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ABSTRACT

Background Cancers persist despite expression of
immunogenic neoantigens and ongoing antitumor immune
responses. While some occult tumors likely are cleared

by effective antitumor immune responses, the targeted
antigens are not easily identifiable as those tumors
spontaneously disappear.

Methods We used mouse models with a defined antigenic
protein mimicking tumor-specific neoantigens to address
the nature of these spontaneous anti-tumor immune
responses.

Results BALB/c (H-2%) mice challenged with BALB/c
breast tumors expressing the rat-erbB2 oncoprotein
succumb to their tumors despite ongoing immune
responses targeting tumor-specific model antigens.
Meanwhile, congenic BALB.B (H-2) and H-2'/H-2" Fi
hybrid mice spontaneously eliminate genetically matched
tumors in a major histocompatibility complex (MHC)-II
dependent manner. Adoptive transfer and immune cell
depletion strategies revealed CD4+ Tcells and CD20+
Bcells are crucial mediators of the protective response

in H-2 mice. Furthermore, passive transfer of immune
serum from mice rejecting their tumors confers resistance
in tumor antigen-tolerant animals with an inversely
proportional relationship between tumor outgrowth and the
amount of rat-erbB2 specific antibody present in tumor-
bearing mice. Introduction of the rat-erb2 ectodomain into
other H-2° tumor models also promotes their spontaneous
tumor rejection. Notably, the tumor microenvironments
differ in rat-erbB2+ tumor-bearing BALB.B and BALB/c
mice at the time of fate decision in the models reflecting
the differences between effective and ineffective tumor
immune responses.

Conclusions We find that the effective antitumor
immunity targeting neoantigens in these breast cancer
models is determined by MHC-II-restricted presentation of
optimal cancer-associated antigens. These responses are
dependent on CD4+ T cells, B cells, and antigen-specific
antibodies.

BACKGROUND

While the immune system can target cancer,
the range of mechanisms employed is not
fully understood. Despite numerous efforts
to use immunotherapy to treat cancer,'™ over

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Tumors develop and persist despite expressing nu-
merous tumor-specific neoantigens that promote
active immune responses targeting the tumor cells.
Rarely, tumor neoantigens are generated that spon-
taneously invoke, without intervention, an effective
clearance of the mutated tumor cells. The nature
of such “optimal” antigens capable of inducing
a protective response and how they work is not
understood.

WHAT THIS STUDY ADDS

= The present study develops and uses new mouse
models expressing a model neoantigen to investi-
gate the nature and mechanisms mediating effec-
tive spontaneous antitumor immunity. The study
demonstrates the importance of major histocom-
patibility complex class Il genotype in determining
the outcome of the antitumor immune response and
accompanying changes in the tumor microenviron-
ment, defining protective CD4+ Tcells, B cells, and
resulting tumor antigen-specific antibodies as the
basis of effective spontaneous immunity to these
tumors. The introduction of this same antigen into
other tumors that normally persist despite ongoing
host immune responses also promotes spontaneous
protective immunity demonstrating the generaliz-
able relevance of the emerging findings.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= While much ongoing research seeks to boost the
immune system to target cancer neoantigens, this
study delineates a mechanism by which the im-
mune system is naturally effective. The new mecha-
nistic insights emerging from this study can be used
to design new therapies mimicking naturally effec-
tive immune responses to overcome tumor defenses
and promote tumor eradication.

600,000 individuals lost their lives to cancer in
2024 (NCI Cancer Stat Facts). This indicates
a need for a more complete understanding
of how the immune system can be harnessed
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for prevention and treatment. Shankaran et al demon-
strated that that cancers developing in immunodeficient
mice are more immunogenic than tumors developing
in immunocompetent hosts, documenting the impor-
tance of the immune system in preventing or shaping
developing tumors.* These seminal findings have been
extended by delineating the different immune cells and
molecules important for underlying anticancer protec-
tion.” The observation of spontaneous tumor regression
or loss of tumor-associated antigens in human patients
with multiple independent primary cancerous lesions in
immunocompetent patients supports this perspective that
spontaneous tumor immunity shapes cancer outcomes.”™

While itis known thatantigenic tumors are often present
in immunocompetent individuals, the mechanisms deter-
mining why one immunocompetent individual succumbs
to a tumor while a second individual does not are not
understood."” The ability to determine the differences
between individual immune responses against very similar
tumors in a controlled setting would benefit our under-
standing of these mechanisms. Resulting new insights
might also help decipher how immunity can be boosted
using cancer vaccines to improve survival outcomes.” !

Here we employ variants of the BALB/c-neuT mouse
mammary tumor model which expresses an oncogenic
form of the raterbB2/neu protein to address differ-
ences between effective and ineffective immunity in the
spontaneous immune response to cancer antigens.'> '’
The rat-erbB2 protein differs by 66 amino acids from its
mouse homologue,'* providing a defined set of pseudo-
neoantigens in this model. When a cell line derived from
BALB/c-neuT breast tumors is transplanted into BALB/c
wild type (WT) mice, carcinomas grow out despite the
immunogenicity of the ratneuT+ tumor cells and the
ensuing antitumor immune response.'* Thus, the scenario
in which BALB/c mice are challenged with immunogenic
BALB/c-neuT tumor cells models the usual failure of an
active immune response to target a tumor antigen effec-
tively and protect against developing cancer.

A new variant of this model exemplifies the successful
mobilization of an effective and protective spontaneous
response against breast ductal carcinomas expressing the
same rat-neul” oncogene. The major histocompatibility
complex (MHC) congenic variant BALB.B expresses
the MHC H-2’ genes on the BALB/c background."” The
neuT transgene was introduced onto the BALB.B H-2’
congenic line to generate mice which spontaneously
develop tumors for transplantation into BALB.B parental
mice to evaluate the contribution of MHC genes on the
unfolding spontaneous antitumor immune response. We
found that BALB.B-neuT tumors were spontaneously
rejected by BALB.B-WT mice in an MHC-II dependent
manner. This rejection was mediated by CD4+ Tcells
and B cells and protection was transferred passively with
antibodies to permissive animals. We used the principles
learned from our BALB-neuT models to modify other
established tumor models to promote spontaneous tumor
resistance. Comparison of the models provides a roadmap

for understanding how spontaneous antitumor immune
responses can result in either protective or non-protective
immunity and could lead to generalizable insights into
how an otherwise inadequate immune response can be
manipulated to become protective.

METHODS

Antibodies and Reagents

Flow cytometry, CyTOF, depletion/purification anti-
bodies and reagents, western blot, and ELISA reagents
are annotated in online supplemental tables 1-5.

