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immunogenicity of rat-neu+ mouse 
mammary tumours determines 
the t cell-dependent therapeutic 
efficacy of anti-neu monoclonal 
antibody treatment
Heng Sheng Sow1, Hreinn Benonisson1, conny Brouwers1, Margot M. Linssen1, 
Marcel camps2, cor Breukel1, Jill claassens1, thorbald van Hall  3, ferry ossendorp2, 
Marieke f. fransen2,4,5 & J. Sjef Verbeek1,5*

The use of Trastuzumab (Herceptin), a monoclonal antibody (mAb) targeting HER2/neu, results in an 
increased median survival in Her2+ breast cancer patients. the tumour mutational burden and the 
presence of tumour infiltrating lymphocytes (TILs) clearly correlate with response to trastuzumab. 
Here, we investigated if the immunogenicity of the transplantable rat-neu+ tumour cell line (tUBo) 
derived from a BALB/c-NeuT primary tumour is associated with the response to anti-neu mAb therapy. 
We compared the TUBO tumour outgrowth and tumour infiltrating T cells in isogenic (BALB/c-NeuT) 
and non-isogenic (WT BALB/c) recipient mice. Furthermore, therapeutic efficacy of anti-neu mAb and 
the contribution of t cells were examined in both mouse strains. the outgrowth of untreated tumours 
was significantly better in BALB/c-NeuT than WT BALB/c mice. Moreover, tumour infiltrating T cells 
were more abundantly present in WT BALB/c than BALB/c-NeuT mice, showing that the TUBO tumour 
was more immunogenic in WT BALB/c mice. In TUBO tumour bearing WT BALB/c mice, anti-neu mAb 
therapy resulted in an increase of tumour infiltrating T cells and long-term survival. When T cells were 
depleted, this strong anti-tumour effect was reduced to an outgrowth delay. In contrast, in TUBO 
tumour bearing BALB/c-NeuT mice, treatment with anti-neu mAb resulted only in tumour outgrowth 
delay, both in the presence and absence of t cells. We concluded that in immunogenic tumours the 
response to anti-neu mAb therapy is enhanced by additional t cell involvement compared to the 
response to anti-neu mAb in non-immunogenic tumours.

Overexpression of oncogenic Her2 protein occurs in 15–20% of breast cancers and is associated with highly 
aggressive disease. Trastuzumab, a humanized IgG1 monoclonal antibody targeting Her2, is the standard 
therapy for Human epidermal growth factor receptor 2 (HER2/Erbb2/neu) overexpressing breast cancer 
owing to its apparent efficacy in adjuvant and neoadjuvant uses1,2. This antibody was designed to disrupt the 
ligand-independent HER2-HER2 interaction resulting in rapid inhibition of pro-survival signalling pathways, 
leading to cell cycle arrest of the cancer cells3,4. The clinical success of Trastuzumab has paved the way for devising 
novel Her2 targeting approaches in breast cancer treatment. To date, two other therapeutic agents are available 
to inhibit her2 mediated signalling, a monoclonal antibody (pertuzumab) and tyrosine kinase inhibitors (lapat-
inib, neratinib). However, a recent clinical study has shown that Trastuzumab therapy increases the pathological 
complete response (pCR) in patients more than laptinib5. This can be attributed to the ability of Trastuzumab 
to engage the immune system to achieve tumor killing. Several preclinical studies have suggested that innate 
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immune responses are essential to anti-Her2/neu mAb cancer therapies through the recruitment of Fcγ receptor 
(FcγR) expressing immune cells which can mediate antibody-dependent cellular cytotoxicity (ADCC)6–8. This is 
supported by the observation that in patients the efficacy of Trastuzumab correlates positively with the presence 
of allelic variants of FcγRIII with higher affinity for IgG9,10.

In addition, in vivo preclinical studies have demonstrated adaptive immune responses being also essential 
for the therapeutic efficacy of anti-Her2/neu mAb8,11. These studies were mostly performed using a transplanta-
ble mammary tumor derived from a spontaneous primary tumor of an inbred BALB/c-NeuT transgenic female 
mouse (H-2d)12. Females of these transgenic animals, which are hemizygous for the constitutively activated/mutated 
rat-Her2 gene (NeuT) under control of the MMTV promoter, develop invasive mammary carcinomas in all ten 
mammary glands13. This model recapitulates the anatomical location and pathophysiology observed in human 
Her2+ breast cancer, thus allowing the evaluation of potential cancer immunotherapies. A transplantable cell line 
derived from a spontaneous rat-neu+ mammary tumour has been preferably used in many laboratories for cancer 
immunotherapy studies, on the basis of a short-latency periods and reproducibility. However, instead of transplant-
ing these cells into syngeneic BALB/c-NeuT mice, WT BALB/c mice are often used as the recipient of the tumour 
cells in the majority of the studies. Using such a transplantable tumor cell line, called TUBO, and WT BALB/c 
and F1 BALB/c FVB/N-Tg (MMTV-neu) mice as a recipient, findings of Park8 and Mortenson14 et al. suggest that 
adaptive immunity, in particular the role of CD4+ and CD8+ T cells, is essential for the anti-neu mAb-mediated 
tumour regression. However, these results raise some concerns. As TUBO cells express activated/mutated rat-neu 
being a foreign antigen in WT BALB/c, this tumour cells potentially triggers anti-rat-neu adaptive immunity which 
contributes to anti-neu mAb therapy. Therefore, we studied the role of the adaptive T cell immunity in full syngeneic 
setting by transplanting TUBO cells on BALB/c-NeuT mice. Here, we show an association between tumour immu-
nogenicity and the therapeutic efficacy of anti-neu mAb depending on antigenic differences between the tumor and 
the recipient mouse strain. We explored whether and to what extent both CD8+ and CD4+ T cells are involved in the 
therapeutic effects of anti-neu mAb in both WT BALB/c and BALB/c-NeuT tumor bearing mice.

