/NEJMoa2001017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Comprehensive and Integrative Analysis of Two Novel SARS-CoV-2 Entry Associated Proteases CTSB and CTSL in Healthy Individu ...
	Introduction
	Materials and Methods
	Expression Profile Analysis
	Comparisons of Cathepsin B/Cathepsin L Expression Between Cancer and Normal Tissues
	Mutation Analysis
	Prognostic Analysis
	Immune Infiltration Analysis

	Results
	Expression Profile of Cathepsin B in Normal Human Tissues
	Expression Profile of Cathepsin L in Normal Human Tissues
	Differential Expression of Cathepsin B Between Tumor and Matched Normal Tissues
	Differential Expression of Cathepsin L Between Tumor and Matched Normal Tissues
	Mutation Landscape of Cathepsin B/Cathepsin L in Pan-Cancers
	The Prognostic Value of Cathepsin B/Cathepsin L in Pan-Cancers
	Cathepsin B/Cathepsin L Expression Correlated With Immune Cell Infiltration in Both Cancer and Normal Tissues

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