Mouse models

Mice on the BALB/c background transgenic for a rat-
erbB2 oncogene (BALB/cneuT) were bred at Mayo
Clinic with permission from Guido Forni (University
of Turin, Italy). BALB.B-neuT mice were derived from
BALB/c-neuT mice by intercrossing with BALB.B mice,
which along with BALB/c] and CB6F1/] were obtained
from the Jackson Laboratory (Bar Harbor, Maine, USA).
BALB/c-rat-erbB2+ mice containing the WT rat-erbB2
coding sequence encompassing exons 2-27 stop with
the SV40 late polyadenylation signal sequence inserted
into the mouse FERBB2 locus were generated in the
Mayo Clinic Transgenic and Knockout Core. Rat-erbB2
tolerant mice, BALB.B-rat-erbB2, were derived subse-
quently by intercross. BALB.B-neuT, BALB/c-neuT, and
BALB.B-rat-erbB2+ mice were maintained by breeding a
heterozygous neuT+ or rat-erbB2+ male to a WT female.
Genotypes were determined by PCR using oligonu-
cleotide primers for neuT (GTAACACAGGCAGATG
TAGGA and ATCGGTGATGTCGGCGATAT) or ERBB2
(ATCCTCAGGACAATGTCGCCG and GCGCAGGCT-
GCACACTGAT). MHC genotypes were determined by
analyzing PBMCs for K” or K by flow cytometry. Female
mice (8-12 weeks) were used in all experiments. Males
responded in a similar manner (data notshown). Animals
identified by ear punch were dispersed in different treat-
ment groups among litters.

Generation and transplantation of tumor cell lines

BALB.B-neuT and BALB/c-neuT female mice generate
spontaneous tumors by 15-20 weeks of age. Tumors from
female mice were dissociated, cultured in Roswell Park
Memorial Institute 10% fetal bovine serum, and frozen.
Thawed tumor cells were cultured until near conflu-
ence, harvested, washed and resuspended in phosphate-
buffered saline (PBS). 4T1-rat-erbB2+/GFP+ cells were
generated by transduction with a lentivirus and 4T1-rat-
erbB2+/GFP-, mouse/rat chimeric erbB2 cell lines, and
B16F10-rat-erbB2+ were generated by transduction with
retroviruses. 10° cells (unless otherwise indicated) were
injected subcutaneously in the second right mammary fat
pad. Tumor diameters were estimated using a caliper as
the square root of the width/length product.

2 Jenkins JW, et al. J Immunother Cancer 2025;13:€010434. doi:10.1136/jitc-2024-010434


https://dx.doi.org/10.1136/jitc-2024-010434

Survival analysis

Mice were monitored for tumor growth weekly, until they
reached a tumor diameter of 13 mm and then euthanized
as specified by the Mayo Clinic Institutional Animal Care
and Use Committee.

Flow cytometry

Rat-erbB2 expression was measured on tumor cell lines by
staining cells with a viability dye followed by mouse mono-
clonal anti-rat-erbB2 antibody clone 7.16.4 or immune
sera followed by secondary antibodies. Rat-erbB2 expres-
sion by the cell lines was checked prior to implantation of
the tumor cell lines into recipient mice.

Serum was harvested from clotted blood, pooled, trans-
ferred to a new tube, and frozen once. Prior to the assay,
serum was thawed and diluted in Fluoresence-Activated
Cell Sorting buffer. 30 uL diluted serum was added to 10°
4T1 cells expressing or not expressing rat-erbB2. Cells
were washed 3x prior to secondary antibody staining.
Median fluorescence intensity was read for both stained
4T1 and 4T1-rat-erbB2+ cells to verify the presence of rat-
erbB2-specific antibodies.

For high parameter flow cytometry analysis of tumors,
mice were euthanized and perfused with PBS to deplete
circulating lymphocytes from recovered tumors, prior to
their dissection and enzymatic dissociation. Tumor cells
were stained with viability dye in PBS and antibodies
in FACS buffer. Data were analyzed in FlowJo V.10 (BD
Life Sciences) by gating first on CD45+ cellsand then
performing Uniform Manifold Approximation and
Projection (UMAP) and Phenograph dimensionality
reduction.

The frequencies of CD4+, CD8+, and B220+ cells per pL.
were assessed in whole mouse blood collected in heparin-
ized test tubes. 20 pL whole blood was added to a master
mix containing staining antibodies in PBS. Erythrocytes
were lysed using Ammonium-chloride-potassium (ACK)
lysis buffer for 10min, and then an equal volume of PBS
was added. Counting beads were added before recording
samples.

CyTOF analysis of tumor microenvironments
Tumor cells were isolated from mice at 2.5 weeks post
inoculation. Tumors were dissociated, and cells were
resuspended in 1 mL of cell staining buffer (CSB). Each
sample was incubated with 0.5um Cisplatin solution in
PBS. Samples were then washed twice with CSB. Samples
were incubated with extracellular markers in CSB for
45 min. After washing twice with CSB, cells were perme-
abilized, washed, and resuspended in permeabilization
buffer before adding intracellular markers and incubating
at room temperature for 45 min. Cells were washed, fixed
with 2% paraformaldehyde for 30 min, resuspended in
intercalation solution, and incubated overnight at 4°C.
Cells were washed with PBS and resuspended with cali-
bration beads and cell acquisition solution.

After acquisition, intrafile signal drift was normalized to
the calibration bead signal. File cleanup was performed

using FlowJo. Fcs files were analyzed using Cytofkit V.3.8
in R.'® Clustering and dimensionality reduction were
performed using R Phenograph.'” ** Clusters were visu-
alized on a t-distributed stochastic neighbor embedded
(tSNE) plot."” " For CD45+ reanalysis of this data, CD45+
cells were identified by gating on the cleaned fcs files and
analyzed performing UMAP and Phenograph analyses in
FlowJo V.10.

Adoptive transfer of splenocytes

BALB.B mice challenged with 10° tumor cells rejected
their tumors in ~8 weeks and were rechallenged with
tumor. After another 1-2 weeks, mice were euthanized,
splenocytes harvested, depleted of red blood cells by ACK
lysis for 1-3 min, and resuspended in PBS. Some spleno-
cytes were depleted of CD4+, CD8+, or B cells according
to manufacturer’s protocols, while others were used
directly for intravenous adoptive transfer. Cell depletions
and isolations were performed using negative selection
with kits listed in online supplemental table 4. Cell deple-
tions and isolations were verified to be greater than 90%
by flow cytometry. Cells were harvested 4 weeks after
primary tumor challenge from BALB/c and BALB.B and
used directly in adoptive transfer experiments to assess
differences between permissive and resistant antitumor
responses.

