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Modi-2 a vaccine stimulating CD4
responses to homocitrullinated self
epitopes as therapy for solid cancers
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Stresses within the tumour microenvironment can mediate post-translational modifications of self-
proteins. Homocitrullination is the conversion of lysine to homocitrullinewhich generates neoepitopes
and bypasses self-tolerance. In this study a vaccine targeting homocitrullinated antigens was
assessed for stimulation of anti-tumour immunity. Peptides that bind HLA are often hydrophobic
which can complicate large scale manufacture and solubility. Here we demonstrate the self-
assembling nanoparticle technology (SNAPvaxTM) to co-deliver four homocitrullinated peptides and
adjuvant in nanoparticles of a precise size and composition as a vaccine (“Modi-2”) that is optimized
for manufacturing ease and T cell induction. Strong T cell responses and anti-tumour immunity in
mouse tumour models was stimulated against against B16 melanoma (p = 0.0113), CT26 colorectal
cancer (p < 0.0001) and 4T1 breast cancer (p = 0.0090). We demonstrate that human lung, colorectal,
breast and prostate tumours express theModi-2 target antigens and propose theModi-2 vaccine has
potential for translation into clinic in several cancer indications.

The cellular stress of the tumour microenvironment (TME) can induce
post-translationalmodifications (PTMs) of proteins that can appear foreign
to the immune and be recognized as antigens1. One such PTM is homo-
citrullination or carbamylation which is the conversion of lysine residues to
homocitrulline. This results in the conversion of a positively charged amino
acid lysine into a neutral amino acid homocitrulline and can result in altered
MHC binding properties2. The conversion of lysine to homocitrulline is
driven by the accumulation of cyanate3,4, which under inflammatory con-
ditions, is driven by the myeloperoxidase (MPO) enzyme. We have pre-
viously demonstrated a role for MPO-producing tumour-associated
myeloid derived suppressor cells (MDSCs) in MPO production which in
combination with tumour produced H2O2 leads to homocitrullination
within the tumour microenvironment5.

Mutational neo-antigens that also are not subject to immune tolerance
are linked to the success of checkpoint blockade therapies in several indi-
cations and are showing promising results as targets for vaccination6–8.
However, many cancers do not possess a highmutational burden and show
limited efficacy to checkpoint blockade therapies. Stress-related PTMs alter
proteolytic cleavage and can generate neoantigens or neoepitopes which

evade self-tolerance9,10. In this scenario these cancers may benefit from de
novo induction of PTM specific T cell responses via vaccination. Vaccina-
tion targeting homocitrullinated peptides derived from self-antigens has
been shown to stimulate Th1mediated immune responses inmousemodels
and mediate tumour therapy5,11. Many cancer vaccines have been focussed
on the stimulation of CD8T cell responses and their role in tumour therapy
rather than CD4 responses although the important role of CD4 T cells is
now becoming more apparent12,13. CD4 T cells play an important role in
cancer therapy and can either directlymediate the destruction of established
tumours14,15 and/or indirectly by their interaction with APCswhich induces
the release of interferons that then upregulate MHC-I/II and stimulate the
release of pro-inflammatory chemokines to promote further immune
infiltration13,16.

The efficacy of a peptide vaccine is also enhanced if combined with a
costimulatory adjuvant. Toll-like receptor (TLR) ligand stimulation in
combination with vaccination has been shown to increase vaccine efficacy,
especially for cancer therapy17. Despite many early phase trials with new
TLR ligand adjuvants only a fewhave been approved for use in humans.We
and others have demonstrated in preclinical models the benefit of
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combining a peptide vaccine with a TLR ligand adjuvant to promote CD8
and CD4 T cell responses18–21. TLR ligands that stimulate strong Th1
immunity are oftenhydrophobic innature andcombinedwithhydrophobic
nature of MHC binding peptides can lead to challenges for large scale
manufacture and sterile filtration. The SNAPvax technology which enables
formulation of hydrophobic MHC binding peptides with TLR 7/8 ligand
that self assembles into nanoparticles has demonstrated superior immu-
nogenicity and stimulation of CD8 T cell responses. Antigen delivered in
this particulate formnot only persisted longer at the dosing site but was also
associated with uptake by APCs in draining lymph nodes21,22. In mouse
models, no evidence of systemic localisation is noted unless delivered via an
intravenous route23.

