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Abstract. In the majority of human tumors, downregula-
tion of major histocompatibility complex class I (MHC-I)
expression contributes to the escape from the host immune
system and resistance to immunotherapy. Relevant animal
models are therefore needed to enhance the efficacy of cancer
immunotherapy. As loss of -2 microglobulin expression
results in irreversible downregulation of surface MHC-I
molecules in various human tumors, the -2 microglobulin
gene (B2m) was deactivated in a mouse oncogenic TC-1 cell
line and a TC-1/dB2m cell line that was negative for surface
MHC-I expression was derived. Following stimulation with
interferon y, MHC-I heavy chains, particularly the H-2D°
molecules, were found to be expressed at low levels on the
cell surface, but without 3-2 microglobulin. B2m deactivation
in TC-1/dB2m cells led to reduced proliferation and tumor
growth. These cells were insensitive to DNA vaccination and
only weakly responsive to combined immunotherapy with a
DNA vaccine and the ODN1826 adjuvant. In vivo depletion
demonstrated that NK1.1* cells were involved in both reduced
tumor growth and an antitumor effect of immunotherapy.
The number of immune cells infiltrating TC-1/dB2m-induced
tumors was comparable with that in tumors developing from
TC-1/A9 cells characterized by reversible MHC-I down-
regulation. However, the composition of the cell infiltrate was
different and, most importantly, infiltration with immune cells
was not increased in TC-1/dB2m tumors after immunotherapy.
Therefore, the TC-1/dB2m cell line represents a clinically
relevant tumor model that may be used for enhancement of
cancer immunotherapy.
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Introduction

During tumor development, oncogenic cells are under the
surveillance of the host immune system. This leads to the
selection of cells with adaptations that confer a survival
advantage (1). The reduced expression of surface major histo-
compatibility complex class I (MHC-I) molecules is one of
the most frequent mechanisms of evasion from immune reac-
tions in different human tumors, ranging from 15% in renal
carcinoma to 93% in lung cancer and >75% in most types of
epithelial-derived tumors (2). The majority of MHC-I aberra-
tions are reversible and are often associated with defects in the
antigen-processing machinery (APM). In that case, reduced
MHC-I expression is usually caused by epigenetic silencing
of the genes coding for MHC-I heavy chains or APM compo-
nents (3) and may be restored by cytokines [e.g., interferon
(IFN)-vy or tumor-necrosis factor (TNF)-a]. Mutations or
chromosomal aberrations that affect genes encoding MHC-I
heavy chains, -2 microglobulin, proteins regulating MHC-I
expression, or APM components, are responsible for the
irreversible changes in surface MHC-I expression detected in
approximately one-third of human tumors (4). An analysis of
genomic datasets generated from thousands of solid tumors
including samples of 18 tumor types revealed an association of
immune cytolytic activity based on granzyme A and perforin
expression with mutations in the invariant MHC-I chain (-2
microglobulin) and MHC-I (HLA) loci (5), further confirming
that reduced production of MHC-I molecules is an important
mechanism of tumor immune evasion. However, despite the
frequency and clinical importance of MHC-I downregulation,
overcoming this escape mechanism by cancer immunotherapy
has not been sufficiently investigated.

The efficacy of cancer immunotherapy may be enhanced
by a combination of different immunotherapeutic approaches
that include activation of both adaptive and innate immunity
and inhibition of immunosuppressive mechanisms (6,7). Such
combinations have achieved a notable antitumor effect in
preclinical models (8,9). However, although some mechanisms
contributing to the antitumor effect are MHC-I-independent,
the association of MHC-I expression on tumor cells with treat-
ment efficacy has not been investigated. In our previous study,
we examined combined immunotherapy of tumors induced in
mice by the TC-1/A9 cells characterized by reversible MHC-I
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downregulation (10), and found that the combination of DNA
immunization with either a-galactosylceramide (GalCer) or the
synthetic oligodeoxynucleotide ODN1826, carrying immuno-
stimulatory CpG motifs, induced temporary tumor regression.
CD8* T cells, IFN-vy, and NK1.1* cells were involved in this
response. For ODN1826, antitumor activity of M1-polarized
macrophages was also suggested.

In the present study, TC-1/dB2m cells with a deactivated
-2 microglobulin gene (B2m) were developed as a model of
tumor cells with irreversible MHC-I downregulation in order
to examine tumor growth, immune cell infiltration and sensi-
tivity to immunotherapy by DNA vaccination combined with
ODNI1826 injection.