Sera adsorption and passive transfer

Serum was collected from tumor-challenged BALB.B-WT
mice and stored until ready for use. For adsorption, sera
were incubated with 107 4T1 cells or 4T1-raterbB2+
cells per mL for 1 hour at room temperature. Cells were
spun out of serum, and the incubation was repeated 6x.
Adsorbed sera were assayed to verify antigen-specific anti-
body depletion (approximately 66.7%). Sterile filtered
sera (600 ul) were intraperitoneally transferred into
mice 5, 9, and 13 days after tumor inoculation.

Antibody depletion of CD4+, CD8+, and CD20+ cells

CD4 and CD8 depleting antibody (100pg) and CD20
depleting antibody (150pg) were injected intraperito-
neally into mice in PBS. Mice were injected 3 times at
3-day intervals before tumor inoculation and weekly after
tumor inoculation.

Figures
Figures were created using GraphPad Prism V.10 and
BioRender (biorender.com).

Statistical analysis
Statistical analyses were performed in GraphPad Prism
V.10. Data were analyzed as indicated (0=0.05).

RESULTS

The BALB.B-neuT model

The BALB/cmneuT and BALB.B-neuT breast cancer
models are both driven by the same rat-erbB2 onco-
gene (neuT) expressed under regulation of the MMTV
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Figure 1 BALB.B-WT mice reject BALB.B-neuT tumors by targeting the rat neu antigen. (A) Schematic of BALB/c and BALB.B

mice, with genetic differences in MHC-I and MHC-II genes. (B) Schematic of rat-neuT+ tumor challenge into genetically
matched BALB/c and BALB.B hosts. (C) Schematic depicting 66 dispersed amino acid differences between the mouse and rat-
erbB2 proteins. (D) Tumor growth of BALB/c-neuT (left top, n=4) or BALB.B-neuT (left bottom, n=3) tumors transplanted into the
recipient mice as indicated. Tumor diameter changes from weeks 2 to 3 were measured and compared for BALB.B mice (right).
Data were analyzed using the Student’s unpaired t-test. (E) Tumor diameter of BALB.B X BALB/c-neuT tumors harvested in the
same manner as depicted in B and transplanted into the indicated recipients. Data were analyzed by multiple t-tests accounting
for multiple comparisons. (F) Tumor diameter of BALB.B-neuT tumors measured 40 days after transplantation into BALB.B-WT

mice or BALB.B-rat-erbB2 knock-in mice were analyzed as in D. MHC, major histocompatibility complex; WT, wild-type.

promoter.'’ The two models differ with respect to alleles
linked to the MHC gene cluster on chromosome 17
(figure 1A)."" Multiple independent neuT tumors were
generated from each mouse line (figure 1B) expressing
oncogenic rat-erbB2 (figure 1C) and transplanted into
recipient MHC matched WT and 8-week-old tumor-free
neuT+ mice (figure 1D-E). The neuT+ recipients are
fully syngeneic for the tumor and presumably tolerant to
rat-erbB2, while the WT recipients lacking the rat-erbB2
neu oncogene should respond to the tumor-specific
antigen.12 1 Unlike the BALB/c-WT recipients, whose
transplanted tumors grew at approximately the same rate
despite the presence of the rat-erbB2 antigen as reported
previously,'” BALB.B-WT recipients began rejecting their
tumors after approximately 2 weeks (figure 1D). Both
BALB.B-neuT and BALB/c-neuT syngeneic recipients
grew out the transplanted neuT+ tumorsand were eutha-
nized appropriately (figure 1D).

To verify that BALB.B hosts were targeting the neuT
oncoprotein in the rejection response, the rat-erbB2
coding sequence was knocked into the mouse FERBB2

locus of BALB/c mice. Transgenic second-generation
knock-in mice were crossed to BALB.B mice and screened
for tolerance to a BALB.B X BALB/c F1 neuT+ tumor
graft. While BALB.B X BALB/c-neuT+ mice grew out
their tumors, the neuT- mice were protected, demon-
strating that MHC H-2" mediated tumor rejection is a
dominant trait (figure 1E). Tolerance of BALB.B-neuT
mice to neu+ tumor challenge was recapitulated in the
knock-in mice expressing non-oncogenic rat-erbB2 as self.
On backcross to BALB.B mice, the mouse line BALB.B—
rat-erbB2 was established. These neuT+ BALB.B tumor
permissive mice demonstrate that neither the expression
of the oncogenic transmembrane mutation nor the pres-
ence of endogenous neuT+ tumors are essential for toler-
ance (figure 1F).

BALB.B and BALB/c-WT mice challenged with their
respective MHC-matched tumors both generated spon-
taneous immune responses targeting rat-erbB2. Specif-
ically, both strains produced isotype class switched 4T1
rat-erbB2-specific antibodies after tumor challenge
(figure 2A-C), a clear indication that both the congenic
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Figure 2 BALB.B and BALB/c neuT+ tumors are immunogenic. Sera from BALB.B and BALB/c mice (4 weeks post-tumor
inoculation) were incubated with 4T1 or 4T1-rat-erbB2+ cells to assess antigen-specific antibody binding using fluorescently
tagged secondary kappa antibodies (A-B) or antibodies of the indicated isotype by flow cytometry (C). (B) Relative titers of
BALB/c and BALB.B antibody levels, calculated by the dilution required to achieve the same median fluorescent intensity. Data
were analyzed using the Student’s unpaired t-test. (D) Rat-erbB2 expression by independent BALB.B, BALB/c, and BALB.B X
BALB/c F1 tumors were stained with the monoclonal rat-erbB2 antibody clone 7.16.4. (E) Matched erbB2 expression on the
selected tumors designated by the circle in D. (F) Direct growth comparison of tumors from E following transplantation into
BALB.B and BALB/c hosts. Data were analyzed using the Student’s unpaired t-test.

lines developed CD4+ Tcell and B cell responses to the
neuT+ tumors. Western blot, ELISA, and competition
assays validate the specificity of these antibodies in the
immune sera (online supplemental figure 1A-C). Anal-
ysis using 47T1 cells transduced with chimeric mouse/rat
erbB2 proteins revealed that rat domain 3 is bound by
antibodies generated in BALB.B mice (online supple-
mental figure 1D).

