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Abstract  

Neoantigens generated by somatic non-synonymous mutations are key targets of tumor-specific T cells, 

but only a small number of mutations predicted to be immunogenic are presented by MHC molecules on 

cancer cells. Vaccination studies in mice and patients have shown that the majority of neoepitopes that 

elicit T cell responses fail to induce significant anti-tumor activity, for incompletely understood reasons. 

We report that radiotherapy upregulates the expression of genes containing immunogenic mutations in 

a poorly immunogenic mouse model of triple negative breast cancer. Vaccination with neoepitopes 

encoded in these genes elicited CD8+ and CD4+ T cells that, whereas ineffective in preventing tumor 

growth, improved the therapeutic efficacy of radiotherapy. Mechanistically, neoantigen-specific CD8+ 

T cells preferentially killed irradiated tumor cells. Neoantigen-specific CD4+ T cells were required for 

the therapeutic efficacy of vaccination and acted by producing Th1 cytokines, killing irradiated tumor 

cells and promoting epitope spread. Such a cytotoxic activity relied on the ability of radiation to 

upregulate class II MHC molecules as well as the death receptors FAS/CD95 and DR5 on the surface of 

tumor cells. These results provide proof-of-principle evidence that radiotherapy works in concert with 

neoantigen vaccination to improve tumor control. 
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Introduction 
 
Mutation-associated neoantigens drive responses to immune checkpoint blockade (ICB) therapy in 

tumors with high mutational burden, including melanoma, non-small cell lung cancer (NSCLC), and 

mismatch repair-deficient cancers (1-4). Several clinical trials in melanoma and glioblastoma patients 

have demonstrated the feasibility, safety and tolerability of neoantigen vaccines (5-8). Although these 

studies reported the induction of neoepitope-specific T cell responses in the vaccinated patients, the 

clinical benefit was overall modest. It is becoming clear that ameliorating the therapeutic efficacy of 

neoantigen vaccines requires interventions that can overcome immunosuppression in the tumor 

microenvironment. In addition, it also requires the optimization of neoantigens presentation to the 

immune system (9, 10). 

Existing preclinical data indicate that even the most immunogenic neoepitopes elicit T cell responses 

unable to cause tumor rejection and this is due, at least in part, to lack of presentation of the neoepitopes 

by MHC molecules on the cancer cells (11, 12). One of the most important factors in determining how 

well an antigen is presented by class I MHC molecules (MHC-I) is the relative rate of antigen synthesis 

and degradation, as well as its overall abundance (13, 14). Thus, we hypothesized that an intervention 

that increases the expression of a mutated gene could work in concert with neoantigen vaccination. 

Radiation elicits an acute transcriptional response with upregulated expression of DNA damage response 

genes, which are often mutated in cancer (15). Radiation also elicits multiple pathways involved in 

response to cellular stress and inflammation, including type I interferon signaling (16-18). In support of 

the hypothesis that the radiation-upregulated proteome is displayed by MHC-I on irradiated cells, Reits 

and colleagues identified peptides derived from proteins involved in DNA repair and in protein 

breakdown in the MHC-I immunopeptidome of irradiated melanoma cells (17). We found that tumor-

specific CD8+ T cells expanded in a metastatic NSCLC patient with complete response to focal 

radiotherapy and ICB were directed against an immunogenic mutation in a gene upregulated by radiation 
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(19). These data support testing radiotherapy as an intervention that increases the expression of mutated 

genes to improve responses to a personalized neoantigen vaccination strategy (20). 

Here we used 4T1 cells, a mouse model of poorly immunogenic triple negative breast cancer that 

possesses 293 somatic mutations, to test whether radiotherapy can increase the expression of genes 

encoding immunogenic mutations. We identified two MHC-I and one MHC-II immunogenic 

neoepitopes encoded by three genes upregulated by radiotherapy, namely DExH-box helicase 58 

(Dhx58, a RIG-I-like receptor also known as LGP2), cullin associated and neddylation dissociated 1 

(Cand1), and adhesion G protein-coupled receptor F5 (Adgrf5). Vaccination with these three neoepitopes 

elicited polyfunctional T cell responses as well as CAND1-directed CD8+ cytotoxic T cells, but did not 

prevent 4T1 tumor growth. However, vaccination was effective at inhibiting the growth of irradiated 

tumors and T cells from vaccinated mice preferentially killed irradiated 4T1 cells in vitro. The MHC-II-

restricted neoepitope was required for the therapeutic efficacy of the vaccine. Mechanistically, 

neoantigen-specific CD4+ T cells produced high levels of IFNg and displayed cytotoxic activity against 

irradiated 4T1 cells, which expressed low but detectable MHC-II levels, and upregulated the cell surface 

death receptor FAS (also known as APO-1 or CD95) and DR5 (also known as TRAIL-R2). Overall, our 

study provides proof-of-principle evidence that radiotherapy can expose existing neoantigens to the 

immune system and that both CD8+ and CD4+ neoantigen-specific T cells are required for the antitumor 

activity in a poorly immunogenic model of breast cancer. 
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Results  
 

Identification of CD8+ neoepitopes upregulated by radiation in 4T1 cancer cells 

For neoantigen identification, we first performed whole-exome and RNA sequencing of 4T1 cells in 

vitro. We identified 224 genes containing a total of 293 somatic mutations, among which 154 mutations 

encoded in 115 genes were expressed at the RNA level (Figure 1A). Among them, 97 mutations passed 

additional filtering based on variant allele frequency (VAF). Expression of 11 mutated genes 

(corresponding to 13 mutations) was confirmed in vivo by performing whole-exome/RNA sequencing 

of DNA/RNA extracted from 4T1 tumors growing in syngeneic BALB/c mice.  

Next, to test the hypothesis that radiation increases the expression of genes encoding immunogenic 

mutations, we compared the expression of these 11 mutated genes in irradiated versus untreated 4T1 

cells. Cells were irradiated with a dose of 8 Gy in three consecutive days, selected because this dose and 

fractionation achieved the best synergy with ICB in preclinical studies (21), and similar radiation doses 

were effective at increasing responses to ICB in cancer patients (19, 22). Four genes, Adgrf5, Cand1, 

Dhx58, and retinoic acid early transcript 1E (Raet1e), containing 5 mutations, were significantly 

upregulated by radiation (Figure 1B). Using the NetMHC algorithm and the pVAC-seq neoantigen 

discovery pipeline, 9 neoepitopes from these 4 genes were predicted to bind MHC-I proteins with an 

affinity <300 nM, and 1 neoepitope for each mutation was chosen for testing based on the highest affinity 

score (Table 1). Binding of the corresponding peptides to MHC-I molecules was tested in a stabilization 

assays using RMA-S cells expressing the mouse MHC-I alleles H2-Kd or H2-Ld (Figure 1C). The 

CAND1-derived peptide (hereafter CAND1) showed a strong binding to H2-Kd, comparable to the 

influenza epitope HA515, used as positive control. The peptide derived from ADGRF5 (hereafter, 

ADGRF5) also bound H2-Kd but to a lower extent. For H2-Ld, two peptides derived from RAET1E and 

DHX58 (hereafter RAET1E and DHX58, respectively) showed strong binding, comparable to the 
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positive control, AH1-A5 (an optimized ligand for H2-Ld (23)). Another peptide derived from a second 

mutated sequence of RAET1E was toxic and was not further tested. Since the immunogenicity of a 

peptide is significantly correlated with the stability of the MHC-peptide complex (24), the latter was 

monitored revealing that the most stable complexes were formed by CAND1/H2-Kd and DHX58/H2-Ld 

(half-life >6h) whereas ADGRF5/H2-Kd and RAET1E/H2-Ld complexes were short-lived (half-life <6h) 

(Figure 1D). 

In vivo immunogenicity of neoepitopes upregulated by radiation 

To test the immunogenicity of CD8+ neoepitopes upregulated by radiation, naïve BALB/c mice were 

vaccinated with two peptides binding to different MHC proteins to avoid competition. Among MHC-I 

binders, we included as controls two neoepitopes derived from a mutant protein encoded by leukotriene 

A4 hydrolase (Lta4h), which was not upregulated by radiation (Supplemental Figure 1A). Binding of 

one of the two peptides, LTA4H-a, to H2-Kd was comparable to the positive control HA515, while the 

other, LTA4H-b, showed slightly lower binding (Supplemental Figure 1B and Table 1). In addition, we 

tested the immunogenicity of two MHC-II neoepitopes. One is encoded by mutant ADAM 

metallopeptidase with thrombospondin type 1 motif 9 (Adamts9), and was previously predicted by 

Kreiter et al. (25) to bind to MHC-II and to be a CD4+ neoepitope. We also searched for predicted MHC-

II neoepitopes in the mutated genes upregulated by radiation and identified a mutated peptide in Adgrf5 

as a potential candidate (Table 1).  

