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Abstract

The expression of major histocompatibility complex class I (MHC I) in tumor cells is regulated by interferon signaling, and it is an
important factor in the efficacy of cytotoxic T cell-dependent immunotherapy. To determine the impact of immune cells in MHC I
expression on tumor cells, we compared the expression of MHC I in tumor cells derived from primary breast cancers and patient-
derived xenograft (PDX) models. MHC I and myxovirus resistance gene A (MxA) expression were analyzed using immunohis-
tochemistry in 23 cases of tumor tissue and corresponding primary and secondary PDXs. The median H score of MHC I was 210
(0-300) in patient tumor tissues, 197.5 (0-300) in primary PDX tumors, and 157.5 (5-300) in secondary PDX tumors. Cases were
divided into four groups based on the difference in MHC 1 expression between the patient tumor tissues and secondary PDXs.
Eleven cases constituted the high MHC I group, four constituted the low MHC I group, six comprised the decreased MHC I group,
and two comprised the increased MHC 1 group. MHC I and MxA expressions in each tumor were weakly correlated within patients’
tumors, while strongly correlated within PDX models. Retained or altered expression of MHC 1 in breast cancer PDXs reveals the
presence of intrinsic and extrinsic interferon signaling pathways in tumor cells. Thus, considering MHC I expression in PDX is
important when using PDX models to evaluate the efficacy of cancer immunotherapy in a preclinical setting.
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Introduction adoptive T cell therapies using chimeric antigen receptor T

(CAR-T) cells have been reported to be effective in various
Immunotherapy has recently become a mainstay of cancer  tumor types. Immunotherapy has been approved by the US
treatment, particularly since checkpoint inhibitors and  Food and Drug Administration for the treatment of malignant
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melanoma, non-small cell carcinoma, renal cell carcinoma,
urothelial carcinoma, head and neck cancer, Hodgkin lympho-
ma, non-Hodgkin lymphoma, and acute lymphoblastic leuke-
mia [1, 2]. However, as with other therapeutic anticancer treat-
ments, cancer immunotherapy has its limitations, including
intrinsic and acquired resistance [3]. Studies of cancer immu-
notherapy have begun to reveal the mechanisms of cancer
immunotherapy resistance. Tumor-intrinsic factors include
expression of immune checkpoints, low mutation rate, muta-
tion in interferon signaling pathway molecules, and loss of
major histocompatibility complex class [ (MHC I) expression,
while tumor-extrinsic factors include paucity of tumor-
infiltrating lymphocytes (TILs), infiltration of immune sup-
pressive cells, and alteration of immune checkpoints that are
targets of specific inhibitors. Tumor-intrinsic and tumor-
extrinsic factors both contribute to cancer immunotherapy re-
sistance [3].

Most immunotherapies are dependent upon the action of
cytotoxic T cells. Cytotoxic T cells recognize cancer cells via
the interaction between T cell receptors (TCR) and the
peptide-MHC complex [4]. Therefore, the expression of
MHC I and presentation of tumor cell antigens are critical
for the effectiveness of most immunotherapies. MHC expres-
sion level varies widely between tissue types and is known to
be stimulated by interferon signaling [4, 5]. The interferon
signature can be evaluated with gene expression analyses or
immunohistochemistry for biomarkers including myxovirus
resistance gene A (MxA), which is one of the most prominent
interferon-stimulated genes in vertebrate and is highly activat-
ed by type I and III interferons upon viral infection [6].
Although an in-depth understanding of tumor cell MHC ex-
pression could provide effective ways to overcome immuno-
therapy resistance, the mechanisms of MHC expression in
breast cancer tissues are currently not well understood.
Previous studies by the authors examined the relationship be-
tween the expression of estrogen receptors (ER), MHC I, and
interferon signaling molecules and TILs in breast cancer [7,
8]. Tumors with high ER expression showed decreased ex-
pression of MHC I and interferon signaling molecules includ-
ing MxA. These tumors also showed lower levels of TILs,
suggesting that suppressed interferon signaling via the ER
signaling pathway plays a role in the decreased expression
of MHC I on tumor cells, resulting in reduced antigen presen-
tation and infiltration of cytotoxic T cells. However, tumors
with an intrinsically high level of interferon signaling may
present more of their antigens, thus facilitating the infiltration
of cytotoxic T cells, which produce and release interferon into
the microenvironment. Therefore, MHC I expression on such
tumor cells may be increased further. To evaluate the differ-
ence in MHC 1 expression between primary tumors and
patient-derived xenograft (PDX) models, we performed
MHC I immunohistochemical staining in primary and PDX
tumors. In addition, we explored interferon signaling status

@ Springer

via immunohistochemical staining of MxA. The relationship
between the concentration of TILs in primary tumors and
MHC I expression in primary tumors and PDX models was
also analyzed.