Materials and Methods
Mice. WT BALB/c female mice were purchased from Charles River (L’Arbresle, France). MMTV BALB/c-
NeuT transgenic12,13,15 mice expressing activated rat-neu under the control of MMTV promoter were kindly pro-
vided by Karin de Visser (NKI, Amsterdam) and maintained by mating BALB/c-NeuT males with WT BALB/c 
females. The mice were housed in the SPF animal facilities of the Central Animal Facility (PDC) of the Leiden 
University Medical Center (LUMC). BALB/c-NeuT transgenic mice were bred in house and routinely checked for 
their genotype by PCR. All mice were housed in individually-ventilated-cage (IVC) systems under specific path-
ogen-free conditions and used at 6–12 weeks of age. The health status of the animals was monitored over time. 
Animals tested negative for all agents listed in the FELASA (Federation of European Laboratory Animal Science 
Associations) guidelines for SPF mouse colonies16. All mouse studies were approved by the Central Committee 
for Animal Research (Centrale Commissie Dierproeven, CCD) and Animal Welfare Body (AWB) (Instantie voor 
Dierenwelzijn, IvD). Experiments were performed in accordance with the Dutch Act on Animal Experimentation 
and EU Directive 2010/63/EU (‘On the protection of animals used for scientific purposes’).

Antibodies. Anti-neu mAb (clone 7.16.4, mIgG2a) hybridoma17 was kindly provided by Mark I. Greene, 
University of Pennsylvania. Anti-neu mAb, anti-CD8 mAb (clone 2.43)18 and anti-CD4 mAb (GK 1.5)19 were 
produced and purified at Leiden University Medical Center (LUMC).

tumour models and treatment. The TUBO tumour cell line12 (kindly provided by Pier-Luigi Lollini, 
University of Bologna) was cultured in Iscove’s modified Dulbecco’s medium (IMDM) (Lonza) Supplemented 
with 16% Fetal Calf Serum (FCS) (Greiner), 25 µM 2-mercaptoethanol and 100 IU/ml penicillin/streptomy-
cin (Gibco). Cell lines were mycoplasma and MAP-tested before the start of experiments. TUBO Tumour cells 
(5 × 105) were injected subcutaneously in 200 µl of PBS on the right flank of 6–12 weeks old BALB/c-NeuT or WT 
BALB/c female mice. TUBO bearing WT BALB/c or BALB/c-NeuT mice were treated with three intraperitoneal 
injections of 100 µg of anti-neu mAb (clone 7.16.4) at day 10, 15 and 20. Tumours were measured 3 times per week 
with a calliper and the size was calculated by multiplying the tumour diameters in two dimensions. Mice were 
sacrificed when established tumours reached a size of 100 mm2.

For the anti-neu mAb treatment efficacy studies using BALB/c-neuT female mice12, the mammary glands of 
BALB/c-neuT mice were inspected weekly for tumour appearance from the twelfth week of age. When a cumula-
tive spontaneous tumour burden of 20 mm2 was reached, the mice were treated with three intraperitoneal injec-
tions of 100 µg of anti-neu mAb (clone 7.16.4) at day 10, 15 and 20. The spontaneous tumours were measured 3 
times per week with a calliper and their size was calculated by multiplying the tumour diameters in two dimen-
sions. Cumulative tumour burden was calculated as the sum of all individual tumour sizes. Mice were sacrificed 
when established spontaneous tumours reached a cumulative tumour burden of 15 × 15 mm.

flow cytometry. Flow cytometry analysis for tumour infiltrating CD45+, CD4+ and CD8+ were performed as 
previously described20. In brief, tumours were harvested into 1 mL of non-supplemented IMDM media in 24-well 
plates and manually dissociated into small pieces with scalpels, incubated with 2.5 mg/mL Liberase TL (Roche) for 
20 minutes at 37 °C and single-cell suspensions were made using 70-µm cell strainers (BD Biosciences). FcγRs were 
blocked with 10% normal mouse serum and anti-mouse CD16/CD32 antibody (2.4G2). Cell surface staining was per-
formed using the following antibodies: anti-mouse CD8α (clone 53-6.7), CD4 (clone L3T4), CD3ε (clone 145-2c11)/ 
TCRβ chain (clone H57–597), CD45.2 (clone 104). Dead cells were excluded based on 7-AAD (Invitrogen). Analysis 
were performed using LSRII cytometer (BD) using FacsDIVA software (BD) and FlowJo Software (Tree Star).
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Statistical analyses. Data was analysed using Prism 7.0 (GraphPad Software). Statistical significance was 
calculated using the Mann Whitney non-parametric test. Statistical significance was defined as p < 0.05. Survival 
data was analysed with the Kaplan-Meier method and the log-rank (Mantel-Cox) test.

ethical approval. All mouse studies were approved by the animal ethics committee of the LUMC. 
Experiments were performed in accordance with the Dutch Act on Animal Experimentation and EU Directive 
2010/63/EU (‘On the protection of animals used for scientific purposes’).

Results
Anti-neu mAb therapy improved survival in transgenic BALB/c-NeuT spontaneous tumour 
model. We first analysed the anti-tumour effect of anti-neu mAb monotherapy in the BABL/c-NeuT female 
mice, which develop spontaneously invasive mammary tumours around 4 months of age13,15,21. As shown in 
Fig. 1A, administration of anti-neu mAb to spontaneous mammary tumours bearing BALB/c-NeuT mice resulted 
in significant delay in tumour outgrowth (p < 0.001), leading to significant improvement in survival when com-
pared with untreated mice (Fig. 1B) (p < 0.01). Our results support previous studies showing the therapeutic 
effect of anti-neu antibodies in vivo8,14.

Sub-optimal TUBO tumour take in WT BALB/c recipient mice. Similar to the majority of the 
oncogene-driven models of cancer in genetically engineered mice (GEMMs)22,23, spontaneous mammary 
tumours driven by activated rat-neu in the MMTV-NeuT mouse model may not harbour high neo-antigen load24. 
To evaluate whether the therapeutic efficacy of anti-neu mAb therapy would be stronger when the tumour is more 
immunogenic, we used a transplantable tumour model, the oncogenic rat-neu (NeuT) expressing tumour cell 
line (TUBO) established from a spontaneously developed mammary gland tumour of a female BALB/c-NeuT 
mouse12. As recipients of the tumour cells, we used either non-syngeneic WT BALB/c mice in which, due to the 
fact that the rat-neu molecule is a non-self-antigen, the tumour might be highly immunogenic, or syngeneic 
transgenic BALB/c-NeuT mice for which the rat-neu is a self-antigen and therefore the tumour might be poorly 
immunogenic25.