Here we demonstrate the combination of four homocitrullinated
peptides from self-antigens, vimentin, aldolaseA, Binding Immunoglobulin
Protein (BiP) which is also known as “GRP78” and cytokeratin 8, combined
with TLR ligand adjuvant as a peptide vaccine (Modi-2) stimulates strong
Th1 mediated anti-tumour responses in mouse models. We further show
that the formulation characteristics of the Modi-2 vaccine can be improved
using SNAPvax technology wherein each of the homocitrullinated peptides
were synthesizedas amphiphiles linked toTLR ligandand self-assemble into
nanoparticles of precise size and composition co-delivering the four pep-
tides and TLR ligand for induction of CD4 T cell responses and tumour
therapy. Finally,wehighlight the expressionof the self-antigens andMPOin
solid tumours and association with prognosis and propose using the
SNAPvax technology for targeting of homocitrullinated self-antigens via
vaccination for solid tumour therapy.

Results
Responses to homocitrullinated peptides can be stimulated in
mice and are CD4 mediated
Proteins containing homocitrulline modifications are known to be immu-
nogenic. We have previously shown that homocitrullinated (Hcit) peptides
derived from aldolase A (Aldo), immunoglobulin heavy chain-binding
protein (BiP), cytokeratin 8 (Cyk8) and vimentin (Vim) can stimulate CD4
T cell responses through multiple MHCII alleles in standard and HLA
transgenic mice including HLA-HHDII/DR1, HLA-HHDII/DP4, HLA-
DR4 and Balb/c mice. We have also observed that among several peptides
screened, Aldo74-93Hcit, BiP562-579Hcit, Cyk8 371-388Hcit and Vim116-
135Hcit peptides induced T cell responses in the different mouse strains
mentioned above5,11. These epitopes are homologous in humans and mice.
In this studywefirst aimed to confirmwhether vaccination ofAldo74-93Hcit,
BiP562-579Hcit, Cyk8 371-388Hcit and Vim116-135Hcit in combination
(known asModi-2) mixed with CpG andMPLA adjuvants would induce T
cell responses in different mice strains. A schematic of the immunisation
regime is shown in Fig. 1A. HLA-HHDII/DP4 and Balb/c mice immunised
with the Modi-2 peptide combination were screened for peptide specific
responses in IFNγ ELISpot assay. This screening showed significant
responses to Aldo74-93Hcit (p = 0.0005), Bip562-579Hcit (p < 0.0001) and
Vim116-135Hcit (p = 0.0472) in HLA-HHDII-DP4mice (Fig. 1B). However
no immune responses to Cyk8 371-388Hcit were observed in HLA-HHDII-
DP4 mice. Balb/c mice induced significant immune responses to Aldo74-
93Hcit (p = 0.0042), Cyk8 371-388Hcit (p = 0.0021) and Vim116-135Hcit

(p = 0.0014). However, no immune responses to Bip562-579Hcit were iden-
tified in Balb/c mice (Fig. 1E). Mice immunised with the CpG and MPLA
adjuvants alone, irrelevantpeptide inCpGandMPLAornaïvemice failed to
show any reactivity to the Hcit peptides (Supplementary Fig. 1).

To confirm whether responses to the Modi-2 peptides were mod-
ification specific without cross reactivity to the wild type (wt) peptides,
responses toAldo74-93wt, Bip562-579wt, Cyk8 371-388 wt andVim116-135wt

peptides were assessed in HLA-HHDII/DP4 and Balb/c mice. IFNγ
responses to Aldo74-93Hcit, Bip562-579Hcit and Vim116-135Hcit were sig-
nificantly higher than the responses to Aldo74-93wt, Bip562-579wt and
Vim116-135wt, p < 0.0001, p < 0.0001 and p = 0.0286 respectively, showing
minimal cross reactivity to the wt peptides in HLA-HHDII/DP4 mice
(Fig. 1C). Similar findings were observed in Balb/c mice where IFNγ

responses to Aldo74-93Hcit, Cyk8 371-388Hcit and Vim116-135Hcit were sig-
nificantly higher than the responses to Aldo74-93wt, Cyk8 371-388 wt and
Vim116-135wt, p = 0.0030, p = 0.0130 and p = 0.0011 respectively, with
minimal cross reactivity to thewtpeptides (Fig. 1F).VaccinationwithModi-
2 peptides, that are 18–20 amino acids in length, may stimulate both CD4
and CD8 IFNγ responses. Therefore, we further investigated whether
responses to the combination ofModi-2 peptides weremediated by CD4 or
CD8Tcells. InHLA-HHDII/DP4mice, blockingCD4Tcells in theELISpot
assay significantly reduced IFNγ responses to Aldo74-93Hcit (p = 0.0322)
and Bip562-579Hcit (p = 0.0466) but blocking CD8 T cells had no significant
effect on responses to those peptides (Fig. 1D). Responses toVim116-135Hcit

were reduced by the anti-CD4 blocking antibody but this did not reach
significance and were also partially blocked by the anti-CD8 blocking
antibody in HLA-HHDII/DP4 mice (Fig. 1D). In Balb/c mice, IFNγ
responses to Aldo74-93Hcit, Cyk8 371-388Hcit and Vim116-135Hcit were sig-
nificantly reduced after blocking CD4 T cells, while blocking CD8 T cells
had no significant impact on the IFNγ responses (Fig. 1G). Example ELI-
Spot images are shown in Fig. 1H.

