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The first edition of ‘A Standardized Pathology Report for Gastric Cancer’ was initiated by the Gastrointestinal Pathology Study Group of
the Korean Society of Pathologists and published 17 years ago. Since then, significant advances have been made in the pathologic diag-
nosis, molecular genetics, and management of gastric cancer (GC). To reflect those changes, a committee for publishing a second edi-
tion of the report was formed within the Gastrointestinal Pathology Study Group of the Korean Society of Pathologists. This second edition
consists of two parts: standard data elements and conditional data elements. The standard data elements contain the basic pathologic
findings and items necessary to predict the prognosis of GC patients, and they are adequate for routine surgical pathology service. Other
diagnostic and prognostic factors relevant to adjuvant therapy, including molecular biomarkers, are classified as conditional data ele-
ments to allow each pathologist to selectively choose items appropriate to the environment in their institution. We trust that the stan-
dardized pathology report will be helpful for GC diagnosis and facilitate large-scale multidisciplinary collaborative studies.
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Gastric cancer (GC) is the fifth most commonly diagnosed can-
cer and has the fourth-highest mortality rate worldwide [1]. Al-
though the incidence and mortality rates of GC have decreased
markedly during the past 50 years, Korean cancer registry data
show that GC was still the most diagnosed cancer in 2018 [2].
The Gastrointestinal Pathology Study Group (GIPSG) of the
Korean Society of Pathologists developed the first edition of ‘A
Standardized Pathology Report for Gastric Cancer’ in 2005 to
give pathologists a standard reporting format for GC diagnosis in
daily practice [3].

Considerable changes in the pathology of GC have happened
since then, such as the development of the histopathological clas-
sification for carcinoma and several pathologic features for prog-
nostication [4,5]. In addition, molecular pathology tests for GC
have become essential as treatment strategies for GC have devel-
oped rapidly, including advances in targeted therapy and immu-
notherapy [6,7]. Therefore, it is necessary to provide a second edi-
tion of the standardization report that reflects those changes.

In March 2022, a committee for revision of the report was
formed within the GIPSG of the Korean Society of Pathologists.
The committee consisted of subcommittees to discuss four top-
ics: (1) radical resection specimens, (2) endoscopic resection
specimens, (3) histologic classification, and (4) molecular markers
for GC. This second edition of ‘A Standardized Pathology Report
for Gastric Cancer’” was developed after several meetings of the
subcommittees and entire committee.

The purpose of this report form is to standardize pathologic di-
agnosis of GC and enhance treatment capacity by facilitating
communication between clinicians and pathologists. The basic
pathologic findings for prognostication of GC are described in
the “Standard data elements” section of the form, and other fac-
tors related to diagnosis and adjuvant therapy, including molecu-
lar biomarkers, are documented in the “Conditional data elements”
section. A Korean version as well as an English version is also pro-
vided to enable Korean pathologists to use this report (Supple-
mentary Material S1).

APPLICATION OF STANDARD
PATHOLOGY REPORT

This standard pathology report is for use with primary gastric
carcinomas. Neuroendocrine tumors, lymphomas, gastrointesti-
nal stromal tumors, and other sarcomas are excluded. Carcinomas
involving the esophagogastric junction (EGJ) with a center <2
cm into the proximal stomach are considered to be distal esoph-
ageal carcinoma and excluded, as defined in the American Joint

https://jpatholtm.org/

Committee on Cancer (AJCC), 8th edition [8]. This pathology
report is also used for residual (post-chemotherapy or post-en-
doscopic resection) carcinomas. The report forms for pathologic
diagnosis from radical resection and endoscopic resection speci-
mens are shown in Tables 1 and 2, respectively.

Radical resection specimens

Gastrectomy (specimen) type

The type of surgical procedure should be mentioned in the sur-
gical record.

Gross type

The gross type of each lesion should be recorded individually.
The classification of early gastric cancer (EGC) uses the Japanese
guideline (subclassification of type 0) [9], and classification of
advanced gastric cancer (AGC) uses the Borrmann classification.
The unclassifiable type is Borrmann type 5, according to the Jap-
anese guideline [9]. The gross type is determined by macroscop-
ic examination. If there is discrepancy between the macroscopic
and microscopic findings, i.e., EGC on macroscopic examination
but tumor invades the proper muscle microscopically (AGC),
the macroscopic type should remain as the gross finding and not
be corrected according to the microscopic finding. In such cases,
the following descriptions are recommended: AGC, mimicking
EGC type X or EGC, mimicking Borrmann type X. If the lesion
is AGC grossly, at least four representative sections should be
submitted for microscopic examination, including the deepest
invasion, and ink should be applied at the serosal surface nearest
the tumor. If the lesion is EGC grossly, grid mapping should be
performed at 4 to 5 mm width.

Previous treatment

Any treatment before surgical resection should be recorded
when applicable. If there are residual tumor foci, it should be
mentioned that these are residual tumors. In post-chemotherapy
gastrectomy situations, representative sections are sufficient if the
lesion is large and obvious. However, the entire tumor bed must
be microscopically examined when the representative sections
contain no residual cancer cells or the residual lesion is small or
inconspicuous grossly. For post-endoscopic resection specimens,
the entire tumor bed should be submitted for microscopic eval-

uation.

Tumor focality

Tumor focality should record whether it is a single lesion or

https://doi.org/10.4132/jptm.2022.12.23



Table 1. Report form for pathologic diagnosis using radical resection specimens

Standardized pathology of gastric cancer © 3

Standard and Conditional data elements

Gastrectomy (specimen) type®
[ Total gastrectomy
[J Distal (subtotal) gastrectomy
[J Proximal gastrectomy
[J Wedge resection

[ Others ( )
Gross type?
[J EGC type
[ EGC type ia/lo/lic/ll
[J Mixed EGC type ( )
[J AGC type
[J Borrmann type 1/2/3/4/unclassifiable
[ Others (
Residual with previous treatment? (when applicable)
[ Residual
[ Previous treatment
[J Chemotherapy
[J Chemoradiotherapy
[J Endoscopic mucosal resection
[J Endoscopic submucosal dissection
[J Unknown
[J Others ( )
Tumor focality?
[ Single
[J Multiple

Tumor location?
[ Involvement
[J Esophagus/Upper/Middle/Lower third of the stomach/Duodenum
[J Center
[J Cardia/Fundus/Body/Antrum/Pylorus
[J Lesser curvature/Greater curvature/Anterior wall/Posterior wall
[J Others ( )
Tumor size?
One largest dimension
J cm
Tumor size®
Secondary or tertiary tumor dimensions
O x__om

0O x__ x__cm

Histologic type?

According to the principles described in “Histologic classification” section
[J WHO
[J Lauren

Tumor regression grade® (when applicable)
[J Grade 0: Complete response (no viable cancer cells)

[] Grade 1: Near complete response (single cells or rare small groups of cancer cells)

[J Grade 2: Partial response (residual cancer with evident tumor regression, but more than single cells or rare small groups of cancer cells)

[J Grade 3: Poor or no response (extensive residual cancer with no evident tumor regression)

Lymph node tumor regression® (when applicable)
[J Not identified
[J Present
Depth of invasion (pT)?
Invades lamina propria (pT1a)
Invades muscularis mucosae (pT1a)
Invades submucosa (sm1/sm2/sm3) (pT1b)
Invades proper muscle (pT2)
Invades subserosa (pT3)
Invades serosa (visceral peritoneum) (pT4a)
Directly invades adjacent structure (pT4b)
specify (___ )
Resection margin®
[ Proximal margin
[J Free from carcinoma (safety margin, ___cm)
[J Involved by carcinoma

ooooogo

https://doi.org/10.4132/jptm.2022.12.23

(Continued to the next page)

https://jpatholtm.org/



4 o ParkYSetal

Table 1. Continued

Standard and Conditional data elements

[ Distal margin
[J Free from carcinoma (safety margin, ___cm)
[ Involved by carcinoma
Circumferential resection margin®
Applied in EGJ or cardia cancer
[ Free from carcinoma (safety margin, ___cm)
[ Involved by carcinoma
Regional lymph node metastasis®
At least 16 regional lymph nodes should be assessed
[J no metastasis in ____regional lymph nodes
[J metastasisin ___out of ___regional lymph nodes
Extranodal tumor extension®
[J Not identified
[ Present
Isolated tumor cell clusters®

Applied in incidentally identified tumor cell cluster less than 0.2 mm in greatest dimension with no other regional lymph node metastasis (pNO)

[J Present [pNO (i+)]
Lymphovascular invasion®
[J Not identified
[J Present
Venous invasion®

Applied when identified in large vessels with an identifiable smooth muscle layer or elastic lamina

[J Not identified
[ Present
Perineural invasion®
[J Not identified
[ Present
Pre-existing adenoma? (when present)
Used if the carcinoma is within the adenoma
[ Tubular/Tubulovillous/Villous adenoma
[J Low grade dysplasia/High grade dysplasia
Associated findings® (when present)
[J Tumor perforation
[ Serosal (peritoneal, mesenteric) seeding
[ Distant metastasis
Other organ, specify:
Distant lymph node
Separate lesions? (when present)
[J Peptic ulcer
[J Adenoma
[ aIst
[J Others ( )

EGC, early gastric cancer; AGC, advanced gastric cancer; WHO, World Health Organization; EGJ, esophagogastric junction.

Standard data elements; °Conditional data elements.

multiple lesions. Multiple lesions should be evaluated individually
both macroscopically and microscopically in descending order
from the tumor with the deepest level of invasion. However, re-
gional lymph node metastasis, associated findings, and separate
lesions are listed only for the deepest lesion.

Tumor location

The description of the tumor location is recorded in two parts:
involvement and center. The involvement of the tumor uses up to
three portions from the esophagus to duodenum beginning with
the most involved area. The delineation of the upper, middle, and
lower thirds of the stomach follows the Japanese guideline [9].

https://jpatholtm.org/

The center of the tumor is described using a combination of loca-
tions according to the International Classification of Diseases for
Oncology classification [10] (cardia, fundus, body, antrum, pylo-
rus, lesser curvature, greater curvature) plus the anterior wall and
posterior wall [11]. If none of those options appropriately describes
the location of the tumor, other can be used.

Tumor size

The tumor size is recorded using the largest dimension of the
tumor [11]. Secondary or tertiary dimensions can be measured as
conditional data elements. However, the tumor size is not used in
the current staging of GC [8], and it is sometimes very difficult to

https://doi.org/10.4132/jptm.2022.12.23



Table 2. Report form for pathologic diagnosis using endoscopic
resection specimens

Standard and Conditional data elements

Specimen size?
__X__Ccm
Gross type of tumor?
Same as method of surgical specimen
Tumor size?
One largest dimension
O cm
Histologic type?
According to the principles described in “Histologic classification” section
[J WHO
[ Lauren
Histologic components®
All morphologic components of tumor cell may be described
Depth of invasion (pT)?
[ Invades lamina propria (pT1a)
[ Invades muscularis mucosae (pT1a)
[ Invades submucosa (submucosal depth: mm or pum)
[ Invades proper muscle (pT2)
Depth of invasion (pT)°
In case of submucosa invasion, the invasion width can be additionally
described
[ invades submucosa (submucosal depth: mm or um)
(submucosal width: mm)
Resection margin®
[J Lateral margin
[ Free from carcinoma (safety margin, ___ cm)
[ Involved by carcinoma
[1 Deep margin
[J Free from carcinoma (safety margin, ___cm)
[J Involved by carcinoma
Resection margin®
[ Proximal margin
[J Free from carcinoma (safety margin, ___cm)
[ Involved by carcinoma
[J Distal margin
[J Free from carcinoma (safety margin, ___cm)
[J Involved by carcinoma
(] Anterior margin
[ Free from carcinoma (safety margin, ___ cm)
[J Involved by carcinoma
1 Posterior margin
[J Free from carcinoma (safety margin, ___cm)
[J Involved by carcinoma
[J Deep margin
[J Free from carcinoma (safety margin, ___cm)
[J Involved by carcinoma
Ulceration®
[J Absent
[ Present
Ulceration®
[J Absent
1 Non-significant (<4 mm)
[ Significant (>4 mm)
Cases with adenoma components?
[J Absent
[ Present
specify:
En bloc resection?
[ Yes
[J No (piecemeal/tearing)
Lymphatic invasion®
[J Not identified
[ Present
Venous invasion?
[J Not identified
[ Present

WHO, World Health Organization.
aStandard data elements; "Conditional data elements.

https://doi.org/10.4132/jptm.2022.12.23
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measure accurately, such as in Borrmann type 4 cancer. For scat-
tered residual tumor foci following previous treatment, it is rec-
ommended to measure the maximum diameter that includes all
foci [12].

Tumor regression grade

Although preoperative chemotherapy has not been estab-
lished as a standard treatment for patients in Korea [5], studies
have shown survival benefits in local AGC in European [13],
Asian [14], and Korean patients [15]. Therefore, the need to ade-
quately evaluate the tumor response to chemotherapy is increas-
ing [16]. Various tumor regression grading (TRG) methods are
available for gastrointestinal cancers [17,18]. The Becker system
[19] is one that has been proposed for GC. The previous edition
of “A Standardized Pathology Report for Gastric Cancer” [3]
used the Japanese guideline [9]. The Becker and Japanese sys-
tems both estimate the proportion of residual tumor and use it as
a cutoff value between TRGs. However, because some tumors have
more abundant fibrosis than tumor cells (before chemotherapy),
estimation of the residual tumor proportion could show low
concordance between observers [20,21]. Therefore, we suggest a
new TRG system: the modified Ryan system currently recom-
mended in the College of American Pathologists (CAP) guide-
line [11] and the second edition of the standardized pathology
report for colorectal cancer in Korea [22]. It is a descriptive four-
tier system that evaluates residual cancer rather than fibrosis as
none, single cells or rare small groups, more than single cells but
evident tumor response, and extensive residual cancer cells. Acel-
lular mucin pools and necrotic or degenerative cells are not con-
sidered to be residual cancer [8]. Only the primary tumor is eval-
uated in this TRG, but tumor regression of the regional lymph
nodes [16,23] can be reported as a conditional data element when
there is evidence of partial (viable cancer cells with regressive
changes) or complete tumor regression (only fibrosis, mucin pool,
or foam cells without viable cells) in the regional lymph nodes.
Evidence suggests that the presence of tumor regression in the
lymph nodes is associated with better clinical outcomes [24,25].

Depth of invasion

The depth of the tumor invasion follows the AJCC 8th edi-
tion [8] and Japanese guidelines [9]. Notably, the Japanese guide-
line does not accept carcinoma 7z situ (pTis). In the AJCC 8th edi-
tion, pTis is defined as an intraepithelial tumor without invasion
of the lamina propria, which is equivalent to high-grade dysplasia.
pT1b is subdivided into sm1, sm2, and sm3. If cancer cells are
present below an imaginary line dividing the submucosa and

https://jpatholtm.org/
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proper muscle, the case is considered pT2 even if the cancer cells
are not actually within the muscle fibers. If there is no proper
muscle layer due to ulceration, and the cancer cells are below the
imaginary line drawn at the lower border of the proper muscle,
the case is considered pT3. Invasion of the omentum and peri-
gastric fat is considered pT3. Ink should be applied at the sero-
sal surface nearest the tumor during gross examination to prop-
erly evaluate serosal (visceral peritoneum) invasion. The case is
considered pT4a if the cancer cells are adherent to or exposed
beyond mesothelial cells. Because the mesocolon and gastric se-
rosa (including the greater and lesser omentum) have different
embryological origins, invasion of the mesocolon should be clas-
sified as pT4b. However, some areas are tightly fused, such as
the posterior wall of the antrum, the gastric serosa, and the an-
terior side of the transverse mesocolon. Therefore, the Japanese
guideline indicates that invasion of the transverse mesocolon is
not pT4b unless it extends to the colic vessels or penetrates the
posterior surface of the mesocolon [9]. Some cases can be either
pT4a or pT4b, depending on the site of the tumor. Invasion of
the pancreas capsule is considered pT4b. Direct duodenal or
esophageal invasion is not considered pT4b. Any involvement of
other organs, such as the liver, pancreas, colon, spleen, diaphragm,
or kidney, should be recorded. Cancer cells within lymphatic or
vascular spaces are not considered in the determination of inva-
sion depth [8]. The presence of lymphatic or vascular invasion
should be recorded separately in parentheses (e.g., tumor invades
proper muscle [involvement of subserosa by lymphatic emboli]).

Resection margin

The distance from the proximal or distal resection margin is
the length from the edge of the carcinoma to the nearest resection
margin. It is important to locate the true resection margin in the
gross specimen, especially when the stomach is opened along the
lesser curvature or obliquely along the anterior or posterior wall.
In some cases, cancer cells approach the resection margin much
more closely than can be observed grossly (cancer spreading un-
derneath the mucosa). Therefore, the resection margin is final-
ized in a microscopic evaluation. The circumferential and radial
resection margin statuses can be reported as conditional data ele-
ments. Determination of the circumferential margin is often re-
quired if the cumor is located near the EG]J.

Regional lymph node metastasis

The presence of lymph node metastasis is one of the most im-
portant prognostic factors, even post-chemotherapy [26,27]. Both
the total number of evaluated lymph nodes and the number of
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metastatic lymph nodes are reported. Although pathological
evaluation of more than 30 regional lymph nodes is desirable ac-
cording to the AJCC 8th edition [8], 2 minimum of 16 regional
lymph nodes is acceptable per the CAP guideline [11] because
the definition of pN3b is 16 or more metastases. Therefore, if
fewer than 16 lymph nodes were initially retrieved for evalua-
tion, additional effort to recover more lymph nodes should be
made and reported. This does not apply in cases of previous par-
tial gastrectomy, preoperative chemotherapy, or radiation thera-
py. Microscopic evaluation should be performed on the largest
plane of each lymph node. In general, if the size of the metastasis
observed in the lymph node is <0.2 mm, the metastasis is called
isolated tumor cells (ITCs); if the size is more than 0.2 mm but
not greater than 2 mm, it is a micrometastasis. Because micro-
metastases are not reported separately in GC, they are considered
to be positive lymph nodes [8]. According to the AJCC 8th edi-
tion, ITCs should not be reflected in the pN stage and should
be reported as pNO (i+) in the absence of another lymph node
metastasis. However, it is hard to ignore ITCs, which are readily
seen on hematoxylin and eosin (H&E) slides. Therefore, in most
practices, all metastatic tumor cell clusters in the lymph nodes are
reflected in the pN stage regardless of size, and only ITCs inci-
dentally detected by cytokeratin immunohistochemistry (IHC)
are excluded from the pN stage. The stations of the lymph nodes
are not reported unless they are separately submitted with corre-
sponding labels. Tumor deposit (TD) is defined as discrete tumor
nodules separate from the tumor bed (within the lymphatic drain-
age of the primary tumor) without identifiable lymph node tis-
sue or vascular or neural structure (Fig. 1) [8]. Unlike colorectal
carcinoma, TDs are considered to be metastatic lymph nodes in

Fig. 1. An example of a tumor deposit. It usually has irregular out-
lines without identifiable lymph node tissue or identifiable vascular
or neural structures.
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GC and are thus reflected in the pN stage. TD and serosal (peri-
toneal) seeding nodules should be distinguished because perito-
neal seeding is graded as pM1. Metastasis to a distant lymph node
is pM1 and should not be considered in the pN stage. The defini-
tion of distant lymph nodes is different in the AJCC 8th edition
than in the Japanese guideline, and we recommend following
the AJCC 8th edition, in which superior mesenteric lymph node
metastasis is pM1 [8].

Extranodal tumor extension

If the cancer cells show infiltration of the extranodal adipose
tissue beyond the capsule of the lymph node, extranodal tumor
extension (ENE) can be reported. ENE is associated with poor
prognosis in GC [28-30].

Lymphovascular invasion

Lymphovascular invasion includes both lymphatic and vascu-
lar invasion. Discrimination of lymphatics from blood vessels on
H&E slides is often difficult, especially when they are small (Fig.
2A, B). Although IHC for D2-40 or CD31 can be used, the prog-
nostic differences between lymphatic and blood vessel invasion
have not been sufficiently evaluated in GC [12]; therefore, we
recommend using ‘lymphovascular invasion.” However, when tu-
mor invasion or emboli are observed in large vessels with an iden-
tifiable smooth muscle layer or elastic lamina, it is called venous
invasion and can be reported as a conditional data element (Fig.
2C). Venous invasion has been reported as a risk factor for recur-
rence in both early [31,32] and advanced GCs [33].

Perineural invasion

Perineural invasion is reported when cancer cells are observed
within or around the nerve [34].

Pre-existing adenoma

Pre-existing adenoma is reported when carcinoma is observed
within an adenoma. If the adenoma is discrete from the carcinoma,
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it is reported as a separate lesion.

Associated findings

Tumor perforation, serosal (peritoneal, mesenteric) seeding,
and distant metastasis (including specific site) are reported when
present.

Separate lesions

Peptic ulcers, adenomas, gastrointestinal stromal tumors, and
other separate lesions are reported when present.

Endoscopic resection specimens

Description of the specimen

The size of the specimen is expressed as the length of the lon-
gest axis and the length perpendicular to the longest axis. The
size of the tumor is indicated only by the length of the largest axis.
The gross type of the tumor is described in the same way as for a
surgical specimen.

Sectioning of the specimen

Apply ink to the entire deep margin and lateral margins of
the specimen so that it can be viewed under a microscope. Pre-
pare paraffin blocks by sequential parallel sectioning of the entire
specimen at 2 mm intervals. Among the lateral margins of the
four directions, the closest margin and the tumor should be in-
cluded together in the sectioning direction.

For gastrointestinal specimens, the distal part is generally placed
at the 9 o'clock position in a gross photograph. If the distances
from each of the lateral margins are similar, serial sectioning of
the specimen is commonly performed in the same direction. When
visual observation indicates that the closest lateral margin is not
included in this general sectioning direction, however, the direc-
tion of the sample or mapping frame should be turned so that
the closest lateral margin and the tumor appear together on the
section (Fig. 3).

Fig. 2. Histologic features of lymphovascular invasion in sections of gastric cancer. An example of lymphovascular invasion on hematoxylin
and eosin examination (A) and stained for D2-40 (B). Tumors involving vessels with an identifiable smooth muscle layer are considered to
have venous invasion (C).
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Fig. 3. Sectioning of an endoscopically resected specimen. When the direction of the photograph matches the direction of the closest lateral
margin (A). If the direction of the photograph does not match, turn the specimen toward the closest lateral margin for mapping (B).

Histologic type and components

The histologic type of the tumor is described in the same way
as for a surgical specimen. For the criteria and description of each
type, refer to the information in the “Histologic classification”
section below. The histologic type of the tumor should be de-
scribed; the histologic diversity of tumor cells may be desctibed
separately as histologic components. If various morphologic com-
ponents are observed within the tumor, all are described according
to the histologic type. In such a case, the description should sig-
nify the quantitative majority of the tumor components. The de-
scription method can be selected according to institutional pref-
erences. For example, record in order: well differentiated (WD)~
moderately differentiated (MD) > poorly differentiated (PD) >
signet ring cell (SRC) carcinoma; interval variable: WD-MD >
50%, PD < 50%, SRC < 10%; and continuous variable: WD-MD
65%, PD 30%, SRC 5%. Many studies have reported that tumors
with a mixture of differentiated-type and undifferentiated-type
components have a higher risk of lymph node metastasis than tu-
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mors with only one component [35-40]. Within the undifferen-
tiated type, SRC has a lower lymph node metastasis frequency,
which is reported to be at a level similar to that of the differen-
tiated type [41-43]. In addition, some reports indicate that the
lymph node metastasis frequency is lower in pure SRC cases than
in SRC cases mixed with other component types [44-47]. How-
ever, only the histologic type is applied for determining whether an
endoscopic resection is curative, and because differences in histo-
logic components are not applied, they are reflected as conditional
elements rather than a standard element. A pathological study of
the criteria for determining whether an endoscopic resection is
curative is currently underway by the GIPSG of the Korean Soci-
ety of Pathology as a research project of the National Evidence—
based Healthcare Collaborating Agency. If important results are
obtained from that study, they should be reflected in the elements
of this guideline.
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Tumor size

Only the length of the largest axis of a histologically confirmed
tumor is recorded.

Depth of invasion

The method for describing the depth of invasion is basically
the same as for a surgical specimen. The difference is that the in-
vasion depth in the submucosal layer is measured and described
in cases of submucosal invasion, and it is measured in mm or pm.
The measurement is the length from the lowest surface of the
muscularis mucosae to the most deeply invaded point. In some
cases, the muscularis mucosae are modified by tumor invasion
(hypertrophied, displaced, completely disappeared). In these cas-
es, depth is measured using an imaginary line extending from
adjacent muscularis mucosae in the normal area not deformed
by the tumor (Fig. 4A). Always ensure that the lowest surface of
the original, unmodified muscularis mucosae is used as the refer-
ence point. If the progressing course of the adjacent muscularis
mucosae forms a curve, the virtual line is set as a matching curve
(Fig. 4B).

No definitive description or research results indicate how to
measure the depth of invasion when muscularis mucosae are mod-
ified. In the Japanese guideline, an explanation first appeared in
the 14th edition from 2010: “if the muscularis mucosae are ob-
scure due to ulcerative changes, the length should be measured
on the virtual line based on the adjacent normal layer” [9]. In the

Well-preserved Hypertrophied
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15th edition from 2017, it changed to recommend measuring
from the surface of the tumor [48]. When muscularis mucosae
are modified, some Korean pathologists measure from the lowest
muscle fiber of the modified layer, and some measure from the
imaginary line of the adjacent normal area. Two Korean studies re-
ported that it is approptiate to measure from the imaginary line
of the adjacent normal area in all modified situations [49,50]; ac-
cordingly, we use that recommendation as the standard measure-
ment method in this guideline.

In cases of submucosal invasion, studies have shown that not
only the invasion depth, but also the invasion width are signifi-
cant risk factors for lymph node metastasis [50,51]. However, be-
cause few multicenter studies have been done and it has not yet
been applied to the curative resection criteria, the invasion width is
a conditional data element. This point is being addressed in the
ongoing GIPSG pathological study on the criteria for determin-
ing whether an endoscopic resection is curative. The method for
measuring the invasion width is as follows (Fig. 5): if submucosal
invasion is observed on only one section, write the actual size
measured on the slide of that section. If submucosal invasion is
observed across two or more slices, write the larger of the following
two values: (1) the actual size measured on the slide with the
largest invasion width, or (2) the number of slices spanned by the
invasion x 2 mm (thickness of slice).