Mice were immunized twice, one week apart, with adjuvant alone or in combination with peptides 

(Figure 2A). One week after the second immunization, cell suspensions from vaccine-draining lymph 

nodes and spleen were re-stimulated ex vivo with the corresponding neoepitopes, followed by 

intracellular staining of CD8+ and CD4+ T cells for IFNg and TNFa, two cytokines involved in T cell 

effector functions. Among the CD8+ neoepitopes, ADGRF5, RAET1E, LTA4H-a and LTA4H-b did not 
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elicit a response above the background seen in mice vaccinated with adjuvant alone (Figure 2B). In 

contrast, DHX58 and CAND1 stimulated a polyfunctional CD8+ T cell response with most responding 

cells producing both IFNg and TNFa (Figure 2, B and C). Among CD4+ neoepitopes, only the ADGRF5-

derived peptide (hereafter ADGRF5-II) stimulated the production of IFNg and TNFa by CD4+ T cells, 

indicating that it was able to prime T cell responses in vivo (Figure 2, D and E). Thus, although the 

mutation encoded in Adgrf5 did not stimulate a CD8+ T cell response, it was a good target for CD4+ T 

cells. IFNg production was further confirmed in the supernatants of cells from draining lymph nodes 

after CAND1 and ADGRF5-II re-stimulation (Supplemental Figure 2A). Additional cytokine profiling 

of ADGRF5-II-stimulated CD4+ T cells confirmed that they produce IFNg but not IL-4, IL-5, IL-10 and 

IL-13, indicating a T-helper type 1 (Th1) phenotype (Supplemental Figure 2, B-E). 

Comparison of the binding ability of the mutated and non-mutated (WT) peptides to the respective MHC-

I alleles showed a large differential for CAND1 (EC50=1.5 µM and 58.4 µM, respectively), while there 

was no significant difference for DHX58 (EC50=27.0 µM and 29.2 µM, respectively) (Figure 2F). CD8+ 

T cells from mice vaccinated with the CAND1 neoepitope did not react against the WT sequence 

(Supplemental Figure 2, F and G). Despite the similar binding of mutated and WT DHX58 to H2-Ld, 

CD8+ T cells reacted significantly better against the mutated than WT peptide (Supplemental Figure 2H). 

CD4+ T cells primed in vivo against the ADGRF5-II neoepitope also reacted, but to a lesser degree, 

against the WT epitope (Supplemental Figure 2I). 

The CAND1 neoepitope is a target for CD8+ cytotoxic T cells  

To determine whether vaccination with our three immunogenic neoepitopes (DHX58, CAND1 and 

ADGRF5-II) elicited antigen-specific cytotoxic T cells in vivo, mice were vaccinated twice with 

adjuvant alone (control) or with a cocktail of the three neoepitopes (Neo-vax) followed by intravenous 

injection of CFSE-labeled target cells in order to monitor specific killing in vivo. Target cells consisted 
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of splenocytes isolated from a naïve mouse and pulsed with each individual peptide (DHX58, CAND1 

or ADGRF5-II) or with all three (“peptides combo”) and labeled with a high concentration of CFSE 

(CFSEhigh), mixed with unpulsed target cells labeled with a low concentration of CFSE (CFSElow) at a 1 

to 1 ratio. Selective elimination of the peptide-pulsed target cells was measured 24h later in the lymph 

nodes and spleen by flow cytometry analysis, as previously described (26, 27). Mice vaccinated with the 

HA515 peptide were used as a positive control for the assay and showed high in vivo cytotoxic activity 

against HA515-loaded target cells (Figure 3A). In mice vaccinated with Neo-vax, in vivo cytotoxicity 

was significant against the cells loaded with all 3 peptides and with CAND1 alone in both the spleen and 

the lymph nodes, indicating that this neoepitope was a main target of cytotoxic T cells (Figure 3, B and 

C). Intriguingly, there was no detectable cytotoxicity against the DHX58 neoepitope. Likewise, there 

was no significant cytotoxicity against the target cells loaded with ADGRF5-II in vivo or in vitro (Figure 

3, C and D). In contrast, lymph node-derived T cells from Neo-vax treated mice readily killed target 

cells pulsed with the CAND1 mutated but not WT epitope in vitro, and the cytotoxicity was abrogated 

in the presence of MHC-I blocking antibodies, confirming the specificity of CD8+ T cells for the mutated 

peptide presented by MHC-I (Figure 3D).  

Next, T cells isolated from Neo-vax or adjuvant only-vaccinated (Control) mice were incubated with 

untreated and irradiated 4T1 target cells labeled with high and low CFSE concentration, respectively 

(Figure 3E). Selective killing of irradiated as compared to non-irradiated 4T1 cells was seen after 

coculture with lymph node cells from Neo-vax, but not control mice (Figure 3, F and G). Overall, these 

data demonstrate that vaccination with Neo-vax elicits CD8+ cytotoxic T cells specific for the CAND1 

neoantigen that can selectively kill irradiated 4T1 cells.  
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Increased presentation of CAND1 and ADGRF5-II neoepitopes on irradiated cancer cells 

To confirm that radiotherapy enhanced the presentation of the identified neoepitopes on MHC molecules 

at the surface of 4T1 cells, we performed mass-spectrometry (MS)-based immunopeptidomics coupled 

with selected reaction monitoring (SRM) quantitation analysis (28). MHC-I and MHC-II complexes 

were immunopurified from untreated and irradiated 4T1 cells and after elution of the MHC-bound 

peptides, the samples were spiked with heavy isotope-labeled standard peptides for further quantitation 

by targeted SRM MS analysis (Figure 4 and Supplemental Table 1). The control AH1 peptide was 

identified and quantified with slight increase in the copy number/single cell in the irradiated 4T1 cells 

(103.9) as compared to the untreated cells (80.4, respectively) (Figure 4A and Table 2). In contrast, 

CAND1 was expressed at very low copy number/single cell in the untreated cells (23.3) but had a 

markedly increased abundance after irradiation (134.5, respectively), comparable to the AH1 peptide 

(Figure 4B and Table 2). We could not measure changes in DHX58 as it was undetectable in our samples, 

likely reflecting a very low presentation on the surface of 4T1 cells. Despite a barely detectable 

expression of MHC-II molecules on untreated 4T1 cells, the MHC-II-bound ADGRF5-II peptide was 

identified by targeted MS analysis, having at least 3-fold increase in the copy number/single cell in the 

irradiated 4T1 cells (Figure 4C and Table 2). Consistently, radiation increased MHC-II expression on 

4T1 cells (Supplemental Figure 4A). The sequence of CAND1 and ADGRF5-II peptides was further 

confirmed by MS2 profiling (Supplemental Figure 3 and 4, Supplemental Table 2 and Supplemental 

methods).  

Vaccination with radiation-upregulated neoantigens improves tumor control by radiotherapy  

To investigate the role of the identified neoantigens in anti-tumor immune responses, mice were 

vaccinated twice with Neo-vax or adjuvant alone, prior to 4T1 tumor cells inoculation, followed by 

weekly recall vaccination (Figure 5A). Half of the mice in each group were treated with focal tumor 
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radiotherapy given in three consecutive daily doses of 8 Gy. Neo-vax did not protect mice from tumor 

development, but it improved significantly tumor control achieved with focal radiotherapy (Figure 5, B 

and C), an effect that was consistently observed in several independent experiments (Supplemental 

Figure 5). Spontaneous lung metastases were significantly reduced, compared to control, only in mice 

treated with Neo-vax and radiotherapy (Figure 5D). There was a significant increase of CD8+ T cells and 

a decrease of CD4+CD25+FOXP3+ regulatory T cells (Tregs) in irradiated compared to untreated tumors 

(Figure 5E-G). The CD8+/Tregs ratio was significantly increased by Neo-vax, with a further 

improvement when Neo-vax was combined with radiation (Figure 5H). Consistent with the Th1-cytokine 

profile of ADGRF5-II-specific CD4+ T cells observed in vaccinated mice (Supplemental Figure 2), the 

T-bet+/Treg CD4+ T cells ratio was increased in the tumors of mice treated with Neo-vax irrespective of 

radiation (Figure 5I). Overall, these results suggest that neoantigen vaccination improves both local and 

systemic anti-tumor immune responses in mice treated with radiotherapy. 