Together these results confirm that vaccination with the Modi-2
peptides can stimulate IFNγ responses in transgenicmice expressinghuman
HLA-DP4 and Balb/c mice which express murine H-2d haplotype. How-
ever, responses vary between different mice strains. These results also
support previous data5,10 and confirm that responses to theModi-2 peptides
are homocitrulline-specific and mediated by CD4 T cells.

Modi-2 peptides can be formulated with SNAPvax technology to
enable codelivery with immunomodulatory adjuvant and facil-
itate manufacturing
Peptide based vaccines require delivery with an immunostimulatory adju-
vant that enhances the magnitude and quality of immune responses. In
addition, manufacturing peptide-based vaccines providesmany challenges.
Most immunogenic peptides are hydrophobic in nature and therefore they
have high aggregation potential and low solubility in aqueous or organic
solvents. These factors make peptide-based vaccines difficult to manu-
facture to clinical GMP scale. The mixture of Modi-2 peptides with CpG/
MPLA adjuvant does indeed show very large particle sizes with an aggre-
gation of particulate matter which is highly polydisperse (Fig. 2A and
Supplementary Table 6). Similar moderate size particles are seen for the
Modi-2 peptides mixed with TLR7/8 adjuvant (Supplementary Fig. 2 and
Supplementary Table 6). These large particle sizes result in significant
material loss upon sterile filtration through a 0.2 µm filter (Supplementary
Table 7).

Here we describe the use of the SNAPvax technology (Barinthus
Biotherapeutics plc) which incorporates peptide antigens in amphiphiles
linked to combined TLR-7 & -8 (TLR-7/8) ligands that self-assemble into
~20 nm nanoparticle micelles (Fig. 2B)21. Covalently linking peptide anti-
gens and TLR-7/8 ligands ensures codelivery to the same APC, while use of
amphiphiles that self-assemble to uniformly small nanoparticles ( ~ 20 nm)
well below the size cut-off for sterile filters ( ~ 200 nm) improves manu-
facturability by providing both improved solubility in aqueous buffers and
compatibilitywith sterilefiltration.Wefirst assessed the impact of the buffer
on the sizeofnanoparticles formedwith theModi-2SNAPvax formulations.
Modi-2 SNAPvax was formulated in different aqueous buffers including
PBS, Histidine (His) and Tris that enables sterile filtration through a 0.2 µm
filter. The DLS analysis showed that the nanoparticle size of Modi-2
SNAPvax in histidine formulation was 12.6 nm± 0.9 SD, whereas it was
14.3 nm± 0.2 SD and 15.5 nm± 0.1 SD in Tris and PBS formulation,
respectively (Fig. 2C) with low polydispersity index values (Supplementary
Table 6).Transmission electron microscopy analysis confirmed the sphe-
rical shape and similar size of the particles compared to DLSmeasurement.
Example transmission electron micrograph images of nanoparticle for-
mulations are shown in Fig. 2D. Zeta potential at respective formulation pH
is shown in Supplementary Table 6. Modi-2 SNAPvax in histidine, with a
zeta potential value of +35mV, indicates that the particles are not prone
to forming aggregates; hence, the formulation should remain stable.
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Fig. 1 | Modi-2 peptides elicit Hcit specific CD4 mediated responses in mice.
Schematic of immunisation regime (A). T cell responses to theModi-2 peptides and
counterpart wild type peptides in HLA-HHDII/DP4 (B–D) and Balb/c mice (E–H).
Mice were vaccinated with three doses of homocitrullinated peptides mixed with the
adjuvants CpG andMPLA and responses assessed against Hcit peptides (B, E), Hcit

and wt peptides (C, F) or Hcit peptides in presence of CD4 or CD8 blocking anti-
bodies (D, G) by IFNγ ELISpot assay. Representative ELISpot images (H). n ≥ 3 in
each study anddata is collated fromat least two independent studies.Mean, standard
deviations and significant p values are shown. Image in (A) created with
BioRender.com.
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Fig. 2 | Formulation of Modi-2 peptides with SNAPvax technology. A DLS his-
tograms showing the size of particles of Modi-2 peptides in CpG/MPLA or TLR7/8
formulation. Each colour represents a different repeat measurement. BA schematic
figure of the SNAPvax (Self-assembling Nanoparticles based on Amphiphilic Pep-
tides) platform. C DLS histograms showing the size of nanoparticles of Modi-2
SNAPvax formulations in different buffers. The particle size is shown in nanometer22