The antigen-specific antibody titer in tumor-challenged
BALB.B mice was approximately 15-fold greater than
in BALB/c responding mice (figure 2B). Together, the
BALB.B and BALB/c models comprise scenarios where
the anticancer immunity generated against a tumor-
specific antigen is sufficient to clear one tumor (BALB.B)
but not another (BALB/c). To understand the difference,
we examined the antitumor immune responses in both

models. To test whether the level of erbB2 protein expres-
sion was a distinguishing factor, erbB2 expression levels
on BALB.B and BALB/c tumor cell lines were analyzed.
Overlapping ranges of rat-erbB2 expression were found
among the BALB.B and BALB/c tumors (figure 2D).
A direct comparison of two closely matched low neuT-
expressing tumors, BALB.B-4 and BALB/c-2 confirmed
that MHC genotype but not rat-erbB2 expression levels
was a defining determinant of rejection (figure 2E-F).

Tumor microenvironments differ between BALB.B and BALB/c
tumor-bearing mice

BALB.B and BALB/c-WT mice were challenged with
MHC-matched tumors and analyzed for immune and
tumor cell markers by CyTOF 17 days postchallenge, at
the point where BALB.B tumors begin to reject while
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BALB/c tumors continue growing (figure 1D). Pheno-
graph analysis revealed multiple clusters, including
immune and tumor cells (online supplemental figures
2-3A). CD8+ Tcells were largely absent from the tumor
microenvironment of BALB/c mice and present in
small numbers in tumors from BALB.B mice (online
supplemental figure 3B). Early reports accentuate the
importance of the CD8+ Tcell response in immuno-
logic resistance to breast carcinomas.”’ *' To evaluate
the potential role of CD8+ Tcells in the spontaneous
immune attack against the neuT+ breast carcinoma cells,
BALB/c mice were challenged with tumor cells derived
from a MHC-I mismatched BALB.B X BALB/c-neuT
host, where the graft would be expected to recognize
the MHC-T major antigens H2-K” and H2-D" as foreign.
As expected, tumor-infiltrating CD8+ T cells were prom-
inent in the recovered tumor microenvironment, paired
with a decrease in neuT+ tumor cells. This demonstrates

BALB.BWT

A Total UMAP

BALB.B rat erbB2+

CD8+ Tcell tumor killing capacity in the model should
they be activated and tumor infiltrating (online supple-
mental figure 3B).

To assess whether the cellular composition of the
immune cells within the tumor microenvironment reflects
the tumor rejection phenotype of the mice, we conducted
an analysis of CD45+ tumor-infiltrating cells. An analysis
of independent tumors implanted into BALB.B, BALB.B
rat-erbB2+, and BALB/c mice was conducted using a
Cytek Aurora platform (figure 3). These results showed
a significant increase in the major populations of CD8+
cells, CD4+ cells, CD335+ cells, and significant decreases
in CD11b+F4/80+ and Ly-6G+ cells compared in BALB.B
compared with BALB.B rat-erbB2+ and BALB/c tumors.
A reanalysis of the CD45+ cells from the CyTOF anal-
ysis in (online supplemental figures 2-3) confirmed the
initial observation made in the Cytek analysis (online
supplemental figure 4).
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Figure 3 Analysis of CD45+ cells present in breast carcinomas shows immune compartment changes among BALB.B,
BALB.B rat-erbB2, and BALB/c mice using the Cytek platform. BALB.B, BALB.B rat erbB2+, and BALB/c mice were challenged
with MHC matched tumors. (A) Summary UMAP of immune cells of all mice (left), pooled BALB.B mice (center left), BALB.B-
rat-erbB2+ mice (center right), or BALB/c mice (right) present in the tumor. (B) Location of the indicated cell clusters on the
UMAP (top), and the frequency of cluster presence of total immune cells in each tumor by group (bottom). Data were analyzed
by a two-way ANOVA focusing on the cell clusters for CD4+, CD8+, F4/80+, Ly-6G+, and CD335+ cells (p<0.0001), followed

by Sidak’s multiple comparisons test. ANOVA, analysis of variance; MHC, major histocompatibility complex; UMAP, Uniform

Manifold Approximation and Projection plot; WT, wild-type.
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Figure 4 BALB.B immune cells convey tumor protection to permissive hosts in an MHC-II dependent manner. (A-D)
Splenocytes were harvested from BALB.B-WT mice that were either unchallenged or had already rejected BALB.B-neuT
tumors and adoptively transferred into tumor permissive recipient BALB.B-neuT mice along with a BALB.B-neuT tumor
inoculation. Tumor diameters were measured 4 weeks later unless otherwise specified. (A) CD4 or CD8 cells were depleted from
splenocytes prior to adoptive transfer. (A-D) Data were analyzed from a one-way ANOVA using a two-tailed Dunning test for
multiple comparisons. (B) B-cells were depleted from splenocytes prior to adoptive transfer. (C, D) CD4 cells and B cells were
purified from rejector splenocytes and adoptively transferred, alone or together. (E) BALB.B-WT mice were depleted of CD8,
CD4, or B-cells and inoculated with BALB.B-neuT tumor cells. Data were analyzed as in A-D. (F) Immune splenocytes harvested
from tumor-bearing BALB.B and BALB/c hosts at 4 weeks postchallenge were adoptively transferred into permissive BALB.B-
neuT or BALB/c-neuT hosts prior to challenge with MHC-matched tumors and compared to tumor-challenged naive animals.
T-tests were conducted to compare groups of mice within each genotype. (G) IA°-positive CB6F1 mice or IAb-negative BALB/c
X B6-1A° F1 mice were challenged with BALB/c-neuT tumors. The Student’s unpaired t-test was used to compare groups.

(H) Total cell counts of splenic CD4+ T cells at 0, 2, and 4 weeks post-tumor inoculation. One-way ANOVA was performed to
compare groups, with Tukey’s multiple comparison test to compare all groups to each other. (I) Schematic of the conclusion,
CD4 + B cells from the spleen of a BALB.B-WT mouse that has rejected tumor confers protection in a recipient BALB.B-neuT
mouse. ANOVA, analysis of variance; MHC, major histocompatibility complex; WT, wild-type.

Immune mechanisms mediating rejection of breast ductal
carcinoma in BALB.B-WT mice

To determine how BALB.B-WT mice reject BALB.B-
neuT breast ductal carcinoma cells, splenocytes from
BALB.B-WT mice that have rejected their tumors were
intravenously transferred into naive tumor permissive
BALB.B-neuT or BALB.B-rat-erbB2 recipients. Rejector
splenocyte transfer into recipient BALB.B-neuT mice
conferred protection to the recipient mice, while transfer
of naive BALB.B splenocytes did not (figure 4A). Deple-
tion of CD8+, CD4+, and B220+ cells from the protective

immune spleen population used in the adoptive transfer
showed that CD8+ Tcells were dispensable for trans-
ferred protection but CD4+ T cells and B220+ B cells were
necessary (figure 4A-B). While neither splenic CD4+
Tcell nor B-cell adoptive transfer alone was sufficient,
adoptive transfer of both cell types together was sufficient
(figure 4C-D).