To further characterize the neoantigen-specific T cell response, we stained tumor-infiltrating T cells with 

H2-Kd dextramers loaded with the CAND1 neoepitope. We observed a significant increase in CAND1-

specific CD8+ T cells in the tumors of mice treated with radiation + Neo-vax in comparison with control 

mice (Figure 6A-C). The frequency and counts of CAND1-specific T cells were also increased in tumors 

of mice treated with either Neo-vax or radiation, albeit to a lower extent than when the two treatments 

were combined, suggesting a contribution of radiation to priming of CAND1-specific CD8+ T cells. In 

the tumor-draining lymph nodes, IFNg production after ex vivo stimulation with the two CD8+ 

neoepitopes (DHX58 and CAND1) was seen only when Neo-vax was combined with radiotherapy 

(Figure 6, D and E), further supporting a role for radiation in enhancing T cell responses directed against 

radiation-upregulated neoantigens. In contrast, IFNg production after stimulation with the CD4+ 

neoepitope ADGRF5-II was driven by Neo-vax, regardless of radiotherapy (Figure 6F). 
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Therapeutic vaccination with radiation-upregulated neoantigens improves tumor control and survival  

The above experiments demonstrated that the anti-tumor T cells activated by Neo-vax were able to 

inhibit the growth of irradiated 4T1 tumor and its lung metastases. However, in these experiments 

(Figure 5A-D and Supplemental Figure 5) vaccination was started before tumor inoculation. To test if 

therapeutic vaccination was effective, mice were immunized after tumor inoculation, followed a few 

days later by focal tumor radiotherapy (Figure 7A). We observed a significant delay in tumor progression 

in mice treated with radiotherapy + Neo-vax in comparison to radiotherapy alone, although the effect 

was delayed (Figure 7B-C) in comparison to the effect observed with prophylactic vaccination (Figure 

5B and Supplemental Figure 5), suggesting that neoantigen-specific T cells expansion may occur slowly 

and require at least one vaccination boost. Nevertheless, vaccination resulted in a small but significant 

improvement in survival (Figure 7D). 

Neoantigen-specific CD8+ and CD4+ T cells are required for the efficacy of the neoantigen vaccine 

It has recently been demonstrated that success of the anti-tumor immune response depends on the 

expression by the tumor of neoantigens that activate both CD4+ and CD8+ T cells (29). To test the 

contribution of the MHC-II neoepitope ADGRF5-II to the anti-tumor immune response, mice were 

vaccinated with the three peptides, or only with DHX58 and CAND1. In the absence of ADGRF5-II, the 

ability of vaccination to improve control of the irradiated 4T1 tumors was abrogated (Figure 8A). To 

understand the bases for this loss of activity, tumor-draining lymph nodes were harvested on day 31 and 

tested for IFNg production in response to stimulation with the neoantigens ex vivo. Inclusion of the 

MHC-II neoantigen in the vaccine was not required for priming of CAND1 and DHX58-specific CD8+ 

T cells (Figure 8B). ADGRF5-II-specific CD4+ T cells produced large amounts of IFNg after peptide re-

stimulation. Moreover, the induction of IFNg by the CD8+ epitope AH1-A5, although lower in magnitude 

compared to neoantigen-specific T cells, suggested that CD4+ T cell activation by the vaccine was 
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required to promote antigenic spread (Figure 8B). This interpretation is consistent with recent data 

testing the effects of vaccination with CD4+ T cell neoepitopes in combination with focal tumor 

radiotherapy in the CT26 tumor model (30). To evaluate the cytotoxic activity of neoantigen-specific T 

cells, splenocytes were harvested from 4T1-bearing mice vaccinated with DHX58 and CAND1 or with 

Neo-vax. After in vitro re-stimulation with CAND1 or ADGRF5-II, CD8+ and CD4+ T cells were 

isolated and used as effectors cells for in vitro killing assays with 4T1 as target cells. Relative killing of 

irradiated 4T1 cells was significantly higher when CD8+ T cells were obtained from mice that received 

the Neo-vax, suggesting that the presence of helper CD4+ T cells improved systemic expansion of tumor-

specific cytotoxic CD8+ T cells (Figure 8C). Unexpectedly, there was also a significant killing of 

irradiated 4T1 cells by CD4+ T cells (Figure 8C). In addition, depletion of either CD8+ or CD4+ T cells 

abrogated the effect of Neo-vax (Figure 8D), demonstrating the requirement for both T cell populations.  

To confirm the ability of neoantigen-specific CD4+ T cells to kill 4T1 cells, tumor-draining lymph node 

cells were harvested from mice vaccinated with adjuvant control or with CAND1 and ADGRF5-II 

neoantigens and treated as above for ex vivo killing assays. Killing of irradiated 4T1 cells was decreased 

by blockade of MHC-I and MHC-II (Figure 9, A-C and Supplemental Figure 6), indicating the 

contribution of both CD4+ and CD8+ T cells. Cytotoxicity by CD4+ T cells has been shown to be 

dependent on FAS expression by target cells (31). Consistently, expression of Fas by 4T1 cells was 

significantly enhanced by radiation (Figure 9D), and blockade of FAS ligand (FASL) reduced killing of 

irradiated 4T1 cells by lymph node T cells from neoantigen vaccinated mice (Figure 9C). Radiation also 

upregulated the expression of Tnfrsf10b (encoding the death receptor DR5) in 4T1 cells, and a small but 

significant reduction in irradiated 4T1 cell killing was seen upon blockade of the DR5 ligand TRAIL 

(Figure 9, C and D). 

Overall, these results indicate that targeting CD8+ and CD4+ neoantigens is required for optimal 

antitumor activity by neoepitope vaccines. In the context of radiation therapy, neoantigen-specific CD4+ 
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T cells may contribute to the therapeutic efficacy of the vaccine not only by fostering the effector 

function of CD8+ T cells, but also by directly killing the cancer cells, reflecting the ability of radiation 

to upregulate the expression of MHC-II antigens and death receptors on the cancer cells.  

 
Discussion  

 
Here we describe a novel fundamental role of radiotherapy in exposing immunogenic mutations to the 

immune system. The tumor mutational burden correlates with responses to ICB across different tumor 

types (1-4), but significant overlap is present between responders and non-responders suggesting that 

the expression levels of an antigenic mutation, and not only its presence in the genome, are critical (32, 

33). This notion is consistent with the well-established importance of the antigen rate of synthesis and 

degradation and overall abundance for presentation in the MHC-I pathway (13, 14). Our data highlight 

the concept that expression of antigenic mutations targeted by anti-tumor T cells in cancer cells can be 

modulated by treatment. Among the genes encoding mutations that were confirmed to generate 

neoepitopes able to bind to MHC-I, we identified one gene, Lta4h, that was decreased in expression 

following radiation. Although the neoepitopes encoded by Lta4h were not immunogenic in vivo, these 

results nevertheless raise the possibility that in some cases radiation could reduce neoantigen 

presentation.  

Inspired by the identification of CD8+ T cells specific for an immunogenic mutation upregulated by 

radiotherapy in a patient with NSCLC who experienced a complete response to radiotherapy and 

blockade of the inhibitory receptor CTLA-4 (19), we selected 4T1 mouse carcinoma cells, which possess 

a number of mutations similar to our patient’s tumor, to investigate the ability of radiotherapy to expose 

immunogenic mutations. Using a rigorous pipeline to select genes that were expressed in vitro and in 

vivo, and significantly upregulated by radiotherapy, we identified four genes of interest. Upregulation 



 
 

15 

of Raet1e and Dhx58 expression is known to occur in irradiated cells (34, 35). Cand1 encodes a regulator 

of Cullin-RING ubiquitin ligases involved in ubiquitinylation of proteins degraded by the proteasome. 

Given the increased protein degradation observed after radiation (17), the upregulation of Cand1 may 

occur as part of this process. Finally, Adgrf5 is an adhesion G protein-coupled receptor implicated in 

pulmonary surfactant homeostasis that has not been previously studied in the context of radiation (36). 

Regardless of the possible function of these proteins in the cellular response to radiation, each gene was 

found to encode a mutated peptide capable of binding to MHC-I, but only CAND1 and DHX58 elicited 

CD8+ T cell responses in vivo. As previously reported for immunogenic mutations that were selected 

using MHC-I binding algorithms but were found to elicit CD4+ T cell responses (5), the mutation in the 

Adgrf5 gene did not elicit CD8+ T cell responses but was effective at inducing CD4+ T cell responses. 