Materials and methods

Animals. A total of 250 female C57BL/6NCrl mice
(7-8-weeks-old and weighing 17-22 g) were obtained from
Charles River Laboratories to be used in animal experiments
after at least 2 weeks of acclimatization. The mice were housed
(n=5 per cage) and maintained under specific pathogen-free
conditions and a 12/12-h light/dark cycle in a tempera-
ture-controlled room (20-24°C) with a relative humidity of
50-60%. The animals had access to food and water ad libitum.
All animal handling procedures complied to the guidelines for
the proper treatment of laboratory animals at the Czech Center
for Phenogenomics (BIOCEV).

Cell lines. TC-1 tumor cells (Cellosaurus ID: CVCL_4699;
kindly provided by T.-C. Wu, Johns Hopkins University)
were prepared by transformation of C57BL/6 mouse primary
lung cells with human papillomavirus (HPV) 16 E6/E7 onco-
genes and activated H-ras (11). TC-1/A9 cells with reversibly
downregulated MHC-I expression were derived from TC-1
cells as described previously (12). The cells were grown in
high-glucose Dulbecco's modified Eagle's medium (DMEM,;
Sigma-Aldrich; Merck KGaA) supplemented with 10% fetal
bovine serum (Biosera), 2 mM L-glutamine, 100 U/ml peni-
cillin and 100 pg/ml streptomycin.

Plasmids. The pBSC (13) and pBSC/PADRE.E7GGG (14)
plasmids were used in immunization experiments. The
pBSC/PADRE.E7GGG plasmid contains the HPV16 E7
oncogene with three point mutations in the pRb-binding site
(E7GGG) (13) and the helper Pan HLA-DR reactive epitope
(PADRE) designed in silico (15).

Deactivation of B2m with the CRISPR/Cas9 system. The
deactivation of the B2m gene was performed with the GeneArt
CRISPR Nuclease Vector Kit (Thermo Fisher Scientific,
Inc.). The target site 5'-CCGAGCCCAAGACCGTCTAC-3'
located in exon 2 was designed using an online software
(http://crispr.mit.edu/) and cloned into the CRISPR nuclease
vector as the corresponding annealed oligonucleotides
synthetized by Integrated DNA Technologies. The resultant
plasmid was multiplied in Escherichia coli XL-1 Blue cells,
isolated by the NucleoSpin Plasmid Kit (Macherey-Nagel),
and verified by sequencing with the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.). This plasmid was transfected into
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TC-1 cells by Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.). The cells carrying the transfected vector were
selected by magnetic beads (Dynabeads FlowComp Human
CD4; Thermo Fisher Scientific, Inc.) based on the human CD4
reporter gene encoded by the vector. Clones were prepared
from isolated cells and analyzed by flow cytometry for MHC-I
and -2 microglobulin surface expression. The resultant clone
with the deactivated B2m gene was designated as TC-1/dB2m.

Treatment with IFN-vy. Cells were stimulated with 200 U/ml
mouse recombinant IFN-y (PeproTech, Inc.) for 48 h.

Flow cytometry. Cells grown in tissue culture were harvested
with trypsin, washed with PBS, and stained with the
following monoclonal antibodies diluted in FACS buffer
(2% fetal bovine serum and 0.03% sodium azide in PBS)
at 4°C for 30 min: FITC-labeled mouse anti-B2m (clone
S19.8; 1:100 dilution; Santa Cruz Biotechnology, Inc.),
FITC-labeled mouse anti-mouse H-2K" (clone CTKb; 1:200
dilution; BD Pharmingen; BD Biosciences), FITC-labeled
mouse anti-mouse H-2D (clone 28-14-8; 1:400 dilution; BD
Pharmingen; BD Biosciences), or PE-labeled rat anti-mouse
CDI1d (clone 1B1; 1:100 dilution; BD Pharmingen; BD
Biosciences). Subsequently, the cells were washed twice and
measured on an LSRFortessa flow cytometer (BD Biosciences).
The results were analyzed using FlowJo software v10.5.3 (BD
Biosciences).

For analysis of tumor-infiltrating cells, single-cell suspen-
sions were prepared from tumors with a longest diameter of
5-10 mm by using the gentleM ACS Octo Dissociator (Miltenyi
Biotec, GmbH), as described previously (16). The obtained
cells were stained with two panels of fluorescence-labeled
antibodies (Table I) to identify several subpopulations of
lymphoid and myeloid cells (gating strategy in Figs. S1
and S2, respectively). Viability staining was performed with
Fixable Viability Dye eFluor 455UV (eBioscience; Thermo
Fisher Scientific, Inc.) in PBS, prior to surface staining.
To detect the nuclear Foxp3 transcription factor, the cells
were treated with Fixation/Permeabilization Concentrate
(eBioscience; Thermo Fisher Scientific, Inc.) diluted 1:3 with
Fixation/Permeabilization Diluent (eBioscience; Thermo
Fisher Scientific, Inc.). Fixation and permeabilization were
followed by a washing step with permeabilization buffer (eBio-
science; Thermo Fisher Scientific, Inc.) and Foxp3 staining.