± standard deviation (SD). Each colour represents a different repeat measurement.
At least 3 replicate assays were performed. D Transmission electron micrograph
images ofModi-2 SNAPvax formulations in Histidine or Tris buffers. EUPLC-PDA
chromatogram showing distinct peaks for each of Modi-2 peptides in the SNAPvax
formulation. Images in (B) from Barinthus Biotherapeutics.
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In addition,minimalmaterial loss is reported upon sterilefiltration from the
nanoparticle formulations (Supplementary Table 7). As Modi-2 SNAPvax
were formulated as “mosaic formulation”where each nanoparticle contains
all four homocitrullinated peptide antigens, we used UPLC-PDAMS ana-
lysis to confirm that the four Modi-2 peptides with distinct peaks were
detected (Fig. 2E). These results confirm that Modi-2 SNAPvax forms
nanoparticles with similar size and mosaic composition of the four
homocitrullinated peptides when formulated in different aqueous buffers.
To further assess the stability of theModi-2 SNAPvax formulations particle
sizewas assessedover timewith storage at−20 °C (Supplementary Figure 3)
and with repeat freeze thaw cycles (Supplementary Fig. 4) and shown to
retain initial particle size characteristics withmultiple freeze thaws and over
a 12-month period stored at−20 °C.

Modi-2 vaccine can stimulate efficient immune responses as a
SNAPvax formulation
Modi-2 SNAPvax formulations were assessed for the capacity to induce
antigen-specific T cell responses in mice as confirmed by IFNγ ELISpot
analysis following vaccination. HLA-HHDII/DP4 and Balb/c mice were
vaccinated with three doses of Modi-2 SNAPvax formulations and
responses to homocitrullinated and wild type peptides were screened ex
vivo. This screening showed significant responses to Aldo74-93Hcit

(p < 0.0001), Bip562-579Hcit (p < 0.0001) andVim116-135Hcit (p = 0.0101) in
HLA-HHDII/DP4mice (Fig. 3A). Balb/cmice showed significant responses
to Aldo74-93Hcit (p < 0.0001), Cyk8 371-388Hcit (p < 0.0001) and Vim116-
135Hcit (p < 0.0001) (Fig. 3C). Mice immunised with TLR7/8 adjuvant only
or an irrelevant peptide SNAPvax formulation demonstrate noHcit peptide

Fig. 3 | Modi-2 SNAPvax stimulates Hcit specific CD4 responses. T cell responses
to the Modi- 2 homocitrullinated and matched wild type peptides in HLA-HHDII/
DP4 (A, B) and Balb/c mice (B–E). Mice were vaccinated with three doses of
homocitrullinated peptides conjugated to SNAPvax and responses assessed against

Hcit peptides (A,C), Hcit andwt peptides (C,D) orHcit peptides in presence of CD4
or CD8 blocking antibodies (E). n ≥ 3 in each study and data is collated from at
least two independent studies. Mean, standard deviations and significant p-values
are shown.
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specific responses (Supplementary Fig. 5) This data is consistent with the
responses seen from the peptides mixed with CpG and MPLA adjuvants.
Direct comparisons of SNAPvax formulationwith peptidemixedwithCpG
and MPLA or TLR7/8 adjuvants is shown in Supplementary Fig. 5. Since
Modi-2 SNAPvax can be formulated with similar particle size in different
buffers the formulations ofModi-2 SNAPvaxwere assessed inPBS, histidine
or tris containing buffers for immunogenicity and all stimulated similar
immune responses (Supplementary Fig. 6).

Responses to Modi-2 SNAPvax formulations were also
homocitrulline-specific showing no cross reaction to the wild-type
peptides. IFNγ responses to Aldo74-93Hcit, Bip562-579Hcit and Vim116-
135Hcit were significantly higher than the responses to Aldo74-93wt,
Bip562-579wt and Vim116-135wt, p < 0.0001, p < 0.0001 and p = 0.0283
respectively, confirming minimal cross reactivity to the wt peptides in
HLA-HHDII/DP4 mice (Fig. 3B). Similar findings were seen in Balb/c
mice where IFNγ responses to Aldo74-93Hcit, Cyk8 371-388Hcit and
Vim116-135Hcit were significantly higher than the responses to Aldo74-
93wt, Cyk8 371-388 wt and Vim116-135wt, p < 0.0001, with minimal cross
reactivity to the wt peptides (Fig. 3D).