To determine whether the mechanism mediating
spontaneous immune rejection reflects the requirement
for CD4+ Tcells and B cells highlighted in the adoptive
transfer experiments, BALB.B WT mice were depleted
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systemically of CD4+, CD8+, or CD20+ cells with depleting
antibodies prior to tumor challenge (figure 4E). Deple-
tion of CD4+ orCD20+ butnot CD8+ cells resulted in
an increased tumor burden relative to untreated mice
(figure 4E), mirroring the adoptive transfer studies. The
efficiency of the cell depletions was ascertained in the
blood 0, 2, and 5 weeks post-tumor inoculation (online
supplemental figure 5A). CD4+, CD8+, and CD20+ cells
were stably depleted throughout the course of the exper-
iment (online supplemental figure 5B-D).

To evaluate whether immune spleens from permis-
sive. BALB/c-WT mice could similarly confer tumor
protection, splenocytes from BALB/c and BALB.B were
compared for their ability to protect MHC-matched rat-
erbB2 tolerant mice following adoptive transfer. While
the BALB.B splenocytes conferred protection, the
BALB/c splenocytes did not (figure 4F). Thus, BALB/c
immune splenocytes responding to tumor antigens were
insufficient to mobilize a protective response against the
neuT+ tumorseven after priming and generating rat-
erbB2+ antibodies (figure 2). The critical contributions
of CD4+ Tcells and B cells in mediating tumor rejection
imply a central role of MHC-II antigen presentation by
the H-2 IA" allele in determining the nature of the anti-
tumor response. To test this possibility, we evaluated the
ability of CB6F1 mice either containing or lacking the
H-2" TA” MHC-I allele for their ability to mount a protec-
tive antitumor response. C57BL/6 IA® mice were used in
the cross to generate mice expressing only the MHC-II
H-2 IAY and IE! alleles derived from the BALB/ ¢ parent,
but not the H-2 IA® allele from the C57BL/6 parent. The
IAP+F1 mice rejected their transplanted tumor while
the TA’-negative F1 mice did not, demonstrating that
the tumor rejection is indeed MHC-I IA” dependent
(figure 4G). We have also observed this same outcome
comparing IA” and IA"-negative BALB.B X BALB/c F1
mice challenged with IA’-negative BALB/c-neuT tumor
(p=0.0457, n=5, not pictured). This indicates that MHC-II
IA” is critical for rejection independently of any expres-
sion of IA” on the tumor cells. The critical role of CD4+
T cells in mediating the rejection phenotype is reflected
by transiently decreased numbers of splenic CD4+ T cells
in BALB/c mice compared with BALB.B mice at the
tumor growth inflection point 2 weeks post-tumor inocu-
lation (figure 4H). B cell numbers were equivalent across
strains, with an increase in TCRB-/B220- cell popula-
tions consistent with known tumor-associated increases
in splenic myeloid-derived suppressor cells over time in
breast carcinomas® (online supplemental figure 6).

Finally, to evaluate the relevance of the described
mediators of immune rejection in the setting of sponta-
neously developing breast carcinomas, immune spleno-
cytes from rejector BALB.B splenocytes were adoptively
transferred into 8week-old BALB.B-neuT mice, which
display frank signs of ductal dysplasia throughout each
of their mammary glands but no palpable tumors.'* The
transferred immune splenocytes significantly delayed
tumor appearance, demonstrating the capacity of active

immunity to control aggressive tumor development
(online supplemental figure 7). We deduce from these
experiments that immune CD4+ Tcells and B cells are
essential to confer resistance against the tumor challenge
and once activated can be protective against spontaneous
tumor development (figure 4I).

Role of antibodies in BALB.B rejection of tumors

We noted erbB2-specific antibodies decreased in
BALB.B-WT mice following CD4+ orCD20+ butnot
CD8+ cell depletion, suggesting that antibodies may play
a role in tumor clearance (figure 5A). Furthermore,
tumor size negatively correlated with the amount of
erbB2-specific antibody detected in the blood of tumor-
bearing mice reinforcing the hypothesis that antibodies
may mediate tumor protection (figure 5B). To test this
hypothesis, immune serum was passively transferred from
BALB.B mice into tumor-bearing permissive BALB.B-rat-
erbB2 hosts. The transferred sera conferred protection
(figure 5C). Furthermore, adsorbing erbB2 specific anti-
bodies out of the immune sera with 4T1 cells expressing
rat-erbB2 significantly diminished the protective activity
(figure 5D). Together these data demonstrate the protec-
tive role of CD4+ Tcells and B cells together and the
resulting tumor-specific antibodies are determinants
of immunity in this model of spontaneous tumor rejec-
tion using BALB.B-neuT tumors in BALB.B-WT mice
(figure 5E).

Validation of antigenicity of rat-erbB2 model in B16F10 and
4T1 tumors

We hypothesized that optimal immune recognition of
critical ratneuT epitopes by CD4+ T cells evokes sponta-
neous antitumor immunity, and the introduction of these
rat-erbB2 antigens as passenger proteins into IA"-positive
tumors would lead to spontaneous resistance as well.
Accordingly, we generated virulent B16F10* and 4T1*
tumor cell lines expressing the non-oncogenic rat-erbB2
ectodomain as the model neoantigen. Both IA’+B6and
CB6F1 mice were more resistant to challenge with rat-
erbB2+ tumors relative to their respective controls
(online supplemental figure 8A,B). Anti-rat-erbB2-
specific antibodies were evident in these tumor-resisting
animals (online supplemental figure 8C,D). Analysis of
rat domains 1 and 3 supported our hypothesis that an
optimal IArestricted tumor-associated peptide anti-
gen(s) promotes a protective response (online supple-
mental figure 8D).