The CD4+ neoantigen-specific response was required for the therapeutic efficacy of the combination of 

radiotherapy and neoantigen vaccine, consistent with previous reports highlighting the importance of 

immunogenic mutations in MHC-II epitopes (25, 29, 37, 38).  

Among the two CD8+ T cell neoepitopes encoded by genes upregulated by radiation, we identified 

CAND1 in the immunopeptidome eluted from MHC-I of 4T1 cells and demonstrated that it was 

increased by almost six-fold in irradiated cells. In contrast, we were unable to confirm the presentation 

of DHX58 by 4T1 cells, despite the fact that this neoepitope induced IFNg responses in lymph nodes 

draining irradiated 4T1 tumors. It is likely that DHX58 is presented in small amounts by 4T1 cells, below 

the detection limit of the assay we employed. Somewhat unexpectedly, we found that untreated 4T1 cells 

presented small quantities of ADGRF5-II despite the minimal expression of MHC-II, with an over three-

fold increase after radiation. The induction of MHC-II expression on 4T1 cells by radiation and IFNg 

suggests that CD4+ T cells can directly interact with the cancer cells during radiation-induced tumor 

rejection.  
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While the anti-tumor immune response against neoantigens expressed by solid tumors is predominantly 

attributed to CD8+ T cells, CD4+ T cells are also important drivers of anti-tumor immunity (25, 38, 39). 

Most solid tumors do not express MHC-II molecules, but the antigen-presenting cells present in the 

tumor microenvironment capture dead tumor cells and present tumor antigens to CD4+ T cells. A recent 

report by Alspach and colleagues demonstrated the need for expression of both MHC-I and MHC-II 

neoantigens by a MHC-II-negative tumor at the site of tumor regression, indicating a role for CD4+ T 

cells not only during priming but also at the effector phase of the anti-tumor immune response (29). 

Furthermore, a direct cytotoxic activity of CD4+ T cells towards tumor cells in an MHC-II-dependent 

manner was recently demonstrated in human bladder cancer (40). Radiation-induced cell death promotes 

transfer of tumor antigens to myeloid cells in the tumor microenvironment (41), which could explain the 

synergy we observed between vaccination with MHC-I and MHC-II neoantigens and tumor irradiation. 

In addition, radiation-induced expression of MHC-II on the 4T1 cancer cells, together with the 

upregulation of FAS, resulted in direct cytotoxic activity of the ADGRF5-II-specific CD4+ T cells 

against irradiated 4T1 cells. Cytotoxicity by CD4+ T cells usually requires FAS expression by target 

cells (31), but antibody-blocking experiments suggest a small contribution for DR5 as well. Since the 

direct cytotoxic activity of CD4+ T cells against irradiated 4T1 cells was demonstrated in vitro, however, 

we cannot exclude the possibility that tumor control in vivo requires indirect antigen presentation by 

other cell types, such as tumor-infiltrating macrophages (42).  

Vaccination of mice with CAND1, DHX58 and ADGRF5-II improved the control of irradiated 4T1 

tumor and non-irradiated lung metastases, suggesting that it promoted antigenic spread. However, no 

cures were achieved, a result that is consistent with other studies testing vaccination strategies against 

4T1 carcinoma (43, 44). Thus, additional interventions will be required to overcome the 

immunosuppressive environment generated by this aggressive carcinoma and achieve cures.  
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In summary, we provided proof-of-principle evidence that radiotherapy not only boosts the expression 

of genes encoding immunogenic neoepitopes that are presented by MHC-I and MHC-II molecules and 

elicit CD8+ and CD4+ T cell responses, but also favors MHC-II and death receptor upregulation. Thus, 

radiotherapy stands out as an ideal combinatorial partner to improve the efficacy of personalized 

neoantigen vaccination approaches currently pursued in the clinic (9, 10, 45). 
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Methods 

Cell culture 

4T1 cells were obtained from F. Miller, who originally isolated this cell line (46), and a large stock of 

low passage frozen cells prepared. Cells were authenticated by IDEXX Bioresearch (Columbia, MO, 

USA) in 2019 and routinely screened for Mycoplasma (LookOut® Mycoplasma PCR Detection kit, 

Sigma-Aldrich). The transporter associated with antigen processing (TAP)-deficient RMA-S cells are 

derived from a C57BL/6 T cell lymphoma (47). RMA-S cells transfected with H2-Ld (RMA-S-Ld) or 

with H2-Kd (RMA-S-Kd) cDNA were provided by Ted H. Hansen (Washington University School of 

Medicine, St Louis) (48). Cells were cultured in DMEM (Invitrogen) supplemented with 2 mmol/L L-

glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5x10-5 mol/L 2-mercapthoethanol, and 10% 

FBS (Life technologies). For RMA-S-Kd and RMA-S-Ld cells, G418 (Invivogen) was added at 400 and 

600 μg/mL, respectively. For primary cell culture, complete T-cell medium was used: RPMI (Invitrogen) 

supplemented with 2mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5x10-5 

mol/L 2-mercapthoethanol, 10% FBS and recombinant human interleukin-2 (30U/mL) (Biological 

Resources Branch, National Cancer Institute). 

Reagents  

Peptides were synthesized by Genscript with a purity ≥85%. Peptides were dissolved in distilled water 

or in DMSO and then further diluted with water, based on the manufacturer’s solubility report. CpG 

oligodinucleotide (ODN 1826) and poly(I:C) high molecular weight were purchased from Invivogen. 

CD8a (Clone 2.43, used for CD8+ T cell depletion), CD4 (Clone GK1.5, used for CD4+ T cell depletion), 

rat IgG2b isotype control (Clone LTF-2), MHC class I (H2) clone M1/42.3.9.8 (Cat#BE0077), MHC 

class II (IA/IE) clone M5/114 (Cat#BE0108) and FASL clone MFL3 (Cat#BE0319) antibodies (Abs) 

were purchased from BioXCell. TRAIL clone N2B2 Ab was purchased from Biolegend. The APC–

labeled MHC class I (H2-Kd) dextramer loaded with CAND1 (AYLSLLTQT) was purchased from 
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Immudex. 

Neoantigens identification 

Total genomic DNA (gDNA) and total RNA from 4T1 cells cultured in vitro were extracted using the 

GeneJET genomic DNA purification kit (Thermo Fischer Scientific) and the RNeasy® Plus mini kit 

(Qiagen) respectively, according to manufacturer’s instructions. As a control, we used gDNA isolated 

from the tail of naive BALB/c mice. For whole exome sequencing (WES), DNA libraries were prepared 

from isolated gDNA using the Kapa Hyper DNA library preparation kit (Kapa Biosystems). Briefly, 

DNA samples were fragmented to an average size range of 200 bp using a Covaris E220 shearing 

instrument. Adapter-ligated libraries were generated and enriched by polymerase chain reaction. Then 

the pooled libraries were hybridized with whole exome SeqCap EZ probe pool. Finally, samples were 

run on a HiSeq4000 sequencer (Illumina) at 2x100 cycles pair-end reads. The sequencing reads were 

cleaned by trimming adapter sequences and low quality bases using cutadapt v1.9.1 (49), and were 

aligned to the mouse reference genome (GRCm38) using BWA v0.7.8 (50). The aligned bam file was 

further refined by duplicate removal with Picard toolkit v1.110 (http://broadinstitute.github.io/picard). 

Indel realignment and base quality recalibration were performed with the Genome Analysis Toolkit v2.8-

1 (51). Somatic variants were detected using VarScan2 v2.3.7 (52). For RNA sequencing (RNA-seq), 

libraries were prepared using the TruSeq Stranded mRNA Sample Library Preparation kit (Illumina), 

according to the manufacturer’s instructions. The normalized cDNA libraries were pooled and sequenced 

on a HiSeq4000 sequencer (Illumina) with pair-end 75 cycles. The sequencing reads were cleaned as 

described for the WES and were aligned to the mouse reference genome using STAR v2.5.2b (53). Raw 

read counts per gene were extracted using HTSeq-count v 0.6.1 (54). Differential expression analysis 

was performed using DESeq2 v1.6.3 (55). Before predicting neoantigens, variant call format files 

containing somatic mutations were subjected to standard variant effect predictor, downstream, and wild-

type annotations, and filtered for frameshift and missense mutations. Additionally, variant allele 
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frequency (VAF) data was generated using bamreadcount v0.8.0. Variants were filtered on normal tissue 

VAF (<2%), tumor DNA and RNA VAF (>5%), and tumor RNA variant coverage (>10 reads). WES 

and RNA-seq analyses were also performed on 4T1 tumors harvested from mice when tumor volume 

reached around 70 mm3. Total DNA and RNA were isolated from tumors using the AllPrep® DNA/RNA 

mini kit (Qiagen), according to manufacturer’s instructions. Somatic variants were identified as 

described above and filtered prior to neoantigen prediction for normal tissue VAF (<2%), tumor DNA 

and RNA VAF (>10%), and tumor RNA variant coverage (>5 reads). Neoantigens prediction was 

performed on variants that passed filtering of both in vitro and in vivo datasets. The NetMHC algorithm 

was used to predict MHC-I binding for all possible 8–11 amino acid long variants and corresponding 

wild-type peptides spanning the mutation using the pVAC-seq pipeline (56, 57), with a cutoff for the 

predicted affinity <300 nM. Additionally, MHC-II prediction was performed for mutated genes of 

interest (Adamts9 and Adgrf5) using the NetMHCII algorithm. 