WT BALB/c and transgenic BALB/c-NeuT female mice were injected subcutaneously with TUBO tumour 
cells and tumour outgrowth was monitored. All WT BALB/c mice had palpable tumours at around day 8 upon 
transplantation, however, the growth of established tumours was inconsistent, and some underwent spontaneous 
regression without therapeutic intervention (Fig. 2A). In contrast, spontaneous regression of established TUBO 
tumours did not occur in syngeneic BALB/c-NeuT mice (Fig. 2B). These observations suggest that TUBO cells are 
more immunogenic in WT BALB/c than in BALB/c-NeuT recipient mice. Flow cytometric analysis revealed that 
there was an increase in percentage of total CD3+ T cells and in CD8+/CD4+ T cell ratio in TUBO tumours from 
WT BALB/c mice compared to TUBO tumours from BALB/c-NeuT mice (Fig. 2C,D), suggesting that T cells may 
contribute to the tumour regression in WT BALB/c mice.

Stronger therapeutic efficacy of Anti-neu mAb in TUBO bearing WT than BALB/c-NeuT mice.  
Based on the difference in immunogenicity of TUBO in WT and BALB/c-NeuT mice, we anticipated different 
therapeutic responses to anti-neu mAb therapy in WT and BALB/c-NeuT mice. There was a significant increase 
in survival of untreated TUBO bearing WT mice compared to untreated TUBO bearing BALB/c-NeuT mice, 
in keeping with the earlier suggestion that an effective endogenous anti-tumour immune responses against the 
TUBO tumour is induced in WT but not BALB/c-NeuT mice (Fig. 3A). Short-term treatment with anti-neu mAb 
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Figure 1. Effective anti-tumour response of anti-neu mAb therapy against spontaneous mammary 
carcinomas. (A) When cumulative tumours reached an average size of 20 mm2, NeuT female mice were 
randomly distributed to the treated and untreated groups. The treatment group was subsequently injected 
intraperitoneally with 100 µg anti-neu (Day 0, 5, and 10; arrows). Mean tumour size ± SEM is shown. Statistical 
significance was determined by Mann Whitney non-parametric test (*P < 0.05; **P < 0.01; ***P < 0.001). 
(B) Data from A presented as Kaplan-Meier survival curves. Logrank test was used to determine the statistical 
significance of the survival. Pooled data of six independent experiments, 7 to 12 animals per group.
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significantly increased the survival of both TUBO bearing WT and BALB/c-NeuT mice. However, the survival of 
WT BALB/c was significantly higher compared to the survival of BALB/c-NeuT mice. Taken together, our data 
strongly suggest that the response of established TUBO tumours to anti-neu mAb treatment correlates with the 
immunogenicity of tumours.

Anti-neu mAb monotherapy enhances the anti-tumour t cell responses against immunogenic 
tumours. To investigate the role of T cells in the anti-tumour activity of anti-neu mAb in both WT and 
BALB/c-NeuT mice, this therapy was tested in mice depleted for CD4+ and CD8+ T cells. Efficiency of T cell 
depletion was validated during the experiment (Supplemental Fig. 1A,B). As expected, depletion of T cells clearly 
increased the growth of established TUBO tumours in WT BALB/c mice (Fig. 4A). Whereas treatment with 
anti-neu mAb resulted in strong tumour regression in WT BALB/c mice, tumours relapsed progressively in the 
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Figure 2. Inconsistent growth of established TUBO tumour in WT BALB/c mice. WT (A) and BALB/c-NeuT 
(B) mice were injected subcutaneously with 5 × 105 TUBO tumour cells. Individual tumour growth curves are 
shown. Tumour cells were injected into WT or BALB/c-NeuT mice, established tumours were harvested on day 
15 and analysed with flow cytometry for the percentages of the total CD3+ T cells (C) or the ratio of CD8/CD4+ 
T cells (D), Data are represented as mean ± SEM. Statistical significance was determined by Mann Whitney 
non-parametric test (*P < 0.05; **P < 0.01; ***P < 0.001). Pooled data of two independent experiments, 7 to 8 
animals per group.
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Figure 3. Stronger therapeutic efficacy of Anti-neu mAb in TUBO bearing WT than BALB/c-NeuT mice. (A) 
WT BALB/c and BALB/c-NeuT female mice were injected subcutaneously with 5 × 105 TUBO cells and treated 
intraperitoneally with 100 µg anti-neu (Day 10, 15, and 20). Data is presented as Kaplan-Meier survival curves. 
The mice were followed for tumor outgrowth until day 100 and were sacrificed when the tumour reached 100 
mm2. Logrank test was used to determine the statistical significance of the survival (*P < 0.05; **P < 0.01; 
***P < 0.001). Pooled data of two independent experiments, 16 to 17 animals per group.
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absence of T cells, suggesting that T cells are essential for the maximal therapeutic efficacy of anti-neu mAb. In a 
follow-up experiment, we observed increased CD4+ and CD8+ T cells in the TUBO tumour of WT BALB/c mice 
treated with anti-neu mAb (Fig. 4B). This increase was not observed in BALB/c-NeuT mice (data not shown). 
Together, these data indicate that in immunogenic tumours, anti-neu mAb therapy contributes to strong tumour 
growth inhibition and eradication by improving the anti-tumour T cell responses.

Markedly delayed outgrowth of TUBO tumours was also observed in BALB/c-NeuT mice (Fig. 4C). However, 
the therapeutic efficacy of anti-neu mAb was not impaired in the absence of CD4+ and CD8+ T cells (Fig. 4C), 
indicating that the T cells in BALB/c-NeuT mice did not contribute to the therapy in contrast to the T cells in WT 
BALB/c mice. Together, our results suggest that T cells are responsible for the poor TUBO tumour outgrowth in 
WT BALB/c mice and that anti-neu mAb monotherapy can enhance the anti-tumour T cell responses to further 
delay the tumour outgrowth. In contrast, the much weaker anti-neu mAb-mediated anti-tumour effect in TUBO 
bearing BALB/c-NeuT mice, in which the tumour is less immunogenic, is T cells independent. When T cells 
were absent in WT BALB/c mice, the anti-tumour response of anti-neu mAb resembled strongly the response in 
BALB/c-NeuT mice, indicating a T cell-independent tumour-outgrowth inhibition by anti-neu mAb.