DISCUSSION/CONCLUSION

Tumors can develop mutations that promote a sponta-
neous protective antitumor immune response.” In meth-
ylcholanthrene (MCA)-induced tumors an average of
2,000 non-synonymous mutations were detected, whereas
only approximately 40% of these tumors contain opti-
mally immunogenic neoantigens." While neoantigenic
epitopes generated in MCA tumors can be targeted by
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from mice in figure 3E (n=5). Dotted line represents 4T1 background staining. Group compared using a two-way repeated
measures ANOVA with a Tukey’s test for multiple comparisons. (B) Correlation of specific antibody titer from A with tumor size
for mice from figure 3E using a simple linear regression to test the null hypothesis that the slope was zero. (C) BALB.B-WT mice
and BALB.B rat-erbB2+ mice were inoculated with BALB.B-neuT tumors. Serum from BALB.B rejector mice was passively
transferred into one group of BALB.B-rat-erbB2+ mice. Data were analyzed using a one-way ANOVA using a two-tailed Dunning
test for multiple comparisons. (D) Antigen-specific antibodies were adsorbed with 4T1-rat-erbB2+ or 4T1 cells and injected

into recipient BALB.B-rat-erbB2 mice on day 5 post-tumor inoculation. Data were analyzed using a Mann-Whitney test. (E)
Schematic of the conclusion of figure 4. BALB.B-WT mice that contain functional CD4+ and CD20+ cells secrete antibodies and
reject their tumors, while mice lacking CD4+ or CD20+ cells do not secrete antibodies and succumb to their tumors. ANOVA,

analysis of variance; WT, wild-type.
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neous antitumor immunity appear to be culled by immu-
noselection. The present work establishes a clear tumor
model for delineating the determinants governing spon-
taneous tumor rejection and permissive tumor growth in
immunocompetent individuals. Whereas immunization
was required to mobilize a protective response in the
BALB/c mice,"” * *® tumors were rejected spontaneously
in BALB.B mice (figure 1D).

The model features the defined neuT-specific tumor
antigen, a protein that differs from its mouse homologue
by multiple amino acids, containing epitopes that are
representative of cancer mutations giving rise to neoan-
tigens present in animal and human cancers.”” A major
unresolved question is why cancer neoantigens persist in

immune-competent individuals. Our model allows this
question to be addressed under genetically controlled
conditions. In BALB.B mice, the mechanism mediating
tumor rejection is due to CD4+ Tcells and B cells and
resulting antibodies (figures 3—4). While tumor-challenged
BALB/c-WT mice also produce antitumor antibodies,
their response is insufficient to protect against tumor
challenge (figures 1-2). This likely reflects differences
in antibody quantity or quality, representing cases where
patients develop immune responses against their tumors
but fail to reject.lo In this model, notable differences in
antibody titer generated in response to tumor challenge
were observed (figure 2B). Possible qualitative differences
distinguishing tumor-specific antibodies generated by the
two strains will require further investigation.
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Both MHC-II and the nature of neoantigens vary
among individuals in natural settings.'? ** Tumor antigens
presented in the context of different MHC molecules
likely result in variations of CD4 T-cell activation.* * We
will use this model to study differences between peptides
that activate CD4 T cells to mobilize a protective response
and ones that do not. Understanding what is necessary for
an optimally activated CD4 T cell is the first step towards
augmenting existing ineffective CD4 T cell responses to
achieve productive antitumor immunity.

Given that the principles of MHC-T cell interaction
are generally conserved between mice and humans, this
work has potential to be generalizable to human cancer
patients across different cancers.” ™™ The potential for
this principle to be generalized is highlighted by the
rejection of the B16F10 and 4T1 tumor lines expressing
the rat-erbB2 non-oncogenic ectodomain, demonstrating
that the targeted neoantigen need not be a driver muta-
tion (online supplemental figure 8). In many human
breast cancers, the erbB2 oncoprotein is antigenic and
results in a suboptimal spontaneous immune response
in patients like what we have observed in BALB/c mice®
(figure 2A-C). Vaccination of these patients sometimes
leads to a productive immune response similar to what
has been observed in vaccinated BALB/c mice.?!

The lack of literature describing a spontaneous produc-
tive immune response in human cancer patients as repre-
sented by BALB.B may be partially due to individuals who
spontaneously rejected their cancer rarely being evalu-
ated clinically. Immune-compromised individuals develop
tumors at a much higher rate than the general popula-
tion, suggesting that the human immune system does
clear many tumors.” This view is supported by evidence
that immunosuppressed individuals can clear Kaposi’s
sarcomas following reconstitution of CD4+ cells.”™
Furthermore, the correlation of improved outcomes with
increased numbers of CD4+ T follicular helper cells and
B cells in patients with breast and lung cancer together
with improved outcomes in mice following the introduc-
tion of strong T follicular helper and B cell antigens is
consistent with our thesis.*** Our work has significant
relevance to understanding how a human cancer could
be productively recognized by the human immune system
and that understanding such immunity can help us reca-
pitulate it with future immunotherapies.

In conclusion, we present a new model which highlights
the importance of MHC-II in the development of sponta-
neous antitumor immunity (online supplemental file 2).
The model identifies a CD4+ Tcell, B cell, and antibody
requirement for successful defense against breast carci-
noma challenge. The known role of MHC-II in mediating
the interactions between T helper cells and B cells in the
generation of T-dependent antibody responses under-
scores the dependence of developing immunity on class
II genotype. Our model also provides a venue for identi-
fying why some prototypical antigens have the capacity
to mobilize spontaneously a protective immune response.
Our ongoing studies are addressing how these emerging

insights apply to human cancer and can be translated into
new cancer therapies.

Acknowledgements The CyTOF study was conducted in the Mayo Clinic Immune
Monitoring Core, and the transgenic knock-in mice were generated in the Mayo
Clinic Transgenic and Knockout Core. We acknowledge technical support from
Daniel Billadeau's laboratory in our Western blotting experiments.

Contributors JWJ and AP contributed equally to this work. JWJ, AP, VPVK, and LRP
were responsible for overall conception and design of the study. JWJ performed
original and validation experiments. MJH, SAC, VPVK, STF, PER-C, JY, SMO, and KDP
performed experiments and data analysis. JWJ or LRP independently verified all the
data analysis. SJF generated and characterized knock-in mice and viral constructs.
AJ and LRP managed and provided mentoring for the project. JWJ and LRP wrote
the manuscript. All authors reviewed, edited, and approved the manuscript. LRP is
the guarantor.

Funding We would like to thank Bernie Fineman for generous funding of this
study. Production of knock-in mice was supported by the Mayo Clinic Center

for Biomedical Discovery. We would like to thank the Mayo Clinic Department of
Immunology and Mayo Clinic Graduate School of Biomedical Sciences 5 R25 GM
55252 for supporting authors in this study.

Competing interests No, there are no competing interests.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
James William Jenkins http://orcid.org/0000-0001-5694-9707
Larry R Pease http://orcid.org/0000-0001-9770-1740

REFERENCES

1 Sterner RC, Sterner RM. CAR-T cell therapy: current limitations and
potential strategies. Blood Cancer J 2021;11:69.

2 Swain SM, Shastry M, Hamilton E. Targeting HER2-positive breast
cancer: advances and future directions. Nat Rev Drug Discov
2023;22:101-26.