We previously showed responses to Modi-2 peptides in the CpG/
MPLA adjuvant formulation were CD4-mediated. However, the
SNAPvax formulation has been shown to enhance the potency of
peptide-based vaccines that mainly induced CD8 T cells responses21,24.
Therefore, we reinvestigated whether responses to Modi-2 SNAPvax
formulation were CD4 or CD8 mediated. In Balb/c mice, responses to
Aldo74-93Hcit were significantly reduced by anti-CD4 blocking anti-
body (p = 0.0018) and significantly, albeit partially, blocked by anti-
CD8 blocking antibody (p = 0.0032) (Fig. 3E). Responses to Cyk8 371-
388Hcit and Vim116-135Hcit were also significantly lost after blocking
CD4 T cells, p = 0.0041 and p = 0.0048, respectively. Whereas there
was no significant loss in these responses after blocking CD8 T cells in
Balb/c (Fig. 3E). These results were consistent with results shown in
the previous section where Modi-2 peptides were mixed with the
adjuvants CpG/MPLA (Fig. 1G), confirming that IFNγ responses to
Modi-2 SNAPvax formulations were also mediated by CD4 T cells.
Immunogenicity analysis therefore suggests similar immune
responses stimulated in mouse models from the large particulate
peptide in CpG and MPLA formulation and the nanoparticle SNAP-
vax formulation.

Homocitrulline-specific CD4 responsesmediate tumour therapy
in several mouse models
In the tumour environment MPO secreted by infiltrating MDSCs can
mediate homocitrullination of proteins in the tumour microenvironment
making homocitrullinated epitopes a promising target for tumour therapy.
However, it is possible that not all lysines are naturally homocitrullinated
and presented by MHCII to be recognised by CD4 T cells. We therefore
aimed to investigate if the Hcit peptides in Modi2 vaccine are naturally
presented by examining if the CD4 mediated IFNγ responses to
Aldo74-93Hcit, BiP562-579Hcit, Cyk8 371-388Hcit and Vim116-135Hcit were
sufficient to provide potent tumour therapy in vivo.

We first assessed the expression of Aldo A, Bip, Cyk8 and Vim
native proteins in in vitro grown B16 HHDII iDP4, 4T1 and CT26
tumour cell lines by western blot. This assessment confirmed that Aldo
A, Bip andVim proteins were expressed in B16F1HHDII iDP4, 4T1 and
CT26 tumour cell lines. However, Cyk8 was only expressed in 4T1 and
was not detected in in vitro grown CT26 and B16F1 HHDII iDP4
tumour cell lines. Py8119 tumour cells were used as a negative control for
Cyk8 protein and a positive control for Vim protein. Py230 cells were
used as a positive control for Cyk8 and a negative or low positive control
for Vim. B16 HHDII iDP4 cells were used as a positive control for Aldo
A. B16F1 cells treated with thapsigargin, an endoplasmic reticulum (ER)
stress inducer that enhances the Bip expression25, were used as a positive
control for Bip protein (Fig. 4A, B). Raw images for western blots are
shown in Supplementary Fig. 16.

AsModi-2 vaccine targets homocitrullinated proteins, we assessed the
level of carbamylation (homocitrullination) in 4T1, CT26 and B16 HHDII
tumours ex vivo. In the absence of homocitrullinated protein specific
detection reagents a general anti-carbamylationantibodywasused.Tumour
cells isolated ex vivo from 4T1, CT26 and B16 HHDII tumours implanted
subcutaneously were stained with anti-carbamylation antibody when
reaching 10–15mm in diameter. Representative staining is shown in Fig.
4Ci and average expression in Figure 4Cii. Gating strategy is shown in
Supplementary Figure 7. Although homocitrullination/carbamylation is
detected, this staining with the pan anti-carbamylation antibody does not
detect if Aldo A, Bip, Cyk8 and Vim proteins expressed in tumour cells are
specifically carbamylated.

Results mentioned above confirmed that 4T1, B16 and CT26 tumour
models were suitable to assess the anti-tumour potency of the Modi-2
vaccine. Mice were therefore challenged with B16 HHDII iDP4 cells and
vaccinated four days laterwith 4nmol ofModi-2mixedwithCpG/MPLAor
4nmol Modi-2 SNAPvax and compared to unimmunised or adjuvants
alone. At the point of vaccination tumours were < 1mm diameter. No
differencewas notedwith adjuvants alone compared to unimmunisedmice.
Those vaccinated with 4nmol Modi-2 SNAPvax Histidine buffer formula-
tion showed a significantly enhanced overall survival compared to unvac-
cinatedmice (p = 0.0009) (Fig. 5A,B).Modi-2CpG/MPLA formulation also
showed 50% overall survival at day 50 which was significantly higher than
the unvaccinated B16 HHDII iDP4-bearing mice p = 0.0044 (Fig. 5A, B).
Similar findings were also seen in the CT26 tumour model with Modi-2
SNAPvax formulation. Adjuvants only had no impact on tumour therapy.
The vaccination of CT26-bearing mice with 4nmol Modi-2 SNAPvax Tris
buffer formulation or Modi-2 CpG/MPLA induced potent anti-tumour
responseswith 100%overall survivalwhichwas significantly higher than the
unimmunised or adjuvant only immunised CT26-bearing mice, p < 0.0001
and p = 0.0007 respectively (Fig. 5C, D). The vaccination of 4T1-bearing
mice with 4nmol of Modi-2 SNAPvax Histidine buffer formulation also
showed significantly potent anti-tumour therapy with 70% overall survival
respectively compared with the unvaccinated 4T1-bearing mice, p = 0.0090
respectively (Fig. 5E, F). Mice in all tumour therapy studies showed no
clinical signs associated with autoimmunity and weights remained stable
throughout the duration of the studies (Supplementary Fig. 8).