Materials and methods

Origin of patient-derived xenograft (PDX) mouse
model

Beginning in 2016, breast cancer tissues were collected during
surgery from 23 patients with or without neoadjuvant system-
ic chemotherapy (after obtaining informed consent prior to
surgery). All cancer tissues were derived from the breast ex-
cept one, which was collected from a metastatic lesion in a
lymph node. To derive the PDX mouse model implanted with
tumor tissues, four tumor fragments (4 mm?) from each tumor
sample were implanted into the bilateral inguinal mammary
fat pads of 4- to 6-weck-old female immunodeficient
nonobese diabetic CB17_Prkdcssevere combined immunodeficiency
6¢id) mice (NOD-SCID mice, Koatech Inc., Seoul, Korea) or
NOD.Cg-Prkdcscid 112rgtmIWjl/SzJ mice (NSG mice,
Jackson Laboratory, Bar Harbor, ME, USA). To stimulate
the growth of breast cancer tissue in the PDX mouse model,
an estradiol pellet (Innovative Research of America, Sarasota,
FL, USA) was implanted under the skin of the upper back, as
described previously [9]. Body weight and tumor growth were
monitored once a week. When tumors reached 1 cm in diam-
eter, they were excised and some fragments were cryopre-
served for future analysis, while other fragments were re-
transplanted to NOD-SCID mice for functional assays.

Interferon treatment of PDX mouse model

Two tertiary PDX mice from one patient (BC16158) were
treated with interferon—y. When implanted tumors in the
PDX mice reached 600—-800 mm?>, the PDX mice were
injected with interferon—y (1.5 pg/mice, Peprotech, Rocky
Hill, NJ, USA) intraperitoneally in one mouse and
intratumorally in the other. The tumors were excised 3 days
after injection and examined with immunohistochemistry.

Histological evaluation of breast cancer tissues

After collecting tissues for PDX, hematoxylin and eosin
(H&E)-stained slides were prepared from surgical specimens
from the remaining tumor tissues and were reviewed by two
pathologists (HJL and IHS). Slides were histopathologically
analyzed to determine the percentage of TILs (defined as
mean percentage of the stroma from the invasive carcinoma
infiltrated by lymphocytes and plasma cells in 10% incre-
ments; if less than 10% of stroma was infiltrated by TILs,
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1%, 2%, or 5% criteria were used; all available full-sections
were evaluated) [10]. Histological subtype and grade, tumor
size, pT stage, pN stage, and lymphovascular invasion were
also evaluated. For subtyping, cancer tissues from the patients
and PDXs were immunohistochemically stained for detection
of ER (1:200; NCL-L-ER-6F11, Novocastra, Newcastle-up-
on-Tyne, UK), progesterone receptors (PR, 1:200; NCL-L-
PGR-312, Novocastra), and HER2 (1:8; 88-4422, Ventana
Medical Systems, Tucson, AZ, USA). ER and PR levels were
considered positive if the Allred score was higher than 2 [11].
Hormone receptor-positive (HR™) tumors were defined as
those with positive ER and/or PR staining. HER2-
overexpressing tumors were defined as those with scores of
3+ by immunohistochemistry or gene amplification by silver
in situ hybridization [12]. Triple-negative breast cancer
(TNBC) was defined as tumors showing negative results for
ER, PR, and HER2. Histological type was defined based on
the 2012 World Health Organization (WHO) classification
criteria, and histological grade was assessed using the modi-
fied Bloom-Richardson classification [13].

Immunohistochemistry of MHC | and MxA

Whole sections of tumors were immunostained with antibod-
ies for MHC 1 (HLA-ABC, 1:1600; ab70328, EMRS-5,
Abcam) and MxA (1:1000; ab95926; Abcam, Cambridge,
UK). The immunostaining intensity was evaluated as a four-
value intensity score (0, 1, 2, and 3), and the percentage of
membranous and/or cytoplasmic expression was also evaluat-
ed. An “H score” was generated by summing the products of
the intensity and the percentage of positive cells (H score = (%
of cells stained at intensity score 1 x 1) + (% of cells stained at
intensity score 2 X 2) + (% of cells stained at intensity score
3 x 3)). If multiple tumors of the same generation from the
same patient were stained, the median of the H scores was
used to compare the changes in HLA-ABC and MxA expres-
sion according to PDX generation.