In vitro cell proliferation assay. Approximately half a million
live cells were seeded into three 10-cm dishes. The cells were
counted after 24, 48 or 72 h (one dish at each interval) using
a hemocytometer. Proliferation was evaluated by non-linear
regression for exponential growth. Calculations were
performed using Prism 8 software (GraphPad Software, Inc.).

Preparation of gene gun cartridges. Plasmid DNA was coated
onto 1-um gold particles (Bio-Rad Laboratories. Inc.) according
to the manufacturer's recommendations. Each cartridge
contained 1 g DNA coated onto 0.5 mg of gold particles (13).

Oncogenicity of TC-1/dB2m cells. Counts of 3x10*, 1x10°
or 3x10° TC-1/dB2m cells suspended in 0.15 ml PBS were
subcutaneously (s.c.) inoculated into the backs of mice (n=5 per
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Table I. Antibodies used for flow cytometry.
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Antigen Conjugate Clone Source Staining Panels
CDl11b BV421 M1/70 BioLegend Surface 2
CDllc APC-Cy7 N418 BioLegend Surface a
CD25 APC PC61.5 eBiosciences Surface .

CD3 APC-Cy7 145-2C11 BioLegend Surface 2

CD317 APC 927 BioLegend Surface a
CD4 BV510 RM4-5 BioLegend Surface A

CD45 Alexa Fluor 700 30-F11 BioLegend Surface d :
CD8 FITC 53-6.7 BD Pharmingen Surface a

F4/80 BV510 BMS BioLegend Surface a
Foxp3 PE FIK-16s eBiosciences Nuclear 2

Ly6C BV786 HK14 BioLegend Surface 2
Ly6G FITC 1A8 BioLegend Surface 2
MHC-II PE-Cy7 114.152 BioLegend Surface :
NK1.1 BV650 PK136 BioLegend Surface a

PD-1 PE-Cy7/PEP 29F.1A12 BioLegend Surface a b
PD-L1 BV650 10F.9G2 BioLegend Surface :
TCR v/d BV605 GL3 BioLegend Surface 2

20 Antibody present in a panel.

group) under anesthesia with ketamine (100 mg/kg) and xyla-
zine (16 mg/kg). Tumor growth was measured three times per
week, and tumor size was calculated using the formula (height x
length x width) /6. To determine the effect of B2m deactivation
on the metastatic capacity of the TC-1-derived cells, the mice
were s.c. injected with 3x10° TC-1/dB2m cells. When the size of
the tumors reached 2 cm in any of the measured dimensions, the
mice were sacrificed by cervical dislocation and dissected. The
lungs were inspected for macrometastases, stained with hema-
toxylin and eosin, and examined under a light microscope in
the Czech Center for Phenogenomics to detect micrometastases.

Immunization experiments. The mice were immunized using
a gene gun (Bio-Rad Laboratories, Inc.) three times with two
shots each delivering 1 pug of plasmid DNA. The DNA was
applied into the shaven skin of the abdomen at a discharge
pressure of 400 psi. In preventive immunization experi-
ments, mice (n=5 per group) were first immunized with the
pBSC/PADRE.E7GGG plasmid at 1-week interval. The pBSC
plasmid was used as a negative control. One week after the
last immunization, 3x10° TC-1 or TC-1/dB2m cells or 3x10*
TC-1/A9 cells were s.c. inoculated into the backs of the mice. In
the combined immunotherapy experiments, 3x10° TC-1/dB2m
cells were s.c. injected and DNA immunization was performed
after 3, 6 and 10 days. DNA vaccination was combined with
an intraperitoneal (i.p.) injection of 50 ug ODNI1826 (Generi
Biotech) or 2 ug GalCer (Abcam) diluted in 200 x1 PBS. These
immunostimulants were injected in three or five doses, as
indicated in Fig. 3. Control mice received PBS.