We further examined the tumour infiltrating lymphocytes (TILs)
from tumours that developed in the Modi-2 SNAPvax vaccinated and
unvaccinated 4T1-bearing mice. 4T1 tumours show a degree of cell
death upon disaggregation but this is similar in both immunised and
control animals and samples are gated to focus on the live TIL popula-
tion (Supplementary Figure 9). The subsequent flow cytometry gating
strategy is shown in Supplementary Figure 10. A representative staining
example is shown in Fig. 5G. The analysis of tumours from Modi-2
SNAPvax immunisedmicewere those that failed therapy but despite this
they showed evidence of a significant increase in infiltration of CD45+
cells into tumours.Within the CD45+ population there was a significant
increase in CD4+ cells in vaccinated compared to control tumours (Fig.
5G). Supplementary Fig. 10 confirms that CD4+ cells within the CD45+
population are T cells. Modi-2 SNAPvax immunisedmice also showed a
significant increase in the expression of MHCII on both CD45+ and
CD45- cells within tumours (Fig. 5G). The percentage of CD45-MHCII
+ in the tumours of unimmunised mice was significantly lower than
seen in tumours from the vaccinatedmice (Fig. 5G).Data acrossmultiple
mice is shown in Fig. 5Hwhere a significant increase is demonstrated for
CD4 T cell infiltration and MHCII expression. This data suggests the
vaccine increases the leukocyte infiltration into tumours, particularly for
CD4 T cells and that both lymphocytes and non-lymphocytes show an
increase in MHCII reflecting a more proinflammatory environment but
the analysis of tumours that failed therapy may be underestimating the
effect of the Modi-2 vaccine. These results show that Modi-2 SNAPvax
induced homocitrulline specific T cell responses that were sufficient to
mediate tumour therapy in HLA-HHDII/DP4 and Balb/c mouse
tumour models.
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Human tumours expressModi-2 target antigens and expression
correlated with low overall survival rates
To screen which cancer patients may benefit from the Modi-2 vaccine, we
assessed the expression ofModi-2 target proteins on tumour tissues derived
from patients with breast, colorectal, lung and prostate cancer. breast, col-
orectal, lung and prostate TMAs were stained with specific antibodies for
Aldo A, Bip, Cyk8 and Vim. Representative staining is shown in Fig. 6A.
Analysis showed that the H-score of the staining for Aldo A, Bip and Cyk8
were significantly higher in colorectal cancer tissues compared with color-
ectal normal adjacent tissues, p < 0.0001, p = 0.0017, p = 0.0005 respectively
(Fig. 6B). Our IHC results also showed that normal colorectal adjacent
tissues showed significantly higher H-score of Vim staining than colorectal
cancer tissues, p < 0.0001 (Fig. 6B). The breast cancer tissues also showed
medium to high H-score staining to Aldo, Bip and Cyk8 proteins (Fig. 6C).
However, the H-score staining of Vim was modest on breast cancer tissues.
Unfortunately, breast TMAs did not include normal or normal adjacent
tissues, therefore we could not compare the expression of proteins and the
level of carbamylation between breast cancer and normal or normal adja-
cent tissues.

The IHC analysis also showed that the H-score of Aldo A, Bip and
Cyk8proteinswas significantly higheron lung cancer tissues comparedwith
lung normal adjacent tissues (Supplementary Fig. 11A). There was no sig-
nificant difference in theH-score of Vim, carbamylation andMPO staining
between lung cancer and normal adjacent tissues. Similar results observed
on prostate TMAs (Supplementary Fig. 11B). These results confirm that

AldoA,Bip,Cyk8andVimwere expressedwithdifferent intensity in several
human tumours including breast, colorectal, lung and prostate. Repre-
sentative staining images of low,moderate and high staining of AldoA, Bip,
Cyk8 and Vim on lung and prostate TMAs are shown in Supplementary
Figure 12.