Discussion
Here we report that the immunogenicity of mouse mammary tumours can have a significant impact on the 
response to anti-neu mAb immunotherapy. When rat-neu is a non-self-antigen, making the rat-neu+ tumour 
highly immunogenic as in WT BALB/c recipient mice, T cells contributed to a more pronounced anti-neu 
mAb-mediated tumour growth inhibition and eradication of the transplanted tumours than when rat-neu on the 
tumour is a self-antigen, as in BALB/c-NeuT recipient mice. In the latter mice, the weaker anti-tumour response 
induced by anti-neu mAb therapy was T cell independent.
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Figure 4. Anti-neu mAb monotherapy enhances the anti-tumour T cell responses to further delay the outgrowth 
of immunogenic tumours. (A) WT BALB/c female mice were injected subcutaneously with 5 × 105 TUBO cells 
and treated intraperitoneally with 100 µg anti-neu (Day 10, 15, and 20; arrows) and/or 100 µg anti-CD8 (Day 
8, Day 18 and weekly; grey triangles) and anti-CD4 mAb (GK1.5; Day 8, Day 18 and weekly; grey triangles). 
Data from A presented as average tumour outgrowth (mm2) ± SEM. Statistical significance was determined by 
Mann-Whitney test (*P < 0.05; **P < 0.01; ***P < 0.001). (B) Tumour bearing WT BALB/c mice were treated 
with anti-neu mAb on Day 10 post tumour inoculation, tumours were resected on Day 15 and analysed for 
the presence of CD4+ and CD8+ T cells via flow cytometry. Statistical significance was determined by Mann-
Whitney test (*P < 0.05; **P < 0.01; ***P < 0.001). Pooled data of three independent experiments. (C) Same as 
A except BALB/c-NeuT mice were used. Pooled data of two independent experiments, 6 to 9 animals per group.
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Our observation that rat-neu expressing TUBO tumours are highly immunogenic in WT BALB/c mice is in 
agreement with the finding of Reilly et al.26 who demonstrated that the minimum tumour cell dose required for 
tumour outgrowth in 100% of the transplanted animals was 100-fold lower for the neu transgenic mice com-
pared with non-transgenic mice. Our study also confirms previous studies showing that CD4+ and CD8+ T 
cells can contribute to anti-neu mAb monotherapy to suppress the growth of the TUBO tumour in WT BALB/c 
immunocompetent mice8,14. However, we did not observe a contribution of T cells to the therapeutic efficacy 
in anti-neu mAb treated TUBO bearing BALB/c-NeuT transgenic mice. An important question raising from 
these experiments is: why T cells contributed to the therapeutic efficacy of anti-neu mAb in WT BALB/c but not 
BALB/c-NeuT tumour bearing mice? A simple explanation is that rat-neu is a foreign antigen in normal BALB/c 
mice, and that the rejection of the TUBO tumour likely involved high avidity rat-neu specific T cells that are 
strongly, and rapidly activated and expanded after transplantation. This hypothesis is in agreement with our data 
showing the poor TUBO tumour growth and development in WT BALB/c mice. In contrast, BALB/c-NeuT mice 
which express rat-neu as self-antigen, harbour lower numbers of self-reactive low-avidity T cells which are more 
difficult to activate and do not expand effectively27–29. It has been demonstrated that spontaneous Her2-driven 
mammary tumorigenesis in BALB/c-NeuT animals is not suppressed by the adaptive immune system15, suggest-
ing the lack of neo-antigens that can be recognised by T cells.

By depleting CD8+ T cells, Park et al.8 and Stagg et al.11 also noted the importance of CD8+ T cells in anti-neu 
mAb therapy in TUBO tumor bearing NeuT transgenic animals resulting in complete tumor regression in 20% 
of the mice. This is not in agreement with our results and it might be due to differences in experimental con-
ditions. Park et al.8 used F1 rat-neu transgenic mice (BALB/c x FVB/N MMTV-neu) as the recipient of TUBO 
cells. Although these mice are ‘tolerized’ for rat neu, most likely there are still genetic differences between the 
TUBO cell line and the F1 BALB/c x FVB/N MMTV-neu recipient mouse, which can explain the stronger, partially 
CD8+ T cell dependent, anti-TUBO immune response they report, compared to our studies in the fully syngenic 
BALB/c-NeuT mice. Besides, all other experiments of Park et al.8 showing dependence on adaptive and innate 
immunity of anti-neu mAb therapy were performed in WT BALB/c or KO BALB/c mice not tolerized for the 
rat-neu antigen11. By using other rat-neu+ tumor cell lines (H2N100, H2N113, and H2N67) derived from the same 
BALB/c-NeuT mice as the TUBO cell line, transplanted onto full syngenic BALB/c-NeuT recipient mice Stagg et 
al. confirmed the essential role of CD8+ T cells in anti-neu mAb therapy. However, in contrast to Park et al. they 
observed only a moderate delay in tumor outgrowth and no complete regression in a subset of treated mice., Side by 
side in vivo comparison of the therapeutic efficacy of anti-neu mAb in both the H2N and the TUBO model would 
be necessary to exclude that differences in immunogenicity between these tumor cell lines underlie the different 
outcome of the anti-neu mAb therapy experiments of Stagg et al. and the experiments described here. Furthermore, 
Stagg et al.11 used a much more intensive treatment regime (8 times 100 µg anti-neu Ab within a period of 14 days) 
than we did (3 times 100 µg anti-neu Ab within 10 days). It could be that sustained tumour cell killing by a longer 
period of treatment leads to induction of a strong inflammatory response activating low avidity anti-neu CD8+ T 
cells. This might also explain the syngergistic effect of anti-neu mAb and anti-PD-1 mAb11 in this setting. Notably, 
CD8+ T cell dependency has also been reported for the effective combination therapy of anti-death receptor 5 
(DR5) and anti-neu mAb in BALB/c-NeuT mice30. Since anti-DR-5 mAb triggers mainly apoptosis in tumour cells, 
this study raises the possibility that the sustained release of danger signals or damage-associated molecular patterns 
(DAMPs) from tumour cell death could be key at breaking immune tolerance and inducing meaningful CD8+ T 
cell antitumor immunity in neu-transgenic mice. This might as well explain why neu-specific whole tumour vac-
cination26 but not DNA vaccination12,31,32 therapies elicit antitumor CD8+ T cell responses in neu transgenic mice.