In vivo depletion experiments. Different subpopulations of
immune cells were depleted with the following antibodies
(Bio X Cell) injected i.p. in a volume of 200 ul of PBS: 100 ug

anti-CD4 (clone GK1.5), 100 pg anti-CD8 (clone 2.43), or
100 pg anti-NK1.1 (clone PK136). These antibodies were
applied 2 days before and after inoculation of tumor cells
(3x10* TC-1 cells or 3x10° TC-1/dB2m cells), and then at
3-4-day intervals for 5 weeks. Moreover, 1 mg carrageenan
IV (Sigma-Aldrich; Merck KGaA) dissolved in 200 ul PBS
was inoculated on the same days to deplete macrophages. For
neutralization of IFN-vy, 300 ug anti-IFN-y (clone P4-6A2; Bio
X Cell) was injected 2 days prior and 5, 12, 19 and 26 days
after tumor cell inoculation.

In immunotherapeutic experiments, antibodies and carra-
geenan were administered from the 7th day onwards after
inoculation of tumor cells.

Statistical analysis. Cell proliferation and tumor growth were
evaluated by two-way analysis of variance (ANOVA) and the
Sidak multiple comparisons test. Intergroup comparisons of flow
cytometry data were made by one-way ANOVA and Dunnett's
multiple comparisons test. Calculations were performed using
GraphPad Prism 8 (GraphPad Software, Inc.), and the results
were considered statistically significant at P<0.05.

Results

In vitro characterization of the TC-1 clone with B2m gene
deactivation. To abrogate MHC-I expression on TC-1 tumor
cells, the B2m gene was deactivated by the CRISPR/Cas9
system and the TC-1/dB2m cell line was derived. These cells
did not express -2 microglobulin or MHC-I heavy chains
on their surface (Fig. 1A). Following stimulation with IFN-y,
-2 microglobulin was still absent on TC-1/dB2m cells, but
weak MHC-I expression was induced, particularly for H-2DP
molecules.
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Figure 1. In vifro characterization of TC-1/dB2m cells. (A) Surface expression of H-2K", H-2D", -2 microglobulin (B2m) and CD1d molecules on TC-1,
TC-1/A9 and TC-1/dB2m cells was analyzed by flow cytometry. Cells untreated (black histograms) or treated (grey histograms) with 200 U/ml of interferon
(IFN)-v for 48 h were stained with specific monoclonal antibodies or isotype control antibodies (open histograms). (B) In vitro proliferation of TC-1, TC-1/A9
and TC-1/dB2m cells was determined at 24,48 and 72 h after seeding on dishes with or without IFN-y. The results represent the mean values of three indepen-

dent experiments. Bars, + standard error of the mean; ‘P<0.05, “P<0.01.

As B-2 microglobulin also forms a complex with the CD1d
molecules expressed on the cell surface and CD1d expression has
been demonstrated on TC-1 and TC-1/A9 cells (17), CD1d expres-
sion was detected on TC-1/dB2m cells. B2m deactivation did not
prevent surface expression of the CD1d molecules (Fig. 1A).

Next, the proliferation rates of TC-1/dB2m, TC-1
and TC-1/A9 cells were compared. The doubling time of
TC-1/dB2m cells was significantly increased by ~9 and 11 h
in comparison with TC-1 and TC-1/A9 cells, respectively
(Fig. 1B). Incubation with IFN-v slightly reduced TC-1 cell
proliferation, but did not affect TC-1/A9 and TC-1/dB2m cells.

Insummary,deactivation of the B2m gene in the TC-1/dB2m
cell line resulted in abrogation of -2 microglobulin produc-
tion and downregulation of surface MHC-I expression, which
was associated with reduced proliferation rate.

Deactivation of the B2m gene alters oncogenicity/immunoge-
nicity of tumor cells. To induce tumor formation, mice were
inoculated s.c. with 3x10* TC-1 or TC-1/A9 cells. As a pilot
experiment demonstrated delayed growth of tumors induced
by this number of TC-1/dB2m cells, we also tested inocula-
tion using higher numbers: 1x10° and 3x10° TC-1/dB2m cells
(Fig. 2A). However, even for the highest TC-1/dB2m cell
number (3x10%), tumor growth was delayed by ~20 days
compared with tumors induced by 3x10* TC-1 cells. Moreover,
tumors developing from TC-1/dB2m cells were more elongated
in comparison with TC-1-induced tumors, particularly at the

early growth phase. Spontaneous lung metastasis formation
was not observed after s.c. induced tumors.