Displaced Disappeared

Yv ¥ W%

[ ] Muscularis mucosae
@) Adenocarcinoma

®

Fig. 4. Method to measure submucosal invasion depth. Always use the lowest surface of the original, unmodified muscularis mucosae as
the reference point (A). When the progressing course of the adjacent muscularis mucosae forms a curve, the virtual line is set as a matching

curve (B).
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Fig. 5. Method to measure submucosal invasion width. The actual size measured within the slide (A). Number of slices that the invasion spans

x 2 mm (thickness of slice) (B).

Resection margin

The resection margin is described for the nearest lateral mar-
gin and deep margin. If the lateral margin is close (<0.2 cm) or
is involved in the tumor, the corresponding directions should
be written together. If multiple margins are involved, all should
be written. This is the information needed by the gastroenterol-
ogist to decide whether to perform additional procedures (endo-
scopic resection, argon plasma coagulation, follow-up biopsy). As
a conditional element, the distance in all four directions of the
lateral margin can be described.

The degree of invasion of the lateral resection margin and the
probability of residual cancer are related. A high risk of residual
cancer was reported when two or more of the four lateral mar-
gins were involved (multiple involvement) or when the length
of involvement was large (more than 4 mm or 6 mm). However,
it has not been determined whether additional treatment can be
decided according to the degree of margin involvement because
the risk is low but present in the group with a small degree of mar-
gin involvement.

Ulcer

Ulceration is defined as a full-thickness disruption of muscu-
laris mucosae, both active and scarring, and determined by his-
tological findings, not endoscopic findings [5,9,52]. The pres-
ence or absence of an ulcer is an important criterion for judging
whether an endoscopic resection is curative in mucosal cancer
[5], so it must be described in the pathology report for mucosal
cancer. Because ulcers are included in the indications for an endo-
scopic resection, the presence of ulcers is determined by endo-
scopic findings. Ultimately, however, it must be confirmed by
pathological examination findings of the resected specimen. En-
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doscopic diagnosis is difficult in the absence of a mucosal break
[53], and ulcer-negative endoscopy findings with ulcer-positive pa-
thology findings were reported in 4.6%-5.5% of cases [54,55].
Another problem that occurs in practice is a lack of clarity in
the criteria for differentiating original small ulcers from biopsy-in-
duced changes after endoscopic biopsy in a case that did not origi-
nally have ulcers. Due to the low accuracy of ulcer determination
in endoscopic findings, a finding of no ulcer during endoscopy
cannot guarantee a biopsy-induced change. Diagnostic criteria for
this have been suggested by Shimoda et al. [56], and the Japanese
gastric cancer treatment guidelines describe this as follows: “A
biopsy-derived scar is usually observed histologically as fibrosis
restricted to small areas just beneath the muscularis mucosae. If
it cannot be discriminated from the ulcer scar, it should be clas-
sified as ULL.” [57]. According to JCOG1009/1010, a clinical
study on undifferentiated-type EGC: “UL was judged as pres-
ent if the muscularis propria was completely disrupted and if fi-
brosis in the submucosal layer was observed to be wider than
the range of disrupted muscularis propria.” [58]. In our study
group, ulcer size was measured in the ongoing GIPSG study on
the criteria for curative resection, and the possibility of offering dif-
ferentiation criteria for this problem was investigated. We found
that the risk of lymph node metastasis with an ulcer of 4 mm
or less was the same as in cases with no ulcer. Using that criterion,
very small ulcers can be excluded from the risk factors for lymph
node metastasis, which removes the need to differentiate them
from biopsy-induced changes. The grading of ulcer size is reflected
as a conditional element. The method for measuring the size of
an ulcer (Fig. 6) is similar to that used to measure the submu-
cosal invasion width. If an ulcer (full-thickness disruption of the
muscularis mucosae) is observed on only one section, write the
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Fig. 6 . Method to measure ulcer size. The actual size measured within the slide (arrow: ulcer size within the slide) (A). Number of slices that
the ulcer spans x 2 mm (thickness of slice) (star: ulcer-positive slices, arrow: slices that the ulcer spans) (B).

actual size measured on the slide. If it is observed across two or
more slices, write the larger of the following two values: (1) the
actual size measured on the slide with the largest disruption size
or (2) the number of slices spanned by the disruption x 2 mm
(thickness of slice). The ulcer size is measured only within the tu-
mor. If the ulcer spans the tumor and surrounding mucosa, mea-
sure the ulcer size only within the tumor area.

Cases with adenoma components

The adenoma component should be described only when the
histological findings of adenoma are clear, and the intratumoral
region is distinct from the adenocarcinoma component.

In diagnosis, only the adenocarcinoma contents should be
described, and adenomas should be described separately as an
additional item. For the size of the tumor, the size of the adeno-
carcinoma is described first, followed by the size of the total tu-
mor. The distance from the resection margin describes the closest
distance to any tumor component. If the resection margin is in-
volved in a tumor or is less than 0.2 cm, the component should
be described.

Unlike colorectal cancer, GC occurs in the adenoma-adenocar-
cinoma pathway in only a small number of cases, and adenocarci-
nomas of very small size are common. In addition, in many cases
of WD adenocarcinoma, structural abnormalities are not severe,
so areas that are difficult to differentiate from adenoma can be
mixed in the tumor. Therefore, a background adenoma is identi-
fied only when the histological findings are clear and the area
within the tumor is distinct from the adenocarcinoma compo-
nent. If it is difficult to distinguish the mixed components, the
entire lesion is treated as an adenocarcinoma. For example, if one
component corresponds to adenocarcinoma and another compo-
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nent is severely dysplastic but difficult to determine as adenocarci-
noma, the whole is treated as an adenocarcinoma component.
For an adenoma, only the presence of the adenoma component
is briefly described in a separate section.

En bloc resection

Piecemeal resection or full-thickness tearing should be con-
firmed and documented in the histological examination. Even
if the specimen is resected into several pieces, it is not piecemeal
if the tumor is intact within one piece.

Lymphatic/venous invasion

Unlike surgical specimens, lymphatic and venous invasions are
recorded separately in endoscopic resection specimens because of
the differing risks of lymph node metastasis. Both lymphatic
invasion and venous invasion are criteria for determining a non-cu-
rative resection. However, the risk of lymph node metastasis posed
by lymphatic invasion is times higher than that from venous inva-
sion, and a higher score is assigned in the risk prediction model
[59]. This information is helpful when clinicians decide whether
or not to petform gastrectomy; thus, it is recommended to report
them separately. The standard method for differentiating lym-
phatic and venous invasion is H&E staining with the following cri-
teria: it is determined as a lymphatic vessel when there is a thin
wall or lymphatic fluid and as a venous vessel when there is a thick
muscle wall or many red blood cells in the lumen. When it is dif-
ficult to distinguish between lymphatic vessels and small venules,
classify them as lymphatic vessels.

IHC staining may be performed to better observe lymphatic
or venous vessels. However, because H&E and other immunos-
tained slides are obtained from different levels, they should be
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interpreted separately. A specimen is deemed to be positive even
if invasion is observed on only one slide.

Histologic classification

Histologic classification of GC is based on the 5Sth edition of
the World Health Organization (WHO) blue book [4]. Repre-
sentative histopathologic types described in the WHO classifica-
tion are summarized in Table 3 and Fig. 7. The diagnosis of GC
is usually determined according to the component that occupies
the largest portion of the tumor, but the diagnosis of special his-
tologic subtypes is based on the diagnostic criteria of each sub-
type. The most common subtype is tubular adenocarcinoma,
characterized by prominent dilated or slit-like tubules. Carcino-
mas composed of solid tumor clusters with rare tubule forma-
tion are also classified as tubular adenocarcinoma. Tumor cells
can be columnar, cuboidal, or flat, and luminal mucin/cell debris
is common.

Papillary adenocarcinoma shows a papillary tumor structure
with a central fibrovascular core and columnar or cuboidal tumor
cells. For a diagnosis of papillary adenocarcinoma, more than 50%
of the tumor area must contain the papillary tumor component
[60-62]. High rates of liver metastasis, lymphovascular invasion,
lymph node metastasis, and poor prognosis are reported in papil-
lary adenocarcinoma [61-64].

Mucinous adenocarcinoma is defined when more than 50% of
the tumor area shows extracellular mucin. Tumor cells in muci-
nous adenocarcinoma can show a glandular growth pattern, solid
pattern, or scattered single cell pattern, including SRC carcino-

ma [4]. Mucinous adenocarcinoma is classified as the intestinal,
diffuse, or indeterminate type according to the main compo-
nent of tumor cell differentiation [4]. Mucinous adenocarcino-
ma tends to be diagnosed at an advanced stage [65,66).

Pootly cohesive carcinoma (PCC) is the second most common
subtype of GC and is composed of isolated or small groups of tu-
mor cells without gland formation [4]. Until the 3rd edition of

Table 3. Histopathologic classification of gastric carcinoma

Histopathologic classification

WHO classification
[J Tubular adenocarcinoma
[J Tubular adenocarcinoma, well differentiated
[J Tubular adenocarcinoma, moderately differentiated
[J Tubular adenocarcinoma, poorly differentiated
Papillary adenocarcinoma
Mucinous adenocarcinoma
Poorly cohesive carcinoma
[J Poorly cohesive carcinoma, signet-ring cell type
[J Poorly cohesive carcinoma, not otherwise specified
Mixed adenocarcinoma
Adenocarcinoma with lymphoid stroma
Hepatoid adenocarcinoma
Micropapillary adenocarcinoma
Adenocarcinoma of fundic-gland type
Undifferentiated carcinoma
Squamous cell carcinoma
Adenosquamous carcinoma
Gastroblastoma
Others (specify: )
Lauren classification
[J Intestinal
[ Diffuse
[J Indeterminate
] Mixed

WHO, World Health Organization.
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Fig. 7. Representative pictures of each histologic subtype of gastric carcinoma. Tubular adenocarcinoma (A), papillary adenocarcinoma (B),
mucinous adenocarcinoma (C), poorly cohesive carcinoma, not otherwise specified (D), poorly cohesive carcinoma, signet-ring cell type (E),
adenocarcinoma with lymphoid stroma (F), hepatoid adenocarcinoma (G), micropapillary adenocarcinoma (H), adenocarcinoma of the fun-
dic-gland type (I, J), undifferentiated carcinoma (K), and crawling-type adenocarcinoma (L).
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the WHO classification, SRC carcinoma was an independent
subtype, but since the 4th edition of WHO classification, SRC
has been included in the PCC category. Recently, several studies
have suggested that non-SRC PCC (PCC-NOS) has a relatively
poor prognosis compared with SRC and that SRC and PCC-NOS
have different molecular profiles [67-70]. The WHO classification
defines SRC as “composed predominantly or exclusively of signet-
ring cell components” [4]. A European group suggested a PCC
classification definition according to the percentage of the SRC
component (SRC, >90%; PCC-NOS, < 10%; PCC with SRC
component, 10% —90%), but no definite criteria for diagnosing
PCC-NOS and SRC have been established, so more studies are
required [71].

Mixed adenocarcinomas, according to the WHO definition,
are carcinomas with both glandular (tubular adenocarcinoma/
papillary adenocarcinoma) and pootly cohesive (PCC/SRC) com-
ponents [4]. Some reports recently suggested that mixed adeno-
carcinomas have poorer prognosis, such as frequent local recurrence
and lymph node metastasis, than a pure subtype of carcinoma, es-
pecially in EGC [72,73]. However, no clear criteria have estab-
lished a minimum ratio of glandular/poorly cohesive components
for a diagnosis of mixed adenocarcinoma. Contrary to the WHO
definition, many studies define mixed adenocarcinoma as PD ad-
enocarcinoma or a PCC/SRC component mixed with gland-
forming components; those studies also report that the prognosis
of mixed adenocarcinoma in EGC is worse than that of pure sub-
types [39,74,75]. Although mixed adenocarcinoma does not have
a clear definition, it seems that EGC has a poor prognosis when
a glandular component coexists with other components in the
same tumor; therefore, when both a glandular component and
other components are observed in an EGC, it is recommended
that they be mentioned separately.

Adenocarcinoma with lymphoid stroma (medullary carcinoma
with lymphoid stroma) was previously called ‘lymphoepithelio-
ma-like carcinoma’ or ‘medullary carcinoma.” Tumor cells of this
subtype show irregular sheets, poorly defined clusters or tubules,
trabeculae, or syncytial cells with dense lymphocytic infiltration
and intraepithelial lymphocytes [4,76]. Such a tumor usually
shows a well-defined margin without infiltrative growth and min-
imal desmoplasia. This type of tumor is frequently associated
with Epstein-Barr virus (EBV) infection and sometimes shows
microsatellite instability/mismatch repair deficiency [4,76]. Pa-
tients with this subtype show a lower number of lymph node me-
tastases and better prognosis after surgery than those with other
subtypes [77,78].

Hepatoid adenocarcinoma is composed of hepatocyte-like tu-
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mor cells, which are large polygonal cells with eosinophilic-abun-
dant cytoplasm arranged in a trabecular pattern [4,79]. This al-
pha-fetoprotein-positive tumor is often diagnosed preoperatively
with multiple liver and lymph node metastases [4,79].

Micropapillary adenocarcinoma is characterized by an inside-
out pattern of tumor clusters, which are small tumor clusters
without a fibrovascular core, in clear spaces [4,80]. Micropapil-
lary adenocarcinoma can be diagnosed when more than 10% of
the tumor comprises micropapillary components [4,81]. This
subtype is associated with poor prognosis and lymph node me-
tastasis [4,30,81].

Adenocarcinoma of the fundic-gland type is composed of tu-
mor cells showing chief cell differentiation, parietal cell differ-
entiation, or both. Because this tumor does not show obvious
nuclear dysplasia or structural abnormalities, it would be rea-
sonable to regard it as adenocarcinoma only when it invades the
submucosal layer. Lymph node metastasis is very rare in this sub-
type [4,82,83].

Undifferentiated carcinoma is composed of anaplastic cells
without specific differentiation [4]. Grossly, a large ulcerating or
fungating mass with necrosis is common. Tumor giant cells and
thabdoid tumor cells are common in this subtype, and spindle
sarcomatoid cells can be seen [84,85]. Most patients show dis-
mal prognosis with distant metastasis.

Squamous cell carcinoma is a very rare gastric tumor and shows
morphology similar to that found in other organs. Adenosqua-
mous carcinoma has both glandular and squamous tumor com-
ponents, with >25% squamous component [4]. Gastroblastoma
is a biphasic tumor composed of spindle and epithelial cells.

Crawling-type adenocarcinomas are charactetized by complex
branching or anastomotic structures and low-grade nuclei and
have not yet been classified as a distinct subtype in the WHO
classification [4]. Because of their low-grade nuclear atypia, re-
active looking structural change, and mucosal location, crawl-
ing-type adenocarcinomas were once called a very WD form of
gastric adenocarcinoma. Recent studies have shown that large
crawling-type adenocarcinomas are often accompanied by PD
components, and one report indicates that lymph node metastasis
occurs frequently when the cancer invades beyond the submuco-
sal layer [86,87]. Although it has not yet been classified as a for-
mal subtype, some research results on crawling-type adenocarci-
noma have recently been published, and attention needs to be
paid in terms of prognosis.

Tubular adenocarcinoma and papillary adenocarcinoma can be
graded. When two or more differentiations are mixed in an ade-
nocarcinoma, the differentiation grade reflects the largest tumor
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area. A distinct glandular structure composed of columnar cells
is classified as WD, and a small glandular structure composed
of cuboidal or flat cells is classified as MD. In a tumor with an in-
distinct glandular structure, carcinoma forming frequent lumi-
nal structures is classified as MD, and that with a rare luminal
structure is classified as PD (Fig. 8) [3]. Although the WHO rec-
ommends a two-tier grading system of low- (WD and MD) and
high-grade (PD), most pathologists and clinicians use a three-tier
grading system. We have agteed to use a three-tier grading system
that can be easily switched to a two-tier grading system.

Histologic types in biopsy specimens

In endoscopic gastric biopsy samples, it is often difficult to
diagnose a specific subtype of gastric carcinoma. However, his-
tologic subtypes and differentiation are important in the selection
of a treatment modality. We recommend reporting a histologic
component or subtype if there is a PD component or subtypes as-
sociated with poor prognosis (such as PCC, PD tubular adeno-
carcinoma, or micropapillary feature), irrespective of the propor-
tion. Some peculiar subtypes of adenocarcinomas, such as
adenocarcinoma of the fundic-gland type and EBV-associated
gastric carcinoma, have a lower rate of lymph node metastasis
than other subtypes with similar invasion depth, especially in
EGC [82,88,89]. Reporting these subtypes and testing for EBV
in situ in biopsy specimens could thus be helpful for patient
management [89].

Lauren classification

The Lauren classification has been one of the most commonly
used classification systems for GC worldwide since its publication
in 1965 (Table 3) [90]. According to the WHO 5th edition,
WD and MD papillary adenocarcinoma and tubular adenocar-
cinoma are classified as the intestinal type, and PCC and SRC
are classified as the diffuse type (Fig. 9). In the Lauren classifica-
tion, the mixed type (not the same as mixed adenocarcinoma in
the histological classification) is used when intestinal and diffuse
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tumor components coexist in similar proportions. Although a
table in the WHO blue book indicates that solid type, PD ade-
nocarcinoma is classified as indeterminate type, this does not
mean that all PD adenocarcinoma should be classified as such,
and there is some disagreement among pathologists about the
definition of the indeterminate type. Further discussion is needed
to decide whether other special histological types of adenocarci-
noma are excluded from the Lauren classification or whether
they can be classified as intestinal, diffuse, or indeterminate ac-
cording to their morphology.

To determine the feasibility of an endoscopic resection of tumors,
most clinical guidelines and studies apply the differentiated type
(papillary adenocarcinoma, tubular adenocarcinoma, WD and
MD)/undifferentiated type (tubular adenocarcinoma, PD and
poorly cohesive carcinoma, including SRC carcinoma) criteria of
the Japanese guidelines [57]. In these criteria, PD adenocarcino-
ma is classified as the undifferentiated type. To prevent confusion
with undifferentiated carcinoma, we do not recommend using the
‘differentiated type/undifferentiated type’ criteria in pathology re-
ports. Instead, using the histologic classification and/or Lauren
classification can provide sufficient information to clinicians and
researchers.

Adenoma

Neoplastic epithelial proliferation without stromal invasion
is called either adenoma or dysplasia. This intraepithelial neopla-
sia is usually called an adenoma by Western pathologists when
the tumor shows a protruding, polypoid appearance with a dis-
tinct border and dysplasia when the tumor appears as a flat, de-
pressed lesion o elevated indistinct lesion [4]. The Japanese classi-
fication tends to refer to elevated, flat, and depressed intraepithelial
lesions as adenomas. Both adenoma and dysplasia can be used as
terms for intraepithelial neoplasia in Korea.

Gastric adenomas can be subclassified into the intestinal type,
foveolar type, pyloric gland type, and oxyntic gland type. Intes-

tinal-type adenomas are the most common adenomas and usually
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Fig. 8. Grading of gastric tubular adenocarcinoma. Well-differentiated adenocarcinoma showing glandular structures composed of columnar
tumor cells (A). Moderately differentiated adenocarcinoma exhibits more complex tubular structures with cuboidal and/or flat epithelial cells
(B). Tubular structure is unclear in most tumor glands in poorly differentiated adenocarcinoma (C).

https://jpatholtm.org/
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Fig. 9. Intestinal (A) and diffuse (B) Lauren type gastric adenocarcinomas characterized by well-formed tumor glands and interspersed tumor

cells, respectively.

show tubule formation and columnar cells with elongated nu-
clei, with or without goblet cells and Paneth cells [4]. Foveolar-
type adenomas are the second most common type of gastric ad-
enoma, and an apical mucin cap is characteristic [91]. Pyloric
gland type adenomas consist of columnar cells with ground-glass-
like cytoplasm, basally located nuclei, and closely packed tubu-
lar glands with occasional dilatation [92]. Oxyntic gland type
adenomas, also called oxyntic gland neoplasms because they can
be diagnosed as adenocarcinoma only when submucosal inva-
sion is confirmed, can progress into adenocarcinoma of the fun-
dic gland type. This adenoma is composed of tumor cells with
an oxyntic gland (chief cells, parietal cells, and mucous neck cells)
and exhibits structural irregularity and minimal to mild nuclear
atypia [82,88].

A two-tier system (low-grade/high-grade) is recommended
for grading adenomas. Low-grade adenomas are characterized
by a simple tubular or papillary architecture, hyperchromatic
elongated or ovoid nuclei without severe atypia, preserved cellu-
lar polarity with basally located nuclei, and relatively regular in-
tervening stroma without structural disruption. Goblet cells,
apoptotic features, and mild to moderate mitotic features can be
observed in low-grade adenomas (Fig. 10A). High-grade adeno-
mas show more complex structures such as fusion, crowding, and
budding of glands and the formation of glands with varying di-
ameters. Cellular atypia is more pronounced in high-grade adeno-
mas, such as loss of polarity, a high nuclear/cytoplasm ratio, pleo-
morphic nuclei, frequent mitosis, and atypical mitosis [93,94].
Intraglandular necrotic debris is also a diagnostic clue for high-
grade dysplasia and, more commonly, adenocarcinoma (Fig. 10B)
[95]. A diagnosis of adenocarcinoma should be considered when
more than one of the following is present: evidence of stromal in-
vasion (including single cell invasion into stroma and desmoplastic
reaction), marked structural atypia, and marked glandular crowd-
ing (Fig. 10C) [94].

https://doi.org/10.4132/jptm.2022.12.23

Helicobacter pylori

H. pylori infection is the most common cause of gastric adeno-
carcinoma, and eradication of H. pylori is associated with meta-
chronous GC [96,97]. To detect H. pylori infection in a patholo-
gy specimen, additional staining (such as the Wright-Giemsa stain
or Warthin-starry stain) is recommended. The proportion of
drug-resistant H. pylori is increasing, and in patients with clar-
ithromycin-resistant H. pylori infection, the failure rate of stan-
dard eradication treatment is also increasing. In patients with H.
Pylori infection, testing for clarithromycin-resistance is helpful for
H. pylori eradication.

Molecular markers

All molecular tests are optional, conditional data elements.
All report forms for the pathologic diagnosis of molecular mark-
ers are shown in Table 4.

Human epidermal growth factor receptor 2 testing

Determination of human epidermal growth factor receptor 2
(HER2) status is critical to identify patients with advanced-stage
cancer for appropriate precision therapy. HER2-positive GC pa-
tients are currently treated with trastuzumab in combination with
chemotherapy as first-line therapy, and fam-trastuzumab derux-
tecan-nxki, a.k.a. trastuzumab deruxtecan, was recently approved
by the Food and Drug Administration as a third- or later-line
treatment [5,7,98,99]. HER2 status is principally determined by
IHC or in situ hybridization (ISH) assays. HER2-positivity is de-
fined as THC 3+ or IHC 2+/ISH-positive [100,101]. HER2 test-
ing requites formalin-fixed paraffin-embedded biopsy tissues with
an adequate number of tumor fragments (ideally at least four) or
representative surgical specimens with more differentiated com-
ponents [102,103].

In currently recommended testing algorithms, HER2 status
should be initially established using THC [7,100] to estimate the

https://jpatholtm.org/
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Fig. 10. Tubular adenoma with low-grade dysplasia shows simple tubular architecture composed of elongated tumor cells with preserved
polarity (A). More crowding and variation in the size of the tumor glands are noted in high-grade adenoma (B). The diagnosis of adenocarci-
noma can be made when tumor cells show single-cell infiltration into the lamina propria (C) and/or marked structural fusion and atypia (D).

immunoreactive intensity and percentage of basolateral membra-
nous expression on cancer cells [7,104]. The score ranges from
0 to 3 based on >10% cutoff level of HER2 expression in surgical
specimens and >5 clustered cells in biopsy specimens as follows:
0 (negative), no reactivity or membranous reactivity in < 10% of
cancer cells from surgical specimens or any cancer cells in biopsy
specimens; 1+ (negative), faint or barely perceptible membrane
reactivity; 2+ (equivocal), weak to moderate complete or basolat-
eral membrane reactivity; and 3+ (positive), strong complete or
basolateral membrane reactivity (Fig. 11).

Cases with a score of 2+ or indeterminate by THC should be
confirmed with ISH techniques to determine the final HER2 sta-
tus [7,100]. Positive HER2 amplification is defined as a HER2:
CEP17 (centromeric region of chromosome 17) ratio >2.0. To
evaluate the ISH results, first check the HER2 IHC slide to select
the most strongly stained region that might predict a higher level
of HER? amplification. Next, at least 20 evaluable, non-overlap-
ping invasive cumor cells should be counted. If CEP17 signals are
>3 and the ratio of HER2:CEP17 is < 2.0, an average HER?2 copy
number > 6 signals/cell is considered positive for HER2 amplifi-
cation by ISH and <4 signals/cell is considered negative. If an
average HER?2 copy number is between four and six signals/cell,
another 20 cells should be counted in a different area. Sometimes,
the determination of HER2 status is uncertain due to sample prob-
lems or technical issues [103,105]. In that case, the test should be
reported as “cannot be determined.”

https://jpatholtm.org/

Some studies have revealed a significant correlation between
HER?2 expression and histologic subtype in GC. The Trastuzum-
ab for Gastric Cancer (ToGA) trial and other published studies
showed that the HER2 positivity rate was higher in differenti-
ated subtypes (Lauren intestinal type and WD and MD type)
than in the Lauren diffuse type or PD type [106-108]. Further-
more, intratumor heterogeneity of HER2 expression was reported
in approximately 50% of GC cases [106,109]. Inter-lesional
heterogeneity of HER2 expression for either positive or negative
shifting has been reported between primary carcinomas and syn-
chronous or metachronous locoregional/distant metastases at a
rate of 29%—14% [110-115].

Therefore, HER?2 status should be re-evaluated for all newly
diagnosed secondary, recurrent, and metastatic lesions, regardless
of the HER?2 status of the primary cancer because it affects the
therapeutic strategy and prognosis of patients [116,117].