The Cancer Genome Atlas (TCGA) data

A total of 1100 breast-invasive carcinoma samples (TCGA,
Provisional) were analyzed for the correlation between
IFNAI, IFNA2, IFNBI, IFNG, MXI1, HLA-A, HLA-B, and
HLA-C mRNA expression (RNA Seq V2 RSEM) via
cBioPortal (www.cbioportal.org) [14, 15].

Statistical analysis

SPSS version 20 (SPSS, Chicago, IL, USA) was used to carry
out the statistical analyses. Mann-Whitney test and Spearman
correlation were used to determine significance. All the tests
were two-sided and were performed using a significance level
of a=0.05.

Results
Clinicopathologic characteristics of the patients

Table 1 summarizes the clinicopathologic characteristics of
the 23 patients. Median tumor size was 3.5 cm (1.5-11.5).
Twenty patients were diagnosed with primary breast cancer,
and surgical breast cancer tissues were used to generate PDX
tumors. Among them, 16 patients (70%) had received neoad-
juvant systemic therapy prior to surgery. One patient (4%) had
undergone breast cancer surgery, and lymph node metastasis
of the cancer was diagnosed 11 months after surgery.
Metastatic lymph node tissue from this patient was used for
the generation of PDX. When hormone receptor and HER2
expression status was classified, two (9%) were HR+/HER2—
type, one (4%) was HR+/HER2+ type, and 20 (87%) were
TNBC. The subtypes of the generated PDXs were the same as
the patients’ tumors in 20 of 23 cases. In three cases
(BC16036, BC16110, and BC18050), primary and secondary
PDXs were HR+ type while the patients’ tumors were TNBC.
The median TIL level was 10% (1-80%) in patient tumor
tissues. Median number of primary and secondary PDX tu-
mors was 2 (1-2) and 4 (1-10), respectively. In total, 37 pri-
mary PDX tumors and 98 secondary PDX tumors were
analyzed.

One-third of PDX tumors showed abrupt changes
in MHC | expression

The median H score of MHC 1 was 210 (0-300) in patient
tumor tissues, 197.5 (0-300) in primary PDX tumors, and
157.5 (5-300) in secondary PDX tumors. For MxA, the me-
dian H score was 130 (5-280), 90 (10-285), and 81 (21-289)
in patient tumors, primary PDX tumors, and secondary PDX
tumors, respectively (Fig. 1). H scores of MHC I and MxA
expression in different tumors of secondary PDX could be
compared in 18 cases. Median of the difference in H scores
was 25 (0-180) for MHC I and 60 (15-210) for MxA.

H scores of MHC 1 in patient tumor tissues showed a
wide range of distribution (Fig. 2). Based on the changes
in MHC I expression between patient tumor tissues and
secondary PDXs, samples were divided into four groups:
(1) high MHC I group, high expression of MHC 1 (H
score > 150) in patient tumors, primary PDXs, and sec-
ondary PDXs (median H score, 260; range of H score,
157.5-300; range of H score change, — 123-37); (2) low
MHC I group, low expression of MHC I (H score <100)
in patient tumors, primary PDXs, and secondary PDXs
(median H score, 17.8; range of H score, 0-80; range of
H score change, —19-27); (3) increased MHC I group,
low expression of MHC I in the patient tumors and high
expression in primary and secondary PDXs (range of H
score change; 160-250); and (4) decreased MHC 1 group,
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Table 1 Clinicopathological characteristics of the patients according to
tissue source

Clinicopathologic ~Primary tumor, did Primary tumor, =~ Metastasis,
variables not receive received lymph
neoadjuvant neoadjuvant node
therapy (n = 6) therapy (n=16) (n=1)
Age (years old)

Median (range) 46 (33-51) 41 (31-69) 62
Tumor size (cm)  2.85 (1.7-5) 3.7 (1.5-11.5) 2.5
Subtype

HR+/HER2- 1 (16.7%) 1 (6.25%) 0 (0%)

HR+/HER2+ 0 (0%) 1(6.25%) 0 (0%)

HR-/HER2+ 0 (0%) 0 (0%) 0 (0%)

TNBC 5(83.3%) 14 (87.5%) 1 (100%)
Histologic type

IDC, NOS 5(83.3%) 16 (100.0%) 1 (100%)

Metaplastic 1 (16.7%) 0 (0%) 0 (0%)

carcinoma
Histologic grade

2 0 (0%) 1 (6.25%) 1 (100%)