To identify the immune cells that could inhibit the growth
of TC-1/dB2m-induced tumors, some subpopulations were
depleted in vivo by monoclonal antibodies (Fig. 2B). For
TC-1-induced tumors, CD8* and NK1.1* cells were found to
contribute to the reduction of tumor growth, and macrophages
supported this growth. NK1.1* cells also inhibited TC-1/A9
and TC-1/dB2m tumors, but there was no involvement of CD8*
cells or macrophages. In all types of tumors, the depletion of
CD4* cells or neutralization of IFN-y did not significantly
affect tumor growth (the antitumor effect of IFN-y was only
apparent during the initial phase of the growth of TC-1 tumors).

Next, the sensitivity of TC-1/dB2m-induced tumors
to adaptive immunity activated against the HPV16 E7
oncoprotein was evaluated. While TC-1 tumors are highly
sensitive to therapeutic DNA immunization by the PADRE.
E7GGG vaccine (14), the sensitivity of TC-1/A9 tumors to
DNA vaccination is low (10). After more efficient preventive
immunization with the PADRE.E7GGG gene, the growth
of TC-1/A9-induced tumors was significantly reduced, but
the TC-1/dB2m tumors were resistant to DNA vaccination
(Fig. 2C). The development of control TC-1 tumors was inhib-
ited in all mice.

Collectively, these findings indicate that deactivation of the
B2m gene resulted in delayed tumor growth and resistance to
adaptive immunity.
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Figure 2. In vivo characterization of TC-1/dB2m cells. (A) Tumor growth in mice (n=5) was evaluated after s.c. inoculation. (B) Immune cells involved in
inhibition of tumor growth were analyzed by in vivo depletion with anti-CD4, anti-CD8 and anti-NK1.1 antibodies and carrageenan IV. The effect of interferon
(IFN)-y was examined by neutralization with anti-IFN-y. PBS was used as control. (C) Sensitivity to DNA immunization was tested in mice preimmunized
three times with the PADRE.E7GGG vaccine. Empty pBSC plasmid and parental TC-1 cells were used as controls. Tumor growth was measured three times

per week. Bars, + standard error of the mean; "P<0.05, ““P<0.01.

TC-1/dB2m cells are slightly sensitive to combined immu-
notherapy. As combinations of DNA vaccination with i.p.
injection of ODN1826 or GalCer reduced tumor growth of
TC-1/A9 cells (10), these immunotherapies were also examined
against TC-1/dB2m cells. However, only a weak antitumor
effect was observed (Fig. 3A). Due to the delayed growth of
TC-1/dB2m tumor, and in an attempt to enhance antitumor
immunity, the interval between the injections of immunos-
timulatory drugs was prolonged and the number of ODN1826
doses was increased from three to five. Although these modi-
fications only exerted a weak effect, a significant reduction of
tumor growth was achieved by ODN1826 combined with DNA
immunization (Fig. 3B). This experiment also demonstrated
that a combination of DNA vaccination with ODN1826 or

GalCer was necessary for the antitumor response, as either
therapy alone did not result in tumor reduction. Thus, repeated
experiments suggested a weak inhibition of tumor develop-
ment following combined immunotherapy, and this effect was
more obvious for ODN1826.

NKI1.1* cells mainly contribute to the antitumor effect of
combined immunotherapy. In order to identify the immune
cells involved in the antitumor response to combined therapy
against TC-1/dB2m tumors, tumor-infiltrating cells were first
analyzed by flow cytometry using two panels of monoclonal
antibodies. In this experiment, tumor-infiltrating cells in
TC-1- and TC-1/A9-induced tumors were also compared. The
numbers of CD45* cells in the tumors were comparable for
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Figure 3. Antitumor effect of DNA vaccination combined with either ODN1826 or GalCer. Adjuvants were administered 10-17 days (A) or 10-38 days (B) after
inoculation of tumor cells. pBSC and PBS were used as controls. Tumor growth was measured three times a week. Bars, + standard error of the mean; "P<0.05.

all three cell lines examined, and did not change after therapy
of TC-1/dB2m-induced tumors. In tumors that developed
from TC-1/dB2m cells, CD3* cells comprised a significantly
higher proportion of CD45* cells (~11%) that was not altered
following immunotherapy (Fig. 4A).