 There is an increasing amount of literature supporting that anti-tumour immunity of anti-neu mAb can be 
enhanced with immunomodulatory agents such as CD7333, PolyI:C and CpG34 in the highly immunogenic TUBO 
transplanted WT BALB/c mice. Our study suggests that the potential and underlying mechanisms of action of 
these combination therapies have to be elucidated in low immunogenic setting using transgenic BALB/c-NeuT 
recipient mice in order to complement the results obtained in WT BALB/c mice. Our result in BALB/c-NeuT 
mice suggest that direct tumour growth inhibition by blockade of rat-neu signalling is one of the major mech-
anisms of anti-neu mAb in transgenic NeuT mice. Improved anti-tumour effects could be achieved by the con-
tinuation of treatment of these mice with anti-neu mAb, similar to the therapy in breast cancer patients who 
often receive anti-Her2 mAb over long periods of time35 or combining it with a tumour targeting agent such as 
anti-DR5 mAb that induces tumour cell death directly11. We do not rule out, however, that Fc-mediated effector 
functions might be involved also in anti-neu mAb therapy. Further investigations are needed to reveal the contri-
bution of FcγR and FcγR expressing immune cells to the anti-tumour efficacy of anti-neu mAb and whether FcγR 
expression can be modulated in the tumour microenvironment to augment mAb-mediated36 effector functions 
for both immunogenic and non-immunogenic tumours. Our study supports the notion that intense immune phe-
notyping of the various syngeneic tumour models is critical for both rational model selection and data interpreta-
tion for clinical translation37–39. For example, the high immunogenicity of a fully non-self-antigen such as rat-neu 
in the TUBO tumour bearing WT BALB/c model, will most likely result in overestimation of the potency of 
combining anti-neu mAb therapy with immunotherapy. On the other hand, using a completely syngeneic model 
such as MMTV BALB/c-NeuT mice that develop spontaneous mammary tumours or TUBO transplanted in fully 
syngeneic BALB/c-NeuT mice might result in underestimation of the potential anti-tumour immune response 
in patients, in which mutations may have led to neo-epitope formation and a certain level of immunogenicity.

Antibody targeting Her2 (trastuzumab, pertuzumab) is among the first of the approved antibodies directed 
against Her2+ cancer cells. Although these antibodies have become standard of care and improved overall sur-
vival of patients with Her2+ breast cancer, heterogeneity exists within Her2-positive tumours, and the overall 
response rate to anti-Her2 mAb-based therapies remains modest, approximately 26% when used as a single ther-
apy and 40–60% when used in combination with chemotherapy2,40,41. To date, Her2 expression level remains the 
only suitable marker for patient selection for anti-Her2 based regimen42,43. Nonetheless, the relationship between 
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the level of Her2 amplification and efficacy of trastuzumab based therapy in adjuvant treatment remains contro-
versial44. Two studies45,46 showed no correlation and one showed a negative correlation47 between Her2 amplifi-
cation and clinical survival. Clearly, beyond Her2 testing, there is a need to identify more reliable biomarkers to 
better predict which patients respond to this treatment. Unlike melanoma and lung cancer, the majority of breast 
cancer has not been considered immunogenic owing to its relatively low mutational load and hence low repertoire 
of neo-antigens48,49. These poorly immunogenic breast tumours are less likely to benefit from cancer immuno-
therapy. Nonetheless, high mutational burden50 and an increase of tumour infiltrating lymphocytes (TILs)51–54 
can be found in some Her2+ breast cancer patients. Several studies have shown that TILs are significantly asso-
ciated with improved survival in Her2+ breast cancer, as well as better response to anti-her2 mAb therapy52–55. 
These observations suggest that host immunity can contribute to the antitumour activity of Her2-targeted agents. 
Here, we compared the impact of the difference in immunogenicity of the TUBO tumour in non-isogenic WT 
and isogenic transgenic BALB/c-NeuT mice on the therapeutic efficacy of anti-neu mAb therapy. We observed 
an increased infiltration of T cells into the untreated established TUBO tumours from WT BALB/c mice com-
pared to untreated tumours in transgenic BALB/c-NeuT mice. The higher immunogenicity of the tumours in WT 
BALB/c mice correlated with increased efficacy of anti-neu mAb therapy compared to the therapeutic efficacy in 
BALB/c-NeuT mice. Taken together, our study suggests that selection of HER2+ breast cancer patients based on 
the level of pre-existing TILs may be useful and critical for an optimal anti-Her2 mAb-based combination therapy 
with better therapeutic outcome.

Received: 29 September 2019; Accepted: 14 February 2020;
Published: xx xx xxxx

References
 1. Baselga, J. et al. Phase II study of efficacy, safety, and pharmacokinetics of trastuzumab monotherapy administered on a 3-weekly 

schedule. Journal of clinical oncology: official journal of the American Society of Clinical Oncology 23, 2162–2171, https://doi.
org/10.1200/jco.2005.01.014 (2005).

 2. Vogel, C. L. et al. Efficacy and safety of trastuzumab as a single agent in first-line treatment of HER2-overexpressing metastatic breast 
cancer. Journal of clinical oncology: official journal of the American Society of Clinical Oncology 20, 719–726, https://doi.org/10.1200/
jco.2002.20.3.719 (2002).

 3. Junttila, T. T. et al. Ligand-independent HER2/HER3/PI3K complex is disrupted by trastuzumab and is effectively inhibited by the 
PI3K inhibitor GDC-0941. Cancer cell 15, 429–440, https://doi.org/10.1016/j.ccr.2009.03.020 (2009).

 4. Yakes, F. M. et al. Herceptin-induced inhibition of phosphatidylinositol-3 kinase and Akt Is required for antibody-mediated effects 
on p27, cyclin D1, and antitumor action. Cancer research 62, 4132–4141 (2002).

 5. Xin, Y. et al. Effects of lapatinib or trastuzumab, alone and in combination, in human epidermal growth factor receptor 2-positive breast 
cancer: a meta-analysis of randomized controlled trials. Cancer medicine 5, 3454–3463, https://doi.org/10.1002/cam4.963 (2016).

 6. Clynes, R. A., Towers, T. L., Presta, L. G. & Ravetch, J. V. Inhibitory Fc receptors modulate in vivo cytotoxicity against tumor targets. 
Nature medicine 6, 443–446, https://doi.org/10.1038/74704 (2000).

 7. Arnould, L. et al. Trastuzumab-based treatment of HER2-positive breast cancer: an antibody-dependent cellular cytotoxicity 
mechanism? British Journal of Cancer 94, 259–267, https://doi.org/10.1038/sj.bjc.6602930 (2006).