Microsatellite instability and mismatch repair deficiency

Microsatellites, also called short tandem repeats, consist of re-
peats of a sequence that ranges from 1-6 nucleotides in length
[103,118,119]. DNA mismatch repair (MMR) is a highly con-
served mechanism to recognize and replace or repair mismatched
nucleotides during DNA replication [119]. MMR deficiency
(dMMR) is commonly caused by a germline mutation or sporadic
epigenetic silencing and leads to insertions or deletions of nucleo-
tides in microsatellite regions during DNA replication [119,120].

https://doi.org/10.4132/jptm.2022.12.23



Table 4. Report form for pathologic diagnosis using molecular mark-
ers

Molecular markers

All molecular markers are “conditional data element”
HER2 immunohistochemistry
[J Negative (0/1+)
[ Equivocal (2+)
[J Positive (3+)
[J Undetermined (explain):
HER2 (ERBB2) in situ hybridization
Number of invasive cancer cells counted: cells
[ Using dual-probe assay
[J HER2 (ERBB2)/CEP17 ratio:
[J Average number of HER2 (ERBB?2) signals per cancer cell:

[J Average number of CEP17 signals per cancer cell:
[J Using single-probe assay
[J Average number of HER2 (ERBBZ2) signals per cancer cell:

Summary: Negative/Positive for HER2 (ERBB2) gene amplification
[J Undetermined (explain):
Microsatellite instability (MSI)
Summary:
[ Microsatellite stable (MSS)
[J Microsatellite instability-low (MSI-L)
[ Microsatellite instability-high (MSI-H)
[J Undetermined (explain)
DNA mismatch repair immunohistochemistry
MLH1:
[J Positive (retained expression)
] Negative (loss of expression)
[J Undetermined (explain):
MSH2:
[ Positive (retained expression)
[J Negative (loss of expression)
1 Undetermined (explain):
PMS2:
[ Positive (retained expression)
[J Negative (loss of expression)
[J Undetermined (explain):
MSH6:
[J Positive (retained expression)
] Negative (loss of expression)
[J Undetermined (explain):
Summary:
[J DNA mismatch repair deficiency (was/was not) observed
[J Because it is difficult to determine DNA mismatch repair deficiency,
PCR-based testing and/or NGS for MSI is recommended.
In situ hybridization for Epstein-Barr virus-encoded small RNAs
[ Positive [diffuse/heterogenous (focal and/or mixed intensity)]>°
[J Negative
Summary: Epstein-Barr virus-associated gastric carcinoma
PD-L1 immunohistochemistry
PD-L1 [Antibody (22C3 PharmDx/22C3 conc. Ventana/28-8 Phar-
mDx/others: )
[J CPS=

HER?2, human epidermal growth factor receptor 2; CEP17, centromeric region
of chromosome 17; MLH1, mutL homolog 1; MSH2, mutS homolog 2; PMS2,
PMS1 homolog 2; MSH6, mutS homolog 6; PCR, polymerase chain reaction;
NGS, next-generation sequencing; PD-L1, programmed death ligand 1; CPS,
combined positive score.

4Because it is difficult to determine MSI status, mismatch repair immuno-
histochemistry and/or NGS is recommended; "Checking the signal pattern
is optional; °The term “Epstein-Barr virus-associated gastric carcinoma”
applies to positive cases.

https://doi.org/10.4132/jptm.2022.12.23
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The four genes that play an important role in this process are
mutL homolog 1 (MLHT), mutS homolog 2 (MSH2), mutS ho-
molog 6 (MSHG), and PMS1 homolog 2 (PMS2) [103,119-121].
When MMR does not function normally, it is called microsatel-
lite instability (MSI) [119,122].

MST is the hallmark of Lynch syndrome and is found in many
sporadic cancers [103,123]. MSI-high (MSI-H) is observed in
6.9%-22.7% of sporadic GC cases [124-127]. As a distinct
molecular subtype, MSI-GC is characterized by the gastric CpG
island methylator phenotype with MLH] silencing [124]. The
clinical characteristics of MSI-GC are antrum (distal) locations,
intestinal type of Lauren histology, early disease stage, and favor-
able prognosis [5,103,125,126]. Clinically, MSI is an actionable
predictive biomarker for resistance to S-fluorouracil-based adju-
vant chemotherapy and indicates good suitability for immuno-
therapy [128-132]. For this reason, clinician requests for MSI
and/or MMR test are increasing. In the National Comprehensive
Cancer Network Guidelines for Gastric Cancer V.2.2022, uni-
versal MSI and MMR testing is recommended for all newly di-
agnosed GC patients, in accordance with the CAP DNA Mis-
match Repair Biomarker Reporting Guidelines [100].

The three main methods used to detect MSI/AMMR are as fol-
lows: (1) polymerase chain reaction (PCR) amplification of micro-
satellite sequences; (2) IHC staining to determine the expression
of the four MMR proteins MLH1, MSH2, MSHG6, and PMS2;
and (3) next-generation sequencing (NGS) [103,119,120,133].
Additionally, a new kit enables diagnosis of MSI according to
the number of deleted base mutations by using a melting curve
analysis with a peptide nucleic acid (PNA) probe [134].

PCR can compare the allelic position of the microsatellite locus
in the tumor with that in normal tissue [103,120,133]. The Na-
tional Cancer Institute recommends the so-called Bethesda Panel
as reference [133,135]. This panel is composed of two mononu-
cleotide repeats (BAT-25 and BAT-26) and three dinucleotide re-
peats (D2S123, D58346, and D175250) [22,103,133,135].
These regions are amplified in parallel using fluorescent PCR,
and their sizes are assessed by capillary electrophoresis [133,136)].
However, because the dinucleotide markers are less sensitive and
specific than the mononucleotide markers [137], an alternative
panel with five poly-A mononucleotide repeats (NR-21, NR-24,
NR-27 [or Mono-27], BAT-25, and BAT-26) has also been sug-
gested [22,103,119].

MSI-H is defined as instability of two or more of five microsat-
ellite loci; MSI-low (MSI-L) is defined as instability of one site,
and microsatellite stable (MSS) is defined as no instability at any
site. Currently, clinical studies tend to categorize MSI-L and MSS

https://jpatholtm.org/
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Fig. 11. Representative images of human epidermal growth factor receptor 2 (HER2)—-positive gastric cancer. HER2 immunohistochemistry
(IHC) of this case showed heterogeneous intratumoral expression, composed of some areas featuring a score of 2+ with HER2 gene amplifi-
cation and others scoring 0 (A). HER2 IHC of this case showed homogenous HER2 positivity (score of 3+) (B).

as one type. This PCR method enables a functional measure of
dMMR by directly measuring DNA changes. However, the meth-
od does not identify the MMR gene to be investigated. When the
PCR test fails or the interpretation of the results is difficult, the test
should be reported as “undetermined,” and ITHC testing or NGS
is recommended.

THC for MMR proteins in GC samples is a simple and useful
practice to determine dMMR. This method shows performance
characteristics similar to MSI detection by PCR and a high con-
cordance rate (>90%) [138]. The use of all four proteins, MLHI,
MSH?2, MSHO6, and PMS2, is recommended for the IHC test.
However, in more than 90% of cases, MSI-GC is associated with
MLHI1 and/or PMS2 losses by hypermethylation of the MLH1
gene. Because this THC method is based on the ubiquitous expres-
sion of the MMR proteins in cell nuclei, nuclear staining should
be checked when determining MMR positivity [22,119]. The
presence of internal positive controls such as normal mucosa, lym-
phocytes, or stromal cells is essential for the interpretation of re-
sults [119]. IMMR is determined when the nuclear expression of
at least one MMR protein is absent (Fig. 12) [22]. Heterogeneity
of IHC or abnormal staining (cytoplasmic or membranous
staining) is sometimes observed [138-143]. When it is difficult to
interpret the THC results, the test should be reported as “unde-
termined,” and PCR-based testing or NGS is recommended to
confirm the MMR status. Using both IHC and PCR analyses for
the detection of MSI-H/AMMR can reduce indeterminacy in the
results.

https://jpatholtm.org/

EBV testing

EBV-associated gastric carcinoma belongs to one of four types
of molecular classification suggested by the Cancer Genome At-
las (TCGA) [124]. Virus-host interactions play a pivotal role in
EBV-induced carcinogenesis [144]. In EBV-associated gastric car-
cinoma, BamHI-A rightward frame 1 (BARFI) and latent mem-
brane 2A (LMP2A) are putative viral oncogenes [145-147]. Once
EBV enters the epithelium, EBV DNA methylation occurs glob-
ally. Hypermethylation of the CpG island promoter occurs
throughout human cellular progress, which inactivates tumor
suppressor genes [148]. Unique methylation leading to CDK-
N2A (p16) downregulation seems to be essential [124]. Even-
tually, EBV-infected gastric epithelial cells begin clonal growth,
and gene mutations in EBV-infected cells lead to carcinogenesis
[144]. EBV-associated gastric carcinoma is molecularly charac-
terized by frequent mutations in phosphatidylinositol-4,5-bi-
phosphate 3-kinase catalytic subunit o (PIK3CA) [124] and AT-
rich interaction domain 1A (ARIDIA) [125], rare TP53 mutations
[124], and the overexpression of interferon-y [149] and pro-
grammed death ligand 1 (PD-L1) [124,150].

EBV-associated gastric carcinoma has distinct histologic, ge-
netic, and immune microenvironmental features. Notably, EBV-
associated gastric carcinomas exhibit a dramatic response to
pembrolizumab immunotherapy (100% overall response rate)
[130]. EBV positivity can be a good indication for immuno-
therapy in GC. Moreover, in submucosal invasive GC, EBV pos-
itivity has been associated with a low risk of lymph node metas-
tasis [151,152].

https://doi.org/10.4132/jptm.2022.12.23
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Fig. 12. A representative figure of gastric cancer with DNA mismatch repair deficiency. Immunohistochemistry for MLH1 (A) and PMS2 (B)
showed loss of nuclear expression in tumor cells and positive nuclear expression in adjacent inflammatory cells. In contrast, immunohisto-
chemistry for MSH2 (C) and MSH6 (D) showed retained nuclear expression in tumor cells. MLH, mutL homolog 1; PMS2, PMS1 homolog 2;

MSH2, mutS homolog 2; MSH6G, mutS homolog 6.

ISH for EBV-encoded small RN As (EBERs) is the most suitable
and widely used method to detect EBV in formalin-fixed paraffin-
embedded tissues and cytology specimens [153,154]. It is a
highly sensitive detection method because of the large number of
EBERs (10°-10" copies/cell) [19], but it cannot be used for quan-
titative analysis of viral particles. Several commercial probes for
EBERs are available, in which EBERs labeled with biotin, digoxi-
genin, or fluorescein can be visualized by microscopic examina-
tion. In most EBV-associated GCs, EBER signals are observed
with strong intensity in almost all cancer cell nuclei. In certain
cases, EBER signals are heterogeneous, i.e., positive only in a focal
portion of the cancer or mixed—weak to strong—intensity (Fig.
13). Recently, focal positivity of EBER signals was reported in
18% of EBV-associated GC cases in Germany [155]. In daily prac-
tice in Korea, however, intratumoral heterogeneity of EBER sig-
nals is not as high as in those German cases. Whether focal nega-
tive/weak intensity represents an absence of EBV infection or a
subcritical or insufficient copy number of EBERs remains unclear
[156]. EBER signals are rarely detected in intracumoral or peri-
tumoral lymphocytes, which originate from peripheral B lympho-
cytes infected with EBV in a latent state.

PD-L1 immunohistochemistry

The programmed death-1 receptor (PD-1)-PD-L1 interac-
tion is one of the major mechanisms of immune modulation
that allow T-cell inactivation and tumor immune evasion [157].

https://doi.org/10.4132/jptm.2022.12.23

Blocking the PD-1/PD-L1 pathway is a standard therapeutic
strategy for various solid tumors, including GCs [158].

Pembrolizumab was granted accelerated FDA-approval as a
third-line treatment of GC based on the findings of the phase 2
KEYNOTE-059 trial, which demonstrated its treatment benefit
in advanced GC patients with PD-L1 combined positive score
(CPS) positivity (CPS 21). Accompanying approval was granted
for the PD-L1 IHC 22C3 pharmDx assay on the Autostainer
Link 48 platform as a companion diagnostic assay [159]. However,
the subsequent phase 3 KEYNOTE-061 trial failed to demon-
strate a significant survival improvement in PD-L1-positive GC
patients [160].

Another phase 3 trial, CheckMate-649, demonstrated the effi-
cacy of nivolumab in combination with fluoropyrimidine and
platinum-based chemotherapy as a first-line treatment for HER2-
negative advanced or metastatic GC, gastroesophageal junction
cancer, and esophageal adenocarcinoma patients with PD-L1 CPS
>5 [161]. In that trial, PD-L1 expression was determined using
the PD-L1 THC 28-8 pharmDx assay on the Autostainer Link 48
platform. Recently, that assay earned the CE-IVD mark in Europe
as a companion diagnostic for identifying candidates for nivolum-
ab treatment.

Both assays share the CPS scoring system to determine PD-L1
expression, which is the number of PD-L1-stained cells (tumor
cells, lymphocytes, and macrophages) divided by the total num-
ber of viable tumor cells, multiplied by 100. For adequate evalu-

https://jpatholtm.org/
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Fig. 13. A representative figure of Epstein-Barr virus (EBV) in situ hybridization. Diffuse positive EBV-encoded small RNA (EBER) signals (A).
Heterogenous pattern of EBER signals in cancer cells. EBER signals appear within a few intratumoral lymphocytes (B).

ation, a specimen containing a minimum of 100 viable tumor cells
is required [162]. A PD-L1-stained tumor cell should present
partial or complete membrane staining of viable cells with more
than faint staining intensity (>1+). PD-L1-stained immune cells
include only mononuclear inflammatory cells (lymphocytes or
macrophages) within tumor nests and adjacent stroma and show
membrane and/or cytoplasmic staining. Other stromal cells such
as fibroblasts, neutrophils, and plasma cells should be excluded
from the CPS numerator. If the result of the calculation exceeds
100, it is presented as a maximum score of 100. If the PD-L1
staining shows heterogeneous results, the final CPS should be
estimated by calculating each area’s CPS result (Fig. 14).

Because two different PD-L1 assays have been approved based
on different CPS cutoff values, the interpretation of PD-L1 posi-
tivity should be based on the CPS cutoff value appropriate to the
assay used for evaluation. The PD-L1 IHC 22C3 pharmDx as-
say uses CPS 21 for CPS positivity, and the 28-8 pharmDx assay
uses CPS >5. The report should specify the assay type and appro-
priate cutoff value used for the PD-L1 positivity interpretation.

Previous studies have reported changes in PD-L1 expression
during chemotherapy [163,164] and discrepancies between pri-
mary and metastatic lesions [164,165]. Therefore, re-evaluation of
PD-L1 IHC in secondary, recurrent, and metastatic lesions is rec-
ommended for GC patients.

https://jpatholtm.org/

Next generation sequencing

Recently identified molecular profiles are not only important
for improving our understanding of driver alterations involved
in gastric carcinogenesis, but also for identifying clinically rele-
vant biomarkers and new potential therapeutic targets [124,125].
Therefore, the clinical need for NGS in AGCs is increasing.

According to the recent National Comprehensive Cancer Net-
work (NCCN) guideline, the biomarkers implicated in clinical
management of AGC include HER2, MSI, PD-L1, tumor mu-
tation burden (TMB) status, and neurotrophic tyrosine receptor
kinase (NTRK) gene fusion [100]. Among these, TMB can only
be assessed using NGS, and NTRK fusion is best evaluated us-
ing NGS (preferential RNA sequencing) [166]. Alternatively,
it can be screened with TRK THC, and then sequencing can be
performed in positive cases [166]. Some other targets also showed
promising clinical results in advanced GC, such as fibroblast
growth factor receptor 2 (FGFR2) amplification [167], epider-
mal growth factor receptor (EGFR) amplification [168], MET
amplification [169], and alterations of homologous recombina-
tion deficiency—related genes [170]. In addition, there are very
rare (prevalence <1%) targetable tissue—agnostic variants [171]
such as BRAF VG0OE [172], anaplastic lymphoma kinase (ALK)
fusion [173], and reactive oxygen species 1 (ROST) fusion [174].

TMB is defined as the total number of somatic coding muta-

https://doi.org/10.4132/jptm.2022.12.23
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Fig. 14. A representative example of programmed death ligand 1 staining. Combined positive score (CPS)< 1 (A), CPS>1 and <5 (B), CPS

>5(O).

tions in a tumor and represents an emerging biomarker for im-
munotherapy response in cancer patients [175]. The exploratory
analysis for KEYNOTE-062 suggested an association between
TMB and the clinical efficacy of first-line pembrolizumab-based
therapy in patients with advanced GC [176]. Although whole
exome sequencing is considered the gold standard for TMB, re-
cent targeted gene panels have also provided accurate quantifi-
cation [175]. The lack of harmonization in panel-based TMB
quantification and lack of robust predictive cutoffs are currently
some of the main limitations of TMB as a biomarker in clinical
practice [175].

The gold standard for MSI detection is PCR or IHC. Recently,
several MSI detection methods based on NGS have shown high
concordance (> 95%) with the conventional PCR-based assay
[171,177,178]. The recent NCCN guidelines indicate that se-
quencing via a validated NGS assay may be used to determine
MSI status and other biomarkers when limited tissue is available
for testing [100].

Tissue preparation is one of the most important factors for get-
ting accurate and reliable results from NGS. In general, the total
DNA and RNA requirements range from 10 to 300 ng for tar-
geted gene panels [179]. Tissue specimen requirements are for-
malin-fixed, paraffin-embedded tissue or cytology specimens
[179]. The minimum sample requirement for reliable sequenc-
ing results is a specimen with a tumor fraction and surface area
>10%-20% and 5 mm’, respectively [179].

Mucin phenotype

GC is classified as the gastric type, intestinal type, mixed type,
or unclassified type based on the expression of MUC5SAC, MUCG,
MUC2, and CD10 [3]. The gastric type is positive for MUC5SAC
and/or MUCG, and the intestinal type is positive for MUC2 and/
or CD10. The mixed type is positive for both gastric and intesti-
nal mucins, and the unclassified type is negative for both.

Easy methods for molecular classification

Molecular profiles of GCs have been published in recent stud-

https://doi.org/10.4132/jptm.2022.12.23

ies by TCGA and the Asian Cancer Research Group (ACRG).
TCGA classified GCs into EBV, MSI, genomically stable, and
chromosomally unstable [124]. In contrast, ACRG published a
molecular classification of MSI, microsatellite stable/epithelial
mesenchymal transition (MSS/EMT), MSS/TP53+, and MSS/
TP53— [125]. The MSS/EMT subtype is closely associated with
the SRC and PCC histology and Lauren’s diffuse type, and pa-
tient survival is poor. The EBV and MSI subtypes are related to
the histologic type of adenocarcinoma with lymphoid stroma and
have relatively better prognosis. High TMB and increased ex-
pression of PD-L1 are commonly reported in the EBV and MSI
subtypes.

Several studies have reported that these molecular classifica-
tions could be reproduced in GCs using simple techniques, in-
cluding EBV ISH, MSI testing, MMR IHC, E-cadherin IHC,
and p33 THC [127,180,181]. Using those tests, GC is classified
as EBV, MSI, EMT, altered p53, and not altered p53. Those mo-
lecular subtypes showed distinct clinicopathologic characteristics.
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Infections and immunity: associations with obesity and
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About one-fourth of the global population is either overweight or obese, both of which increase the risk of insulin resistance, cardiovas-
cular diseases, and infections. In obesity, both immune cells and adipocytes produce an excess of pro-inflammatory cytokines that may
play a significant role in disease progression. In the recent coronavirus disease 2019 (COVID-19) pandemic, important pathological
characteristics such as involvement of the renin-angiotensin-aldosterone system, endothelial injury, and pro-inflammatory cytokine re-
lease have been shown to be connected with obesity and associated sequelae such as insulin resistance/type 2 diabetes and hyperten-
sion. This pathological connection may explain the severity of COVID-19 in patients with metabolic disorders. Many studies have also
reported an association between type 2 diabetes and persistent viral infections. Similarly, diabetes favors the growth of various microor-
ganisms including protozoal pathogens as well as opportunistic bacteria and fungi. Furthermore, diabetes is a risk factor for a number
of prion-like diseases. There is also an interesting relationship between helminths and type 2 diabetes; helminthiasis may reduce the
pro-inflammatory state, but is also associated with type 2 diabetes or even neoplastic processes. Several studies have also document-
ed altered circulating levels of neutrophils, lymphocytes, and monocytes in obesity, which likely modifies vaccine effectiveness. Timely
monitoring of inflammatory markers (e.g., C-reactive protein) and energy homeostasis markers (e.g., leptin) could be helpful in prevent-

ing many obesity-related diseases.
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Several investigators have reported that obesity or obesity-re-
lated complications appeared to be associated with increased risk
of hospitalization of coronavirus disease 2019 (COVID-19) pa-
tients and death [1-3]. In general, overweight or obese persons
are at higher risk for infections and respond poorly to therapies
[4,5]. Being obese or overweight corresponds to a state of energy
imbalance and is caused by inappropriate intake of energy-dense
foods and physical inactivity. According to the World Health
Organization (WHO), more than 1.9 billion adults were over-
weight (body mass index [BMI], 25.0 to < 30) in 2016; of these
over 650 million were obese (BMI, 30 or higher). In addition,
over 340 million children and adolescents aged 5-19 were over-
weight or obese in 2016. Elevated BMI is an important risk
factor for various non-communicable diseases such as type 2 dia-
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betes and insulin resistance, hypertension, coronary artery disease,
stroke, osteoarthritis, and certain cancers such as postmeno-
pausal breast cancer, endometrial cancet, and renal cell carcinoma.
With increasing BMI, the risk for these diseases also increases.
Obesity and its intimately associated disorder— type 2 diabetes
or insulin resistance — are associated with gradual alterations in cel-
lular physiology. Many investigators believe that the poor out-
comes observed in individuals with obesity and type 2 diabetes/
insulin resistance are due to immune system dysfunction that is
triggered by chronic low-grade inflammation present in both
health problems [6]. Interestingly, these patients also are at in-
creased risk of infections and mortality from sepsis. Recent data
suggest that infections may precipitate insulin resistance via mul-
tiple mechanisms such as the pro-inflammatory cytokine response,

pISSN 2383-7837
elSSN 2383-7845



the acute-phase response, and alteration of nutrient status [7].
In general, excessive adipose tissue in the body is known to hin-
der immune function, altering leucocyte counts as well as cell-
mediated immune responses [8]. These immune cells are an inti-
mate part of adipose tissue and an important source of pro-
inflammatory cytokines/products, which ultimately contribute
to the development of local adipose tissue inflammation and sev-
eral metabolic complications [9].

In fact, adipose tissue acts as an endocrine organ; it secretes a
number of hormone-like cytokines or adipokines, e.g., leptin, tu-
mor necrosis factor o (TNF-a), monocyte chemoattractant pro-
tein-1 (MCP-1/CCL2), plasminogen activator inhibitor-1, resistin,
adipsin, and adiponectin among others. The majority of these
adipokines participate in pro-inflammatory processes in obesity
and perpetuate the state of insulin resistance [10]. Among these
adipokines, several studies have suggested that leptin has an im-
portant role in major obesity-related health problems such as type
2 diabetes, hypertension, and different cancers [11]. Under normal
conditions, leptin primarily maintains energy homeostasis through
the central/hypothalamic anorexigenic pathway. However, in
obesity, leptin possibly acts differently and supports a pro-in-
flammatory milieu. The long isoform of the leptin receptor (Ob-
Rb) may play a key role in both physiologic and pathologic con-
ditions. Interestingly, both long and short forms of the leptin
receptor are expressed by different immune cells, e.g., B-cells, T-
cells, neutrophils, eosinophils, monocytes, and macrophages [12-
14]. Therefore, leptin can modulate both innate and adaptive
immune response. An appropriate understanding of the com-
plicated network of infectious pathologies and immune responses
in obesity would help to formulate novel preventive strategies.

CORONAVIRUS DISEASE, OTHER
VIRAL INFECTIONS, AND
OBESITY-RELATED PROBLEMS

During the last two decades, there have been three coronavirus
disease outbreaks. The first was the 2002—-2004 outbreak of severe
acute respiratory syndrome coronavirus (SARS-CoV or SARS-
CoV-1) that emerged in China. A similar disease, caused by Mid-
dle East respiratory syndrome coronavirus (MERS-CoV), was ini-
tially detected in Saudi Arabia in 2012. The latest coronavirus
pandemic (COVID-19) caused by SARS-CoV-2 began in Decem-
ber 2019 in China. The rapid spread of this infectious disease
has been documented in different parts of the world, and about
6.7 million deaths have been recorded so far. SARS-CoV-2 is an
enveloped positive-sense single-stranded linear RNA virus; the
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envelope is coated with envelope (E) and membrane (M) proteins
as well as a spike (S) glycoprotein that is responsible for binding
to the host target cell receptor angiotensin-converting enzyme 2
(ACE-2). In addition, other cellular components such as extra-
cellular matrix metalloproteinase inducer/CD147, transmem-
brane serine protease 2, and ADAM metallopeptidase domain
17 are implicated in viral endocytosis [15].

ACE catalyzes the conversion of angiotensin I to angiotensin
IT, which is an important step in the regulation of blood pressure
via the renin-angiotensin-aldosterone system (RAAS). Moreover,
ACE acts on several biomolecules including bradykinin, encepha-
lin, substance P, and amyloid B-peptide (A), as well as in vari-
ous physiological processes such as renal development, male fer-
tility, hematopoiesis, and immune responses [16,17]. Conversely,
ACE-2 is an important homolog of ACE and responsible for the
conversion of angiotensin II to angiotensin 1-7, thereby coun-
terbalancing ACE activity [18]. Both ACE and ACE-2 are cell
membrane-anchored proteins, expressed in several organs, and
functionally antagonistic to each other.

As mentioned earlier, to enter host cells, SARS-CoV-2 utilizes
ACE-2 expressed in various organs, e.g., lung cells (pneumo-
cytes and bronchial epithelium), gastrointestinal epithelium,
and endothelial cells. Besides the lung parenchymal injury, there
may be generalized endotheliitis (accumulation of lymphocytes,
plasma cells and macrophages below the endothelium and in the
perivascular spaces) [19]. In COVID-19, endothelial dysfunc-
tion is associated with the recruitment of immune cells and can
result in many complications such as vasoconstriction, ischemia,
inflammation, a pro-coagulant state, edema, and finally organ
damage [20]. Moreover, abnormally increased levels of immune
reaction and cytokines in different organs may cause a cytokine
storm that can lead to additional organ dysfunction.