Among lymphoid cells (Fig. 4B), NK cells (CD3"NK1.1%)
were predominant in all types of tumors, but their proportion
was significantly lower in TC-1/dB2m compared with that in
TC-1/A9 tumors (accounting for 13 and 30% of CD45* cells,
respectively). On the contrary, the proportion of CD4* T
cells and yd T cells was significantly higher in TC-1/dB2m
tumors compared with those in TC-1/A9 and TC-1 tumors.
Regulatory T cells (Treg; CD4*CD25*Foxp3*) were partially
responsible for the increase in CD4* T cells. The numbers
of NKT cells (CD3*TCRy/d"NK1.1*) were also higher in
TC-1/dB2m tumors, but this difference was not significant.
After immunotherapy of TC-1/dB2m tumors, the proportion
of any lymphoid subpopulation was not significantly altered.
Significantly enhanced PD-1 expression was only observed on
NK and NKT cells.

Tumor-associated macrophages (TAMs; CDI11b*Ly6G~
Ly6C~F4/80%) comprised a major subpopulation of myeloid
cells in all types of tumors (Fig. 4C). In TC-1/dB2m tumors,
their numbers were significantly lower compared with those
in TC-1 and TC-1/A9 tumors, but they expressed a higher
level of MHC-II molecules that are considered a marker of
MI-polarized macrophages (18,19). Following immunotherapy
of TC-1/dB2m tumors, the numbers of macrophages and their
PD-1 expression were slightly enhanced. In TC-1/dB2m tumors
generated in non-treated mice, the populations of dendritic cells,
both conventional (cDC; CD11c*Ly6GLy6C"F4/80-MHC-IT*)
and plasmacytoid (pDC; CD11¢*CD11b-Ly6GLy6C*F4/80~
MHC-IT*CD317*), were significantly higher compared with
those in TC-1 and TC-1/A9 tumors and were not altered after
immunotherapy. The numbers of myeloid-derived suppressor
cells (CD11¢*CD11b*Ly6GLy6C"e") and tumor-associated
neutrophils (CD11b*Ly6G""Ly6C'*") were comparable in all
types of tumors.

Next, we examined cells involved in antitumor immunity
by in vivo depletion. In mice treated with immunotherapy
(DNA vaccination plus injection of ODN1826), tumor growth
was significantly enhanced only after elimination of NK1.1*
cells (Fig. 4D). Neutralization of IFN-y suggested that this
cytokine played a crucial role in the antitumor effect. After
depletion of CD8" cells, tumor growth was comparable to that
in mice treated with anti-NK1.1* until day 27 after inocula-
tion of tumor cells. Subsequently, the growth of tumors was
similarly reduced in animals with depleted CD8* cells and
administered immunotherapy alone.

In summary, combined immunotherapy of
TC-1/dB2m-induced tumors did not result in significantly
increased immune cell infiltration. NK1.1* cells and IFN-y
contributed to the weak antitumor effect. Enhanced expression
of the PD-1 receptor on NK and NKT cells suggests that both
types of cells may be involved in this effect.

Discussion

The production of 3-2 microglobulin is often abrogated by
genetic alterations in human tumors (20). As these modifica-
tions lead to irreversible downregulation of surface MHC-I
expression that is associated with resistance to CD8* cyto-
toxic T lymphocytes (CTLs), they enable evasion of adaptive
immune responses generated during tumor development or
induced by immunotherapy. Such resistance has also been
demonstrated for a blockade of the PD-1 immune checkpoint
by a monoclonal antibody (21). Therefore, the development of
relevant tumor models is necessary for studies of experimental
cancer immunotherapy that may result in enhancement of
clinical trial efficacy.

The CRISPR/Cas9 system has been recently used for
the deactivation of the B2m gene in two mouse tumor cell
lines, namely melanoma B16F10 and breast cancer EO-771
cells (22). In the present study, the B2m gene was deactivated
in the mouse TC-1 cell line, which is often used to examine
various cancer therapies. B2m deactivation in TC-1/dB2m
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Figure 4. Immune cells contributing to the antitumor effect. (A-C) The cells infiltrating tumors induced by TC-1, TC-1/A9, or TC-1/dB2m cells were analyzed
by flow cytometry. For TC-1/dB2m cells, tumors after immunotherapy with ODN1826 and DNA vaccination with PADRE.E7GGG were also examined.
Using two panels of monoclonal antibodies, (B) lymphoid and (C) myeloid subpopulations were identified. (D) Infiltrating immune cells contributing to the
reduction of tumor growth after combined immunotherapy with ODN1826 and PADRE.E7GGG were identified by in vivo depletion. Interferon (IFN)-y was
also neutralized. Bars, + standard error of the mean; "P<0.05, “P<0.01, ""P<0.001.