Raw reads of WES and RNA-seq data for in vitro and in vivo datasets are available in NCBI's Sequence 

Read Archive (SRA) database with the accession number of PRJNA596248. 

MHC-I in vitro binding assay 

Peptide binding to H2-Kd or H2-Ld was measured by determining the stabilization of MHC-I molecules 

on RMA-S-Kd and RMA-S-Ld cells, respectively. RMA-S cells were incubated overnight at 26ºC to 

promote the expression of empty MHC-I molecules at the cell surface (58). For the binding assay, 2x105 

cells were incubated with peptides (50 or 100 μM) for 1h at 26ºC followed by 2h at 37ºC. For the stability 

assay, cells were incubated with 50 µM peptide at 26°C for 1h, then transferred at 37°C for 2, 4, or 6 

hours. Cells were then washed with FACS buffer and cell surface expression of H2-Kd or H2-Ld 

molecules was detected by flow cytometry using anti-H2-Kd (clone SF1-1.1; Biolegend) or Ld (30-5-7S; 

Thermo Fischer Scientific). Results are represented either as the mean fluorescence intensity (MFI) for 

H2-Kd or H2-Ld or as normalized binding, which was determined as follows: MFI ratio (MFI observed 
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in the presence of peptide/MFI observed in the absence of peptide). As a positive control for H2-Ld 

binding, AH1-A5 (SPSYAYHQF, optimized peptide ligand with better affinity for H2-Ld than native 

AH1 (23) derived from envelope protein (gp70) of an endogenous ecotropic murine leukemia provirus 

was used (59). The influenza epitope HA515 (IYSTVASSL) was used as positive control for H2-Kd 

binding (60). 

Vaccination procedure  

Five to six-weeks old wild-type female BALB/c mice were obtained from Taconic (Germantown, NY). 

All mice were maintained under pathogen-free conditions in the animal facility at Weill Cornell 

Medicine and all experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) of the institution (protocol number 2015-0028). Mice were anesthetized (isofluorane) and 

immunized both in the footpad (50 μL) and in the lower part of the leg (100 μL) with the following 

vaccine solution (150 μL per mouse): poly-IC (25 μg), CpG (10 μg), and 75 μg of each peptide, diluted 

in PBS (61). For the mice vaccinated with adjuvant only, DMSO was used at the same final concentration 

than the peptides-containing solutions.  

T-cell restimulation assay 

One week after the last vaccination, spleens and vaccine-draining lymph nodes (popliteal and inguinal) 

of immunized mice were harvested, processed into single-cell suspensions and filtered using 40 μm cell 

strainers. Red Blood Cell Lysis Buffer (Cat 00-4333-57, Thermo Fischer Scientific) was used to deplete 

erythrocytes from the splenic cell suspensions. Cell from lymph nodes were cultured in 96-well U-

bottom plates overnight (about 14h) in complete T-cell medium with indicated peptides (2 μM final) in 

the presence of brefeldin A (Cat 00-4506-51, Thermo Fischer Scientific). H2Kd-binding HA515 or 

H2Ld-binding pMCMV (YPHFMPTNL) (62) were used as irrelevant peptides as appropriate. 

Splenocytes were cultured in 24-well plates with indicated peptides (2 μM final) for 5 days. On day 5, 

irradiated feeder cells from naive BALB/c mice were pulsed with peptides and added to the splenocytes 
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in culture, in addition to brefeldin A. After overnight stimulation, cells from lymph nodes or spleens 

were harvested, washed and stained with Fixable Viability Dye eFluor® 450 (Thermo Fischer 

Scientific). Cell surface staining was performed using the following anti-mouse antibodies (purchased 

from Biolegend): PE-conjugated CD8a (clone 53-6-7), PerCP/Cyanine5.5-conjugated CD4 (clone 

GK1.5), APC-conjugated CD3e (clone 17A2). Cells were then fixed using IC Fixation buffer (Cat 00-

8222, Thermo Fischer Scientific) and permeabilized using Permeabilization buffer (Cat 00-8333, 

Thermo Fischer Scientific) before adding the following antibodies FITC-conjugated IFNg (clone 

XMG1.2, Biolegend), APC/Cy7-conjugated TNFa (clone MP6-XT22, Biolegend), PE-conjugated IL-4 

(clone 11B11, Biolegend), PE-conjugated IL-5 (clone TRFK5, Biolegend), APC/Cy7-conjugated IL-10 

(clone JES5-16E3, Biolegend) and PE-Cy7-conjugated IL-13 (clone eBio13A, Thermo Fischer 

Scientific). Samples were acquired on the MACSQuant (Miltenyi) flow cytometer and data were 

analyzed using FlowJo v.10 software. Cell culture supernatants from vaccine-draining lymph nodes were 

also collected after 48h of restimulation and stored at −20°C. Secreted IFNγ was then measured using 

the Quantikine ELISA IFNγ kit (Cat MIF100, R&D systems). 

In vivo cytotoxicity assay 

Antigen-specific cytotoxicity of T cells in vivo was performed as previously described (26, 27). Briefly, 

splenocytes from naive BALB/c mice were loaded with 10 µM of neoepitopes (DHX58, CAND1, 

ADGRF5-II) or with 10 µM of HA515 peptide for 2h at 37°C, or were incubated without any peptides. 

Peptide-pulsed splenocytes were then labeled with 5µM (CFSEhigh) CFSE (Cat 423801, Biolegend) 

while unpulsed splenocytes were labeled with 0.5 µM CFSE (CFSElow). One week after the second 

vaccination, a 50:50 mixture of CFSEhigh and CFSElow cells (1 million cells in 100 µL) were injected 

intravenously into the tail vein. 24h later, spleens and inguinal lymph nodes were harvested. Single-cell 

suspensions were prepared and cells were stained with APC-conjugated CD19 (clone eBio1D3, Thermo 

Fischer Scientific). Viability was determined using DAPI (D9542, Millipore-Sigma). Samples were 
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analyzed using the MACSQuant flow cytometer or the Fortessa (Becton Dickinson). Percentage of 

cytotoxicity was calculated using the following formula:  

cytotoxicity = 100 × (1−((unloaded/loaded)control/(unloaded/loaded)experimental)) where “control” refers to 

the average ratio (unloaded/loaded) of target cells from the mice vaccinated with adjuvant alone.  

In vitro cytotoxicity assay 

One week after the second vaccination, vaccine-draining lymph nodes were harvested and processed 

into single-cell suspensions for coculture with CFSE-labeled target cells prepared as follows: 

splenocytes from naive BALB/c mice were loaded with 10 µM of neoepitopes or with WT peptides for 

2h at 37° and then labeled with CFSE. Neoepitope-pulsed splenocytes (CFSEhigh) and WT-peptide-

pulsed splenocytes (CFSElow) were mixed 50:50 and co-cultured overnight with effector cells at a ratio 

1 to 20. As a negative control, HA515-pulsed CFSEhigh cells were mixed with unpulsed CFSElow cells. 