Obesity and insulin resistance are strongly connected to the
activity of RAAS. Interestingly, expression of ACE-2, the func-
tional receptor for viral entry, has been found to be higher in adi-
pose tissue (and therefore higher in obesity) [21,22]. Further-
more, obesity and its complications such as hypertension, insulin
resistance, and type 2 diabetes are associated with a higher risk
of COVID-19 disease severity and mortality [22-24]. The im-
pact of obesity and/or diabetes on SARS-CoV-1 infection has
not been properly evaluated, although a few studies have investi-
gated MERS-CoV-linked pathologies. One study of 32 MERS-
CoV infected patients observed that mortality was significantly
correlated with both obesity and diabetes [25]. A meta-analysis
of 637 MERS-CoV cases revealed that diabetes and hyperten-
sion were present in roughly 50% of the patients [26]. Addition-
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ally, in the 2009 HINT1 influenza pandemic, obesity was also
identified as an important risk factor for a poor prognosis [27,28].
In general, a number of reports have documented an association
between type 2 diabetes and chronic viral infections (Table 1)
[29-48].

In addition to the disrupted immune response in obesity, other
plausible mechanisms responsible for the poor prognosis of SARS-
CoV-2 infection include obesity-associated pre-existing endothe-

lial dysfunction, a reduction in respiratory compliance, dysregulat-
ed lipid metabolism, and an overabundance of pro-inflammatory
cytokines [20,22,49]. It is worth mentioning that obese indi-
viduals have defective/decteased responses to vaccination [49)].
As a result, the combined effects of obesity and viral infection
may worsen the existing status of cytokines, which normally co-
ordinate the immune system and physiological homeostasis.

Table 1. Association between type 2 diabetes and common chronic viral infections

Study Patients’ details

Finding

Ndako et al. (2021); Nigeria [29] 180 Diabetic patients and 100
non-diabetics controls

lovanescu et al. (2015); 246 Patients with chronic liver disease

Romania [30]

cirrhosis)

Cheng et al. (2006); 2,838 Type 2 diabetes patients

Hong Kong [31]

Virseda Chamorro et al. (2006);
Spain [32]
Arao et al. (2003); Japan [33]

305 Patients who came for HCV
assessment

HCV-infected and 159 HBV-infected)

Dworzanski et al. (2019); 173 Diabetic patients and 50 persons

Poland [34] without diabetes
Karjala et al. (2011); Data from the National Health and
USA [35] Examination and Nutritional Examination

Survey (NHANES) 2007-2008
74 Healthy middle-aged men from
the general population

Fernandez-Real et al. (2007);
Spain [36]
Sun et al. (2003); China [37]
836 controls)

Woelfle et al. (2022); Germany [38]
cohort (pre-diabetes, n=1,257)
576 Adults with CMV diseases
549 Participants
113 Hemodialysis patients
(83 type 2 diabetes and 30 controls)
Endarterectomy specimens from

Yoo et al. (2019); Korea [39]
Chen et al. (2012); Netherlands [40]
Roberts and Cech (2005); USA [41]

Chiu et al. (1997); Canada [42]

76 patients with carotid artery stenosis
and 20 normal carotid artery and aortic

tissue autopsy specimens
Reinholdt et al. (2021);
Denmark [43]
Sobti et al. (2019); UK [44]

registry-based cohort study
210 Patients with HNSCC

Slama et al. (2021); USA [45]
791 without HIV), over a median
12-year follow-up

Kubiak et al. (2021); South Africa [46] 1,369 Persons with HIV

Hema et al. (2021); Burkina Faso [47] 4,259 Patients in a cross-sectional study

Jeremiah et al. (2020); Tanzania [48] 1,947 Adults (336 with HIV on ART, 956

with HIV ART-naive, 655 without HIV)

(136 chronic viral hepatitis, 110 viral liver

866 Patients with chronic viral disease (707

1,244 Inpatients (408 with dyslipidemia and

From the German population-based KORA

Male population (n=2,528,756), nationwide

1,584 Men with pre-diabetes (793 with HIV,

Higher risk of HBV infection among type 2 diabetic patients than
non-diabetics

A significant association between diabetes mellitus and HCV-induced
chronic liver disease

HBV-infected patients had earlier onset of diabetes, higher frequency of
retinopathy, and increased risk of end-stage renal disease than
non-HBV-infected patients

A relationship between HCV infection and type 2 diabetes

HCV infection was closely associated with diabetes, and cirrhosis was
an independent risk factor for diabetes

Prevalence of EBV, HPV, and EBV+HPV co-infection was significantly
higher in diabetic patients than those without diabetes

Obesity was significantly associated with HSV-1 infection

Significant positive relation between HSV-1 titer and fat mass

Prevalence of HSV-2 seropositivity was significantly higher in patients
with dyslipidemia. BMI, diabetes, and hypertension were more
common in patients with dyslipidemia than those without

HSV-2 and CMV were associated with pre-diabetes incidence

Type 2 diabetes cases had a higher incidence of CMV diseases
CMV seropositive subjects were more likely to have type 2 diabetes
A higher seroprevalence of anti-CMV IgG among diabetes patients

CMV was detected in carotid atherosclerotic plaques from 27 cases
(35.5%)

Increased incidence rate of HPV-related anogenital intraepithelial
neoplasia and cancer among men with diabetes than non-diabetic men

Prevalence of developing HPV-16-positive HNSCC was 3.79 times
higher in diabetic patients than in those without diabetes.
Moreover, diabetes was a risk factor for a poorer prognosis

40% higher risk for the development of diabetes among men with HIV

Among adults with HIV, diabetes and pre-diabetes were common

Prevalence of diabetes and hypertension was higher among persons
with HIV on ART than the general population

Prevalence of diabetes was high, particularly among HIV-infected
ART-naive persons

HBV, hepatitis B virus; HCV, hepatitis C virus; EBV, Epstein-Barr virus; HPV, human papillomavirus; HSV, herpes simplex virus; BMI, body mass index; CMV,
cytomegalovirus; HNSCC, head and neck squamous cell carcinoma; HIV, human immunodeficiency virus; ART, antiretroviral therapy.
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COVID-19-ASSOCIATED OPPORTUNISTIC
FUNGAL DISEASES AND DIABETES

Generally, the majority of COVID-19 patients are asymptom-
atic or have minor symptoms. Less than 20% of cases require
medical attention. According to the National Institutes of Health
(NIH, USA), approximately 65% of individuals with serious
illness from SARS-CoV-2 infection also had metabolic disorders
such as obesity, type 2 diabetes, hypertension, and heart issues.
Disease severity is associated with an uncontrolled immune re-
sponse involving macrophages, neutrophils, different comple-
ment components, and a number of cytokines including TNF-o
and interleukin-6 (IL-6). All these factors ultimately lead to a ‘cy-
tokine storm’ and accompanying problems such as acute respira-
tory distress syndrome (ARDS), widespread vascular inflamma-
tion, and disseminated intravascular coagulation.

Therefore, to prevent the aforementioned abnormal immune
reactions, intervention with corticosteroids (like dexamethasone)
has been considered [50]. Of note, apart from immune suppres-
sion, corticosteroid therapy can aggravate insulin resistance/type
2 diabetes, which is a risk factor for COVID-19 disease severity.
Moreover, immune suppression can also allow the growth of
opportunistic bacterial and fungal pathogens. Among hospital-
ized COVID-19 patients, investigators have isolated various
bacterial strains such as coagulase-negative staphylococci, Kleb-
siella pnenwmoniae, and Pseudomonas aeruginosa, as well as a number
of fungal agents including Candida albicans, Aspergillus fumiga-
tus, and Cryprococcus negformans [51-53]. Although Aspergillus and
Candida species are commonly found in severely ill COVID-19
patients, studies have also documented other fungal pathogens.
For example, researchers detected Histoplasma capsulatum com-
plement fixation titers in patients with serious SARS-CoV-2 in-
fection [53,54]. Other factors also thought to play a key role in
fungal co-infection include hypoxemia/lack of tissue oxygen-
ation, mechanical ventilation, and type 2 diabetes and associated
hyperglycemia [55].

Inappropriately managed diabetes increases the risk of infec-
tion of various body organs. Furthermore, diabetes can hinder both
innate and adaptive immune mechanisms [56]. In the second wave
of the COVID-19 pandemic in India (roughly from March to
July 2021), there was a mysterious outbreak of mucormycosis
or black fungus infection among patients with SARS-CoV-2 in-
fection, and diabetic patients were more susceptible to mucor-
mycosis [57]. In the normal immune system, all three comple-
ment activation pathways (classical, lectin, and alternative) play
an important role protecting against fungal pathogens through
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mechanisms such as opsonization, humoral immune response
stimulation, and chemotaxis of immune cells [58,59]. In diabe-
tes, glycation of complement components (functional low levels)
may lead to an impaired immune response [55,60]. Consequently,
the impaired immune response in severe COVID-19 illness allows
fungal infection.

OTHER NON-VIRAL PATHOLOGIES: PRION AND
PRION-LIKE DISEASES

Prions or protease-resistant misfolded proteins are unusual pro-
tein aggregates (also termed amyloids/amyloid fibrils) that have a
high proportion of B-sheets. The first prion identified was the
PrP protein [61]. The gene encoding the normal cellular prion
protein (PrPC, misfolded—PrP*) is located on chromosome 20,
and this glycoprotein is commonly present on the cell surface and
can serve as a receptor for the AP peptide [62]. In addition, PrP
is expressed in different organs, particularly in the nervous and
immune systems, and is thought to have numerous physiological
functions such as cell surface scaffolding. Nevertheless, the
mechanism of misfolding and aggregation into an abnormal pri-
on-like conformation that again influences the misfolding of other
associated protein copies in a self-propagating manner is indeed a
unique biological process, and we can see this phenomenon even
in yeast and fungi.

Apart from typical prion diseases, which include Creutzfeldt-
Jakob disease (CJD), kuru, Gerstmann-Strussler-Scheinker dis-
ease, and fatal familial insomnia [63], there are other prion-like
diseases such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, type 2 diabetes, and amyloidosis. Certain proteins
such as AP, tau, o-synuclein, and serum amyloid-A, which share
some pathological characteristics with prions, have been implicat-
ed in these prion-like diseases [64,65]. For example, in Alzheimer’s
and Parkinson’s diseases, aggregates of AP, tau, and a-synuclein
can transmit the disease-pathology to experimental animals [65].
Of note, the fundamental features of Alzheimer’s disease lesions
are the formation of A in plaques and tau in tangles— both are
[-sheet-rich misfolded variants of normal proteins.

Currently, about 50 different proteins are thought to form
various human disease-related amyloid fibrils [66]. Furthermore,
some of these abnormal proteins can cross species barriers and af-
fect humans such as bovine spongiform encephalopathy or mad-
cow disease, which is linked to variant CJD (vCJD) [67]. Inter-
estingly, aggregation of amylin or islet amyloid polypeptide has
been found in the pancreatic islets of Langerhans in individuals
with type 2 diabetes [66]. In addition, patients with type 2 dia-
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betes have an increased risk of developing Alzheimer’s disease.
Of note, a number of pathophysiological associations have been
documented between Alzheimer’s disease and metabolic disor-
ders such as type 2 diabetes, obesity, and metabolic syndrome
[68]. On the other hand, both Alzheimer’s and prion diseases
are neurodegenerative disorders, and there are several neuropatho-
logical commonalities and genetic connections between these dis-
eases [69)].

In humans, the most common prion disease is CJD with an in-
cidence of about 1 case per 1 million population per year world-
wide [70]. The majority (~85%) of cases of this rare disease occur
sporadically, while ~10%—15% cases are due to familial or ge-
netic mutations. The remaining cases (less than 19%) are linked to
obvious environmental causes such as contaminated tissue trans-
plant or surgical instruments (i.e., iatrogenic CJD) and contam-
inated meat consumption (i.e., vCJD). Another prion disease,
kuru, once endemic in the Eastern Highlands of Papua New
Guinea, disappeared rapidly after the cessation of ritual canni-
balism. Clinically, kuru has a prodromal phase and three stages.
Interestingly, in the second stage, obesity is a common feature,
which could also exist in early disease in association with bulimia

[71]. However, unlike dissemination of microbial infections, pri-
on disease is spread through ingestion or inoculation of contami-
nated materials (aside from sporadic and genetic inheritance).
Therefore, different mechanisms by which conventional infec-
tious diseases are spread, e.g., skin/mucosal contact, droplet/aero-
sol (airborne, coughs or sneezes), body fluids (like urine), fecal-
oral route, vector-borne transmission, and fomites, have no role in
the spread of prion diseases.

A number of investigators recorded an alteration of gut micro-
biota (dysbiosis) in prion disease and other neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease [72-76].
Gut microbiota dysbiosis has also been reported in obesity and
metabolic disorders including type 2 diabetes [77-80]. None-
theless, there is a close similarity between protein misfolding dis-
orders and pathogenesis of prions (infectious/transmissible pro-
teins). For example, misfolded AP and tau (of Alzheimer’s disease)
spread in a way very similar to misfolded PrP [81-83]. As men-
tioned above, PrP® functions as a cell surface receptor for Ap.
Fascinatingly, PrP® acts in the propagation of prions as well as to
transduce the neurotoxic signals from AP oligomers [82]. Ex-
perimentally, the transmission of kuru and CJD to various in

Table 2. Selected observations that displayed prion-like transmission characteristics of the most common neurodegenerative disease-related

proteins

Study Study design

Finding

Ayers et al. (2017) [87]

Betemps et al.
(2014) [88]

Boluda et al.
(2015) [89]

Injection of B-synuclein fibrils in M83 transgenic mice? through
different peripheral routes, i.e., intramuscular (hind limb
muscle), intravenous (tail veins), and intraperitoneal.

Transgenic M83 mice were inoculated intracerebrally in the
striato-cortical area® with brain homogenates from sick M83
mice.

Intracerebral injection of Alzheimer’s disease brain extracts
enriched in pathological tau in young mutant P301S tau
transgenic mice (PS19)° approximately 6-9 months before
they show the onset of mutant tau transgene-induced tau

Injection of a-synuclein fibrils via these peripheral routes in M83
mice induced a robust a-synuclein pathology in the central
nervous system.

Disease acceleration following intracerebral inoculation suggests
that disease propagation involves a prion-like mechanism.

At 1-month post-injection, inoculated Alzheimer’s disease-tau
in young PS19 mice induced tau pathology predominantly in
neuronal perikarya (neuron cell body). With longer post-injection
survival periods of up to 6 months, tau pathology spread to

pathology.

2-3-Month-old C57BL6 and C57BL6/C3H F1 mice
were intracerebrally inoculated with different tau fiborils;
15-19-month-old C57BL6 mice were injected with
Alzheimer’s disease-tau.

The posterior cingulate cortex® areas of 1.5-year-old male
mouse lemurs (Microcebus murinus) were inoculated with
either Alzheimer’s disease or control brain extracts.

Brain extracts from 18-20 months old tg2576 mice® (having
significant amyloid deposits) were serially diluted (10~ dilution)
and intracerebrally injected into 50-55-day-old tg2576 mice.

different brain regions distant from the inoculated sites.

Intracerebral inoculation of tau fibrils purified from Alzheimer’s
disease brains, but not synthetic tau fibrils, resulted in the
formation of abundant tau inclusions in the brain
of non-transgenic mice.

After 21 months, amyloid beta (AB) and tau pathologies developed
in all Aizheimer-inoculated animals (n=12) while no control brain
extract-inoculated animals (n=6) developed such lesions.

Administration of misfolded AB significantly accelerated amyloid
deposition in young mice.

Guo et al. (2016) [90]

Lam et al. (2021) [91]

Morales et al.
(2015) [92]

“The MB83 transgenic mouse model overexpresses A53T mutated human a-synuclein protein, which is connected with buildup of pathognomonic Ser129-
phosphorylated a-synuclein in the central nervous system. Abnormal accumulation of misfolded a-synuclein is linked to synucleinopathies including Parkin-
son’s disease; "Striato-cortical area: The corpus striatum (subcortical basal ganglia) and the adjacent cerebral cortex in the forebrain region; “PS19 transgenic
mouse expresses the P301S mutant form of human microtubule-associated protein tau. This hyper-phosphorylated and insoluble protein accumulates in the
brain; “Posterior cingulate cortex: Situated at the posterior part of the cingulate gyrus in the medial part of the inferior parietal lobe, above the posterior end of
the corpus callosum; “The Tg2576 mouse model overexpresses a mutant form of amyloid precursor protein (APPgsSWE, found in early-onset familial Al-
zheimer's disease), which has the double mutation- APPK670M/671L. The most common neurodegenerative diseases: Alzheimer's disease and Parkinson’s
disease.
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vivo models has been performed by different laboratories [84-86].
Similarly, the pathologies of AP, tau, and a-synuclein could be
transmitted in a prion-like manner to in vivo models by injecting
the misfolded proteins. In this connection, the results of selected
studies have been mentioned briefly in Table 2 [87-92].

Both in vitro and in vivo studies have identified a number of
compounds that have anti-prion activity. Congo red, polyanionic
glycans, quinacrine, and compB either inhibit the formation of
PrP* or enhance the degradation of PrP*. Interestingly, in ex-
perimental studies, anle138b (a recently developed drug) has
been documented to inhibit the formation of pathological aggre-
gates of a-synuclein (Parkinson’s disease) and tau (Alzheimer’s
disease) proteins in addition to inhibiting aggregation of prion
protein (PrP*) [93,94]. A clear understanding of protein mis-
folding and its association with metabolic disorders at the molec-
ular level may provide insights into their precise pathogenesis
and result in the development of prevention strategies. Further-
more, early diagnosis (preferably in the preclinical stage) and
prompt intervention are critical when there are few pathological
protein aggregates in the brain. Accordingly, identification of
appropriate early diagnostic markers is essential.

PARASITES IN OBESITY-RELATED
PATHOLOGIES

Parasitic infestations can have a diverse range of consequences/
sequelae. Ryan et al. [95] posited that helminth-related anti-in-
flammatory mechanisms may be beneficial. Lifestyle-linked
chronic diseases usually have a strong connection with inflamma-
tion. In this context, hookworm species, particularly Necator
americanus, may have a protective effect in inflammatory bowel
diseases such as Crohn’s disease and ulcerative colitis as well as
in celiac disease. In addition, these authors reported an inverse
association between human helminth infection and insulin resis-
tance/type 2 diabetes. In an experimental study on male
C57BL/6 wild-type mice, infection with Nippostrongylus brasiliensis
(rodent hookworm) significantly decreased various diabetes-asso-
ciated parameters such as fasting blood glucose and weight gain
[96]. Similarly, studies in human subjects have demonstrated
that infection with Strongyloides stercoralis (threadworm) can re-
duce the risk of type 2 diabetes by modulating the expression
of different pro-inflammatory cytokines [97-99]. A study from
Thailand showed that Opisthorchis viverrini (liver fluke) infection
had a protective effect against hyperglycemia and metabolic dis-
ease risk [100]. In contrast, many studies have reported that in-
dividuals with parasitic diseases are more susceptible to diabetes
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or that diabetic persons are at higher risk of infection with vari-
ous parasites, e.g., Ascaris lumbricoides, Echinococcus granulosus, En-
terobins vermicularis, Schistosoma mansoni, S. haematobium, Hymenol-
¢pis nana, hookworm, and Taenia species, as well as protozoan
parasites such as Giardia lamblia, Entamoeha histolytica, and Cryp-
tosporidinm species (Table 3) [101-116]. Some of these helminths
are also considered to be responsible for cancer development. For
example, S. haematobium can induce squamous cell carcinoma of
the urinary bladder, and O. viverrini may cause cholangiocarci-
noma/bile duct cancer [117]. Unprecedentedly, a report revealed
the dissemination of cancer cells from H. #ana to different organs
of a human host [118].

Two major types of primary liver cancer, i.e., hepatocellular
carcinoma (~75% of all liver cancers) and cholangiocarcinoma
(10%-20% of cases), are uniquely linked to a diverse group of risk
factors namely viral hepatitis (hepatitis B virus and hepatitis C
virus), obesity, type 2 diabetes, alcohol consumption, smoking,
and toxic substances including aflatoxins produced by Aspergilius
species. Moreover, risk factors for cholangiocarcinoma are in-
flammatory bowel disease, parasitic infections, and hepatolithiasis.
Along with O. viverrini, infection with Clonorchis sinensis (another
liver fluke) can cause the development of cholangiocarcinoma,
particularly in Southeast Asia [119]. In addition, C. sinensis and
A. lumbricoides may promote hepatolithiasis [119,120]. Interest-
ingly, the co-occurrence of O. viverrini infection and diabetes has
been shown to be associated with hepatobiliary tract damage
and malignant transformation [121,122].

For helminthic infestations that are predominantly connected
with tissue migration, numerous studies have documented the
presence of peripheral eosinophilia (or increased number of eo-
sinophils in the peripheral blood) or Loeffler’s syndrome (i.e., ac-
cumulation of eosinophils in the lung) [123,124]. Although eo-
sinophils play a significant role in various physiologic processes
including innate and adaptive immunity, data on the precise role
of human eosinophils in defense against helminths are limited.
Data on the specific anti-parasitic role of mast cells and basophils,
which behave functionally similar to eosinophils in hypersensitiv-
ity/allergic inflammation, are also inadequate [125-127]. By con-
trast, there is a growing body of evidence that neutrophils play a
protective role against several parasitic infections such as E. bis-
tolytica, Leishmania, and Plasmodium infections [128-130). Neutro-
phils may clear the parasites by a number of mechanisms includ-
ing phagocytosis, generation of reactive oxygen species (ROS),
and formation of neutrophil extracellular traps.
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Table 3. Selected studies that recorded a positive association between metabolic disorders and protozoan parasites

Study Subject Important finding

Udoh et al. (2020); Cross-sectional study of 208 diabetic  Diabetic patients were reservoirs of asymptomatic Plasmodium falciparum.
Nigeria [105] patients

Wyss et al. (2017); Retrospective observational study on Comorbidities, specifically obesity and diabetes, were risk factors for severe
Sweden [106] 937 adults with malaria malaria in adults diagnosed with Plasmodium falciparum.

Danquah et al. (2010); Case-control study of 946 diabetic Patients with type 2 diabetes had a 46% increased risk for infection with
Ghana [107] patients and 520 controls Plasmodium falciparum.

Vizzoni et al. (2018); Cross-sectional study of 619 patients  Elderly patients had a high frequency of hypertension and other comorbidities
Brazil [108] with Chagas disease such as diabetes and dyslipidemia.

dos Santos et al. (1999);
Brazil [109]

Soltani et al. (2021); Iran [110]
Lietal. (2018); China [111]
Reeves et al. (2013);

Germany [112]
Machado et al. (2018);

Cross-sectional study of female
patients with Chagas disease
(h=362) and controls (n=285)

Case-control study of 105 diabetic
patients and 150 controls

Case-control study of 1,200 diabetic
patients (type 1, 2, and gestational)
and 1,200 matched controls

999 Randomly selected adults

Descriptive study of 156 diabetic

Diabetes/hyperglycemia was more prevalent in patients with the cardiac form
of Chagas disease than in controls, or patients with gastrointestinal problems or
the asymptomatic form of the disease.

Chronic Toxoplasma gondiii infection was significantly associated with diabetes.

Diabetic patients had a significantly higher Toxoplasma gondii seroprevalence than
controls.

Obese persons had significantly higher Toxoplasma gondii seropositivity than
non-obese individuals.

Frequencies of Giardia lamblia were higher in individuals with type 2 diabetes than

Brazil [113] individuals those without.
Sisu et al. (2021); Cross-sectional study of 152 diabetes  Diabetes patients appeared susceptible to infections with Giardia lamblia,
Ghana [114] patients Entamoeba hystolytica, and Cryptosporidium parvum.
Akinbo et al. (2013); 150 Diabetic patients and 30 controls  Diabetes was significantly associated with intestinal parasitic infections
Nigeria [115] (ike Entamoeba histolytica).
Alemu et al. (2018); Cross-sectional study of 215 diabetic  Intestinal parasites were found more frequently in diabetic patients compared
Ethiopia [116] patients to data from other similar studies. Cryptosporidium parvum was the parasite
found with the highest frequency.
IMMUNE CELLS IN OBESITY longitudinally followed from 1999 through 2003 revealed that

increasing body weight was independently related to higher WBC,

White blood cells (WBCs or leukocytes) are fundamental com-
ponents of the immune system. Several studies have reported a
quantitative increase in WBCs among obese people [131-133].
A major component of the observed increase in WBC counts is
neutrophils. In peripheral blood, more than half of the WBCs
(up to about 70%) are neutrophils. It is notable that these cells
are present in marginated (recoverable part) and circulating
pools in almost equal proportions, while circulating cells have a
remarkably short lifespan. Nonetheless, along with increased WBC
counts, many investigators have noticed significantly higher
levels of neutrophils in obese people [134-136]. Neutrophils
from obese subjects have also been found to be functionally more
active than neutrophils from lean controls. In obesity, the levels
of neutrophil-released superoxides are significantly greater than
in normal controls [137]. Apart from an elevated leukocyte count
and release of ROS like superoxide (i.e., oxidative burst), the
lymphocyte count is also elevated in obesity. In a community-
based study of 116 obese women, investigators found that obe-
sity was connected with an increase in certain lymphocyte subset
counts, excepting natural killer (NK) and cytotoxic/suppressor
T cells [138]. Multivariate analyses of 322 women who were
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total lymphocyte, CD4, and CD8 counts [139]. Similarly, a study
of 119 Saudi female university students showed that both BMI
and waist-to-hip ratio (WHR) were significantly correlated with
WBC, neutrophil, and CD4 lymphocyte counts [140]. Further-
more, in a cross-sectional, retrospective study of 223 participants
(female- 104), BMI was found to have a significant positive rela-
tionship with WBC, neutrophil, and lymphocyte counts [141].
These findings indicate that being overweight or obese may im-
pact both innate and adaptive immune responses to numerous
pathophysiological phenomena including infections by various
pathogens.