cells was associated with loss of surface MHC-I expression,
but when inducibility by IFN-y was tested, a slight restora-
tion of MHC-I expression on the cell surface, particularly of
molecules from the D locus, was observed. As 3-2 microglob-
ulin expression remained negative, it was hypothesized that
-2 microglobulin-free MHC-I heavy chains were displayed
on the cells. Such molecules, particularly H-2D®, have been

reported for both $-2 microglobulin-negative and -positive
mouse cells (23-25); however, the role of IFN-y stimulation
was not described in these studies. In a human neuroblastoma
cell line producing 3-2 microglobulin, the expression of (3-2
microglobulin-free MHC-I molecules was enhanced upon
differentiation with either retinoic acid or serum starvation.
Incubation with IFN-vy increased the surface expression of
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MHC-I heterodimers, but not of §-2 microglobulin-free MHC-I
molecules (26). In concordance with the published results (27),
the present study demonstrated that B2m deactivation did not
prevent CD1d surface expression.

Deactivation of the B2m gene significantly reduced
the proliferation of TC-1/dB2m cells and the growth of
TC-1/dB2m-induced tumors. These results correspond to the
findings that $-2 microglobulin promotes cell proliferation,
migration, and invasion in different tumor types (28,29).
A key role in this B-2 microglobulin-mediated signaling
was attributed to its binding with hemochromatosis (HFE)
protein, a non-classical MHC-I molecule that regulates iron
concentration in cells. Following formation of the 3-2 micro-
globulin/HFE complex, iron influx is inhibited and numerous
intracellular pathways are affected (30).

A reduced proliferation rate may contribute to the delay
in tumor growth, but does not appear to be a crucial factor
responsible for the substantially decreased oncogenicity
of TC-1/dB2m cells. As in vivo depletion was associated
with partial restoration of tumor growth after application of
NKI1.1-specific antibody, enhanced sensitivity to elimination
by NK cells may be more important. Das er al (22) observed a
similar reduction of oncogenicity following B2m deactivation
in two mouse tumor cell lines and also suggested a role of NK
cells in this phenomenon.

The effect of MHC-I downregulation after B2m deac-
tivation was also manifested by the loss of sensitivity to
depletion of CD8* cells and to adaptive immunity induced
by DNA immunization and mediated by CTLs. As similar
effects were observed for TC-1/A9 cells, where a combina-
tion of DNA immunization and an adjuvant (ODN1826 or
GalCer) significantly reduced tumor growth (10), the efficacy
of this combined immunotherapy was also examined against
TC-1/dB2m tumors. However, only the combination of DNA
vaccination and ODN1826 injection significantly inhibited
tumor growth, and this effect was less notable compared with
that against TC-1/A9-induced tumors.

Flow cytometric analysis of tumor-infiltrating immune
cells and in vivo depletion after immunotherapy revealed
several marked differences between TC-1/dB2m and TC-1/A9
tumors: i) TC-1/dB2m tumors contained more pDCs, CD4* T,
Treg, and yd T cells, but fewer TAMs and NK cells. However,
this observation should be interpreted with caution, as infil-
tration of tumors with immune cells is a dynamic process
with specific kinetics of individual subpopulations (8,31-33),
which hampers a direct comparison among tumors induced by
different cells. Although we strived to analyze tumors of similar
size, the composition of the cell infiltrate may be affected
by the markedly different growth of TC-1-, TC-1/A9- and
TC-1/dB2m-induced tumors. ii) Following combined immu-
notherapy, none of the examined subpopulations of infiltrating
immune cells was increased in the TC-1/dB2m tumors, while
in the TC-1/A9 tumors, most subpopulations were increased,
particularly CD8* T cells (10). iii) MHC-II"&" TAMs were
predominant in TC-1/dB2m tumors, even without immuno-
therapy (while in the TC-1/A9 tumors, they were predominant
only after immunotherapy). Reduced numbers of M2 TAMs
were mainly responsible for this effect. Movahedi et al
reported similar results for the 4T1 cell line (18). Progressing
tumors induced by these cells accumulated MHC-1T"¢" TAMs,
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in contrast to tumors induced by 3LL or TS/A cells, and these
TAMs remained M1 polarized. Therefore, it was concluded
that the proportions of TAM subsets were tumor-dependent.
iv) For TC-1/A9 tumors, NK1.1* cells, CD8* cells and TAMs
cooperated in the antitumor response, but only NK1.1* cells
were significantly implicated in the delay of TC-1/dB2m tumor
growth. Enhanced PD-1 expression on both NK and NKT cells
after immunotherapy suggested activation of both cell types
by treatment and their possible involvement in antitumor
immunity.