Unfortunately, survival data was not available for the TMAs stained
in this study therefore we further investigated if the expression of these
proteins are correlated with the overall survival in cancer patients from
available data sets. In silico analysis of integrated proteo-transcriptomics
dataset of breast cancer from Tang et al.26 revealed that breast cancer
patients with high expression of Aldo, Bip, Cyk8 and MPO, the enzyme
responsible for carbamylation, had poor overall survival which was
significantly decreased compared with patients who had low expression
of those proteins, p = 0.044, p = 0.0055, p = 0.0236 and p = 0.0040,
respectively (Supplementary Fig. 13A). In silico analysis of microarray
gene expression colorectal cancer dataset (downloaded from www.
kmplot.com) showed that colorectal cancer patients with high relative
expression of Vim, Aldo, Cyk8 and MPO had poor overall survival
which was significantly decreased compared with patients who had low
relative expression of Vim, Aldo, Cyk8 andMPO, p < 0.0001, p = 0.0008,
p = 0.0152 and p = 0.0127, respectively (Supplementary Fig. 13B).

In silico analysis of microarray gene expression lung cancer dataset
(downloaded from www.kmplot.com) revealed that lung cancer patients
with high relative RNA expression of Aldo A, BiP, Cyk8 and MPO were
significantly associated with low overall survival rates in lung cancer

Fig. 4 | Murine tumours express Modi-2 target antigens and show evidence of
carbamylation/homocitrullination. A, B The relative expression of Aldo, BiP,
Cyk8 andVim in differentmurine tumour cell linesmeasured bywestern blot.CThe
percentage of carbamylation in murine tumour cell lines ex vivo assessed by flow

cytometry as representative staining histogram (i) and averages (ii). Anti-carbamyl
lysine antibody staining is gated on live CD45- cells. Values show the percentage of
gated cells staining positive. Mean of at least 3 independent samples, standard
deviations and significant p values are shown.
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Fig. 5 | Modi-2 SNAPvax vaccination mediates tumour therapy. HHDII/DP4
transgenic (A, B) or Balb/c (C–G) mice were injected with 1 x 105 B16 HHDII/iDP4
(A, B), 1.75 x 104 CT26 (C andD) or 5 × 103 4T1 (E–G) tumour cells respectively on
day 1 followed by immunisation with 4nmol Modi-2 peptides in CpG/MPLA or
4nmol of Modi-2 SNAPvax on days 4, 11 and 18 (A, B) or days 4, 8 and 11 (C–G).
Overall survival (OS) and tumour growth monitored (n ≥ 5). Numbers on tumour

growth curves represent the number of tumour free (TF) mice out of the total.
Survival analysed using LogRank test. (G), Tumours from 4T1model disaggregated
and stained ex vivo for CD45, CD8, CD4 infiltrate and MHCII expression. Repre-
sentative tumour examples and histograms of averages (n > 3) with error bars of
standard deviations are shown.
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patients, p < 0.0001, p = 0.0300, p < 0.0001 and p = 0.0004, respectively
(Supplementary Fig. 14). In silico analysis of RNAseq advanced prostate
cancer dataset from Abida et al.27 showed that patients with advanced
prostate cancer with high relative expression of Cyk8 had poor overall
survival whichwas significantly decreased compared with patients who had
low expression of Cyk8, p = 0.0079 (Supplementary Fig. 15). This in silico
data supports our IHC staining data and provides further evidence that
expression of these proteins is altered in a variety of solid cancers and could
be appropriate targets for immune therapy. Although there is no data on
levels of carbamylation and overall survival, the enzyme MPO that is most
often produced by a subset of MDSCs in tumours mediates carbamylation
could be as an indication of carbamylationpotential. The association of high
MPOwith lower survival and poorer prognosis suggests that carbamylation
is also a candidate target for therapies.

Data presented in this study demonstrates the efficacy of the Modi-2
vaccine in murine tumour models and provides evidence that the Modi-2
vaccine has potential as tumour therapy to treat patientswith solid tumours
including breast, colorectal, lung and prostate that express Aldo A, Bip,
Cyk8, Vim and MPO.

Discussion
We have previously demonstrated that targeting homocitrullinated (Hcit)
peptides induces potent anti-tumour immune responses in animal
models5,11.Here,we presented the potential of a combinationModi-2 cancer
vaccine as a promising therapy for solid tumours. Modi-2 vaccine is

designed to target specific peptides including Aldo74-93Hcit, BiP562-579Hcit,
Cyk8 371-388Hcit and Vim116-135Hcit. These peptides are derived from four
abundant proteins; aldolase A, BiP, cytokeratin 8 and vimentin, which are
found to be highly upregulated in many solid tumours28.