Obesity is associated with chronic low-grade inflammation. A
relatively inexpensive method to assess the systemic pro-inflam-
matory state is to determine the blood neutrophil-to-lymphocyte
ratio (NLR) [142]. It is believed that this parameter also indi-
cates the stress situation of our body. A healthy range is between 1
and 2; values more than 3 or less than 0.7 in adults are pathogno-
monic [142]. In a study that compared NLR between obese in-
dividuals with insulin resistance (n = 46) and those without (n =
51), both the neutrophil count and NLR were found to be signif-
icantly higher in the insulin resistance group [143]. It is worth
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mentioning that insulin resistance or type 2 diabetes, which is a
common sequela of obesity, is also associated with elevated total
and differential WBC counts [131,132,144]. In a study of 600
subjects (BMI: 27.9 + 4.7) selected from 474,616 patients who
visited Severance Hospital, Seoul, South Korea between January
2008 and March 2017, NLR was significantly associated with
intra-abdominal visceral adipose tissue volume [145]. In addi-
tion, WBCs and levels of the serum inflammatory marker high-
sensitivity C-reactive protein (hs-CRP) were strongly correlated
with visceral adipose tissue. In a cross-sectional study in Taiwan,
a total of 26,016 subjects with metabolic syndrome were recruited
between 2004 and 2013 [146]. Of note, the American Heart
Association criteria for metabolic syndrome are central obesity,
hypertension, high blood glucose and triglycerides, and lower
high-density lipoprotein cholesterol levels in the blood. In this
study, obesity and related anthropometric parameters such as
WHR were positively associated with NLR and C-reactive pro-
tein (CRP) in both sexes. Another study of 1,267 subjects (1,068
female and 199 male) collected from the out-patient clinic of Diizce
University Hospital, Turkey during 2012-2013 reported that
while WBC, neutrophil, and lymphocyte counts as well as level of
hs-CRP exhibited a significant interrelationship with BMI, BMI
was not correlated with NLR [147]. NLR may not be a better
pro-inflammatory indicator than CRP or hs-CRP. Nonetheless,
adifferent study from Turkey of 306 morbidly obese subjects (BMI
>40) demonstrated significantly higher NLR levels in these sub-
jects than normal controls [148]. Moreover, the authors con-
cluded that elevated NLR was an independent and strong predictor
of type 2 diabetes in morbidly obese individuals. A cross-sectional
study from the 2011-2016 National Health and Nutrition Ex-
amination Survey (NHANES 2011-2016, a US population da-
tabase) recorded a positive association between BMI and NLR in
healthy adult female participants (n = 3,201) [149]. The above
studies indicate that being overweight or obese is linked with
certain circulating markers that can be used affordably to evaluate
systemic inflammatory status.

Lymphocytes (T-cells, B-cells, NK cells) play a significant role
in obesity-linked inflammation [150]. A study from Germany
revealed an impaired NK cells phenotype and subset alterations
in obesity [151]. Another study of 169 subjects demonstrated
an increase in total lymphocytes along with granulocytes and a
decrease in the NK cell population among persons with metabolic
syndrome and increased visceral adipose tissue [152]. Further-
more, an increase in memory cells was also documented in those
subjects with an increased BMI and visceral adipose tissue. Im-
paired B-cell and T-cell function has been observed in high-fat
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(HF) diet-induced obese mice [153].

In HF diet-induced obese C57BL/6] female mice, investiga-
tors noted higher circulating monocytes in the HF group than the
standard chow diet-fed mice [154]. Likewise, a number of studies
involving human subjects have recorded an increased monocyte
count in obese individuals [132,138,155,156]. However, other
studies found no correlation between BMI and blood monocyte
count [140,151]. Monocytes are the largest cells in our blood and
normally up to 10% of WBCs are monocytes. Monocytes can be
classified into three categories depending on their surface recep-
tors: classical (CD14"), intermediate (CD14"* and low levels of
CD16"), and non-classical (CD16" along with lower levels of
CD14"). In a study of 58 obese subjects and 25 metabolically
healthy lean controls, numbers of both intermediate and non-
classical monocytes were higher in obese subjects than lean con-
trols [157]. Interestingly, these investigators also found that the
levels of intermediate monocytes were positively and significantly
related with the obese group’s serum triglyceride levels and mean
blood pressure. Monocytes can differentiate into macrophages
after migration to different tissues of our body— therefore, mac-
rophages are present in the extracellular space. A numbser of reports
have confirmed the accumulation of macrophages in the excess
adipose tissue of obese individuals [157-159]. These infiltrated
macrophages in adipose tissue create an inflammatory environ-
ment due to their production of several pro-inflammatory mole-
cules. Consequently, macrophage infiltration and adipose tissue
inflammation are important pathological processes that contrib-
ute to systemic inflammation and various complications such as

insulin resistance and metabolic syndrome.

INFLUENCE OF OBESITY ON VACCINE
EFFECTIVENESS

The efficacy and effectiveness of any vaccine varies considerably
and no vaccines can provide 100% protection. According to the
WHO, vaccine effectiveness is associated with a number of fac-
tors including age, gender, ethnicity, and other accompanying
health conditions. The efficacy of a vaccine is evaluated by esti-
mating the development of disease among vaccinated people in
comparison with a placebo/control group in controlled clinical
trials (i.e., ideal conditions). Conversely, vaccine effectiveness re-
fers to how a vaccine actually performs in different populations.

The basic biological mechanisms underlying vaccine non-re-
sponsiveness are not well known. However, there is evidence that
both carbohydrate and fat metabolic pathways are involved in re-
sponsiveness to vaccines [160]. Furthermore, obesity has been
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proposed to be associated with inadequate vaccine responsiveness
[161]. Apart from well-established health-related problems such
as insulin resistance and hypertension, the obesity-related chronic
low-grade inflammatory state has adverse effects on the immune
system [162]. Obviously, more research is needed to understand
the effects of obesity on vaccine effectiveness.

POTENTIAL INDICATORS OF OBESITY AND
INFLAMMATION

Obesity and CRP have been demonstrated to be positively cor-
related [163]. Furthermore, CRP is widely used as a marker of in-
flammation. Along with its role in inflammation, CRP also func-
tions significantly in host defense against different pathogenic
organisms [164]. CRP is present in at least two distinct forms:
pentameric and monomeric (mCRP) isoforms, which have diverse
activities and functional characteristics. Dissociation of the penta-
meric group into monomeric forms occurs at sites of inflamma-
tion and the monomeric form then may participate in local inflam-
mation. CRP is primarily produced by the liver and its blood
levels may increase from 0.8 mg/L (approximate normal value) to

Leptin resistance

Leptin release
from adipocy'tes

Interleukin-6
release from
macrophages

more than 500 mg/L in inflammatory conditions [165]. However,
CRP is involved in several pathophysiological processes such as
activation of the complement system, phagocytosis, promotion of
apoptosis, release of nitric oxide (NO), and biosynthesis of various
cytokines particularly pro-inflammatory cytokines such as
TNF-0, MCP-1, and IL-6 [166]. In addition, it is believed that
mCRP can stimulate the process of chemotaxis and recruitment of
circulating WBCs to sites of inflammation. Studies have docu-
mented associations (both positive and negative) between CRP
and various hormone-like cytokines (adipokines) that are released
from adipose tissue [167-169]; in particular, with the pro-inflam-
matory adipokine leptin (Fig. 1).

Adipose tissue behaves like an endocrine organ. As mentioned
earlier, several hormone-like cytokines or adipokines are secreted
from adipose tissue or fat cells. In general, the majority of these
adipokines are pro-inflammatory, for example, leptin, visfatin,
and resistin. However, a few anti-inflammatory adipokines such
as omentin, apelin, and adiponectin are also secreted. Neverthe-
less, the majority of published studies have focused mainly on two
adipokines— pro-inflammatory leptin and anti-inflammatory
adiponectin. These two adipokines are involved in a number of

C-reactive
protein release
from the liver

Excessive adlpose

Release of excessive
pro-inflammatory
adipokinesincluding
leptin in the
circulation

tissue in obesity

Fig. 1. Relationship among pro-inflammatory adipokines, interleukin-6 (IL-6), and C-reactive protein (CRP) in obesity. Infiltration of macro-
phages in excess adipose tissue is a common phenomenon. The pleiotropic pro-inflammatory cytokine IL-6, secreted by monocytes/macro-

phages, induces the biosynthesis of CRP from the liver.
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Fig. 2. Principal intracellular signaling pathways of leptin in connec-
tion with the chronic low-grade inflammatory state found in obesity.
AKT, protein kinase B/serine-threonine kinase; ERK, extracellular
signal-regulated kinase; JAK, Janus kinase; MAPK, mitogen-acti-
vated protein kinase; MEK, mitogen-activated protein kinase ki-
nase; mTOR, mechanistic/mammalian target of rapamycin; Ob-R,
leptin receptor; PI3K, phosphatidylinositol-3-kinase; STAT, signal
transducer and activator of transcription.

biological mechanisms both under normal health conditions as
well as under pathological circumstances. Interestingly, both
adipokines are closely linked with our immune system. Leptin is
a 16-kD protein produced primarily by adipocytes. Its main func-
tion is maintenance of energy homeostasis through regulation of
the arcuate nucleus of the hypothalamus. Leptin is associated with
both innate and adaptive immune responses [170]. This adipo-
kine has a close connection with inflammatory molecules includ-
ing IL-6, TNF-a, NO, eicosanoid, and cyclooxygenase (particu-
larly cyclooxygenase 2) [171], as well as intracellular signaling
pathways connected with inflammation such as mitogen-activated
protein kinase, Janus kinase/signal transducer and activator of
transcription, and phosphatidylinositol-3-kinase (Fig. 2). In ad-
dition, leptin promotes chemotaxis, phagocytosis, and release of
ROS [170,172].

Higher circulating levels of both leptin and CRP have been
demonstrated to be correlated with disease severity and poor prog-
nosis in patients with COVID-19 [173-175]. In a recently pub-
lished report from Italy, COVID-19 patients with pneumonia had
increased circulating levels of leptin and IL-6 and lower adipo-
nectin levels than age- and sex-matched healthy controls [176].
Similar findings were documented in another study from the
Netherlands [177]. In contrast, a group of investigators hypoth-
esized that increased blood levels of leptin could be due to patients’
obesity and unrelated to disease pathology [178,179]. A number
of mechanisms have been proposed to explain the poor prognostic
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role of leptin in COVID-19. van der Voort et al. reasoned that
SARS-CoV-2 infection, by inducing higher leptin production,
might overactivate leptin receptors in pulmonary tissue, ultimately
enhancing local inflammation in the lungs [177]. Higher leptin
levels could also activate monocytes and thus upregulate the ex-
pression of pro-inflammatory cytokines in monocytes, resulting
in dysregulation of immune responses, finally leading to ARDS
and multiple organ failure [173,180]. As mentioned earlier,
leptin receptors are present in all immune cells. Therefore,
leptin may affect the functions of these cells. Understanding the
precise role of leptin and its interactions with different adipo-
kines (both pro-inflammatory and anti-inflammatory) and other
classical hormones such as insulin, insulin-like growth factors,
and estrogen, will help elucidate the relationships between obe-
sity-related problems and immune mechanisms.

CONCLUSION

The recent COVID-19 pandemic has renewed interest in infec-
tious diseases, and the disease pathology itself is a meeting place of
both communicable and non-communicable diseases. For this
reason, many authors have described the grave situation of 2020
and 2021 as ‘double pandemics’— the pandemic of COVID-19
and the long-continued global problem of obesity [1,181,182].
Apart from bacterial and fungal infections that are a common
occurrence in obesity-related health conditions like type 2 diabetes,
a number of prion-like diseases have a close link with these met-
abolic disorders. Regular assessment of a few markers such as
CRP and leptin and adjustment of lifestyle factors could help
protect against pathogens as well as metabolic diseases.
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Single-cell and spatial sequencing application in pathology
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Traditionally, diagnostic pathology uses histology representing structural alterations in a disease’s cells and tissues. In many cases,
however, it is supplemented by other morphology-based methods such as immunohistochemistry and fluorescent in situ hybridization.
Single-cell RNA sequencing (scRNA-seq) is one of the strategies that may help tackle the heterogeneous cells in a disease, but it does
not usually provide histologic information. Spatial sequencing is designed to assign cell types, subtypes, or states according to the
mRNA expression on a histological section by RNA sequencing. It can provide mRNA expressions not only of diseased cells, such as
cancer cells but also of stromal cells, such as immune cells, fibroblasts, and vascular cells. In this review, we studied current methods of
spatial transcriptome sequencing based on their technical backgrounds, tissue preparation, and analytic procedures. With the pathol-
ogy examples, useful recommendations for pathologists who are just getting started to use spatial sequencing analysis in research are
provided here. In addition, leveraging spatial sequencing by integration with scRNA-seq is reviewed. With the advantages of simulta-
neous histologic and single-cell information, spatial sequencing may give a molecular basis for pathological diagnosis, improve our

understanding of diseases, and have potential clinical applications in prognostics and diagnostic pathology.
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Because tissue cells represent the fundamental unit of biology,
deciphering the phenotypic heterogeneity between cells, the in-
tercellular interactions, and the spatial organization of cells in
tissues are crucial for understanding the pathophysiology of dis-
ease [1]. Recently developed high-throughput technologies, such
as single-cell RNA sequencing (scRNA-seq) and spatial tran-
scriptomics (ST), have brought revolutionary insights into diverse
research areas, including developmental biology, cancer, immu-
nology, and neuroscience [2,3]. However, the necessary tissue
dissociation step of scRNA-seq destroys information on their
spatial context, which is crucial to understand the intercellular
interactions underlying normal and disease tissues [4]. Moreover,
integrating scRNA-seq and ST data can address this limitation
and thus provide novel insights for homeostasis, development,
and disease microenvironment, which cannot be informed by
scRINA-seq alone [4]. In this review, from a pathologist’s view, we
aim to suggest the overview of the integrative analysis of scRNA-
seq and ST and describe representative research studies.

pISSN 2383-7837
elSSN 2383-7845

THE INTRODUCTION OF SINGLE-CELL
RNA SEQUENCING

Conventional transcriptome technologies, including microar-
rays and bulk RNA sequencing (RNA-seq), have shown a way
to assay only the average expression RNA expression signal of
all cell types within the tissue. However, gene expression is het-
erogeneous between many tissue cells and even between the same
cell types, and thus these technologies are likely to miss impor-
tant cell-to-cell variability [2]. After the introduction in 2009 [5],
the droplet-based scRNA-seq has been the most popular scRNA-
seq technology that can capture the transcriptomes in tens of
thousands of single cells per sample to dissect transcriptomic het-
erogeneity masked in bulk RNA-seq [6]. Since there have been
numerous reviews that comprehensively introduce the techno-
logical aspects and various analysis methodologies of sScRNA-seq
[2,7-12] and ST [3,13-16], we briefly introduce the overview of
principles and analytical methods of scRNA-seq and ST in this
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review. We summarize the strengths and limitations of clinical
and experimental gene expression methods: recent sScCRNA-seq
and ST, compared to conventional histopathology and bulk
RNA-seq (Fig. 1).

The ordinary procedures for the generating scRNA-seq data
include single-cell isolation and capture, cell lysis, reverse tran-
scription, cDNA amplification, and library preparation [17].
Single-cell isolation and capture is the first process of acquiring

Histopathology

Strengths

Bulk RNA-seq

Samples
Strengths

Genes

scRNA-seq
Strengths

Strengths

Limitations
1. Only morphological features (type and number of cellular features)
2. Limited by stained agents
3. Gene to gene molecular analysis (immunohistochemistry, FISH, etc.) Q

Limitations
1. Unavailable with cell type-specific expression
(only reflect average expression for tissue)
2. Usually uneasy with fixed samples. 9

Limitations
1. Higher cost and procedural complexity
2. Without spatial context
3. Single-cell isolation using fresh tissue needed 0

Limitations
1. Higher cost and procedural complexity
2. Not single-cell level resolution
3. Lower depth compared to scRNA-seq Q

high-quality single cells from a tissue in which all transcripts from
single-cell will be uniquely barcoded. Polyadenylated mRNA
molecules are captured by poly[T]-primers, reverse transcribed,
polymerase chain reaction amplified, and resulting cDNA from
every cell is pooled and sequenced by next-generation sequenc-
ing (NGS) [18]. Many methodologies are different in terms of
the number of cell per sample (the breadth of cellular profiling)
and the number of genes per cell (the depth of cellular profil-

1. Gold standard for diagnosis in most cases
2. Routinely available including fixed sample

1. Genome-wide measurement of expression
2. Relatively lower cost than scRNA-seq and ST

1. Genome-wide, cell type-specific expression
2. Cellular interaction, trajectory, RNA velocity, and gene regulatory
network inference

1. Genome-wide measurement of expression
2. Available expression with spatial context
3. Integration with histopathology information

Fig. 1. Overview of strengths and limitations of clinical and experimental methods for gene expression. Conventional methods of histopathol-
ogy (A) and bulk RNA sequencing (RNA-seq) (B). FISH, fluorescence in situ hybridization. Recent methods of single-cell RNA sequencing
(scRNA-seq) (C) and next-generation sequencing (NGS)-based spatial transcriptomics (ST) (D).
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ing) [11]. Some provide full-length transcript coverage, while
others only partial sequences from either 3' or 5' end of the
transcript [7]. The preparation of high-quality single-cell sus-
pension is key to successful scRNA-seq studies, and researchers
should acknowledge the possible protocol-specific biases that
can be developed during single-cell isolation [19,20]. While
scRNA-seq needs prior tissue dissociation of fresh tissue for the
preparation of single-cell suspension, single-nucleus RNA-seq
capturing only transcripts present in the nucleus can be prepared
from frozen or fresh tissue without the need for tissue dissocia-
tion [1,21].

Workflows for scRNA-seq analysis include pre-processing
(quality control, normalization, data correction, feature selection,
and dimensionality reduction) and cell/gene-level downstream
analysis (clustering, cluster annotation, trajectory inference, and
differential expression analysis). The best-practice recommenda-
tions and details for each step of the analysis pipeline are com-
prehensively described elsewhere [8]. There have been various
tools for analyzing scRNA-seq data, among which R-package
Seurat is the most commonly used tool for analysis and visualiza-
tion of scRNA-seq data [22]. Researchers easily find the sample
analysis pipeline using Seurat R-package with the representa-
tive dataset at https://satijalab.org/seurat/articles/pbmc3k_tuto-
rial.html. Major applications of scRNA-seq include the clustering
and identification of known or novel cell types, inferring cellular
trajectory, and inferring gene regulatory networks [2]. Unsu-
pervised clustering is preferred in most cases for clustering and
identification of cell types, although supervised clustering using
prior assumptions and canonical marker genes is also available [18].
Dimensional reduction and visualization are performed using
algorithms such as principal component analysis, t-distributed
stochastic neighbor embedding, and uniform manifold approxi-
mation and projection, followed by cell clustering into subpopu-
lations with biological significance using algorithms such as a
graph-based clustering [18,20]. In addition to the unsupervised
clustering, cell types can be determined by reference-based anno-
tation using reference expression profiles from bulk RNA-seq
[23]. Trajectory inference reconstructs dynamic cellular trajec-
tories during the cellular transition between cell identities under-
lying biological process of interest [2]. Tools for trajectory infer-
ence have been developed for ordering single cells in pseudotime,
an abstract unit of progress through the single-cell trajectory, by
taking advantage of individual cells’ asynchronous progression
of transcriptional dynamics along the biological process [24]. For
trajectory inference, RNA velocity that is the time derivative of
the gene expression state, can be analyzed to predict the future
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state of individual cells by distinguishing between unspliced
and spliced mRNAs [25]. From scRNA-seq data, gene regulato-
ry networks underlying gene expression by transcription factors,
co-factors, and signaling molecules can be inferred, which may
help to pinpoint key factors that determine phenotype in healthy
systems as well as in diseases [26,27].

THE INTRODUCTION OF SPATIAL
TRANSCRIPTOMICS

Overview of ST was summarized in Fig. 2. One of the major
limitations of scRINA-seq is the loss of spatial context since cells
should be liberated from whole tissue before scRNA-seq. The
spatial location of a cell can reveal helpful information for defin-
ing cellular phenotypes, cell states, intercellular interactions, and
cell functions [15]. Although histopathology is the gold standard
for diagnosis in most cases, it is limited by the type and number
of cellular features delineated by stained agents [3]. Traditional
methodologies for applying technologies for analyzing expres-
sion within tissues (in situ) include in situ hybridization (ISH)
and immunohistochemistry; however, these methods limit anal-
ysis to, at most, a handful of genes or proteins at a time [13].
The recent development of ST technologies enables profile the
whole transcriptome in spatially resolved way [13]. ST technolo-
gies can describe an unbiased picture of spatial composition that
may provide valuable biological insights into development, physi-
ology, and diseases microenvironment.

As technologies and computational approaches for generating
and analyzing ST data are rapidly evolving, there are various op-
tions for ST technologies that differ in terms of the number of
genes and the size of tissues that can be assayed [13]. ST tech-
nologies are primarily categorized as (1) NGS-based, encoding
positional information onto transcripts; and (2) imaging-based
approaches, comprising in situ sequencing-based or ISH-based
methods [28,29]. Recently introduced and widely used NGS-
based ST have shown increased resolution (55 pm spot diameter
with 100 pm center-to-center distance) and sensitivity (more than
10,000 transcripts per spot) compatred to the previous ones [13].
Currently, commercial kits utilize fresh-frozen tissues for ST;
however cutting-edge technologies have shown successful ST ap-
plication to formalin-fixed, paraffin-embedded (FFPE) tissues
that will expand the usages of ST for numerous FFPE samples
in biobanks [30]. ISH-based high-plex RNA imaging (HPRI)
is a targeted ST method that localizes and quantifies RNA tran-
scripts of hundreds of genes in an intact tissue through multi-
plexed fluorescent microscopy [4]. Depth is a limiting factor for
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Tissue slide
(Visium technology)
6.5mm x 6.5mm
tissue areas
(~5000 spots)

Tissue image

Spot clustering

Detected area

Genome-wide expression profiles in each 55-pm
spatial spots
Spatial spots

Unsupervised clustering of spatial spots
1. By expression profiles of spatial spots
2. By spatial transcriptomics and histology

Alternative approach for clustering
1. Specific region of pathological interest

(e.g., specific layer of brain or tumor margin)
2. Region with up-regulated gene sets

(e.g., spatial spots with immune activation)

Additional analysis for ST

1. Genes with coherent spatial patterns

2. Spot deconvolution or mapping single cells
3. Intercellular interactions

C)

Fig. 2. Overview of spatial transcriptomics (ST) analysis. (A) Example of tissue slide (Visium technology) for ST. Original tissue image, detect-
ed area, spot clustering of ST data by unsupervised clustering (spatial spots colored by spot clusters), and magnified view of spatial spots
are shown. Distance between spatial spots were 100-um, and each spot has a diameter of 55-um. (B) ST can measure genome-wide ex-
pression profiles in each 55-um spatial spots. (C) Analysis strategies for ST data.

NGS-based techniques, while lack of transcriptome-wide cover-
age is for HPRI. Therefore, current ST technologies themselves
still cannot reveal the deep transcriptomic information in tissue
at single-cell level with accuracy, although they can shed light on
the architecture of the cell-type distribution or the niches en-
riched for a specific gene set [4]. Until HPRI improves the tran-
scriptome coverage and applicability of untargeted methods, the
ST may stay advantageous, especially for obtaining an unbiased
characterization of the spatial transcriptomics [4].

Compared to scRINA-seq, the workflows for ST analysis and its
integration with scRNA-seq have emerged recently and rapidly
evolved. As previously described, the workflows for ST analysis
are akin to those in scRNA-seq. Several additional points are
needed for analyzing ST: (1) to identify genes with coherent spa-
tial patterns, (2) spot deconvolution or mapping single cells, and
(3) analysis and visualization in the intercellular interactions
[3,15]. Researchers can utilize various ST methodologies for
clustering analysis of spatially coherent domains and identifica-
tion of spatially domain-enriched genes [3]. Unsupervised clus-
tering and subsequent characterization aim to identify clusters
of spots and sets of genes with biological significances [13]. A
cluster of spots may be characterized by pathological findings or
by molecular marker genes [13], indicating pathologists roles
in the biological interpretation of ST data. Alternative to the un-

https://jpatholtm.org/

supervised clustering, researchers may focus on a specific region
of interest, for example a specific layer in the brain or the interface
between cancer and microenvironment, or on context-specific
genes, for example known gene sets or highly variable genes [13].
Widely used techniques for ST utilize 50~100-pm spot diameters
with mixture of 10-20 cells, indicating that the spatial spots in
the ST dataset may correspond to mixture expressions of several
cells [31]. The proportion of cell type (deconvolution) or the desig-
nation of cell type (mapping) can be analyzed using both scRNA-
seq and ST data, which will be explained in detail in the later
chapter of the manuscript [4]. Surely, while scRNA-seq analysis
cannot distinguish short-distance (juxtacrine and paracrine) and
long-distance (endocrine) intercellular signaling due to lack of
spatial information, ST dataset can seek the spatial coordinate of
cell signaling [3].

While currently often underused, the tissue image from ST anal-
ysis can be improved to show high-resolution information when
combined with the knowledges in the field of histopathology
[13]. For example, a previous study revealed that integrating ST
data with high-resolution histology image data could improve
the resolution of ST data [32]. Pathologists may play the main
role in the integrative analysis and biological interpretation of ST
for histopathology.

https://doi.org/10.4132/jptm.2022.12.12



INTEGRATIVE ANALYSIS OF SINGLE-CELL AND
SPATIAL RNA SEQUENCING

Integrated analysis of sScRNA-seq and ST is summarized in
Fig. 3. The major limitations for scRNA-seq and ST are loss of
spatial information and low resolution, respectively. Furthermore,
the lack of reliable ST methods to implement deep sequencing
necessitates the need to integrate SC(RNA-seq and ST data. Thus,
simultaneous measutements followed by the integrated analysis
of scRNA-seq and ST from the same tissue may improve the data
quality. Herein, we summarize strategies for integrating scRINA-
seq and ST data: deconvolution, mapping, and spatially informed
ligand-receptor analysis.

Because of the high read-depth and single-cell resolution of
scRNA-seq compared with ST, cell subpopulations need to be
defined firstly by scRNA-seq in a given tissue. There are two pri-
mary approaches for integration of scRNA-seq and ST data: first,
deconvolution for ST without single-cell resolution such as spa-
tial barcoding and second, mapping for ST with single-cell reso-
lution such as HPRI [4]. Deconvolution refers to the process of
quantifying the relative proportion of each cell type in spatial spots

.