By using in vivo depletion of CD8*, CD4* and NK1.1*cells,
studies comparing immunotherapy against TC-1 cells and
TC-1 clones with reversible MHC-I downregulation demon-
strated that only CD8* T cells were necessary for the antitumor
effect against TC-1 cells, and that both CD8* and NK1.1* cells
may be involved in the inhibition of tumors induced by cells
with reversibly downregulated MHC-I expression (34,35),
which was confirmed in our previous study with TC-1/A9
cells (10). This study extended these observations for the TC-1
clone with irreversible MHC-I downregulation, demonstrating
that NK1.1* cells were the most important for the antitumor
effect stimulated by immunotherapy against TC-1/dB2m cells.
For TC-1-induced tumors, two other studies demonstrated the
cooperation of CD8* T cells with other immune cells in the
antitumor response after immunotherapy, but suggested that
CD8* T cells were not the main cytotoxic cells eliminating
MHC-I-proficient TC-1 cells (8,36). Our study with TC-1/A9
cells, which are deficient in MHC-I expression, also demon-
strated a role of CD8" T cells activated by DNA vaccination
in the antitumor response (10). However, in the present study,
despite the fact that DNA vaccination was necessary for the
induction of the antitumor effect by combined immunotherapy,
the level of CD8* T cells in the tumors was not increased by
treatment, and the function of CD8" T cells was not proven
by in vivo depletion. The only observation suggesting the
involvement of CD8" T cells was derived from the in vivo
depletion experiment, where augmented tumor growth was
recorded at the initial phase of tumor development (up to day
27) following application of anti-CDS8. As tumor infiltration
by immune cells is a dynamic process (8), this fact should be
confirmed by further studies investigating a more efficient
immunotherapy against TC-1/dB2m cells, which may also
help elucidate the role of CD8* T cells and other immune cells
in this tumor model.

As combined immunotherapy only weakly inhibited the
growth of TC-1/dB2m tumors and did not affect infiltration
of these tumors by immune cells, immunosuppressive mecha-
nisms mostlikely prevail in the microenvironment of early-stage
tumors. This condition resembles human MHC-I-negative
tumors that are often devoid of immune cells in the tumor
parenchyma and contain unfunctional immune cells in the
tumor stroma (37,38). Therefore, for successful immunotherapy
of such tumors, activation of adaptive and innate immunity
should be accompanied by appropriate inhibition of immuno-
suppression and recovery of MHC-I expression (4,39,40).

The mechanisms of immune reactions against
TC-1/dB2m-induced tumors were not completely eluci-
dated in the present study, and will be the subject of further
analyses. The present results suggest that, following immu-
notherapy, NK1.1* cells were the major cell type exhibiting
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antitumor activity against TC-1/dB2m tumors. The possible
involvement of both NK and NKT cells was indicated by
enhanced PD-1 expression, which suggested the activation
and subsequent inactivation of these cells. The antitumor
effect of NKT cells, which constitute a minor subpopulation
of NK1.1* cells, was also suggested by immunotherapy with
GalCer, as this adjuvant activates NKT cells. However, NK
cells are likely the main effector cells, as they can elimi-
nate tumor cells with downregulated MHC-I expression.
Unfortunately, they can also contribute to tumor immune
evasion (41). The antitumor effect of ODN1826 may not
be dependent on adaptive immunity (42); however, DNA
immunization was necessary for the reduced growth of
TC-1/dB2m tumors. The role of CD8" T cells in antitumor
reactions was not clearly confirmed by in vivo depletion, but
this experiment indicated the effect of these cells during
early tumor growth. At a later stage of tumor development,
CD8* T cells are likely inactivated by the immunosuppres-
sive tumor microenvironment (43).

In conclusion, deactivation of the B2m gene led to the
creation of the TC-1/dB2m cell line, which is character-
ized by irreversible MHC-I downregulation, and a reduced
proliferation rate and tumor growth. These cells displayed
loss of sensitivity to DNA immunization and, in comparison
to the TC-1/A9 cells with reversible MHC-I downregulation,
they responded more weakly to combined immunotherapy
consisting of DNA vaccination and either ODN1826 or GalCer
injection. Moreover, infiltration of TC-1/dB2m tumors with
immune cells was not enhanced after immunotherapy, and
only NK1.1*cells were confirmed to contribute to the antitumor
effect. In a set with TC-1 and TC-1/A9 cells, the TC-1/dB2m
cell line may be utilized for enhancement of cancer immu-
notherapy with a potentially high clinical benefit, as human
tumors are heterogeneous in terms of MHC-I expression,
which enables evasion of the immune response and confers
resistance to therapy.
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