 8. Park, S. et al. The therapeutic effect of anti-HER2/neu antibody depends on both innate and adaptive immunity. Cancer cell 18, 
160–170, https://doi.org/10.1016/j.ccr.2010.06.014 (2010).

 9. Musolino, A. et al. Immunoglobulin G fragment C receptor polymorphisms and clinical efficacy of trastuzumab-based therapy in 
patients with HER-2/neu-positive metastatic breast cancer. Journal of clinical oncology: official journal of the American Society of 
Clinical Oncology 26, 1789–1796, https://doi.org/10.1200/jco.2007.14.8957 (2008).

 10. Musolino, A. et al. Immunoglobulin G fragment C receptor polymorphisms and efficacy of preoperative chemotherapy plus 
trastuzumab and lapatinib in HER2-positive breast cancer. The pharmacogenomics journal 16, 472–477, https://doi.org/10.1038/
tpj.2016.51 (2016).

 11. Stagg, J. et al. Anti-ErbB-2 mAb therapy requires type I and II interferons and synergizes with anti-PD-1 or anti-CD137 mAb 
therapy. Proceedings of the National Academy of Sciences of the United States of America 108, 7142–7147, https://doi.org/10.1073/
pnas.1016569108 (2011).

 12. Rovero, S. et al. DNA vaccination against rat her-2/Neu p185 more effectively inhibits carcinogenesis than transplantable carcinomas 
in transgenic BALB/c mice. Journal of immunology (Baltimore, Md.: 1950) 165, 5133–5142 (2000).

 13. Boggio, K. et al. Interleukin 12-mediated prevention of spontaneous mammary adenocarcinomas in two lines of Her-2/neu 
transgenic mice. The Journal of experimental medicine 188, 589–596 (1998).

 14. Mortenson, E. D., Park, S., Jiang, Z., Wang, S. & Fu, Y. X. Effective anti-neu-initiated antitumor responses require the complex role 
of CD4+ T cells. Clinical cancer research: an official journal of the American Association for Cancer Research 19, 1476–1486, https://
doi.org/10.1158/1078-0432.ccr-12-2522 (2013).

 15. Ciampricotti, M. et al. Development of metastatic HER2(+) breast cancer is independent of the adaptive immune system. The 
Journal of pathology 224, 56–66, https://doi.org/10.1002/path.2837 (2011).

 16. Mahler Convenor, M. et al. FELASA recommendations for the health monitoring of mouse, rat, hamster, guinea pig and rabbit 
colonies in breeding and experimental units. Laboratory animals 48, 178–192, https://doi.org/10.1177/0023677213516312 (2014).

 17. Zhang, H. et al. Shared antigenic epitopes and pathobiological functions of anti-p185(her2/neu) monoclonal antibodies. 
Experimental and molecular pathology 67, 15–25, https://doi.org/10.1006/exmp.1999.2266 (1999).

 18. Sarmiento, M., Glasebrook, A. L. & Fitch, F. W. IgG or IgM monoclonal antibodies reactive with different determinants on the 
molecular complex bearing Lyt 2 antigen block T cell-mediated cytolysis in the absence of complement. Journal of immunology 
(Baltimore, Md.: 1950) 125, 2665–2672 (1980).

 19. Wilde, D. B., Marrack, P., Kappler, J., Dialynas, D. P. & Fitch, F. W. Evidence implicating L3T4 in class II MHC antigen reactivity; 
monoclonal antibody GK1.5 (anti-L3T4a) blocks class II MHC antigen-specific proliferation, release of lymphokines, and binding 
by cloned murine helper T lymphocyte lines. Journal of immunology (Baltimore, Md.: 1950) 131, 2178–2183 (1983).

 20. Benonisson, H. et al. CD3-Bispecific Antibody Therapy Turns Solid Tumors into Inflammatory Sites but Does Not Install Protective 
Memory. Molecular cancer therapeutics 18, 312–322, https://doi.org/10.1158/1535-7163.mct-18-0679 (2019).

 21. Muller, W. J., Sinn, E., Pattengale, P. K., Wallace, R. & Leder, P. Single-step induction of mammary adenocarcinoma in transgenic 
mice bearing the activated c-neu oncogene. Cell 54, 105–115 (1988).

 22. McFadden, D. G. et al. Mutational landscape of EGFR-, MYC-, and Kras-driven genetically engineered mouse models of lung 
adenocarcinoma. Proceedings of the National Academy of Sciences of the United States of America 113, E6409–6417, https://doi.
org/10.1073/pnas.1613601113 (2016).

https://doi.org/10.1038/s41598-020-60893-8
https://doi.org/10.1200/jco.2005.01.014
https://doi.org/10.1200/jco.2005.01.014
https://doi.org/10.1200/jco.2002.20.3.719
https://doi.org/10.1200/jco.2002.20.3.719
https://doi.org/10.1016/j.ccr.2009.03.020
https://doi.org/10.1002/cam4.963
https://doi.org/10.1038/74704
https://doi.org/10.1038/sj.bjc.6602930
https://doi.org/10.1016/j.ccr.2010.06.014
https://doi.org/10.1200/jco.2007.14.8957
https://doi.org/10.1038/tpj.2016.51
https://doi.org/10.1038/tpj.2016.51
https://doi.org/10.1073/pnas.1016569108
https://doi.org/10.1073/pnas.1016569108
https://doi.org/10.1158/1078-0432.ccr-12-2522
https://doi.org/10.1158/1078-0432.ccr-12-2522
https://doi.org/10.1002/path.2837
https://doi.org/10.1177/0023677213516312
https://doi.org/10.1006/exmp.1999.2266
https://doi.org/10.1158/1535-7163.mct-18-0679
https://doi.org/10.1073/pnas.1613601113
https://doi.org/10.1073/pnas.1613601113


8Scientific RepoRtS |         (2020) 10:3933  | https://doi.org/10.1038/s41598-020-60893-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

 23. DuPage, M., Mazumdar, C., Schmidt, L. M., Cheung, A. F. & Jacks, T. Expression of tumour-specific antigens underlies cancer 
immunoediting. Nature 482, 405–409, https://doi.org/10.1038/nature10803 (2012).

 24. Herschkowitz, J. I. et al. Identification of conserved gene expression features between murine mammary carcinoma models and 
human breast tumors. Genome biology 8, R76, https://doi.org/10.1186/gb-2007-8-5-r76 (2007).