Integrated analysis

scRNA-seq

Strengths
Complementary aspects
(higher resolution from scRNA-seq)
(spatial context from ST)

Limitations
High cost and analytic complexity Q

Deconvolution:
infer cell type composition
(for ST without single-cell level)
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[15]. There are two main ways of the deconvolution: (1) infer-
ring the proportion of cellular subtypes for a given spot, and
(2) scoring a given spatial transcriptomic spot for how strongly
it corresponds to a single cellular subtype. SPOTlight tool is
good at validating the deconvolution analysis in terms of the
accuracy, sensitivity, and specificity of cell-type detection [31].
The mapping has two facets: mapping assigned scRNA-seq—
based cell subtypes to each cell and mapping each scRNA-seq
cell to a specific niche or region of a tissue [13]. For mapping,
pciSeq is one of the popular tools that have shown effectiveness
in classifying cell type [33]. Researchers can adopt following
statistical models for deconvolution and mapping: regression-
based deconvolution and probabilistic modeling for deconvolu-
tion, and cell-type scoring and cluster-based mapping for map-
ping [4]. The possible mismatch between cell subtypes present
in scCRNA-seq data and those in spatial sequencing data that
may complicate deconvolution and mapping should be acknowl-
edged [4].

Spatial data from ST, for example, the spot clusters from un-
supervised clustering and the areas of pathological interests, can
be analyzed for deconvolution or mapping of cell types identi-

Mapping:
designate cell type
(for ST with single-cell level)

Which cell type?

‘or.

Spatially informed ligand-receptor analysis:
ligand-receptor interactions from scRNA-seq
+ spatial information (ligand-receptor proximity)

Fig. 3. Schematic view of integrated analysis of single-cell RNA sequencing (ScCRNA-seq) and spatial transcriptomics (ST). (A) Strengths and
limitations of integrated analysis of scRNA-seq and ST. (B) Analysis strategies for integrated scRNA-seq and ST data.
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fied by scRNA-seq. Unsupervised clustering of ST data can be
performed using either gene expression of spatial spots alone or
in combination with gene expression and histopathology [15],
where pathologists may play an important role in the interpreta-
tion of pathological findings between identified cell subpopula-
tions. Instead, the areas of pathological interests can be deter-
mined from the matched histological images by the pathologists,
which are further investigated for distinct molecules of the ar-
eas: proportion of cell subtype, distinct expression, and intercel-
lular interactions. For example, in cancer tissues, interesting areas
of the tumor core and leading edges can be annotated by the pa-
thologists for further investigations [34].

Since intercellular interactions, especially juxtracrine and
paracrine communications, are spatially restricted, ST data is well
suited to validate the ligand-receptor interactions computed from
scRNA-seq [4,35]. Standard algorithms for predicting ligand-
receptor interaction pairs adopt both scRNA-seq data and a
known database for ligand-receptor interactions, such as Cell-

scRNA-seq

phoneDB [36]. In this, researchers can use ligand-receptor and
ligand-receptor-target co-expression restriction to establish in-
tercellular communications from scRNA-seq data. From ST data,
a further restriction can be applied by ligand-receptor proximity
where the spatial context can enhance the intercellular interaction
analysis. Integrated analysis of scRNA-seq and ST can be used to
nominate the receptors and ligands that mediate communica-
tion between the proximal cell subpopulations. The Giotto work-
flow is one of widely used tools for anticipating the likelihood
that a given ligand-receptor interaction is used more or less based
on the proximity of all of the co-expressing cells [37].

EXAMPLES FOR THE INTEGRATION OF
SINGLE-CELL RNA SEQUENCING AND SPATIAL
TRANSCRIPTOMICS TECHNOLOGIES

Our group previously published the integrative analysis of
scRNA-seq and ST of a foreign body reaction, which character-

Three putative FBR macrophage clusters
- M2-like macrophage (“C5*)
- Epithelioid cells (“C6”)
- Giant cells (“C7”)

However, cluster of giant cells cannot be determined without
histological validation.

()

Unsupervised clustering found a cluster with higher proportion
of giant cells from histology (purple colored, “V5” cluster).

(5]

High expression of gene markers of giant cells from scRNA-seq
(C7)in V5 cluster

High proportion of giant and epithelioid cells in V5 by
deconvolution analysis

[C]

Fig. 4. Example study of integrated analysis [38]. Findings from single-cell RNA sequencing (scRNA-seq) (A), spatial transcriptomics (ST) (B),
and integrated analysis of scRNA-seq and ST (C) are summarized. FBR, foreign body reaction.
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ized the molecular signatures and cellular interactions of epithe-
lioid cells and multinucleated giant cells in the foreign body re-
action (Fig. 4) [38]. From the scRNA-seq data, we designated
three putative clusters of macrophages, such as M2-like macro-
phage, epithelioid cells, and giant cells; however the designation
of cell types cannot be completely from scRNA-seq data alone
[38]. Unsupervised clustering of the ST data using the same for-
eign body reaction tissue found a cluster with the smallest num-
ber of spatial spots with scattered distribution, in which patho-
logical examination found a relatively higher proportion of giant
cells compared with other spot clusters [38]. Consistently, de-
convolution analysis also supported a relatively high proportion
of giant and epithelioid cells in this cluster [38]. scRNA-seq dis-
covered the marker genes for giant cells, which were further vali-
dated by both ST and immunohistochemistry [38].

We also present another two integration studies for human
cancer transcriptomics. Profiling of human cutaneous squamous
cell carcinoma (cSCCs) and matched normal tissues was performed
via scRNA-seq, ST, and multiplexed ion beam imaging in ten
¢SCC patients [39]. In the scRNA-seq, tumor cells in ¢SCC
showed four subpopulations, three recapitulating normal skin
epidermis and a tumor-specific keratinocyte population unique
to the cancer [39]. Integration analysis of the sScRNA-seq and ST
found that tumor-specific keratinocytes expressing epithelial-to-
mesenchymal signature were mainly located to the tumor leading
edges with enrichment of adjacent stroma of fibrovascular niche,
thus being a hub for intercellular communication [39]. Multi-
plexed ion beam imaging, ST technology at a single-cell level,
was further performed for validation [39]. Next, an integrative
study of scRNA-seq and ST were performed in two tumors from
patients with pancreas ductal adenocarcinomas [40], wherehigh
concordance was found between pathological annotation by his-
tological features and unsupervised clustering of ST data [40].
A statistical approach to overlap cell type-specific and tissue re-
gion-specific gene sets, called the multimodal intersection analy-
sis, was used for identification and mapping of cell-type subpop-
ulations across tissue regions [40]. A multimodal intersection
analysis found that the subpopulations of ductal cells, macro-
phages, dendritic cells and cancer cells were spatially restricted [40].
Co-enrichment analysis of the multiple cell types found that in-
flammatory fibroblasts and cancer cells shared a stress-response
gene module, which was further supported by a cancer genome
database and immunofluorescence experiments [40].

These example studies in area of tissue pathology highlight
the importance of integrated analysis of scRNA-seq and ST
along with histopathological features, in which the integrated
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approach helps to overcome the limitations of any individual
method [38-40]. These studies confirmed that, the cellular sub-
types in spatial spots by deconvolution or mapping from inte-
grated scRINA-seq and ST were concordant with the histological
findings, supporting the robustness of the integrative analysis
[38-40]. Also, spatially informed ligand-receptor analysis sug-
gested candidates of pivotal intercellular interactions in the path-
ological area of interest, which would lead to further mechanistic
studies [38-40].

CONCLUSION

Integrated analysis of sScRNA-seq and ST spatially maps cell
subtypes identified from scRNA-seq to decipher how cell pop-
ulations are spatiotemporally participated in shaping tissue
phenotypes. Such integration can also see the high-resolution
maps of cellular subpopulations and intercellular interactions
within the tissues, bridging the gap between the molecular char-
acterization of a disease by the transcriptomics and the classical
histological approaches. Among various available options, the
study methodology of scRNA-seq and ST should be carefully de-
signed and selected according to the biological questions. Espe-
cially for pathologists, coupling scRNA-seq and ST information
with traditional morphological details will suggest novel insights
for the molecular characterization as well as the cellular and spa-
tial context of a disease, which can help diagnose and manage the
diseases. The analytic tools in ST are rapidly evolving, especially
in the area of scRNA-seq and ST integration. Given the rapid
development, we expect new methodologies of a genome-wide
ST at high sensitivity with a real single-cell resolution. In addi-
tion, the future direction of this area would be multiple integra-
tive analyses of sScRNA-seq and ST with other single-cell multi-
omics technologies such as the genome, chromatin accessibility,
and DNA methylation sequencing [41-43].
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REVIEW

Perspectives on single-nucleus RNA sequencing
in different cell types and tissues

Nayoung Kim'**, Huiram Kang'**, Areum Jo'?, Seung-Ah Yoo, Hae-Ock Lee"**

"Department of Microbiology, College of Medicine, The Catholic University of Korea, Seoull;
“Department of Biomedicine and Health Sciences, Graduate School, The Catholic University of Korea, Seoul;
“Department of Medical Life Sciences, College of Medicine, The Catholic University of Korea, Seoul;
“Precision Medicine Research Center, College of Medicine, The Catholic University of Korea, Seoul, Korea

Single-cell RNA sequencing has become a powerful and essential tool for delineating cellular diversity in normal tissues and alterations
in disease states. For certain cell types and conditions, there are difficulties in isolating intact cells for transcriptome profiling due to their
fragility, large size, tight interconnections, and other factors. Single-nucleus RNA sequencing (SnRNA-seq) is an alternative or comple-
mentary approach for cells that are difficult to isolate. In this review, we will provide an overview of the experimental and analysis steps
of snRNA-seq to understand the methods and characteristics of general and tissue-specific SnRNA-seq data. Knowing the advantages
and limitations of snRNA-seq will increase its use and improve the biological interpretation of the data generated using this technique.
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The introduction of single-cell RNA sequencing (scRNA-
seq) opened a new era in cell biology, where cellular identity and
heterogeneity can be defined by transcriptome data [1]. One
cell type with tremendous phenotypic and functional heteroge-
neity is neurons in the brain. Indeed, scRNA-seq has revealed
diverse neuronal cell types in the mouse brain [2]. However, cell
isolation by enzymatic tissue dissociation may damage neurons,
and most human brain samples are not available as fresh tissues.
Among the alternative approaches attempted, the isolation of
single nuclei and subsequent RNA sequencing have enabled high-
throughput transcriptome profiling at a single-cell resolution
[3,4]. In addition to neurons, single-nucleus RNA sequencing
(snRNA-seq) has been applied to diverse hard-to-dissociate tissues
and cell types, including the kidney, heart, liver, adipocytes,
and myofibers [5-9]. For most tissues, stRNA-seq is more pow-
erful at recovering attached cell types, whereas sScRNA-seq is bi-
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ased towards immune cell types [5,10-12]. Moreover, the enzy-
matic dissociation required for scRNA-seq induces a stress
response that alters the cellular transcriptome [9,10,13]. Using
snRNA-seq can reduce cellular and stress response biases. The
different gene expression fractions in the nucleus and cytoplasm
make it necessary to generate snRINA-based data references, and
these have recently been provided [14]. Combining scRNA-seq
and snRNA-seq data will enable more comprehensive tran-
scriptome profiling and cell-type annotation in tissues.

EXPERIMENTAL PROCEDURES FOR
SINGLE-NUCLEUS RNA SEQUENCING

snRNA-seq was developed as a method to obtain transcrip-
tome data from cells that cannot be successfully dissociated due
to their size and/or fragility, such as neurons, adipocytes, and epi-
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thelial cell types from the kidney (Fig. 1A). Multi-nucleated cells,
such as trophoblasts, osteoclasts, and skeletal myocytes, can be
inimitably interrogated using snRNA-seq. Archived frozen tis-
sues with broken cell membranes are also the primary targets of
this method. The isolation of single nuclei, instead of whole cells,
is achieved by cell membrane lysis, and nuclear transcriptome
data are generated using scRNA-seq workflows (Fig. 1B). Both
chemical and mechanical forces are used for cell membrane lysis.
Competent buffers with nonionic detergents that disrupt cell
membranes, but preserve nuclear membranes, have been tested for
nuclear isolation [12]. Mechanical force is exerted using a Dounce

Single-nucleus RNA sequencing © 53

homogenizer or other types of tissue lysers. To obtain high-quality
nuclei containing transcripts, the buffers and wash conditions
are important and need to be optimized for different tissue types.
The inclusion of bovine serum albumin and a high concentration
of RNase inhibitors, during and after the isolation process, is
critical. After isolation, nuclear morphology indicative of intact nu-
clei are confirmed by microscopy at 40-60 X magnification (Fig.
1C). Opverlysis results in clumping and poor transcript recovery,
whereas under-lysis causes contamination by cytoplasmic RNAs.

In addition to the isolation of intact nuclei, brain tissues require
an additional clean-up process to remove excessive myelin debris.
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Fig. 1. Summary of the single-nucleus RNA sequencing (snRNA-seq) experimental process. (A) Representative cell types and tissues fit for
snRNA-seg-based transcriptome profiling. (B) Experimental workflow to isolate intact nuclei for snRNA-seq. Frozen tissue is dissected,
chemically and mechanically lysed, and then filtered to obtain a single-nucleus suspension. Sucrose gradient centrifugation or flow cytometry
analysis is used for nuclei enrichment (Optional). After reverse transcription and amplification, a cDNA library is constructed for sequencing.
(C) Representative image of extracted nuclei stained with Trypan blue. High-quality (blue arrowhead) and poor-quality (red arrowhead) nuclei

are marked. Scale bar=20 pm. FACS, fluorescence-activated cell s
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Todixanol (OptoPrep, San Diego, CA, USA) or a sucrose gradient
[15], a myelin removal column (Miltenyi, Bergisch Gladbach,
Germany), and sorting by flow cytometry have been used for this
extra clean-up process (Fig. 1B). The most frequently used buffer
recipe for neurons in the brain is a combination of 250-320 mM
sucrose and a low-concentration of non-ionic detergent, whereas
the commercial EZ Prep Kit (Sigma, St. Louis, MO, USA) is the
method of choice for kidney preparations. Sorting by flow cytom-
etry is not recommended for kidney tissue. The use of commercial
buffers other than EZ Prep, such as those from 10X Genomics
(Pleasanton, CA, USA) is also increasing, because of the minimal
optimization requirement. Studies providing nuclear isolation
protocols for snRNA-seq are listed in Table 1. The details of the
buffer recipes and complete protocols can be found in these pub-
lications.

SINGLE-NUCLEUS RNA SEQUENCING DATA
PROCESSING AND ANALYSIS

The data analysis pipeline for snRINA-seq is similar to the pipe-
line used for scRNA-seq (Fig. 2A). The most frequently used se-

quencing procedure for snRNA-seq is Chromium 3' scRNA-
seq (10X Genomics), and the sequencing read mapping process
(Cell Ranger 7.0, 10x Genomics) currently used is identical for
scRNA-seq and snRNA-seq. During this process, both exonic
and intronic reads that map the sense orientation to a single gene
are used for gene counting using the default option. In previous
Cell Ranger versions, intronic mapped reads were not used for
the default read count option in the scRNA-seq pipeline, and the
option parameter, “--include-introns = true” needed to be added
for snRNA-seq read counting. The inclusion of intronic reads in
snRNA-seq is critical, as more than 50% of nuclear RNAs are
typically intronic compared to 15%—25% of total RNAs [13,16].
Immune cell populations such as neutrophils and other granulo-
cytes are more likely to be identified when intronic reads are in-
cluded. Detection of neutrophils is difficult because of their low
RNA content and low gene count [17]. Since neutrophils have a
higher amount of introns compared to other cell types [18,19],
the inclusion of intronic reads may enhance the recovery of neu-
trophils. According to the guideline by 10X genomics, experi-
mental steps are also important to enhance the neutrophil recov-
ery such as immediate processing, sample preparation at room

Table 1. Representative studies reporting nuclei isolation protocols for the single-nucleus RNA sequencing

Tissue type PMID

Nuclei extraction buffer components and additional nuclei clean up steps®

Frozen human brain
Frozen human brain
Frozen human/mouse brain 28846088 EZ lysis buffer
Mouse brain

Human brain

26890679 250 mM Sucrose/0.1% Tritonx-100/optional iodixanol gradient/FACS
27339989 1% NP40 or nuclear extraction buffer (320 mM sucrose, 0.1% Triton X-100)/iodixanol gradient

29220646 250 mM Sucrose/0.1% Tritonx-100/sucrose gradient
Frozen human/mouse brain 31932797  0.025% NP-40/sucrose gradient

Mouse 32507042 10x Genomics reagent and protocol

32997994 320 mM Sucrose/0.1% Igepal (0.1%)/iodixanol gradient

Frozen human/mouse brain 33495627 1% Formaldehyde fixation/100 mM sucrose/0.5% Triton-X-100/sucrose gradient

Frozen human brain
Human kidney

Human kidney 31506348 EZ lysis buffer

Mouse kidney 30510133  EZlysis buffer
Mouse kidney 32571916 EZ lysis buffer
Mouse kidney 32673289 EZ lysis buffer
Mouse kidney 332839393  EZ lysis buffer
Mouse kidney 33444290 EZ lysis buffer
Mouse kidney 34155061 EZ lysis buffer
Mouse heart 30939177 320 mM Sucrose/0.2% Triton-X-100

Brown adipose tissue
Human panscreas
Mouse skeletal muscle
Mouse skeletal muscle
Human liver

Human liver

Human tumor

33212097 250 mM Sucrose

34382019  0.1% NP-40/FACS
34792289 CST/NST/TST
35681624  0.1% IGEPAL

33972803  0.05% NP-40/iodixanol gradient
31249312 320 mM Sucrose/0.1% Triton X-100

33116305 0.1% CHAPS (human) or EZ lysis buffer (mouse)

33311464 250 mM Sucrose/0.4% Triton-X100/FACS

32405080 EZ lysis buffer or ST (salts and tris) with 0.49% CHAPS (CST), with 0.03% Tween20 (TST) or with 0.2% NP-40 (NST)

FACS, fluorescence-activated cell sorting.

*Cell membrane disruption was achieved using isotonic sucrose and/or a nonionic detergent. The other buffer components were omitted from the analysis.
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Fig. 2. Summary of single-nucleus RNA sequencing (snRNA-seq) and single-cell RNA sequencing (ScCRNA-seq) analyses. (A) Schematic
workflow of snRNA-seq and scRNA-seq analysis processes. (B) Distribution of confidently mapped snRNA-seq and scRNA-seq reads.
Transcriptome, the fraction of reads mapped to the exons of an annotated transcript. Genome, fraction of reads mapped to exonic and non-
exonic loci. PC, principal cells; PCA, principal component analysis; UMAP, uniform manifold approximation and projection.

temperature, increasing polymerase chain reaction cycles during
¢DNA amplification, adding RNase inhibitors in the wash and
suspension buffers, and enrichment by fluorescence-activated cell
sorting into 0.04% bovine serum albumin solution in scRNA-
seq [20].

From the filtered cell by gene matrices of snRNA-seq data, fur-
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ther quality control (QC) filtering, normalization, feature selec-
tion, scaling, dimensional reduction, and clustering can be pet-
formed for cell-type annotation, as in scRNA-seq data analyses.
Mitochondrial or ribosomal gene contents, which are often used as
QC parameters for sScRNA-seq, are not robustly used in snRNA-
seq, as mitochondria and ribosomes are excluded during the ex-
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perimental procedure. The differences in sequencing reads be-
tween scRNA-seq and snRNA-seq are shown in Fig. 2B.
Differential expression analysis using bulk RNA sequencing
data has demonstrated a high correlation between nuclei and
whole-cell samples [21,22]. However, at the single-cell or single-
nucleus levels, cell-to-cell or nucleus-to-nucleus correlations de-
crease and replicate variations become larger than the bulk samples
[22]. Direct comparisons of matched scRNA-seq and snRNA-seq
data from S1 cortex neurons have demonstrated differences in
genomic read mapping to coding sequences, introns, or untrans-
lated regions [23]. Significant gene length bias exists, such that
nuclear-biased genes show a length of 17 kb compared with 188
kb for genes detected in both whole cells and nuclei. The total
gene expression correlation between single-cell and single-nucleus
data ranges from 0.21 to 0.74. In a study of adipocytes, the aver-
age gene expression correlation between whole-cell and nuclei
data for white cells was found to be 0.5 or 0.6 (after normalization)

[24]. Despite the relatively low correlations, diverse batch cor-
rection algorithms allow the co-clustering of identical cell types
at a global scale in scRNA-seq and snRNA-seq data [24].
While data integration allows the combined clustering analysis
of scRNA-seq and snRNA-seq data, direct comparisons of the
two are difficult because of the differences in cellular and nuclear
gene expression patterns. In addition, over-representation of im-
mune cells by scRNA-seq and the superior representation of
epithelial cell types by snRINA-seq suggest that complementary
analysis is more appropriate than integrated analysis (Fig. 3).

SPECIFIC TISSUE OR CELL
TYPE APPLICATIONS

Neurons in the brain
A high-throughput snRNA-seq protocol has been described
for transcriptomic analysis of individual neurons from archived
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Fig. 3. Comparison of cell types detected by single-nucleus RNA sequencing (snRNA-seq) and single-cell RNA sequencing (scRNA-seq). (A)
Uniform manifold approximation and projection (UMAP) plots of snRNA-seq and scRNA-seq data for the human kidney. A bar plot repre-
senting the percentages of annotated nuclei and cell identities. AMB, ambiguous; CD, collecting duct; DT, distal tubule; IC, intercalated cells;
LH, loop of Henle; LOH (AL), loop of Henle, ascending limb; LOH (DL), loop of Henle, distal limb; NK, natural killer; PC, principal cells; PT,
proximal tubule. (B) UMAP plots of snRNA-seq and scRNA-seq data for lung tumors from a lung cancer patient.
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postmortem human brain tissues [25]. Before the introduction of
high-throughput applications, low-throughput methods, such as
intracellular tagging by transcription in vivo analysis [26] and
extraction of the cytoplasmic contents using a glass microcapil-
lary [27,28] or laser-capture microdissection [29] were explored,
along with low-throughput snRNA-seq [22]. Lake and colleagues
[4] applied snRNA-seq and identified 16 neuronal subtypes of
the cerebral cortex from a postmortem brain.

Currently, snRNA-seq is extensively used to determine brain
cell type complexity. The U.S. government’s Brain Research
Through Advancing Innovative Neurotechnologies (BRAIN)
Initiative [30] launched a project known as the BRAIN Initia-
tive Cell Census Consortium to pursue a comprehensive human
brain cell atlas [31]. These resources will serve as a reference for
delineating brain functions and alterations in neurodegenera-
tive and neurological diseases. To construct the brain cell atlas,
electrophysiological, morphological, and transcriptional features
were used for neuronal cell type specifications, signifying the im-
portance of transcriptome-based cell type annotation in functional
and anatomical contexts. Transcriptome-based neuronal identi-
fication was accomplished using both scRNA-seq and snRNA-
seq [31] after regional dissection. Due to the under-representation
of neuronal cell types in scRNA-seq data and the availability of
frozen postmortem brains, more recent cell applications have con-
centrated on snRINA-seq.

Nonetheless, differences in the nuclear and cytoplasmic gene
expression patterns, and limitations of snRNA-seq in the capture
and characterization of non-neuronal cell types [32] necessitate
the complementary use of sScRNA-seq and snRNA-seq for cell
type identification in the brain.

Epithelial cells in the kidney

Whereas the studies agree that average nephron number is ap-
proximately 900,000 to 1 million per kidney, numbers for indi-
vidual kidneys range from approximately 200,000 to >2.5 mil-
lion [33]. Each nephron contains a glomerulus, which is a bundle
of vessels through which waste materials are filtered from the
blood. The glomerulus is enclosed in Bowman’s capsule, and fil-
tered water, ions, and small molecules are collected in Bowman’s
space. Podocytes in the epithelial lining of the Bowman's capsule
wrap around the capillaries of the glomerulus and leave filtration
slits between them. Filtered materials leave Bowman’s space
through a proximal tubule where reabsorption occurs. Epithelial
cells lining the proximal tubule are covered with dense microvilli
to facilitate transport. The modular characteristics of the kidney
make biopsy an accessible and efficient sampling method for the
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characterization of the glomerulus.

Glomerular cell types in the kidney have been characterized
using both scRNA-seq and snRNA-seq protocols. For the mouse
kidney, an snRNA-seq experimental protocol yielded 20-fold
more podocytes than an scRNA-seq protocol [9,34]. The Kidney
Precision Medicine Project developed a reference tissue atlas for
the human kidney with single-cell resolution and spatial context
[35]. Rare epithelial cell types and states can be captured by sn-
RNA-seq; however, immune components in the kidney are not
well captured by snRNA-seq (Fig. 3A) [36]. Thus, the kidney
atlas data incorporate snRNA-seq and scRNA-seq data for tissue
atlas generation [37].

Tumors from frozen tissues

A diverse range of solid tumor tissues have been subjected to
scRNA-seq, and the biological features of tumor cells and their
surrounding microenvironments have been extensively studied.
However, scRNA-seq data shows a heavy bias towards immune
cell types when compared with bulk tissue data after cell type de-
convolution (Fig. 3B). The use of snRNA-seq data may resolve
this problem [12]. Side-by-side comparisons of scRNA-seq and
snRNA-seq analyses of hepatocellular carcinoma [38] demon-
strated the predominant capture of hepatocytes and carcinoma
cells in snRNA-seq data compared with the immune cell-domi-
nant landscape in scRNA-seq data. In a pancreatic cancer study,
a combination of snRNA-seq and digital spatial profiling re-
vealed that gene expression programs in malignant tumor cells
and fibroblasts were enriched after chemotherapy and radiother-
apy [39]. In addition to tumor-centric data analysis, snRNA-seq
can be performed on longitudinal samples stored as frozen tissues.
Similar to brain and kidney examples, immune cells in the tumor
microenvironment can be efficiently captured by scRNA-seq.