3 Sahin U, Tireci O. Personalized vaccines for cancer immunotherapy.
Science 2018;359:1355-60.

4 Shankaran V, Ikeda H, Bruce AT, et al. IFNgamma and lymphocytes
prevent primary tumour development and shape tumour
immunogenicity. Nature New Biol 2001;410:1107-11.

5 Dunn GP, Old LJ, Schreiber RD. The three Es of cancer
immunoediting. Annu Rev Immunol 2004;22:329-60.

6 Saleh F, Renno W, Klepacek |, et al. Direct evidence on the immune-
mediated spontaneous regression of human cancer: an incentive for
pharmaceutical companies to develop a novel anti-cancer vaccine.
Curr Pharm Des 2005;11:3531-43.

7 Yamaguchi J, Motomura K, Ohka F, et al. Spontaneous Tumor
Regression of Intracranial Solitary Fibrous Tumor Originating From
the Medulla Oblongata: A Case Report and Literature Review. World
Neurosurg 2019;130:400-4.

8 Ohara M, Koi Y, Sasada T, et al. Spontaneous regression of breast
cancer with immune response: a case report. Surg Case Rep
2021;7:10.

10 Jenkins JW, et al. J Immunother Cancer 2025;13:€010434. doi:10.1136/jitc-2024-010434


https://dx.doi.org/10.1136/jitc-2024-010434
https://dx.doi.org/10.1136/jitc-2024-010434
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5694-9707
http://orcid.org/0000-0001-9770-1740
http://dx.doi.org/10.1038/s41408-021-00459-7
http://dx.doi.org/10.1038/s41573-022-00579-0
http://dx.doi.org/10.1126/science.aar7112
http://dx.doi.org/10.1038/35074122
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104803
http://dx.doi.org/10.2174/138161205774414556
http://dx.doi.org/10.1016/j.wneu.2019.07.052
http://dx.doi.org/10.1016/j.wneu.2019.07.052
http://dx.doi.org/10.1186/s40792-020-01103-5

9

10

11

12

13

14

15

20

21

22

23

24

25

26

27

Lau KL, Lee CW, Tustin H, et al. Spontaneous regression of
advanced-stage oropharyngeal squamous cell carcinoma. J Laryngol
Otol 2022;136:882—-4.

Schumacher TN, Scheper W, Kvistborg P. Cancer Neoantigens. Annu
Rev Immunol 2019;37:173-200.

Yang Y, Nam G-H, Kim GB, et al. Intrinsic cancer vaccination. Adv
Drug Deliv Rev 2019;151-152:2-22.

Rovero S, Amici A, Di Carlo E, et al. DNA vaccination against

rat her-2/Neu p185 more effectively inhibits carcinogenesis than
transplantable carcinomas in transgenic BALB/c mice. J Immunol
2000;165:5133-42.

Yang-Feng TL, Francke U, Ullrich A. Gene for human insulin receptor:
localization to site on chromosome 19 involved in pre-B-cell
leukemia. Science 1985;228:728-31.

Katoh M, Katoh M. Identification and characterization of mouse
Erbb2 gene in silico. Int J Oncol 2003;23:831-5.

Freedman HA, Lilly F. Properties of cell lines derived from tumors
induced by Friend virus in BALB/c and BALB/c-H-2b mice. J Exp
Med 1975;142:212-23.

Chen H, Lau MC, Wong MT, et al. Cytofkit: A Bioconductor Package
for an Integrated Mass Cytometry Data Analysis Pipeline. PLoS
Comput Biol 2016;12:e1005112.

Wong MT, Chen J, Narayanan S, et al. Mapping the Diversity of
Follicular Helper T Cells in Human Blood and Tonsils Using High-
Dimensional Mass Cytometry Analysis. Cell Rep 2015;11:1822-33.
Becher B, Schlitzer A, Chen J, et al. High-dimensional analysis of the
murine myeloid cell system. Nat Immunol 2014;15:1181-9.

Nagata Y, Furugen R, Hiasa A, et al. Peptides derived from a
wild-type murine proto-oncogene c-erbB-2/HER2/neu can induce
CTL and tumor suppression in syngeneic hosts. J Immunol
1997;159:1336-43.

Gallo P, Dharmapuri S, Nuzzo M, et al. Adenovirus vaccination
against neu oncogene exerts long-term protection from
tumorigenesis in BALB/neuT transgenic mice. Int J Cancer
2007;120:574-84.

Knutson KL, Schiffman K, Disis ML. Immunization with a HER-2/neu
helper peptide vaccine generates HER-2/neu CD8 T-cell immunity in
cancer patients. J Clin Invest 2001;107:477-84.

Vanhaver C, van der Bruggen P, Bruger AM. MDSC in Mice and
Men: Mechanisms of Immunosuppression in Cancer. J Clin Med
2021;10:2872.

Celik C, Lewis DA, Goldrosen MH. Demonstration of immunogenicity
with the poorly immunogenic B16 melanoma. Cancer Res
1983;43:3507-10.

Pulaski BA, Ostrand-Rosenberg S. Mouse 4T1 breast tumor model.
Curr Protoc Immunol 2001;Chapter 20:Unit .

Lee C-L, Mowery YM, Daniel AR, et al. Mutational landscape in
genetically engineered, carcinogen-induced, and radiation-induced
mouse sarcoma. JCI Insight 2019;4:e128698.

Nava-Parada P, Forni G, Knutson KL, et al. Peptide vaccine given
with a Toll-like receptor agonist is effective for the treatment

and prevention of spontaneous breast tumors. Cancer Res
2007;67:1326-34.

Barroso-Sousa R, Pacifico JP, Sammons S, et al. Tumor Mutational
Burden in Breast Cancer: Current Evidence, Challenges, and
Opportunities. Cancers (Basel) 2023;15:3997.

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Radwan J, Babik W, Kaufman J, et al. Advances in the

Evolutionary Understanding of MHC Polymorphism. Trends Genet
2020;36:298-311.

Patarroyo ME, Alba MP, Vargas LE, et al. Peptides inducing short-
lived antibody responses against Plasmodium falciparum malaria
have shorter structures and are read in a different MHC Il functional
register. Biochemistry 2005;44:6745-54.

Kreiter S, Vormehr M, van de Roemer N, et al. Mutant MHC class Il
epitopes drive therapeutic immune responses to cancer. Nature New
Biol 2015;520:692-6.