 25. Nagata, Y. 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. Journal of immunology (Baltimore, Md.: 1950) 159, 1336–1343 (1997).

 26. Reilly, R. T. et al. HER-2/neu is a tumor rejection target in tolerized HER-2/neu transgenic mice. Cancer research 60, 3569–3576 
(2000).

 27. Lustgarten, J., Dominguez, A. L. & Cuadros, C. The CD8+ T cell repertoire against Her-2/neu antigens in neu transgenic mice is of 
low avidity with antitumor activity. European journal of immunology 34, 752–761, https://doi.org/10.1002/eji.200324427 (2004).

 28. Sharma, S. et al. Systemic targeting of CpG-ODN to the tumor microenvironment with anti-neu-CpG hybrid molecule and T 
regulatory cell depletion induces memory responses in BALB-neuT tolerant mice. Cancer research 68, 7530–7540, https://doi.
org/10.1158/0008-5472.can-08-1635 (2008).

 29. Rolla, S. et al. Distinct and non-overlapping T cell receptor repertoires expanded by DNA vaccination in wild-type and HER-2 
transgenic BALB/c mice. Journal of immunology (Baltimore, Md.: 1950) 177, 7626–7633 (2006).

 30. Stagg, J. et al. Antibodies targeted to TRAIL receptor-2 and ErbB-2 synergize in vivo and induce an antitumor immune response. 
Proceedings of the National Academy of Sciences of the United States of America 105, 16254–16259, https://doi.org/10.1073/
pnas.0806849105 (2008).

 31. Quaglino, E. et al. Electroporated DNA Vaccine Clears Away Multifocal Mammary Carcinomas in Her-2/<strong><em>neu</
em></strong> Transgenic Mice. Cancer research 64, 2858–2864, https://doi.org/10.1158/0008-5472.can-03-2962 (2004).

 32. Cappello, P. et al. LAG-3 enables DNA vaccination to persistently prevent mammary carcinogenesis in HER-2/neu transgenic 
BALB/c mice. Cancer research 63, 2518–2525 (2003).

 33. Turcotte, M. et al. CD73 Promotes Resistance to HER2/ErbB2 Antibody Therapy. Cancer research 77, 5652–5663, https://doi.
org/10.1158/0008-5472.can-17-0707 (2017).

 34. Charlebois, R. et al. PolyI:C and CpG Synergize with Anti-ErbB2 mAb for Treatment of Breast Tumors Resistant to Immune 
Checkpoint Inhibitors. Cancer research 77, 312–319, https://doi.org/10.1158/0008-5472.can-16-1873 (2017).

 35. Hartkopf, A. D. et al. Trastuzumab Administration in Patients with Metastatic Breast Cancer – Experience of a. Geburtshilfe und 
Frauenheilkunde 74, 563–568, https://doi.org/10.1055/s-0034-1368244 (2014).

 36. Hennighausen, L. Mouse models for breast cancer. Breast cancer research: BCR 2, 2–7, https://doi.org/10.1186/bcr20 (2000).
 37. Gould, S. E., Junttila, M. R. & de Sauvage, F. J. Translational value of mouse models in oncology drug development. Nature medicine 

21, 431–439, https://doi.org/10.1038/nm.3853 (2015).
 38. Mosely, S. I. et al. Rational Selection of Syngeneic Preclinical Tumor Models for Immunotherapeutic Drug Discovery. Cancer 

immunology research 5, 29–41, https://doi.org/10.1158/2326-6066.cir-16-0114 (2017).
 39. Lechner, M. G. et al. Immunogenicity of murine solid tumor models as a defining feature of in vivo behavior and response to 

immunotherapy. Journal of immunotherapy (Hagerstown, Md.: 1997) 36, 477–489, https://doi.org/10.1097/01.
cji.0000436722.46675.4a (2013).

 40. Seidman, A. D. et al. Randomized phase III trial of weekly compared with every-3-weeks paclitaxel for metastatic breast cancer, with 
trastuzumab for all HER-2 overexpressors and random assignment to trastuzumab or not in HER-2 nonoverexpressors: final results 
of Cancer and Leukemia Group B protocol 9840. Journal of clinical oncology: official journal of the American Society of Clinical 
Oncology 26, 1642–1649, https://doi.org/10.1200/jco.2007.11.6699 (2008).

 41. Slamon, D. J. et al. Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses 
HER2. The New England journal of medicine 344, 783–792, https://doi.org/10.1056/nejm200103153441101 (2001).

 42. Schneeweiss, A. et al. Evaluating the predictive value of biomarkers for efficacy outcomes in response to pertuzumab- and 
trastuzumab-based therapy: an exploratory analysis of the TRYPHAENA study. Breast cancer research: BCR 16, R73, https://doi.
org/10.1186/bcr3690 (2014).

 43. Arnould, L. et al. Pathologic complete response to trastuzumab-based neoadjuvant therapy is related to the level of HER-2 
amplification. Clinical cancer research: an official journal of the American Association for Cancer Research 13, 6404–6409, https://doi.
org/10.1158/1078-0432.ccr-06-3022 (2007).

 44. Xu, Q. Q. et al. HER2 amplification level is not a prognostic factor for HER2-positive breast cancer with trastuzumab-based adjuvant 
treatment: a systematic review and meta-analysis. Oncotarget 7, 63571–63582, https://doi.org/10.18632/oncotarget.11541 (2016).

 45. Perez, E. A. et al. HER2 and chromosome 17 effect on patient outcome in the N9831 adjuvant trastuzumab trial. Journal of clinical 
oncology: official journal of the American Society of Clinical Oncology 28, 4307–4315, https://doi.org/10.1200/jco.2009.26.2154 
(2010).

 46. Dowsett, M. et al. Disease-free survival according to degree of HER2 amplification for patients treated with adjuvant chemotherapy 
with or without 1 year of trastuzumab: the HERA Trial. Journal of clinical oncology: official journal of the American Society of Clinical 
Oncology 27, 2962–2969, https://doi.org/10.1200/jco.2008.19.7939 (2009).

 47. Xuan, Q., Ji, H., Tao, X., Xu, Y. & Zhang, Q. Quantitative assessment of HER2 amplification in HER2-positive breast cancer: its 
association with clinical outcomes. Breast cancer research and treatment 150, 581–588, https://doi.org/10.1007/s10549-015-3334-2 
(2015).

 48. Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415–421, https://doi.org/10.1038/
nature12477 (2013).