3 6 (100%) 15 (93.75%) 0 (0%)
LVI

Absent 4 (66.7%) 7 (43.75%) NA

Present 2 (33.3%) 9 (56.25%)

TIL (%) 20 (0-80) 10 (0-60) 10
TNM stage

1 1 (16.7%) 2 (12.5%) 0 (0%)

II 5(83.3%) 6 (37.5%) 0 (0%)

I 0 (0%) 8 (50%) 1 (100%)

v 0 (0%) 0 (0%) 0 (0%)
Miller-Payne grade

1 8 (50%)

2 4 (25%)

3 4 (25%)

RCB class
I 6 (37.5%)
I 10 (62.5%)

HR, hormone receptor; /IDC, invasive ductal carcinoma; LVI,
lymphovascular invasion; NA, not available; NOS, not otherwise speci-
fied; PDX, patient-derived xenograft; RCB, residual cancer burden; 77L,
tumor-infiltrating lymphocyte; 7NBC, triple-negative breast cancer

lower expression of MHC I in PDXs than patient tumors
(range of H score change, —85 to —210). Eleven out of
twenty-three cases were in the high MHC 1 group, four
were in the low MHC I group, six were in the decreased
MHC I group, and two cases were in the increased MHC 1
group. One case with a PDX generated from a metastatic
lymph node was in the decreased MHC I group (Table 2).
Three cases (BC16036, BC16110, and BC18050) were
obtained from TNBC patient tumors, but showed HR+
type in primary and secondary PDXs. They were
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classified in the high MHC I group, the decreased MHC
I group, and the high MHC I group, respectively.

Tumors in the high MHC I group showed significantly
higher MHC 1 expression H scores in patient tumor tissues
(Mann-Whitney U test, P=0.005) and primary (P =0.009)
and secondary PDXs (P = 0.009), and higher MxXA expression
in primary (P =0.009) and secondary PDXs (P =0.036) than
those in the low MHC I group. Tumors in the high MHC 1
group also showed significantly higher MHC T expression H
scores in patient tumor tissues (P =0.007) and primary (P =
0.001) and secondary PDXs (P=0.001), and higher MxA
expression in secondary PDXs (P =0.014) than those in the
decreased MHC I group. Tumors in the decreased MHC 1
group showed significantly higher MHC I expression H
scores in patient tumor tissues (P =0.036) and primary
PDXs (P=0.036), and marginally or significantly higher
MxA expression in patient tumor tissues (P =0.054) and pri-
mary PDXs (P =0.036) than those in the low MHC I group.
The high MHC I group showed higher Ki-67 labeling index
than the decreased MHC 1 group, which was statistically sig-
nificant, but the difference was small (median percentage,
80% versus 75%; P=0.043). The percentage of TIL was
higher in the high MHC I group than in the other groups,
but it was not statistically significant.

MHC | expression was strongly correlated
with expression of MxA in PDX

We analyzed the correlation between MHC 1 and MxA ex-
pression in each tumor. In general, expression of both proteins
was strongly correlated (Spearman’s p=0.628, P<0.001).
However, the correlation between these proteins in patient
tumor tissues was weak and not statistically significant (Fig.
3, p=0.276, P=0.202). In contrast, their correlation in PDXs
was strong and significant (primary, p = 0.692, P <0.001; sec-
ondary, p=0.699, P<0.001).

MHC | expression in PDX models showed marked
change after interferon-y treatment

We compared the MHC I expression in the tumors from PDXs
treated with interferon—y with that in control PDX by immu-
nohistochemistry. Both of the two tumors showed markedly
higher MHC I expression (H scores, 170 and 270) compared
with that of control PDX (H score, 90).

HLA-A, HLA-B, and HLA-C expression was correlated
with IFNB1, IFNG, and MX1 expression in TCGA data

We investigated the correlation in 1100 breast-invasive carci-
noma samples of TCGA [14, 15] between [FNBI, IFNG and
MX1 expression and HLA-A, HLA-B, and HLA-C expression.
MX1 expression showed significant, positive correlation with
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Fig. 1 Expression of MHC I and MxA in tumors from patient tumor tissues and primary (1') and secondary (2') PDXs

IFNBI, IFNG, HLA-A, HLA-B, and HLA-C expression (p =
0.56, 0.33, 0.56, 0.62, and 0.50, respectively; P=0.03, 0.05,
0.03, 0.02, and 0.03, respectively; Supplementary Fig. S1).
IFNBI expression was positively correlated with HLA-A and
HLA-B expression (p=0.36 and 0.41, respectively; P=0.05
and 0.04, respectively). IFNG expression was also positively
correlated with HLA-A, HLA-B, and HLA-C expression (p =
0.53, 0.60, and 0.41, respectively; P=0.03, 0.03, and 0.04,
respectively). IFNAI and IFNA2 did not show statistically
significant correlation with other interferon-related molecules
and HLA molecules (data not shown).