Blocking of MHC-I was performed using anti-Kd (clone SF1.1.10; BioXCell) antibody at a 10 µg/mL 

final concentration. After co-culture, cells were stained for CD19 and viability and analyzed as described 

above for the in vivo cytotoxicity assay. The ratio (WT peptide-loaded/neoepitope-loaded) target cells 

was used to calculate percentages of cytotoxicity. To determine in vitro killing of cancer cells, untreated 

4T1 cells were loaded with 5 µM CFSE, whereas irradiated (3x8 Gy) 4T1 cells were loaded with 0.25 

µM CFSE, followed by co-culture with effector cells for 12h at a 1:4 target to effector ratio. The ratio of 

untreated/irradiated 4T1 cells was determined after gating on viable CFSE+ cells and the percentage of 

cytotoxicity towards irradiated cells was calculated using the following formula: cytotoxicity = 100 × 

(1−((untreated/irradiated)control/(untreated/irradiated)experimental)) where “control” refers to the average 

ratio (untreated/irradiated) of target cells from the mice vaccinated with adjuvant alone. To determine 

the killing of tumor cells by CD8+ or CD4+ T cells, splenocytes from tumor-bearing mice were first 

cultured for 6 days with CAND1 or ADGRF5-II peptide, followed by isolation of CD8+ or CD4+ T cells, 

respectively, by negative selection (Miltenyi microbeads). Co-culture of T cells with CFSE-labeled 4T1 
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targets was performed as described above at a 1:2 target to effector ratio. For blocking experiments, T 

cells isolated (pan T cell mouse isolation kit II, Miltenyi) from lymph nodes of tumor-bearing mice were 

cultured with labeled 4T1 cells at a 1:4 target to effector ratio for 12h, in the presence of MHC-I, MHC-

II, FASL or TRAIL blocking antibodies at a final concentration of 30 µg/mL. In this last experiment, 

CountBrightÔ absolute counting beads (Thermo Fischer Scientific) were added to the samples before 

acquisition on the flow cytometer. The ratio of untreated/irradiated 4T1 cells was determined after gating 

on viable CFSE+ Epcam+ cells. 

Tumor challenge and treatment 

Mice were randomly assigned to treatment groups before tumor inoculation. One week after the second 

vaccination, mice were subcutaneously (s.c.) inoculated with 5x104 4T1 cells. Tumors were measured 

twice a week using a Vernier caliper and volumes were calculated using the formula: length x width2 x 

p/6. On the first day of tumor measurement, i.e. day 8-10 after tumor inoculation, there were no 

statistically significant differences in mean tumor volume between mice vaccinated with adjuvant alone 

or with adjuvant+peptides, but within each pre-assigned group, there was some variability in tumor size. 

Thus, tumor volume was normalized to the volume on the first day of measurement to more accurately 

determine the effect of radiation.  Focal tumor radiotherapy was administered when the average tumor 

volume reached 60-80 mm3 in three doses of 8 Gy given in three consecutive days using the Small 

Animal Radiation Research Platform (SARRP Xstrahl Ltd, Surrey, UK) as previously described (63).  

For the T cell depletion experiment, mice received intraperitoneal injections of CD8a (200 µg), CD4 

(400 µg) or isotype control (200 µg) Abs on day 9 after tumor inoculation (i.e. one day before 

vaccination; two days before radiotherapy) and then repeated weekly. Depletion was confirmed to be 

>80% in the tumor and >95% in the spleen 6 days after injection of depleting Abs by flow cytometry 

using non-competitive clones: YTS156.7.7 (anti-CD8b) and RM4-4 (anti-CD4). 
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In the therapeutic experiment, mice were assigned to treatment groups (Adjuvant+RT or Neo-vax+RT) 

on day 4 after tumor inoculation (when tumors were palpable). Vaccination started on day 4 and was 

repeated every 5 to 6 days thereafter. Mice were sacrificed when tumor exceeded 1.25 cm3 or if animals 

showed signs of distress as per protocol. 

Flow cytometry analysis of tumors and spleens 

Tumors were enzymatically digested using a Mouse Tumor Dissociation Kit (Cat 130-096-730, Miltenyi 

Biotec) on a gentleMACS Octo Dissociator (Miltenyi Biotec). Following dissociation, cell suspensions 

were filtered through a 70 μm strainer to remove large debris. Cell suspensions from the spleens were 

prepared as described above (“T-cell restimulation assay”). Cells were stained for flow cytometry 

analysis using Fixable Viability Dye (eFluor® 450 or eFluor® 780). Fc receptors were then blocked 

using CD16/CD32 antibodies (clone 93, Biolegend) before surface staining with the following 

antibodies: v500-conjugated CD45 (clone 30-F11, BD Biosciences), FITC-conjugated CD8a (clone 

KT15, Thermo Fischer Scientific), Brilliant Violet 421™-conjugated CD3e (clone 17A2, Biolegend) 

PerCP/Cy5.5-conjugated CD4 (clone GK1.5, Biolegend), APC/Cy7-conjugated CD11b (clone M1/70, 

Biolegend), APC/Cy7-conjugated CD19 (clone 6D5, Biolegend), Alexa Fluor® 488-conjugated CD25 

(clone PC61, Biolegend). Cells were then fixed and permeabilized using the eBioscience™ FOXP3 

Transcription Factor kit (Thermo Fischer Scientific) followed by staining for intracellular targets using 

PE-conjugated FOXP3 (clone 150D/E4, Thermo Fischer Scientific) and PE/Cy7-conjugated T-bet 

(Clone 4B10, Biolegend). CountBrightÔ absolute counting beads (Thermo Fischer Scientific) were 

added to the samples before acquisition on the MACSQuant (Miltenyi) flow cytometer and data were 

analyzed using FlowJo v.10 software. 

For dextramer staining, cells were pre-treated for 30min at 37°C with dasatinib (50 nM; Sigma-Aldrich) 

before adding the APC-conjugated CAND1-dextramer. Cells were stained for 30min at room 
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temperature, washed and the staining was pursued as described above. In this panel, the viability dye 

and the CD19/CD11b antibodies were used as the "dump" gate. 

Lung metastasis quantification 

To quantify spontaneous 4T1 clonogenic metastasis, lungs were removed and digested using the Mouse 

Lung Dissociation Kit (Cat 130-095-927, Miltenyi Biotec) on a gentleMACS Octo Dissociator.  Cell 

suspensions were filtered through a 70 μm strainer, washed and resuspended in medium containing 60 

μM 6-thioguanine (Sigma) and serially diluted in 6-well tissue culture plates (43, 44). After 11 days, 

plates were fixed with ethanol and 6-thioguanine-resistant colonies were stained with 0.5% crystal violet 

(Sigma-Aldrich; diluted in 20% methanol) and counted. After accounting for dilution factors, data were 

expressed as total number of metastatic colonies per organ. 

Targeted detection and quantification of MHC-I and MHC-II bound peptides 

4T1 cells were irradiated with 8 Gy dose on three consecutive days (3x8 Gy) or left untreated. 24h after 

the third radiation dose, cells were harvested (80x106 cells) and washed twice with cold PBS.  Cell pellets 

were snap-frozen in liquid nitrogen and stored at -80°C before cell lysis. Anti-MHC antibody (OMICS 

Technologies Inc, Maryland)-conjugated protein G magnetic beads were added to the cell lysates at the 

ratio of 100x106 cells/100 mg beads. Immunoprecipitation was performed at 4°C for 15 hours on a 

rocking platform. Elution was performed according to OMICS Technologies’ protocol. Eluted peptide 

samples were cleaned three times in 9M Urea using a 3 kDa Amicon Filter (UFC501096, Millipore) and 

twice using Omics Technologies’ proprietary washing buffer. The peptide solution was then acidified 

by adding 1% trifluoroacetic acid (TFA) and incubated at room temperature for 15 min. A Sep-Pak light 

C18 cartridge (Waters Corporation) was activated by loading 5 mL 100% (vol/vol) acetonitrile and was 

washed by 3.5 mL 0.1% TFA solution twice. Acidified peptide solution was centrifuged at 1,800 × g for 

5 min, and the supernatant was loaded into the cartridge. To further clean the peptides bound to the 

cartridge, 1 mL, 3 mL, and 4 mL of 0.1% TFA were used sequentially. The peptides were eluted from 



 
 

27 

the cartridge with 2 mL of 40% (vol/vol) acetonitrile with 0.1% TFA three times (for a total of 6 mL of 

eluate). The eluted peptides were lyophilized overnight, resuspended at 100 µg/ml in SCX solvent A (5 

mM KH2PO4 pH 2.7, 30% ACN) and fractionated by strong cation exchange chromatography on a Poly-

SULPHOETHYL A (5 μm, 200 Å) column (200× 9.4 mm; PolyLC Inc., Columbia, MD) by employing 

an increasing gradient of SCX solvent B (5 mM KH2PO4 pH 2.7, 30% ACN, 350 mM KCl) on an 

Agilent 1260 LC system. Collected fractions were subjected to an additional C18 based SPE cleanup. 