CONCLUSION

Transcriptome-based cell type profiling by scRNA-seq has re-
markably enhanced our understanding of cellular diversity. While
scRNA-seq shows good performance at capturing immune cell
diversity, the cellular landscape depicted is biased against for at-
tached cell types and is missing fragile cells. In most tissues, sn-
RNA-seq can be used to obtain more information about these
cell types, including epithelial cells, fibroblasts, neurons, and ad-
ipocytes. In addition, snRNA-seq can be used for frozen tissues,
such as postmortem brain and archived tumor samples. After the
successful isolation of nuclei, experimental and analysis pipelines
used for scRNA-seq can be adopted for snRNA-seq. In the anal-
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ysis, data from the two methods should be combined with cau-
tion, considering the differences in cellular and nuclear RNA gene
expression patterns.
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Inflammatory bowel disease—associated intestinal fibrosis
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Fibrosis is characterized by a proliferation of fibroblasts and excessive extracellular matrix following chronic inflammation, and this re-
placement of organ tissue with fibrotic tissue causes a loss of function. Inflammatory bowel disease (IBD) is a chronic inflammation of the
gastrointestinal tract, and intestinal fibrosis is common in IBD patients, resulting in several complications that require surgery, such as a
stricture or penetration. This review describes the pathogenesis and various factors involved in intestinal fibrosis in IBD, including cyto-
kines, growth factors, epithelial-mesenchymal and endothelial-mesenchymal transitions, and gut microbiota. Furthermore, histopatholog-
ic findings and scoring systems used for stenosis in IBD are discussed, and differences in the fibrosis patterns of ulcerative colitis and
Crohn’s disease are compared. Biomarkers and therapeutic agents targeting intestinal fibrosis are briefly mentioned at the end.
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Fibrosis is characterized by fibroblastic proliferation and the
deposition of excessive extracellular matrix (ECM) and hard colla-
gen layers through chronic inflammatory and reparative responses
[1-4]. Fibrosis can also occur during the wound healing process,
and it is an end-stage phenomenon that causes chronic damage
to solid organs, such as the liver, lungs, and kidneys [5]. Hepatitis
and cholestatic diseases with various etiologies eventually lead
to liver cirrhosis, and various types of glomerulonephritis lead to
glomerulosclerosis. In such cases, the organ is replaced with fi-
brous tissue instead of the original functional tissue, resulting in
a loss of function. However, in contrast to those solid organs, the
phenomenon of fibrosis in the gastrointestinal tract, a hollow
viscous organ, is poorly understood.

Inflammatory bowel disease (IBD) is characterized by persis-
tent and refractory immuno-mediated inflammation in the gas-
trointestinal tract [6]. To date, studies on disease activity in IBD
have focused on the presence or absence of ulcers and the degree
of infileration of inflammatory cells. However, intestinal fibrosis
is a common pathogenic feature of IBD and has several related
complications, including stricture, fistula, and bowel penetra-
tion [7,8]. Intestinal fibrosis can occur through several etiolo-
gies, including a desmoplastic reaction, radiation enteropathy,
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solitary rectal ulcer, graft-versus-host disease, post-surgical adhe-
sions, desmoid tumors, collagenous colitis, and eosinophilic en-
teropathy. IBD is the leading cause of intestinal fibrosis, and it is
thus necessary to understand its unique form of intestinal fibrosis
(9-11].

Intestinal fibrosis is a pathological complication of great inter-
est not only to radiologists and pathologists but also to clinicians
due to its association with the risk of major complications that
require surgical treatment, prognosis after surgery, and the risk of
recurrence [12].

PATHOGENESIS

Fibrosis is an irreversible process that occurs as a consequence
of chronic inflammation. It results in persistent luminal narrow-
ing and strictures. Anti-inflammatory agents do not prevent or
treat fibrosis in IBD, even if they improve the inflammation [13].
Because the fibrotic process is not affected by various IBD treat-
ments, researchers have focused on inflammation-independent
mechanisms, such as genetic factors, environmental risks, and the
gut microbiota, which are known to affect the prognosis of fibrosis
[14]. Moreover, intestinal fibrosis can be observed alongside ex-
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cessive deposition of ECM and activated mesenchymal cells in
the intestinal wall [15]. The main known drivers of this fibrosis
mechanism are soluble molecules (cytokines and growth factors),
the epithelial-mesenchymal transition (EMT), the endothelial-
mesenchymal transition (EnMT), and the gut microbiota.

Genetic factors

Genetic research on IBD has proposed several genetic pathways
for its pathogenesis [16,17]. However, relations between those
gene mutations and intestinal fibrosis have not yet been well stud-
ied. In one bioinformatics study, researchers hypothesized that
similar molecular pathways would be involved in fibrosis in vari-
ous organs and thus measured gene expressions found in kidney
fibrosis and liver cirrhosis in Crohn’s disease (CD) and ulcerative
colitis (UC). They found that fibrosis in different organs had dif-
ferent gene signatures. C-X-C motif chemokine ligand 9 (CXCL9)
and CD52 were upregulated in both CD and UC, whereas throm-
bospondin 2 (THBS?2), matrix gla protein (MGP), protein tyro-
sine phosphatase receptor type C (PIPRC), and decorin (DCN)
were upregulated only in CD. In UC, CXCL9, CD52, and gran-
zyme A (GZMA) were upregulated, and DCN, which was elevated
in CD, was downregulated [18].

Nucleotide binding oligomerization domain containing 2
(NOD?2) has been most studied in association with IBD. Various
polymorphisms related to the NOD2 gene have been reported
and are known to be related to fibrogenesis in UC and CD [19-
23]. The NOD2 gene was also suggested as a predictive marker
for the progression of CD fibrosis [24]. Within the innate im-
mune system, Toll-like receptors 4 (TLR) and signal transducers

Table 1. Potential genetic factors of IBD-associated fibrosis
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and activators of the transcription 3 (STAT3) might be a mech-
anism for intestinal fibrosis [19,25,26], and intetleukin-23 re-
ceptor (IL23R), interleukin-12 subunit beta (IL12B), and Janus
kinases 2 (JAK2), which are related to the Th17 pathway, could
also be involved [25,27-29]. CX3CR1-mediating chemokines
[30] and autophagy genes (autophagy related 16 like 1 [ATG16LI]
and immunity-related GTPase family M protein [[RGM]) were
reported to have an association with stricture disease [25,31].
However, the exact mechanism remains obscure because fucosyl-
transferase 2 (FUT?2) appears to change the composition of the
gut microbiota, which is presumed to be able to induce fibrosis
[32]. Transforming growth factor B (IGF-f) plays a broad role
in initiating inflammation and fibrosis [33,34]. Matrix metal-
lopeptidase 3 (MMP3) encodes a proteinase that degrades most
components of the ECM. Membrane-associated guanylate kinase
inverted 1 (MAGII), which is associated with a mechanism that
disrupts the tight junction of intestinal epithelial cells, is a gene
factor potentially associated with fibrosis (Table 1) [35,36]. Be-
cause the number of studies is too small for generalization, more
genome-wide association studies and next generation sequencing
studies are needed to reveal genetic factors involved with fibrosis
in IBD [16].

Cytokines and growth factors

Local fibroblasts in fibrotic foci proliferate in response to vari-
ous growth factors and cytokines. platelet derived growth factor
(PDGF), basic-fibroblast growth factor, insulin like growth factor
1, epidermal growth factor, CTGF, tumor necrosis factor 0.
(TNF-0), IL-1PB, and IL-6 can act as major proliferating factors

Related genes Disease entity Mechanism Reference
NOD2 CDand UC Apoptosis and activates NF-«B, induce interleukin 1-beta [19-23]
TLR4 CcD Initiating innate immune responses [19]
IL23R CDand UC Activation of Th17 lymphocytes [27,28]
IL12B CD Activation of Th17 lymphocytes [25]
JAK2 CcD Activation of Th17 lymphocytes [29]
CXBCR1 CcD Leukocyte chemotaxis and adhesion [30]
STAT3 CDand UC Innate immune mechanisms [25,26]
ATG16L1 CD Autophagocytosis [31]
IRGM CcDh Autophagocytosis [25]
FUT2 CcDh Affects the composition of the gut microbiota [32]
TGF-p CD Initiation of inflammation [33,34]
MMP3 CDand UC Mediate degradation of components of the extracellular matrix [35]
MAGI1 CD Disruption of epithelial barrier via abrnormality of tight junction of intestinal epithelial cells [36]

IBD, inflammatory bowel disease; NOD2, nucleotide-binding oligomerization domain-containing protein 2; CD, Crohn disease; UC, ulcerative colitis; NF-kB, nu-
clear factor «B; TLR4, Toll-like receptors 4; IL23R, interleukin-23 receptor; IL12B, interleukin-12 subunit beta; JAK2, Janus kinases 2; CX3CR1, C-X3-C motif
chemokine receptor 1; STAT3, signal transducers and activators of the transcription 3; ATG16L1, autophagy-related 16-like 1; IRGM, immunity-related GTPase
family M protein; FUT2, fucosyltransferase 2; TGF-p, transforming growth factor beta; MMP-3, matrix metalloproteinase-3; MAGI1, membrane-associated gua-

nylate kinase inverted 1.
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[12,14,37]. The proliferating fibroblasts recruit various inflam-
matory cells, T cells, eosinophils, and mast cells. Inflammatory
mediators, such as PDGF-A, PDGF-B, IGF-1, and fibronectin,
are also involved in local fibroblastic proliferation and the migra-
tion of fibroblasts to the ECM of an inflamed area. In addition,
intestinal stellate cells are differentiated into fibroblasts at inflam-
matory sites using TGE- [38]. Furthermore, though the molec-
ular pathway is not well established, the capacity of adult bone
marrow to derive fibroblast precursors recently became clear,
and several cytokines, such as IL-10 or other growth factors, are
considered to be part of that pathway [14,39,40].

Critical role of adipose tissue

The role of adipose tissue is essential in inducing hyperplasia
of the muscularis propria and subsequent stricture formation in
CD [41]. In IBD research, interest is increasing in the role of vari-
ous bioactive substances secreted by mesenteric fat [42]. Creep-
ing fat is a unique and pathognomonic phenomenon in CD that
was first reported by Crohn in 1932 [43]. Creeping fat is defined
as > 50% coverage of the exterior intestinal surface with prolif-
eration and ectopic extension of mesenteric adipose tissue (Fig. 1).
In the proliferated adipose tissue surrounding the intestine, nu-
merous mediators play crucial roles in inflammation and immu-
nity that lead to the development and progression of IBD [41,44].
Mediators secreted by fat tissue include adipokines (adiponectin,
leptin, resistin, C1q/TNF-related protein 3 [CTRP-3], and fatty
acids), cytokines (TNF-0, peroxisome proliferator-activated
receptor-y [PPAR-Y], macrophage colony-stimulating factor,
monocyte chemoattracted protein-1, IL-1, IL-6, IL-8, IL-10, and
chemokine (C-C motif) ligand 5), and growth factors (ghrelin and
vascular endothelial growth factor). Those secretions attract and
activate various immune cells [45,46]. Therefore, cases of cobble-
stone mucosa and proper muscle hyperplasia are common in spec-
imens surgically resected to treat CD complications and result
in a thick intestinal wall and stricture formation (Fig. 1) [47].

EMT and EnMT

The EMT is a well-known phenomenon in malignant neo-
plasms and literally describes a phenomenon in which tumor
cells with epithelial features acquire a mesenchymal tendency
to break the resistance of the surrounding ECM, facilitate local
migration and invasion, and exhibit aggressive behavior [48]. It
is also a mechanism of distant metastasis, in which epithelial cells
are attacked by immune cells, or an apoptotic program is initiat-
ed when epithelial cells float away from their location, especially
when they enter the blood flow, which is the starting point of

https://jpatholtm.org/

Fig. 1. Gross finding of resected large intestine specimen of 30-year-
old patient with Crohn’s disease. Creeping fat covers more than
50% of the intestinal circumference surface with mesenteric prolif-
eration. Cobblestone mucosa and proper muscle hyperplasia that
result in intestinal stricture are also noted.

distant metastases [49].

In IBD, damaged intestinal epithelial cells are activated, and
the EMT pathway is initiated. This change can be shown by a
loss of epithelial marker expression (such as cytokeratins and E-
cadherin) in the enterocytes of inflamed foci and increased expres-
sion of mesenchymal markers (especially fibroblast markers, MMP-
2, MMP-9, ferroptosis suppressor protein 1, -smooth muscle
actin [0-SMA], and vimentin) [50].

In addition, IBD can damage vascular endothelial cells [14].
In the presence of an excessive inflammatory response, such as
hypoxia and secondary mechanical stress, endothelial cells are
activated and converted into cells with fibroblast properties.
This is called the EnMT, in which endothelial markers (VE-cad-
herin, Von Willebrand factor, and CD31) expressed in cells are
lost, and the expression of fibroblast markers increases. In the
EnMT, TGF-f, insulin-like growth factor 2, and IL-1b or TNF-,
which are pro-inflammatory components, are inducers [48,51,52].
Occasionally, this process is reversible. Bone morphogenetic pro-
tein-7 or hepatocyte growth factor can convert fibroblasts back
into endothelial cells. However, the conditions under which this
reversal pathway works remain unknown [53,54]. Cellular tran-
sitions, i.e., the EMT and EnMT, are sources of new fibroblasts
and result in excessive ECM deposition. Fibroblasts also exhibit
enhanced migratory ability. Therefore, the submucosal layer,
which is composed of loose connective tissue, is replaced with vari-
ous ECM components. As a result, the condition of the intestinal
wall impedes its flexible movement [13].

Gut microbiota
The gut microbiota is one key factor in the development of fi-
brosis in IBD [16]. It consists of bacteria, viruses, archaea, pro-
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tists, and yeast. The composition of the intestinal microbiota af-
fects the host metabolism and immune systems in various ways,
and chronic inflammatory status caused by the gut microbiota
can ultimately produce the complications of intestinal fibrosis or
strictures [55]. The stability of the intestinal microbiota supports
the barrier function of intestinal epithelial cells [56]. If the bal-
ance between beneficial and harmful bacteria is destroyed, the in-
testinal microbial barrier and anti-inflammatory regulatory path-
way can be damaged, which can eventually cause severe colitis
[57,58]. In one study, the intestinal bacterial diversity of mice was
reduced using intestinal radiation and an antibiotic cocktail treat-
ment, and that produced decreased levels of TGE, phosphorylated
SMAD?3, and SMA proteins, which in turn reduced the chronic
inflammation that plays a crucial role in intestinal fibrosis [59].
Preliminary studies of fibrosis and the microbiome have been
done [24]. Several studies have suggested that fibronectin and
collagen deposition in the intestinal wall is a response to bacte-
rial stimulation of the intestine [60,61]. In addition, several stud-
ies have reported that strictures are more frequent in patients with
CD who have higher levels of antibacterial antibodies [56,58].

HISTOPATHOLOGY

In IBD-associated fibrosis, the change in the muscular layer,
which contributes to the presence of a thickened bowel wall, is
notable (Fig. 2A). This results in both hypertrophy and hyper-
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plasia [47]. Although chronic inflammation, represented by basal
plasmacytosis, is predominant, IBD can also show a mixed inflam-
mation pattern that is accompanied by active inflammation (Fig.
2B, C). As the disease progresses, increased activation of intesti-
nal myofibroblasts results in the gradual synthesis of ECM and
contractile proteins (0-SMA and MYLK) [60]. Young fibroblasts
begin to be deposited and gradually progress to fibrosis with in-
creased deposition of ECM (collagen, fibronectin, etc.) [55]. In ad-
dition, slowed blood flow is caused by damage to highly branched
vessels (Fig. 2D). This condition often becomes refractory to
medication. Neuronal cell changes are usually observed in surgical
specimens from patients with chronic constipation without a
certain organic cause, and similarly in IBD patients, neuronal hy-
pertrophy can be a secondary reactive change [62]; however, it can
also act as a mechanism for intestinal stiffening (Fig. 2E). In tri-
chrome stain results, dissection between hyperplastic smooth mus-
cle bundles is observed to be interspersed with fibrosis (Fig. 2F).

Histopathology scoring systems for stenosis

In IBD, many scoring systems have been developed to express
disease activity, including the Geboes score and Nancy Index of
UC and the Crohn’s Disease Activity Index [63,64]. These eval-
uation methods consider not only the presence of ulcers but also
the degree of infiltration of inflammation, submucosal fibrosis,
and thickened muscularis propria. Following a recent discussion
at the Stenosis Therapy and Antifibrotic Research Consortium, a

Fig. 2. Histologic findings of Crohn’s disease. (A) Hypertrophy and hyperplasia of the submucosa and muscularis propria are present. (B)
Chronic inflammation with lymphoid aggregates and lymphoid follicles is dominant. (C) Although chronic inflammation is predominant, active
inflammation that consists of extensive neutrophilic infiltrates is also noted. (D) Fibromuscular hyperplasia of damaged submucosal vessels
causes slow blood flow. (E) Neural hypertrophy is also noted. (F) Trichrome stain reveals that dissection between the hyperplastic smooth

muscle bundles is interspersed with fibrosis.
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four-tiered system (none, mild, moderate, and severe) was con-
structed to include an evaluation of the inflammatory and fibrotic
components of each mural layer [55]. In this artificial intelligence
era, researchers have endeavored to develop a deep learning model
to evaluate intestinal fibrosis in surgical specimens for postop-
erative recurrence prediction [65,60).

Differences of intestinal fibrosis in UC and CD

UC and CD, which belong to the same IBD category but dif-
fer in their mechanisms of development and clinical features,
also show differences in IBD-related fibrosis [67]. In UC, fibrotic
changes are limited to the mucosal and submucosal layers [55].
This can shorten or stiffen the intestine, leading to motility dis-
orders. Because strictures in UC are rare and can be either be-
nign or malignant, a persistent stricture should raise suspicions
of cancer [68]. Complications that are mainly due to bowel wall
thickening, such as stricture and stenosis, are problematic in
CD. Furthermore, diffuse transmural collagen layers down to
the muscularis propria and proliferative fibroblastic infiltration
are observed. In UC, on the other hand, the progression of intes-
tinal fibrosis does not correlate with disease duration or location;
however, inflammatory activity does correlate with medical treat-
ment. In contrast, in CD, the duration and location of the disease
and type of treatment are related to the risk of intestinal fibrosis

[55,69,70].

Biomarkers and potential antifibrotic agents

Gene variants, epigenetic modifiers, antimicrobial antibodies,
ECM components, and clinical, endoscopic, or environmental fac-
tors can be used to evaluate and predict fibrosis in IBD patients
[71]. Fibrosis in CD, which causes several serious sequelae, is re-
versible, and thus it is important to develop therapeutic agents
targeting it [72]. However, no effective therapeutic agents are
available to prevent or repair the progression of fibrosis except
by suppressing inflammation, though diverse potential antifi-
brotic therapies have been proposed. Although their mechanism
is still unknown, statins (simvastatin) have been reported to ef-
fectively inhibit the progression of CD fibrosis [73,74]. In CD,
pirfenidone, Rho kinase inhibitors, TGF-P signaling inhibitors,
IL-13 inhibitors, and G31P (an antagonist of CXCL8) are also
known to be effective [75,76]. GED-0507-34, an agent with a
strong affinity for PPAR-y, has been suggested as an anti-fibrotic
agent in UC patients [77].

https://jpatholtm.org/

CONCLUSION

IBD-related intestinal fibrosis is the starting point for serious
complications in patients with refractory and poorly controlled
chronic IBD. If the uniquely activated profibrotic pathway ob-
served in IBD can be identified, it could be used as a biomarker
for targeted therapy. In addition, the gene expression signature
of fibrogenesis at diagnosis could predict the risk of surgery. In-
testinal fibrosis is an unfavorable result of the harmonic action
of intestinal epithelial cells, the microbiota, and various mesenchy-
mal components, such as the adipose tissue, fibroblasts, smooth
muscle, neural tissue, and vascular endothelial cells, at the lesion
site. It is thus necessary to pay attention to these mechanisms,
from analyzing the ECM to developing therapeutic agents that
target the main factors affecting pathogenesis, as well as eluci-
dating the mechanisms involved by using various advanced re-
search methods.
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The proteomic landscape shows oncologic relevance
in cystitis glandularis
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Background: The relationship between cystitis glandularis (CG) and bladder malignancy remains unclear. Methods: We identified the on-
cologic significance of CG at the molecular level using liquid chromatography-tandem mass spectrometry-based proteomic analysis of
10 CG, 12 urothelial carcinoma (UC), and nine normal urothelium (NU) specimens. Differentially expressed proteins (DEPs) were identi-
fied based on an analysis of variance false discovery rate <0.05, and their functional enrichment was analyzed using a network model,
Gene Set Enrichment Analysis, and Gene Ontology annotation. Results: We identified 9,890 proteins across all samples and 1,139
DEPs among the three entities. A substantial number of DEPs overlapped in CG/NU, distinct from UC. Interestingly, we found that a
subset of DEP clusters (=53, 5%) was differentially expressed in NU but similarly between CG and UC. This “UC-like signature” was
enriched for reactive oxygen species (ROS) and energy metabolism, growth and DNA repair, transport, motility, epithelial-mesenchy-
mal transition, and cell survival. Using the top 10 shortlisted DEPs, including SOD2, PRKCD, CYCS, and HCLS1, we identified func-
tional elements related to ROS metabolism, development, and transport using network analysis. The abundance of these four mole-
cules in UC/CG than in NU was consistent with the oncologic functions in CG. Gonclusions: Using a proteomic approach, we identified
a predominantly non-neoplastic landscape of CG, which was closer to NU than to UC. We also confirmed a small subset of common

DEPs in UC and CG, suggesting that altered ROS metabolism might imply potential cancerous risks in CG.
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Cystitis glandularis (CG), a common glandular lesion of the
urinary bladder, is a cystic structure with a glandular lumen sur-
rounded by outer urothelial cells that usually evolve from von
Brunn’s nests after long-standing inflammation or irritation [1].
CG with intestinal metaplasia (IM) or the presence of mucin-
containing goblet cells can produce abundant extracellular mucin
that requires differentiation from primary adenocarcinoma, urachal
adenocarcinoma, or metastatic adenocarcinoma from other organs
[1,2]. CG can also develop a mass-like florid lesion that mimics
bladder cancer on radiologic and cystoscopic examinations [3].

In addition to the clinical and histopathological disguise char-
acteristics of CG, its relationship with malignancy has been dis-
cussed in studies with contrasting results [2]. For example, the
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co-occurrence of CG and adenocarcinoma has been frequently
reported in the urinary bladder, which may indicate a connection
between these two entities [1]. Furthermore, prior studies, using
single gene or chromosome assays, underlaid the molecular basis
supporting the premalignant nature of CG with or without IM
by elucidating telomere shortening and chromosomal instability
[4], p53 loss of heterozygosity and overexpression [5], and nu-
clear B-catenin expression [6]. In contrast, other studies failed
to find a clear indication that CG, with or without IM, increased
the future risk of developing bladder cancer during years of ret-
rospective observation [7,8]. Comprehensive characterization
would greatly help identify the pathobiology and clinical impli-
cations of CG.
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In this study, we compared the proteomic landscape of CG
with that of urothelial carcinoma (UC) and normal urothelium
(NU). Differentially expressed proteins (DEPs) with functional
enrichment were analyzed in CG, UC, and NU to identify the
oncologic significance of CG at the molecular level.

MATERIALS AND METHODS

Patient selection

From the Seoul National University Hospital, 10 CG, 12 UC,
and 9 NU specimens were collected after excluding patients
who previously had any bladder tumor or intravesical treatment.
Experienced pathologists (M.]J. and H.S.R.) reviewed the diag-
noses using hematoxylin-eosin slides based on the 2022 World
Health Organization (WHO) classification [9]. All samples
wete obtained by transurethral resection of the urinary bladder,
except for one NU, which was obtained from the ureter.

Liquid chromatography-tandem mass spectrometry

Formalin-fixed paraffin-embedded slides were scrapped and
lysed in a sodium dodecyl sulfate-extraction buffer. After protein
isolation, samples were sonicated and precipitated using acetone.
Proteins were digested according to the filter-aided sample prep-
aration procedure [10]. Tandem mass tag 6-plex labeling was
employed for the peptide samples according to the manufacturer’s
instructions, with modifications. After pooling the labeled pep-
tides, the sample was separated into 12 fractions using Agilent
1290 bioinert high-pH reverse-phase liquid chromatography
(Agilent, Santa Clara, CA, USA). For each peptide fraction, liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis
was conducted using a Q-ExactivePlus mass spectrometer (Thermo
Fisher, Waltham, MA) with an Ultimate 3000 RSLC system
(Dionex, Sunnyvale, CA, USA), as previously described, with
modifications [11]. Peptides were identified using a false discovery
rate (FDR) of 1% as cutoff. Raw data are available in the Proteo-
meXchange Consortium (PXD027602) [12,13].

Proteomic data analysis

The MS raw data were processed using MaxQuant ver. 1.5.3.1
(Max Planck Institute of Biochemistry, Munich, Germany) [14]
with the Andromeda engine [15]. For label-free quantification, the
iBAQ algorithm was used on MaxQuant platform [16]. Using
normalized abundance, we identified DEPs among CG, UC,
and NU based on an analysis of variance (ANOVA) [14] test as
a cutoff for permutation-based FDR < 0.05. Subsequently, the
DEPs were hierarchically clustered based on Euclidean distance.

https://jpatholtm.org/

Following a review of their abundance, we enlisted “UC-like” DEP
clusters as “UC-like signature”, for which CG and UC overlapped
but NU did not. All analyses were conducted using Perseus ver.
1.6.14.0 (Max Planck Institute of Biochemistry).

Functional enrichment analysis

To determine the biological processes represented by the lists
of DEPs, we investigated protein-protein interactions (PPIs) using
String database [17], Gene Ontology-biologic process (GOBP)
annotation using Toppgene Suite [18], and the Molecular Signa-
tures Database (MSigDB) Hallmark gene sets using pre-ranked
Gene Set Enrichment Analysis (GSEA) [19]. To examine the as-
sociations among GOBPs, we reconstructed a network model
using REVIGO [20]. Network models of PPI and GOBP were
visualized using Cytoscape ver. 3.7.2 [21]. The z-scores of the se-
lected proteins were compared between the group with and with-
out IM using a two-tailed t-test.

RESULTS

We investigated 31 urothelial specimens, including 10 CGs,
12 UGs, and nine NUs, using a proteomic approach. A schematic
outline of this study is shown in Fig. 1. The median ages were
40, 70, and 63.5 years, respectively, and the male-to-female ratios
were 1.0, 0.4, and 0.9, respectively. Half of the specimens that con-
tained CG were accompanied by IM. All UCs were confined to the
mucosa (stage Ta), and eight (67%) were of WHO high grade.