 49. Rizvi, N. A. et al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. 
Science (New York, N.Y.) 348, 124–128, https://doi.org/10.1126/science.aaa1348 (2015).

 50. Goh, G. et al. Clonal Evolutionary Analysis during HER2 Blockade in HER2-Positive Inflammatory Breast Cancer: A Phase II 
Open-Label Clinical Trial of Afatinib +/− Vinorelbine. PLoS medicine 13, e1002136, https://doi.org/10.1371/journal.pmed.1002136 
(2016).

 51. Holgado, E., Perez-Garcia, J., Gion, M. & Cortes, J. Is there a role for immunotherapy in HER2-positive breast cancer? NPJ breast 
cancer 4, 21, https://doi.org/10.1038/s41523-018-0072-8 (2018).

 52. Loi, S. et al. Tumor infiltrating lymphocytes are prognostic in triple negative breast cancer and predictive for trastuzumab benefit in 
early breast cancer: results from the FinHER trial. Annals of oncology: official journal of the European Society for Medical Oncology 
25, 1544–1550, https://doi.org/10.1093/annonc/mdu112 (2014).

 53. Inoue, H. et al. Tumor-infiltrating lymphocytes affect the efficacy of trastuzumab-based treatment in human epidermal growth 
factor receptor 2-positive breast cancer. Breast cancer (Tokyo, Japan) 25, 268–274, https://doi.org/10.1007/s12282-017-0822-8 
(2018).

 54. Perez, E. A. et al. Association of Stromal Tumor-Infiltrating Lymphocytes With Recurrence-Free Survival in the N9831 Adjuvant 
Trial in Patients With Early-Stage HER2-Positive Breast Cancer. JAMA oncology 2, 56–64, https://doi.org/10.1001/
jamaoncol.2015.3239 (2016).

 55. Pivot, X. et al. 6 months versus 12 months of adjuvant trastuzumab for patients with HER2-positive early breast cancer (PHARE): a 
randomised phase 3 trial. The Lancet. Oncology 14, 741–748, https://doi.org/10.1016/s1470-2045(13)70225-0 (2013).

https://doi.org/10.1038/s41598-020-60893-8
https://doi.org/10.1038/nature10803
https://doi.org/10.1186/gb-2007-8-5-r76
https://doi.org/10.1002/eji.200324427
https://doi.org/10.1158/0008-5472.can-08-1635
https://doi.org/10.1158/0008-5472.can-08-1635
https://doi.org/10.1073/pnas.0806849105
https://doi.org/10.1073/pnas.0806849105
https://doi.org/10.1158/0008-5472.can-03-2962
https://doi.org/10.1158/0008-5472.can-17-0707
https://doi.org/10.1158/0008-5472.can-17-0707
https://doi.org/10.1158/0008-5472.can-16-1873
https://doi.org/10.1055/s-0034-1368244
https://doi.org/10.1186/bcr20
https://doi.org/10.1038/nm.3853
https://doi.org/10.1158/2326-6066.cir-16-0114
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.1200/jco.2007.11.6699
https://doi.org/10.1056/nejm200103153441101
https://doi.org/10.1186/bcr3690
https://doi.org/10.1186/bcr3690
https://doi.org/10.1158/1078-0432.ccr-06-3022
https://doi.org/10.1158/1078-0432.ccr-06-3022
https://doi.org/10.18632/oncotarget.11541
https://doi.org/10.1200/jco.2009.26.2154
https://doi.org/10.1200/jco.2008.19.7939
https://doi.org/10.1007/s10549-015-3334-2
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/nature12477
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1371/journal.pmed.1002136
https://doi.org/10.1038/s41523-018-0072-8
https://doi.org/10.1093/annonc/mdu112
https://doi.org/10.1007/s12282-017-0822-8
https://doi.org/10.1001/jamaoncol.2015.3239
https://doi.org/10.1001/jamaoncol.2015.3239
https://doi.org/10.1016/s1470-2045(13)70225-0


9Scientific RepoRtS |         (2020) 10:3933  | https://doi.org/10.1038/s41598-020-60893-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
The authors thank Karin de Visser for providing the BALB/c-NeuT transgenic mice and the staff of the Central 
Animal Facility (PDC) of the Leiden University Medical Centre (LUMC) for excellent animal care and breeding. 
This work was supported by a grant from the European Union’s Seventh Framework Programme FP7/2007-2013 
under REA grant agreement, MCA-ITN 317445 TIMCC (HSS and HB), and Dutch Cancer Society grant 2014-
6828 (MFF).

Author contributions
Performed experiments: H.S.S., H.B., M.C. Animal breeding and genotyping: H.S.S., M.M.L., C.B., C.B., J.C. 
Participated in designing research: H.S.S., T.v.H., F.O., M.F.F., J.S.V.; Analysis and interpretation of data: H.S.S., 
T.v.H., F.O., M.F.F., J.S.V. The draft of the manuscript was written by H.S.S., M.F.F. and J.S.V. All authors have read 
and approved the final version of the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60893-8.
Correspondence and requests for materials should be addressed to J.S.V.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-60893-8
https://doi.org/10.1038/s41598-020-60893-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Immunogenicity of rat-neu+ mouse mammary tumours determines the T cell-dependent therapeutic efficacy of anti-neu monoclona ...
	Materials and Methods
	Mice. 
	Antibodies. 
	Tumour models and treatment. 
	Flow cytometry. 
	Statistical analyses. 
	Ethical approval. 

	Results
	Anti-neu mAb therapy improved survival in transgenic BALB/c-NeuT spontaneous tumour model. 
	Sub-optimal TUBO tumour take in WT BALB/c recipient mice. 
	Stronger therapeutic efficacy of Anti-neu mAb in TUBO bearing WT than BALB/c-NeuT mice. 
	Anti-neu mAb monotherapy enhances the anti-tumour T cell responses against immunogenic tumours. 

	Discussion
	Acknowledgements
	Figure 1 Effective anti-tumour response of anti-neu mAb therapy against spontaneous mammary carcinomas.
	Figure 2 Inconsistent growth of established TUBO tumour in WT BALB/c mice.
	Figure 3 Stronger therapeutic efficacy of Anti-neu mAb in TUBO bearing WT than BALB/c-NeuT mice.
	Figure 4 Anti-neu mAb monotherapy enhances the anti-tumour T cell responses to further delay the outgrowth of immunogenic tumours.