Transition parameters and retention times for each of the analyzed peptides were established individually 

using an Agilent 6495B Triple Quadrapole Mass Spectrometer for 2+ and 3+ charged precursor ions 

(Supplemental Table 1). Peptide samples were spiked with a mixture of internal controls composed by 

a pool of 10 femto mole heavy isotope labeled peptides covering a large hydrophobicity window and a 

large M/z range (M/z 200 ~ 2500), and were subject to SRM analysis. The results were used to fine tune 

the mass spectrometer for the best sensitivities around the molecular weights of the target peptides (Table 

2). Peptide samples were eluted through an online Agilent 1290 HPLC system into the Jet Stream ESI 

source of an Agilent 6495B Triple Quadrupole Mass spectrometer. 

Data files containing the quantitative data of the relevant peptides were imported into Skyline 20.1. The 

abundance of a target peptide was represented by the total area under the curve (AUC) of all its optimized 

transitions normalized to the total AUC of the same transitions from heavy isotope-labeled peptide with 

the same sequence spiked in before the relevant peptide detection and quantification. Absolute 

quantification of each peptide was performed through applying AQUA™ Peptides (Sigma-Aldrich). 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was carried out as 

described in each corresponding figure legend, and sample sizes are shown in each corresponding figure 

legend. Log2 or arscine square root transformation was applied where appropriate to ensure the 

underlying model assumptions were satisfied. Shapiro-Wilk normality test was then performed for all 
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datasets to determine for the use of parametric vs non-parametric test. Differences were considered 

statistically significant at p<0.05. For cytokine intracellular staining levels, difference across multiple 

experimental groups was examined using Kruskal-Wallis test and pairwise differences were assessed 

using Dunn’s test which controls for familywise error rate in multiple comparisons. Differences in gene 

expression between untreated and irradiated samples were assessed using unpaired two-tailed Welch’s 

t-test on log2 transformed normalized counts. Differences in percentages of cytotoxicity between two 

“effector” groups were assessed using unpaired two-tailed Welch’s t-test, while comparisons between 

different “targets” were assessed using Kruskal-Wallis test and Dunn’s test. Differences in frequencies 

of cell populations in the tumors between treatment groups were calculated using Brown-Forsythe and 

Welch’s ANOVA tests with Dunnett’s T3 multiple comparisons test. When appropriate, overall 

differences due to Neo-vax or radiotherapy treatments were evaluated using two-way ANOVA. The 

repeated measures two-way ANOVA test was used for tumor growth curve analyses. IFNγ 

measurements in the supernatants were compared using Kruskal-Wallis (or Mann-Whitney when 

comparing two groups) when the distribution of the values was not normal, or using one-way ANOVA 

otherwise. Differences in mouse survival times were examined using log-rank test. All data were 

analyzed using GraphPad Prism software (GraphPad version 8). 

Study approval 

All animal studies were approved by the IACUC of Weill Cornell Medicine. 
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Figure 1. Prediction and in vitro validation of MHC-I neoepitopes up-regulated by radiotherapy 
(RT) in 4T1 breast cancer cells. (A) Tumor neoantigen identification pipeline. Whole-exome and RNA 
sequencing data were used to identify mutations in genes expressed by 4T1 cells in vitro and in vivo and 
significantly up-regulated by RT. Candidate MHC-I binders were predicted using NetMHC and tested 
in binding assays. (B) RNA expression for Adgrf5, Dhx58, Cand1 and Raet1e genes as determined by 
RNA sequencing of 4T1 cells irradiated (3x8 Gy) or untreated (0 Gy) in vitro (n=4 independent 
experiments). Data are expressed as mean ± SEM of normalized counts (log transformed). Comparisons 
between untreated and irradiated samples are made with unpaired two-tailed Welch’s t-test; *p<0.05, 
*** p<0.001. (C) MHC-I binding assay. RMA-S cells expressing either H2-Kd (left panel) or H2-Ld 
(right panel) were incubated with candidate peptides (50 or 100 µM) for 2h and then tested for MHC-I 
expression by flow cytometry. The binding capability of each peptide was calculated by normalizing the 
mean fluorescence intensity (MFI) of H2-Kd or H2-Ld in presence of peptides compared to the MFI in 
absence of peptides. HA515 peptide was used as positive control for H2-Kd, whereas AH1-A5 was used 
as positive control for H2-Ld. (D) Stability assay over time. RMA-S cells were loaded with peptides at 
26°C for 1h and then transferred to 37°C before determination of H2-Kd (left panel) or H2-Ld (right 
panel) MFI by flow cytometry at the indicated times. 
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Figure 2. Identification of immunogenic neoepitopes in 4T1 cells. (A) Experimental procedure. Mice 
were vaccinated twice with adjuvant alone, or with a combination of two neoepitopes binding to different 
alleles of MHC-I or MHC-II to avoid competition (75 µg each), as indicated (n=4/group). One week 
after the second vaccination, spleen and vaccine-draining lymph nodes were harvested and single-cell 
suspensions prepared for ex vivo stimulation experiments. (B-E) Flow cytometry analysis of IFNγ+ 



 
 