From LC-MS/MS analysis, we identified 9,890 proteins across
all samples and 1,139 DEPs among the three entities (ANOVA
FDR <0.05). With unsupervised hierarchical clustering, a sub-
stantial number of DEPs were discovered to overlap with CG/NU
in a way distinct from UC (Fig. 2). CG was not differentiated by
the presence of IM (Fig. 2, asterisks). Interestingly, we found a
subset of DEP clusters (n =53, 5%) that were differentially ex-
pressed in NU but similarly expressed between CG and UC (Fig.
2, arrows); thus, these proteins were named as “UC-like signature”
(Fig. 3A). Since the signature were similar within each group, the
patterns of these signatures were thought to represent the general
profile of CG.

We hypothesized that this signature might represent the UC-
like characteristics of the CG. Using PPI analysis, we explored
cellular processes represented by the “UC-like signature”. This
resulted in sets of DEP networks within the “UC-like signature”,
which were enriched for reactive oxygen species (ROS) and energy
metabolism [22-24], growth and DNA repair [25,26], transport
[27,28], motility and epithelial-mesenchymal transition (EMT)

https://doi.org/10.4132/jptm.2022.10.24
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Fig. 1. Schematic outline of the study. (Top) Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based proteomic analysis of
12 urothelial carcinoma (UC),10 cystitis glandularis (CGs), and nine normal urothelial (NU) specimens identified 9,890 proteins. Formalin-fixed
paraffin-embedded (FFPE) slides were scrapped and proteins were isolated. After sonication and precipitation of samples, proteins were di-
gested according to the filter-aided sample preparation (FASP) procedure. (Bottom) Differentially expressed proteins (DEPs) were discovered
based on analysis of variance (false discovery rate <0.05), and DEPs with UC-like signatures were revealed in CG. Functional enrichment

analysis was performed for the DEPs and top 10 DEPs, respectively.

[29,30], and cell survival [31,32] (Fig. 3B). The unit associated
with ROS and energy metabolism, which was connected to the
one with growth and DNA repair functions, included the top-
ranked DEPs (e.g., SOD2, PRKCD, CYCS, and MRPL23) (Fig.
3B). Using the official pre-ranked GSEA of the “UC-like signa-
ture”, we also identified significant enrichment of ultraviolet
(UV) response (normalized enrichment score = 1.772, FDR =
0.03) for SOD2, PRKCD, and MRPL23 (Fig. 3C). UV radiation
stimulates carcinogenic sequences by promoting ROS generation
and DNA damage [33]. These data suggest that CG is predomi-
nantly a benign lesion, but oxidative stress might be a gateway
theme representing oncogenic potential in CG.

To further characterize the "UC-like signature”, we shortlisted
the top 10 most significant DEPs (Fig. 3A, asterisk), followed
by GOBP analysis (Fig. 4A). Subsequently, we constructed a
network of connections between the GOBP terms. Consistent
with the aforementioned single-protein networks, functional el-
ements related to ROS metabolism, development, and transport
were highlighted by GOBPs (Fig. 4B), which suggests that these
functions could collectively substantiate the cancerous risks in CG.

https://doi.org/10.4132/jptm.2022.10.24

Of note, GOBPs were represented almost exclusively by four
molecules, i.e., SOD2, PRKCD, CYCS, and HCLS1 (Fig. 4A),
and their abundance in UC/CG compared to NU accordantly
pointed toward oncologic functions. For example, previous studies
have shown an association of decreased level of SOD2 and increased
level of PRKCD, as observed in CG/UC versus NU, with ROS
production [22,24]. Overt oxidative stress by activating oncogenic
signaling pathways, DNA mutations, EMT, and stromal re-
modeling promotes bladder cancer development and progtession
[22]. In line with this, altered expression of CYCS and HCLS1
might deregulate oxidative respiration and the RAS signaling
pathway, thereby enhancing the malignant behavior of blad-
der cancer [23,34]. We further examined whether these four sta-
tistically and functionally significant molecules were differentially
expressed with IM and found no significant differences related
to IM (Fig. 4C).

DISCUSSION
The malignant risk of CG and its association with bladder can-
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1
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Fig. 2. Unsupervised hierarchical clustering of 1,139 differentially expressed proteins identified by an analysis of variance test of urothelial
carcinoma (UC), cystitis glandularis (CG), and normal urothelium (NU). Arrows indicate a “UC-like signature” that showed disparity between
UC/CG and NU. Asterisks indicate CG samples showing intestinal metaplasia.

cer have been disputed [1,2]. Considering the high prevalence of
CG, there is a dire need to clarify its oncologic implications. Using
LC-MS/MS, we revealed the proteomic landscape of CG in rela-
tion to malignant (UC) and normal (NU) urothelial tissues. CG
generally presented an NU-like profile, in contrast to UC, indicat-
ing the overall benign nature of CG. By retrospectively observing
a handful of patients with CG, consistent with this result, previ-
ous studies failed to confirm clear association between UC and CG
[7,8]. Conversely, we confirmed that some of the clustered DEPs
showed an opposite pattern across the diagnosis; these proteins

https://jpatholtm.org/

were shared by CG and UC but not by NU. Using functional and
network analyses, we found that these DEPs coded for ROS and
energy metabolism, growth and DNA repair, transport, motility
and EMT, and cell survival, further supporting the relation of this
“UCHike signature” with the malignant risk in CG. To our knowl-
edge, this is the first study to determine the oncogenic characteris-
tics of CG using a comprehensive proteomic analysis. Further
large-scale studies are required to determine the risks of UC devel-
opment in patients with CG.

Using an interconnected functional network analysis of the

https://doi.org/10.4132/jptm.2022.10.24
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shortlisted proteins, including SOD2, PRKCD, CYCS, and
HCLS1, ROS metabolism, structural development, and trans-
port functions were concordantly found to be significantly en-
riched in the “UC-like signature.” ROS are tightly regulated in
normal cellular environments, and increased ROS act as versatile
transducers for the generation and progression of bladder cancer
[22]. For example, both UC and CG showed downregulation of
SOD2, a scavenging molecule, and upregulation of PRKCD, an
oxidative enzyme associated with ROS accumulation. ROS im-

https://doi.org/10.4132/jptm.2022.10.24

balance induces oxidative DNA damage, mutations, propagation
of oncogenic signals including RAS, mitogen-activated protein
kinases, phosphoinositide 3-kinase, and nuclear factor kB path-
ways, EMT, and stromal modification in bladder cancer [22,24].
Consistent with this, a previous study suggested that alterations
in ROS metabolism participate in inflammation-associated can-
cer sequences [35,36]. In addition, upregulation of PRKCD can
further support a malignant phenotype in bladder cancer by
promoting migration and invasion [37]. CYCS is instrumental

https://jpatholtm.org/
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in regulating oxidative phosphorylation and energy metabo- burg effect [23]. In addition, UC and CG showed lower HCLS1
lism, and high maintenance of CYCS, as identified in UC/CG, levels than NU. HCLS]1, an actin-binding molecule supporting
could induce metabolic modification in bladder cancer, or War- cellular transport and trafficking, has been shown to result in
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adverse outcomes in bladder cancer [34,38]. We believe that the
“UC-like signature” might reflect the oncogenic pathway related
to altered ROS and energy metabolism and structural modifica-
tion in CG, and the expression of these signature proteins deserves
further study to determine the risk of aggtession in CG.

This study lacked specimens with adenocarcinoma in the anal-
ysis. The malignant association of CG with IM has been conjec-
tured, typically in terms of bladder adenocarcinoma, but definite
evidence has not been confirmed [1]. Instead, altered ROS and
energy metabolism have been implicated in the transformation
of dysplasia to adenocarcinoma in the esophagus, consistent
with the functions enriched in the “UC-like signature” [35]. In
addition, the overall proteomic profile and biomarkers relevant
to such functions showed no difference regardless of the presence
of IM in CG. However, previous studies have suggested that CG
with IM may be more advanced than CG without IM regarding
tumorigenic potential, as exemplified by more robust telomere
shortening or B-catenin activation [4,6]. Therefore, we reasonably
speculate that the “UC-like signature” might reflect the malig-
nancy risk encoded in CG irrespective of IM at a global level.

In conclusion, using comprehensive proteomic profiling, we
identified a predominantly non-neoplastic landscape of CG that
is closer to NU than to UC. Furthermore, we confirmed a small
subset of common DEPs in UC and CG, suggesting altered func-
tions of ROS metabolism that might imply potential cancerous
risks in CG.
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CASE STUDY

Metallic implant-associated lymphoma: ALK-negative anaplastic large
cell ymphoma associated with total knee replacement arthroplasty

Jai-Hyang Go

Department of Pathology, Dankook University College of Medicine, Cheonan, Korea

Metallic implant-associated lymphomas are extremely rare. Only seven cases have been reported in association with knee joint arthro-
plasty, and all tumors were large B-cell lymphomas. This report is the first case of anaplastic large cell lymphoma occurring after total
knee replacement arthroplasty. An 80-year-old female patient was admitted because of right knee pain for 2 years. She had undergone
total knee replacement arthroplasty 10 years prior. Computed tomography showed an irregular osteolytic lesion in the right lateral femo-
ral condyle, adjacent to the metallic prosthesis. Histologic findings reveal sheets of anaplastic tumor cells that were positive for CD2,
CD4, CD5, CD43, and CD30 but negative for CD3, CD20, CD15, and anaplastic lymphoma kinase. Epstein-Barr encoding region in situ
hybridization was negative. Analysis of T-cell receptor y gene rearrangement studies using BIOMED-2-based multiplex polymerase chain
reaction confirmed monoclonal T cell proliferation. The woman was finally diagnosed with ALK-negative anaplastic large cell lymphoma.
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Primary lymphoma of the bone and joint is rare. Malignant
lymphomas related to metallic implants from an orthopedic pro-
cedure, called metallic implant-associated lymphomas, are ex-
tremely rare [1]. Only seven cases of malignant lymphomas com-
plicating total knee replacement arthroplasty have been reported
and occur several years after operation; all cases were large B-cell
lymphoma [1-7].

Herein, we describe the first reported case of anaplastic large
cell lymphoma (ALCL) presenting as periprosthetic joint infec-
tion occurring 10 years after total knee replacement arthroplasty,
suggesting that patients with an inflammatory response to ortho-
pedic prostheses should be monitored carefully for an extended
time.

CASE REPORT

An 80-year-old female patient was admitted because of right
knee pain for 2 years. The pain had recently increased, although
there was no history of trauma. She had undergone total knee
replacement arthroplasty 10 years prior. Computed tomography

pISSN 2383-7837
elSSN 2383-7845

demonstrated an irregular osteolytic mass-like lesion in the right
lateral femoral condyle, adjacent to the metallic prosthesis, and
a large amount of joint effusion with periarticular soft tissue
swelling (Fig. 1), which suggested metallosis, or aseptic lym-
phocyte-dominant vasculitis-associated lesion, and infectious
arthritis. Arthrotomy, hardware removal, and anti-cement inser-
tion were performed under the clinical impression of septic knee.
Intraoperatively, synovial hypertrophy, inflammatory change,
necrotic tissue, and a mass-like lesion were observed in the right
knee joint. Histologically, several fragments of bone and soft tis-
sues were composed of sheets of anaplastic tumor cells, which
had irregularly folded nuclei, prominent nucleoli, and a modet-
ate amount of amphophilic cytoplasm (Fig. 2A). Most of the
tumor cells were positive for CD30 (Fig. 2B). The tumor cells
were also positive for CD2, CD4 (Fig. 2C), CD5, CD43 (Fig. 2D),
epithelial membrane antigen, TIA-1, perforin, and granzyme B
but negative for CD3, CD7, CD8, CD20, Pax5, CD15, CD68,
lysozyme, CD1a, and S100. These cells did not express anaplastic
lymphoma kinase (ALK). Epstein-Barr encoding region in situ
hybridization was negative. Analysis of T-cell receptor Y gene rear-
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rangement studies using BIOMED-2-based multiplex poly-
merase chain reaction confirmed monoclonal T-cell proliferation
(Fig. 3). The woman was finally diagnosed with ALK-negative

Fig. 1. Computed tomography shows an irregular osteolytic mass-
like lesion (arrow) in the right lateral femoral condyle, adjacent to the
metallic prosthesis.

R gL 4 rc"t"lfh

St T
. N} . ‘.‘? .".<.' ". 1:‘0!
| n'J % - » g ‘
5 - we - !
‘S 3* .' *,

"'. "o .:’"'“‘vl".

“%\\

ALCL. Whole body bone scan showed high "*F-fluorodeoxyglu-
cose uptake in bone and synovium at the right knee arthroplasty
removal site, with overlying soft tissue inflammation and joint
effusion. There was no evidence of other site involvement in
systemic workup, consistent with stage 1 disease. Postoperative
definite radiotherapy was administered, and the patient was in
good health at the latest follow-up (1 year). Follow-up position
emission tomography—computed tomography (PET-CT) revealed
no residual mass.

DISCUSSION

Medical devices such as breast, hip, knee, and vascular pros-
theses can be associated with malignant lymphomas. A prototype
is an entity related to breast implants, called breast implant-as-
sociated anaplastic large cell lymphoma (BIA-ALCL), and more
than 300 cases have been described in the literature [8]. Genomic
characterization of BIA-ALCL shows abnormalities similar to
those of systemic ALCL [8]. The characteristic clinical features
are late-onset implant-associated seroma occurring greater than
1-year post-operative and an indolent course. Most patients are
cured by implant removal [9]. In addition to ALCL, other types

&

e SN "‘;.@.

Fig. 2. Anaplastic tumor cells have irregularly folded nuclei, prominent nucleoli, and a moderate amount of amphophilic cytoplasm (A). Tumor

cells are positive for CD30 (B), CD4 (C), and CD43 (D).
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Fig. 3. Analysis of T-cell receptor y gene (TCRG) rearrangement us-
ing BIOMED-2-based polymerase chain reaction shows a mono-
clonal peak.

of lymphomas have been reported to be associated with breast
implants [9]. To date, 28 cases of implant-associated B-cell lym-
phoma have been reported, 18 of which were diffuse large B-cell
lymphoma (DLBCL) [10]. Although the available data regarding
causation and treatment are limited in BIA-DLBCL, the treat-
ments of BIA-ALCL and DLBCL might be similar. The majority
of these two different lymphoma types is well-localized and show
similar favorable clinical courses [10].

A prosthesis may act as an immune adjuvant [9], and an im-
mune reaction to the prosthetic material may cause T cell infiltra-
tion with later clonal expansion of T lymphocytes. A reaction to
biofilms can generate a response by stimulating toll-like recep-
tors on immune cells. Bacterial cell-wall components are potent
stimulators of these responses. Contamination of the implant with
bacterial fragments can maintain a chronic inflammatory re-
sponse [8,9]. In contrast, the implants elicit chronic immune sys-
tem stimulation against the prosthetic material, particularly in ge-
netically susceptible hosts. Therefore, polyclonal activation leads
to autoantibody formation, polyclonal hypergammaglobu-
linemia progressing to monoclonality, and B-cell lymphoma in
at-risk hosts [9].

Metallic implant-associated lymphomas are exceedingly rare
[1], with only a few cases reported. This raises suspicion of pos-
sible oncogenic properties of such materials [9]. The wear debris
of implanted synthetic materials is not biologically inert [11],
and microparticle detachment from implants might be involved
in lymphoproliferative responses and is an important factor in
the development of lymphomas [8]. Metallic implant-associated
lymphoma is thought to resemble lymphomas associated with
other chronic inflammatory conditions such as chronic osteomy-
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elitis and pyothorax, and the two share several clinicopathologic
features including development in the setting of prolonged chron-
ic inflammation, localization to a confined body space, a long la-
tency period, and the presence of large cell phenotype [11]. Most
metallic implant-associated lymphomas were of B-cell origin,
in contrast to breast implants. To the best of my knowledge, only
one case of ALCL for a tibial metal implant has been published
in the English literature [11], and another case of metallic dental
implant-associated mucosal CD30-positive T-cell lymphopro-
liferative disorder was reported in Korea [12].

Only seven cases of malignant lymphomas complicating total
knee replacement arthroplasty have been reported in the medical
literature [1-7]. The mean time between implantation of the
prostheses and lymphoma diagnosis was 7 years (range, 6 months
to 16 years). All tumors were classified as large B-cell lympho-
mas. All cases arose in the bone and five of them were found in
wear debris adjacent to the prosthesis or periprosthetic membrane.
Three cases were presented as osteolytic bone lesions with soft tis-
sue extension as is the case described above. Four patients were
treated with radiotherapy and chemotherapy, one was treated
with radiotherapy, one was treated with chemotherapy, and one
patient was not treated. Follow-up was reported in six patients,
all of them being free of disease for 8 months to 3 years. In par-
ticular, one patient was alive for 2 years without evidence of dis-
ease, even though no additional treatment was received other than
revision arthroplasty [6].

In conclusion, this is the first reported case of ALCL complicat-
ing total knee replacement arthroplasty, which can cause prosthe-
sis failure long after the placement operation. Periprosthetic pri-
mary lymphoma of the bone should be included in the differential
diagnosis of a patient presenting with knee pain, knee mass, or
lytic destruction after knee arthroplasty [5].
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Abstract

This compilation of new changes in the diagnosis
and treatment of muscle and nerve disease is
extracted from the latest publications from the
European Neuromuscular Centre International
workshops, FDA.gov and clinicaltrials.gov.

MYOPATHY UPDATES

Classification of idiopathic

inflammatory myopathies (IIlM)

e European Neuromuscular Centre (ENMC)
clinico-sero-pathological classification divides
IIM into 4 subclasses, which are associated with
myositis specific antibodies (MSAs), as outlined
in Table 1.

o MSA testing is preferentially performed prior
to immune suppression treatment but should
also be performed in patients with suspected
IIM or interstitial lung disease of unknown
etiology without prior MSA testing.

* Polymyositis no longer exists as an IIM
subclass.

Dermatomyositis (DM)

o A classification of DM cannot be made in the
absence of DM rash (Gottron’s sign, Gottron’s
papules, heliotrope rash).

Table 1. IM subtypes and their associated autoantibodies

Dermatomyositis (DM)

Inclusion body myositis (IBM)

Immune mediated necrotizing myopathy (IMNM)
Anti-synthetase syndrome (ASys)

Mi2, NXP2, TIF1y, MDAS, SAE
cN1A*

SRP, HMGCR

Jo-1, PL7, PL12, EJ, OJ, KS, Zo, Ha

*MSAs are usually mutually exclusive and specific for [IM subclasses, with the exception of cN1A

e In the presence of DM-like rash, DM can be
diagnosed if a DM-specific autoantibody is
present, ot if definitive DM muscle biopsy
features are present and are combined with
clinical signs of proximal muscle weakness or
elevated muscle enzymes.

- Definitive DM muscle biopsy findings: perifas-
cicular atrophy and/or perifascicular MxA
overexpression (Fig. 1) with rare or absent peri-
fascicular necrosis.

- Suggestive DM muscle biopsy findings:
lymphocytic infiltrates (often perivascular), evi-
dence of perifascicular disease (perifascicular
predominant fibers that are pale on COX
staining and/or positive on NCAM staining).

- DM specific autoantibodies: Mi2, NXP2,
TIF1y, MDAS, SAE. Patients are subclassified
according to that autoantibody (e.g., anti-
TIF1y DM, anti-NXP2 DM). Patients who
have DM without a DM-specific autoantibody
are subclassified as having “autoantibody
negative DM.”

sensitive and specific marker for dermatomyositis.

Antisynthetase syndrome (ASyS)

* Defined by the presence of an antibody to
aminoacyl tRINA synthetase (ARY), together
with a single or combination of the following
clinical manifestations:

- Myositis

- Polyarthritis

- Interstitial lung disease

- Mechanic hands

- Raynaud phenomenon

e ASyS patients with a DM-like rash are not
classified as DM, but as “ASyS with a DM-like
rash.”

* Pathology is characterized by:

- Perifascicular pathology with necrotic myofi-
bers and nonnecrotic fibers with sarcolemmal
C5b-9 (MAC) expression

- Perimysial connective tissue with substantial
edema, fragmentation, and mixed mononucle-
ar inflammation

- MHC1 sarcoplasmic expression and nuclear
actin inclusions in myofibers

Immune mediated necrotizing

myopathies (IMNM)

* Anti-HMGCR and anti-SRP autoantibodies
are considered specific for IMNM.

* Patients with anti-HMGCR antibody and a
DM:-like rash will be classified as having
“anti-HMGCR myopathy with a DM-like
rash,” while patients with anti-SRP antibody
and a DM-like rash will be classified as having
“anti-SRP myopathy with a DM-like rash.”

e Pathology requires diffusely scattered necrotic
fibers at different stages of resolution and
macrophage dominant, pauci-lymphocytic
inflammation.
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Sporadic inclusion body myositis

(sIBM)

* The pathologic criteria for sSIBM include:

- Endomysial T cell inflammation with invasion
of non-necrotic fibers

- Rimmed vacuoles

- P62 or TDP-43 positive protein aggregates or
15-18 nm filaments (tubulofilamentous
inclusions) on electron microscopy

* Anti-cN1A autoantibody is present in 30%—
70% of sSIBM patients but has also been found
in DM and other systemic autoimmune diseases
such as Sjogren’s and lupus.

e Clinically, elderly patients with asymmetric
muscle weakness and atrophy of proximal and
distal muscle groups, with predilection for
wrist and finger flexors and knee extensors.

¢ Usually refractory to immunosuppressive
therapies.

Limb girdle muscular dystrophies

(LGMD)

e The definition and nomenclature of LGMD
have been re-defined in the 2017 ENMC
international workshop as a genetically inher-
ited condition that primarily affects skeletal
muscle leading to progressive, predominantly
proximal muscle weakness at presentation
caused by a loss of muscle fibers.

¢ All LGMD subclasses must fulfill all of the
following:

- Described in at least two unrelated families

- Patients have achieved independent walking (to
differentiate from congenital muscular
dystrophies)

- Elevated serum creatine kinase

- Degenerative changes on muscle imaging over
the course of disease

- Dystrophic changes on muscle histology,
ultimately leading to end-stage pathology

* New nomenclature: change from the alphanu-
meric system to include the name of the
affected protein and mode of inheritance (D for
dominant, R for recessive, X for X-linked);
examples listed in Table 2.

e Some previous LGMD subclasses no longer
fulfill the new LGMD definition (Table 3).

Table 2. Old vs new LGMD nomenclature

Myofibrillar myopathies (MFM)

* MFM is a group of disorders associated with
myofibrillar degradation that begins in the Z
disk.

e Histologically characterized by sarcoplasmic
pleomorphic amorphous, granular or hyaline
protein aggregates on Gomori trichrome
(Fig. 2), and positive for desmin immunostain.

 Most contain mutations in Z disk associated
protein coding genes: DES, CRYAB, MYOT,
ZASP, FLNC, BAG3.

e Patients with mutations in FHLI, DNAJBO,
HSBPS, TTN, ACTAI, PLEC, and LMNA
have also been associated with MEM pheno-

type.
Myotonic dystrophy (DM1/DM2)

e Autosomal dominant multi-system diseases
with the common features of myotonia and
progressive muscle weakness. There are two
main forms: DM1 and DM2.

® DM1 is caused by CTG trinucleotide repeats in
the 3 untranslated region of DMPK. DM1
shows striking anticipation, with age at onset
decreasing by 20-30 years per generation.

* DM1 muscle pathology is characterized by
markedly increased internalized nuclei, often in
chains and ring fibers, in a background of
chronic myopathy.

® DM2 is caused by CCTG repeat expansion in
intron 1 of CNBP (ZNF9). Additionally,
CLCNI and SCN4A are disease modifying
genes whose mutations may exaggerate DM?2
phenotype; they therefore should be included

stain.

Previous name Gene New name
LGMD 1D DNAJB6 LGMD D1 DNAJB6-related
LGMD 1l CAPN LGMD D4 Calpain3-related
LGMD 2A CAPN LGMD R1 Calpain3-related
LGMD 2B DYSF LGMD R2 Dysferlin-related

Table 3. Previous LGMD subtypes that are no longer considered LGMD

Previous name Gene New name
LGMD 1A MYOT Myofibrillar myopathy
LGMD 1B LMNA Emery-Dreifuss muscular dystrophy
LGMD 1C CAV3 Rippling muscle disease
LGMD 1E and 2R DES Myofibrillar myopathy
LGMD 1H unknown n/a
LGMD 2V GAA Pompe disease/acid maltase deficiency

n/a, not available

in DM2 genetic screening.

® DM2 muscle pathology is characterized by type
2 atrophy and frequent internalized nuclei
predominantly in type 2 fibers.

GENE THERAPIES

Gene replacement therapies for

hereditary neuromuscular diseases

¢ Adeno-associated virus (AAV) based gene deliv-
ery vectors can produce replacement proteins in
patients with loss of function mutations, such
as spinal muscular atrophy (SMA) or Duch-
enne’s muscular dystrophy. The vector does not
integrate into the patient’s genome and has a
low immunogenicity.

o CRISPR-Cas9-mediated gene editing does
incorporate into the patient’s genome and can
permanently replace a deleterious mutation in
patient with conditions such as hereditary
transthyretin-mediated (hbATTR) amyloidosis.

* Both methods entail only a single intravenous
injection and thus have a clear advantage over
siRNA based and antisense oligonucleotide
(ASO) based therapies, which require serial
infusions.

FDA approved gene therapy for

neuromuscular diseases

e Zolgensma (Novartis) is the first ever FDA
approved (2019), intravenously delivered,
AAV9 vector mediated SMN gene therapy for
spinal muscular atrophy.

New gene therapies currently in clinical

trials

® NTLA-2001 is a CRISPR-Cas9-mediated gene
editing construct that targets JATTR amyloi-
dosis in a phase II-I1I trial for adults with
polyneuropathy or cardiomyopathy
(NCT04601051).

¢ SRP-9001 (Sarepta), SGT-001 (Solid Biosci-
ences) and PF-06939926 (Pfizer) are AAV
based micro-dystrophin constructs in phase III
trials for DMD (NCT03375164,
NCT03769116, NCT04281485).

¢ SPK-30006 (Spark Therapeutics) is an AAV
based human GAA gene construct in a phase I/
11 trial for adult onset Pompe disease

(NCT04093349).
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