Discussion

Breast cancer is a heterogeneous disease with various geno-
types and phenotypes. The in vivo PDX model is a better tool
for analyzing individual tumor responses to therapies than an
in vitro cancer cell culture. Orthotopic PDX models such as
those used in the present study, in which breast cancer tissues
are implanted in the inguinal mammary fat pads of mice, can
provide a similar breast stromal microenvironment for the
growth of cancer cells [16]. Although PDX models showed
rapid accumulation of copy number alterations and clonal se-
lection during PDX passaging [17, 18], these models faithful-
ly conserved the genetic patterns of the corresponding tumors,
and their clinical responses to drugs were significantly asso-
ciated with therapeutic outcomes of the corresponding PDXs
to the same drugs in 87% of the patients (112/129 clinical
correlation across 92 patients with cancer) [19].

To prevent the rejection of implanted tumors, PDX models
are generated using immune-deficient mice, such as the NOD-
SCID or NSG mice. Lack of a functioning immune system in
these immune-deficient mice precludes the active engagement

of PDX models in cancer immunotherapy evaluation.
However, PDX models can be used to evaluate the efficacy
of adoptive T cell immunotherapy [20]. Jespersen et al. com-
pared the clinical and PDX responses to adoptive TIL therapy
in patients with melanoma and found correlation between
them [21]. Recently, humanized PDX models have been de-
veloped as well to improve the quality of human immune cell
reconstitution. They showed a high success rate of tumor en-
graftment and are expected to enable in-depth
oncoimmunological analysis [22, 23].

Differentially expressed genes in PDX models compared
with corresponding human tumor tissue have been analyzed
[24, 25]. In general, gene expression is highly correlated for
tumors and corresponding PDX models (Spearman’s correla-
tion coefficient 0.82—0.97; 58 patients with eight different
tumor types). However, immune-related genes, including
HLA-DPAI, HLA-DPBI, and HLA-DRA, were identified as
differentially expressed between patients’ tumor tissues and
their PDX tissues [24]. We found abrupt changes in MHC 1
expression in approximately one-third of PDX models. We
claim that since PDX models have great potential to assist
medical caregivers in their selection of drugs specific to the
needs of each patient, possible changes in the expression of
MHC molecules in PDX models must be considered very
carefully, especially when testing for immunotherapeutic
agents that are dependent on the activity of T cells after en-
gagement of TCRs with the peptide-MHC complex of tumor
cells.

We also found changes in the expression of MxA, a protein
involved in interferon signaling. We also found that MHC 1
expression in two PDX models was strongly increased after
interferon injection. Activation of the interferon signaling
pathway is associated with changes in various molecules im-
portant for immune response. The antigen presentation
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mechanism, including MHC molecules, is also regulated by
interferon [4], as are immunoproteasomes.
Immunoproteasomes are specialized proteasomes which de-
grade intracellular protein, have different components than
ordinary proteasomes, and have different preference of cleav-
age activity [26]. Since immunoproteasomes are induced by
interferon, changes in the interferon signaling pathway may
influence the presented antigen repertoire in PDX tumor
models. Therefore, these changes in antigen presentation
may also affect the results of immunotherapy agents in PDX
models.

The significance of interferon signaling in the tumor mi-
croenvironment for the control of cancer was revealed over
40 years ago [27]. Loss of interferon signaling was associated
with less effective immune cell function, including cytotoxic
T cells, dendritic cells, and natural killer (NK) cells [28].