35 

TNFα+ cells among CD8+ (B-C) or CD4+ (D-E) T cells from mice vaccinated as indicated in (A) and 
stimulated ex vivo with each peptide individually or in combination. Representative flow cytometry plots 
of IFNγ/TNFα intracellular staining in CD8+ (C) or CD4+ (E) T cells are shown after gating on viable 
CD3+ T cells. *p<0.05, with Kruskall-Wallis and Dunn’s multiple comparisons test. (F) Dose-response 
MHC-I binding assay comparing mutated and non-mutated (WT) DHX58 and CAND1 epitopes. RMA-
S-Kd (left panel) or RMA-S-Ld (right panel) cells were incubated with increasing concentrations of the 
peptides for 2h before determination of H2-Kd or H2-Ld MFI by flow cytometry and normalization as in 
Figure 1C. 
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Figure 3. CAND1-specific CD8+ T cells are cytotoxic and kill preferentially irradiated 4T1 cells. 
Mice were vaccinated twice with adjuvant alone (=Control), with HA515 or with the three immunogenic 
neoepitopes (DHX58, CAND1 and ADGRF5-II; = Neo-vax). (A-C) One week after the last vaccination, 
mice were injected i.v. with CFSE-labeled target cells: CFSEhigh cells were pulsed with indicated 
peptides, whereas CFSElow cells were unpulsed. Lymph nodes and spleen were harvested 24h later and 
pulsed and unpulsed target cells were quantified by flow cytometry after gating on viable CD19+ CFSE+ 
cells. (A) Percentage of cytotoxicity towards HA515-pulsed target cells (n=3 mice per group), calculated 
using the formula indicated in Methods. *p<0.05, with unpaired two-tailed Welch’s t-test. (B) 
Representative flow cytometry plots showing the killing of target cells in lymph nodes. (C) Percentage 
of cytotoxicity towards neoepitopes-pulsed target cells determined in the lymph nodes and in the spleen 
(n=3-7 mice per group). *p<0.05, **p<0.01, with Kruskall-Wallis and Dunn’s multiple comparisons 
test. Data are pooled from two independent experiments. (D) In a parallel experiment, single-cell 
suspensions were prepared from vaccine-draining lymph nodes and co-cultured with CFSE-labeled 
target cells: CFSEhigh cells were pulsed with indicated neoepitopes, whereas CFSElow cells were pulsed 
with WT peptides. For HA515 peptide, CFSElow cells were unpulsed. MHC-I blocking antibody was 
added as indicated. After 16-18h incubation, cells were harvested and quantified by flow cytometry after 
gating on viable CD19+ CFSE+ cells. Percentage of cytotoxicity towards mutated epitopes (versus WT 
peptides) was calculated. *p<0.05, with unpaired two-tailed Welch’s t-test. Data are representative of 
two independent experiments. (E-G) In vitro killing of 4T1 target cells was tested as described in the 
schema (E). Representative flow plots after gating on viable CFSE+ cells (F), and percentage of 
cytotoxicity towards irradiated cells versus untreated cells calculated as described in Methods (G). 
**p<0.01, with unpaired two-tailed Welch’s t-test. All data presented here are expressed as mean ± SEM. 
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Figure 4. Targeted detection and quantification of neoepitopes and control epitope AH1 at the 
surface of tumor cells after irradiation. SRM chromatograms of endogenous peptides (in red) and 
isotope-labeled peptides (in blue) for the AH1 epitope (SPSYVYHQF) (A), the CAND1 neoepitope 
(AYLSLLTQT) (B) and the ADGRF5-II neoepitope (STPMFSMSSPISRRF) (C). Detection and 
quantification of the peptides from untreated (left panels) or irradiated (right panels) 4T1 cells was 
performed by SRM analysis as described in the Methods. Additionally, the MS/MS spectra for CAND1 
and ADGRF5-II is shown in Supplemental Figures 3 and 4. 
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Figure 5. Vaccination with radiation up-regulated neoantigens enhances the anti-tumor immune 
response in combination with radiotherapy. (A) Experimental schema. Mice were vaccinated twice 
with adjuvant alone (= Control) or with the combination of three immunogenic neoepitopes (DHX58, 
CAND1 and ADGRF5-II; = Neo-vax). One week after the second vaccination 4T1 cells were injected 
subcutaneously in the right flank of mice. Vaccination was continued once a week. Tumors were 
irradiated with a dose of 8 Gy each on 3 consecutive days (RT). (B) Tumor volume measured over time 
after 4T1 cells inoculation (n=9 per group); statistical significance of Neo-vax + RT was assessed by 
repeated measures two-way ANOVA. (C) Tumor weight at day 25 (n=8). (D) Number of clonogenic 
4T1 lung metastases at day 25. ** p<0.01 with Kruskall-Wallis and Dunn’s multiple comparisons test 
(n=9). (E-I) Flow cytometry analysis of the tumors at day 25 (n=8). (E) Percentages of CD8+ T cells 
among viable CD45+ cells. (F) Representative flow plots of regulatory T cells (Tregs; CD25+ FOXP3+) 
after gating on CD4+ T cells. (G) Absolute counts (normalized to tumor weight) of intratumoral Tregs 
and ratio of CD8+/Tregs cells (H) or T-bet/Tregs cells (I). All data presented here are expressed as mean 
± SEM. Comparisons between groups are made with Welch ANOVA and Dunnett’s T3 multiple 
comparisons test; except in panel I, where the effect of Neovax was assessed by ordinary two-way 
ANOVA;  *p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  
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Figure 6. Radiotherapy enhances T cell responses against radiation-upregulated neoantigens. Mice 
were treated as in Figure 5A, and tumors and draining lymph nodes harvested on day 25 for analysis. 
Representative flow plots (A), percentages (B), and absolute counts (C) of CAND1-dextramer positive 
cells among intratumoral CD8+ T cells. Data are presented as mean ± SEM. Comparisons between groups 
are made with Kruskall-Wallis and Dunn’s multiple comparisons test (n=8); *p<0.05, *** p<0.001, **** 
p<0.0001. (D-F) Secreted IFNγ in the supernatant of tumor-draining lymph node cells 48h after in vitro 
stimulation with DHX58 (D), CAND1 (E) and ADGRF5-II (F). Comparisons between all groups are 
made with Kruskall-Wallis and Dunn’s multiple comparisons test; *p<0.05, **p<0.01, ***p<0.001 
(n=6-8).  
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Figure 7. Therapeutic efficacy of the neoantigen vaccine in combination with radiotherapy. (A) 
Experimental schema. Vaccination was started on day 4 after tumor inoculation and continued every 5-
6 days thereafter. Tumors were irradiated with a dose of 8 Gy on 3 consecutive days (RT). (B-C) Tumor 
volume over time after 4T1 cells inoculation (n=9 per group) shown as mean ± SEM (B) and as 
individual mice curves (C). Statistical significance of RT + Neo-vax was assessed by repeated measures 
two-way ANOVA; **p<0.01. (D) Mouse survival; ***p<0.001, with Log-rank test.  
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Figure 8. Both CD4+ and CD8+ neoantigen-specific T cells are required for the anti-tumor activity 
of the vaccine. (A) Mice were vaccinated weekly with adjuvant alone (=RT), all three neoepitopes 
(=Neo-vax), or only two neoepitopes (=CAND1/DHX58) starting two weeks before 4T1 cells 
inoculation. Tumors were irradiated with a dose of 8 Gy on day 12, 13 and 14.  Tumor volume over time; 
*p<0.05, with repeated measure two-way ANOVA, (n=8-9 mice/group). (B) Secreted IFNγ was 
measured in the supernatant of tumor-draining lymph node cells harvested on day 31 and stimulated 48h 
with indicated peptides (CAND1, DHX58, ADGRF5-II and AH1-A5). **p<0.01, ***p<0.001, Kruskall-
Wallis and Dunn’s multiple comparisons test (n=8). (C) In vitro killing of untreated or irradiated 4T1 
target cells (as described in Figure 3E) using as effectors splenocytes harvested on day 31 and 
restimulated for 6 days with CAND1 or ADGRF5-II, followed by CD8+ or CD4+ T cells isolation, 
respectively. Ratios of untreated/irradiated cells were calculated as described in Methods. *p<0.05, 
***p<0.001, with unpaired two-tailed Student’s t-test (n=7). (D) Tumor volume overtime of mice (n=7-
8 per group) treated as in A with adjuvant alone (=RT) or with Neo-vax and RT. Some mice received 
CD4- or CD8-depleting Abs starting two days prior to RT and maintained weekly; *p<0.05, **p<0.01, 
with repeated measures two-way ANOVA. All data presented are expressed as mean ± SEM. 
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Figure 9. CD4+ and CD8+ neoantigen-specific T cells kill tumor cells in an MHC- and death 
receptors-dependent manner. (A-C) Mice were vaccinated with adjuvant alone or with 
CAND1/ADGRF5-II weekly, starting two weeks before 4T1 cells inoculation. Tumors were irradiated 
with a dose of 8 Gy on day 12, 13 and 14.  T cells were isolated from tumor-draining lymph nodes on 
day 20 and tested in an in vitro killing assay against untreated or irradiated 4T1 target cells (as described 
in Figure 3E), in the presence of blocking antibodies for MHC-I, MHC-II, FASL and TRAIL. (A) 
Representative flow cytometry plots showing the two populations of 4T1 cells. (B-C) Ratios of 
untreated/irradiated cells calculated using absolute cell counts, as described in Methods. **p<0.01, 
***p<0.001, with paired two-tailed Student’s t-test (n=6-7). (D) Fas and Tnfrsf10b gene expression 
determined by RNA sequencing of 4T1 cells irradiated (3x8 Gy) or not (0 Gy) in vitro (n=4 independent 
experiments). **p<0.01, *** p<0.001, unpaired two-tailed Welch’s t-test. All data presented are 
expressed as mean ± SEM. 
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Table 1. Characteristics of candidate neoepitopes selected for in vitro and in vivo assays. 

Mutation type Neoepitope Allele Length 
                   Aminoacid sequencesA                  Predicted affinity (nM)                      

Mutated WT Mutated  WT 

MHC-I-predicted epitopes 

Missense V/M ADGRF5 H2-Kd 9 PMFSMSSPI PVFSMSSPI 126 326 

Missense K/T CAND1 H2-Kd 9 AYLSLLTQT AYLSLLKQT 142 979 

Missense R/L DHX58 H2-Ld 11 LVPFSIPVFDI RVPFSIPVFDI 116 122 

Missense V/I LTA4H-a H2-Kd 9 SYQSITTDD SYQSVTTDD 198 118 

Missense V/I LTA4H-b H2-Kd 11 AYVKKFSYQSI AYVKKFSYQSV 157 450 

Missense P/L RAET1EB H2-Ld 11 YPHLQVTMIYL YPHLQVTMIYP 259 7422 

Missense T/I RAET1E H2-Ld 11 QIPSATWEFNI QTPSATWEFNI 99 374 

MHC-II-predicted epitopes 

Missense I/L ADAMTS9 H2-IAd 15 QKLRLDLTSMQIITT QKIRLDLTSMQIITT 357 305 

Missense V/M ADGRF5-II H2-IAd 15 STPMFSMSSPISRRF STPVFSMSSPISRRF 162 238 
 

A mutated aminoacid is underlined 
B This peptide was toxic for the cells. 
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Table 2. Quantification of (neo)epitopes in untreated and irradiated 4T1 cells. 

  Untreated Irradiated Fold 
increase 

(Irradiated/
Untreated)  

  Abundance 
(femtomole) 

Copy number 
per single cell 

Abundance 
(femtomole)  

Copy number 
per single cell 

MHC-I-bound epitopes 

AH1 SPSYVYHQF 7.6 80.4 9.2 103.9 1.29 

CAND1 AYLSLLTQT 2.2 23.3 11.9 134.5 5.80 

DHX58 LVPFSIPVFDI 0.1 1.1 0.1 1.1 - 

MHC-II-bound epitopes 

ADGRF5-II STPMFSMSSPISRRF 0.4 4.2 1.2 13.6 3.24 
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