Martinez-Jiménez F, Muifos F, Sentis |, et al. A compendium of
mutational cancer driver genes. Nat Rev Cancer 2020;20:555-72.
Miller AM, Kosaloglu-Yalgin Z, Westernberg L, et al. A functional
identification platform reveals frequent, spontaneous neoantigen-
specific T cell responses in patients with cancer. Sci Trans! Med
2024;16:eabj9905.

Rothbard JB. Antigen presentation. One size fits all. Curr Biol
1994;4:653-5.

Davey MP, Meyer MM, Munkirs DD, et al. T-cell receptor variable beta
genes show differential expression in CD4 and CD8 T cells. Hum
Immunol 1991;32:194-202.

Zacharakis N, Chinnasamy H, Black M, et al. Inmune recognition

of somatic mutations leading to complete durable regression in
metastatic breast cancer. Nat Med 2018;24:724-30.

Disis ML, Knutson KL, Schiffman K, et al. Pre-existent immunity

to the HER-2/neu oncogenic protein in patients with HER-2/neu
overexpressing breast and ovarian cancer. Breast Cancer Res Treat
2000;62:245-52.

Heyrman B, De Becker A, Schots R. A case report of
immunosuppression-related Kaposi’s sarcoma after autologous stem
cell transplantation. BMC Res Notes 2016;9:188.

Mukasine M-C, Mulundu G, Kawimbe M, et al. Association between
KSHV-Specific Humoral and T Cell Responses with Recurrence of
HIV-Associated Kaposi Sarcoma. Trop Med Infect Dis 2024;9:134.
Berrezouga L, Alouani N, Kooli |, et al. Diffuse Kaposi

sarcoma with oral involvement in a person diagnosed with

human immunodeficiency virus/acquired immune deficiency
syndrome: A case report. SAGE Open Med Case Rep
2024;12:2050313X241235815.

Cui C, Wang J, Fagerberg E, et al. Neoantigen-driven B cell and CD4
T follicular helper cell collaboration promotes anti-tumor CD8 T cell
responses. Cell 2021;184:6101-18.

de Moraes FCA, Souza MEC, Sano VKT, et al. Association of
tumor-infiltrating lymphocytes with clinical outcomes in patients with
triple-negative breast cancer receiving neoadjuvant chemotherapy: a
systematic review and meta-analysis. Clin Trans/ Oncol 2024.
Chen'Y, Zheng Z, Wang J, et al. Genetically predicted Caspase 8
levels mediates the causal association between CD4+ T cell and
breast cancer. Front Immunol 2024;15:1410994.

Liu H, Bao H, Zhao J, et al. Establishment and verification of a
prognostic immune cell signature-based model for breast cancer
overall survival. Transl Cancer Res 2024;13:5600-15.

Péguillet I, Milder M, Louis D, et al. High numbers of differentiated
effector CD4 T cells are found in patients with cancer and correlate
with clinical response after neoadjuvant therapy of breast cancer.
Cancer Res 2014;74:2204-16.

Jenkins JW, et al. J Immunother Cancer 2025;13:¢010434. doi:10.1136/jitc-2024-010434

11


http://dx.doi.org/10.1017/S0022215121002899
http://dx.doi.org/10.1017/S0022215121002899
http://dx.doi.org/10.1146/annurev-immunol-042617-053402
http://dx.doi.org/10.1146/annurev-immunol-042617-053402
http://dx.doi.org/10.1016/j.addr.2019.05.007
http://dx.doi.org/10.1016/j.addr.2019.05.007
http://dx.doi.org/10.4049/jimmunol.165.9.5133
http://dx.doi.org/10.1126/science.3873110
https://pubmed.ncbi.nlm.nih.gov/12888924
http://dx.doi.org/10.1084/jem.142.1.212
http://dx.doi.org/10.1084/jem.142.1.212
http://dx.doi.org/10.1371/journal.pcbi.1005112
http://dx.doi.org/10.1371/journal.pcbi.1005112
http://dx.doi.org/10.1016/j.celrep.2015.05.022
http://dx.doi.org/10.1038/ni.3006
https://pubmed.ncbi.nlm.nih.gov/9233630
http://dx.doi.org/10.1002/ijc.22274
http://dx.doi.org/10.1172/JCI11752
http://dx.doi.org/10.3390/jcm10132872
https://pubmed.ncbi.nlm.nih.gov/6861123
http://dx.doi.org/10.1002/0471142735.im2002s39
http://dx.doi.org/10.1172/jci.insight.128698
http://dx.doi.org/10.1158/0008-5472.CAN-06-3290
http://dx.doi.org/10.3390/cancers15153997
http://dx.doi.org/10.1016/j.tig.2020.01.008
http://dx.doi.org/10.1021/bi050214z
http://dx.doi.org/10.1038/nature14426
http://dx.doi.org/10.1038/nature14426
http://dx.doi.org/10.1038/s41568-020-0290-x
http://dx.doi.org/10.1126/scitranslmed.abj9905
http://dx.doi.org/10.1016/s0960-9822(00)00146-9
http://dx.doi.org/10.1016/0198-8859(91)90056-f
http://dx.doi.org/10.1016/0198-8859(91)90056-f
http://dx.doi.org/10.1038/s41591-018-0040-8
http://dx.doi.org/10.1023/a:1006438507898
http://dx.doi.org/10.1186/s13104-016-1991-9
http://dx.doi.org/10.3390/tropicalmed9060134
http://dx.doi.org/10.1177/2050313X241235815
http://dx.doi.org/10.1016/j.cell.2021.11.007
http://dx.doi.org/10.1007/s12094-024-03661-8
http://dx.doi.org/10.3389/fimmu.2024.1410994
http://dx.doi.org/10.21037/tcr-24-1829
http://dx.doi.org/10.1158/0008-5472.CAN-13-2269

	MHC class II﻿﻿-­﻿﻿mediated spontaneous rejection of breast carcinomas expressing model neoantigens
	Abstract
	Background﻿﻿
	Methods
	Antibodies and Reagents
	Mouse models
	Generation and transplantation of tumor cell lines
	Survival analysis
	Flow cytometry
	CyTOF analysis of tumor microenvironments
	Adoptive transfer of splenocytes
	Sera adsorption and passive transfer
	Antibody depletion of CD4+, CD8+, and CD20+ cells
	Figures
	Statistical analysis

	Results
	The BALB.B-neuT model
	Tumor microenvironments differ between BALB.B and BALB/c tumor-bearing mice
	Immune mechanisms mediating rejection of breast ductal carcinoma in BALB.B-WT mice
	Role of antibodies in BALB.B rejection of tumors
	Validation of antigenicity of rat-erbB2 model in B16F10 and 4T1 tumors

	Discussion/conclusion
	References