Fig. 2 Changes in tumor MHC 1
and MxA expression by PDX

MHC | b

Interferon signaling also plays a role in the suppression of
regulatory T cell (Treg) proliferation and accumulation of
myeloid-derived suppressor cells [29]. Sources of interferon
in the tumor microenvironment are primarily immune cells,
such as plasmacytoid dendritic cells and T cells [30]. Recently,
however, intrinsic secretion of interferon from tumor cells has
been examined and shown to be an important factor in the
efficacy of anticancer treatment [28, 31]. Our finding that
approximately one-half of PDX tumors retained high levels
of MHC I and MxA expression, as well as strong, significant
correlation of MHC I and MxA expression in PDXs rather
than patient tumor tissues, suggests the presence of tumor cell
intrinsic interferon signaling without exogenous interferon
from immune cells. However, cases with decreased expres-
sion of MHC I and MxA in PDXs compared with tumor
tissues might be highly influenced by exogenous interferon
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Table 2 Clinicopathological
characteristics of the patients
according to changes in MHC [
expression in PDXs

High (n=11) Low (n=4) Increased (n=2) Decreased (n=6)

Age (years old)

Median (range) 43 (33-51) 36 (33-57) 60 (51-69) 47 (33-62)
Neoadjuvant therapy

No 3 (27.3%) 0 (0.0%) 0 (0.0%) 3 (50.0%)

Yes 8 (72.7%) 4 (100.0%) 2 (100.0%) 3 (50.0%)
Tissue source

Primary tumor 11 (100%) 4 (100%) 2 (100%) 5 (83.3%)

Lymph node 0 (0%) 0 (0%) 0 (0%) 1 (16.7%)
Ki-67 (%) 80 (50-90) 75 (30-90) 70 (70-70) 75 (60-80)
Subtype

HR+/HER2— 1(9.1%) 0 (0%) 0 (0%) 1 (16.7%)

HR+/HER2+ 0 (0%) 1 (25%) 0 (0%) 0 (0%)

TNBC 10 (90.9%) 3 (75%) 2 (100%) 5(83.3%)
TIL (%) 20 (2-80) 2 (1-10) 10 10 (2-20)
MHC I H score

Patient 260 (190-300) 27.5 (0-35) 30 (10-50) 190 (110-230)

1’ PDX 267.5 (197-300) 10 (0-80) 150 (130-170) 94 (20-200)

2’ PDX 251 (157-300) 30.3 (8-62) 182.5 (65-300) 16 (5-125)
MxA I H score

Patient 200 (5-280) 12.5 (5-235) 170 (160-180) 55 (15-230)

1’ PDX 180 (40-285) 21 (15-135) 205 (170-240) 44 (35-275)

2’ PDX 187.5 (25-288) 42 (22-285) 205 (145-265) 40 (28-69)

HR, hormone receptor; PDX, patient-derived xenograft; 7/L, tumor-infiltrating lymphocyte; TNBC, triple-

negative breast cancer

in the tumor microenvironment, and loss of such cytokines in
PDXs was associated with decreased expression of interferon-
inducible molecules.

The low MHC I group shows the lowest MxA H score in
patient tumor tissues and primary PDXs and the second lowest
MxA H score in secondary PDXs following the decreasing
MHC I group. The low MHC I group also shows lower levels
of TILs in patient tumor tissues than all other groups.
Therefore, these tumors are thought to be less influenced by
interferon signaling in the tumor microenvironment. Since the

presence of TILs and increased expression of MHC I are pre-
dictive factors for immunotherapy efficacy, we claim that ef-
forts to change these immunologically cold tumors to hot tu-
mors are necessary for these patients [3].

We analyzed the expression of MHC I and MxA in differ-
ent secondary PDX tumors. Although a few cases showed
considerable differences (for example, secondary PDXs from
BC16036 showed difference of MxA expression of up to 215
in H score.), the difference was generally low. Eirew et al.
explored breast cancer PDX models using single-cell
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sequencing methods [18]. The majority of cases showed high-
ly skewed clonal dynamics in which initially minor preva-
lence clones expanded to dominant clones following PDX
passages. However, different tumors in different mice from
the same tumor population (the same passage) showed similar
clonal dynamics, suggesting the presence of a shared deter-
ministic mechanism for clonal expansion.

A limitation of this study is we cannot assess interferon
itself. Because interferons are secretory molecules, secretion
of interferons is detected by ELISA or intracellular staining of
interferons after blocking secretory activity to detect interfer-
on level. Only formalin-fixed paraffin-embedded tissue sam-
ples for primary tumors were available, and immunohisto-
chemistry cannot detect secreted molecules; thus, MxA was
used as a surrogate marker of the interferon signaling pathway.

In conclusion, we identified retained or changed expression
of MHC T in breast cancer PDXs. Our study suggests that
consideration of the MHC I expression level in PDX tumor
models is necessary when using these models to evaluate can-
cer immunotherapy efficacy in a preclinical setting. Further
research including the injection of human immune cells to
PDX models would be beneficial to understand the effect of
interferon signaling to the tumor MHC I expression.
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