Homocitrullination is a post-translational modification by which
lysine residues are converted to homocitrulline, leading to generation of
neoepitopes that may bypass self-tolerance. Homocitrullination is
induced by cumulative levels of cyanate which results from the break-
down of urea. This also can be mediated through the action of MPO
which is secreted by several immune cells including neutrophils, mac-
rophages andMDSCs within inflammatory environments9. The levels of
MPO have been assessed in solid tumours. The level of MPO is found to
be significantly secreted by infiltrating macrophages and neutrophils
within breast cancer tissues29. The high levels of MPO are found to
correlated with a poor prognosis and low overall survival rates in
patients with colorectal cancer (CRC)30. The enzymatic activity of MPO
is found to be indispensable for tumour initiation and progression in
Balb/cByJ mouse lung cancer tumour model. The inhibition of MPO
activity could reduce lung tumour burden by 50%31. In our in-silico
analyse we have also shown that the high levels of MPO are correlated
with poor overall survival in patients with breast cancer, CRC and lung
cancer. These findings were also associated with our IHC staining of
anti-carbamylation antibody on breast, CRC, lung, and prostate TMAs.
Homocitrullination is a known PTM in autoimmune disease and
therefore there is a possibility of stimulating autoimmune toxicities and

Fig. 6 | Human tumours express Modi-2 target antigens. Colorectal (CRC) and
breast (BR) tumour microarrays stained by immunohistochemistry for vimentin,
cytokeratin 8, aldolase A, BiP and MPO using antigen specific antibodies and
homocitrullination using an anti-carbamyl antibody. A representative staining

images of low, moderate and high staining. B Data shown as H-score for normal or
normal adjacent tissue (NAT) compared to tumour tissue on theCRCTMAs.CData
shown as H-score for tumour tissue on the BR TMAs.
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should be monitored for in any future clinical study. However, there
has been no indication of toxicity indicative of autoimmunity in our
murine models5,11.

Our data have demonstrated that despite AldoA, Bip, Cyk8 and Vim
being self-proteins, vaccination with Modi-2 Hcit peptides induced strong
immune responses in two different mouse strains; HLA-HHDII/DP4 and
Balb/c. Responses toModi-2Hcit peptides aremediated byCD4T cells and
are homocitrulline-specific with minimal cross reactivity to the wild type
(wt) peptides. These findings are also consistent with our previous works
which also showed that two of Modi-2 peptides (Cyk8 371-388Hcit and
Vim116-135Hcit) induced strong immune responses in HLA-HHDII/DR1
mice5,11. These findings provide further evidence that responses to Modi-2
Hcit peptidesmay act through severalHLA alleles11.We have demonstrated
the presence of a responding CD4 repertoire to the homocitrullinated
peptides in healthy humans in our previous data5,11. Donors possessed a
range of HLA alleles suggesting more than one HLA type can present these
peptides. However, we have yet to confirm the HLA restriction of Modi-2
Hcit responses in a larger cohort of healthy donors. This data suggests that
CD4 responses to these modified self-antigens are not deleted or tolerised.

Tumour cells can expressMHC class IImolecules butmost often these
are absent or at low level until expression is upregulated through inflam-
matory pathways. Tumour therapy was observed against models where
MHC class II is inducible by IFNγ and evidence of significantly increased
MHCII expression was seen in the tumour microenvironment in combi-
nation with increased CD4 T cell infiltrate after vaccination. Therefore, the
CD4 T cell response can exert both direct and indirect effects upon the
tumour to promote inflammation andMHCII upregulation. Indeed, in our
previous work CD4 T cells were shown to be essential for Hcit peptide
vaccine mediated tumour therapy5. An increase in immune infiltrate is
associated with increased immune pressure that can drive tumour escape.
It is well-known that cancer immune escape is mainly mediated by
mechanisms including antigen loss and the loss of MHC class I and II
expression32,33. Therefore targeting several epitopes derived from different
antigens simultaneously within a vaccine that induces immune responses
through several MHC class II alleles helps to overcome tumour immune
escape via antigen and HLA loss34. In addition, the targeting of longer
epitope sequences doesnot exclude the possibility of also stimulatingCD8T
cell responses and we have previously shown that CD8 T cell responses can
be induced to homocitrullinated peptides35. However, CD8 T cell responses
were not observed to the peptides restricted through the HLA alleles tested
in this study and CD4 T cell responses were sufficient to mediate tumour
therapy.

The efficacy of therapeutic peptide-based vaccines for inducing
potent immune responses is based on the selection of an effective
adjuvant and delivery system36. Our data have shown that the for-
mulation ofModi-2Hcit peptidesmixed with the CpG/MPLA adjuvants
induced potent anti-tumour immune responses in the aggressivemurine
B16 tumour model. However, our data have also confirmed that the
Modi-2 CpG/MPLA formulation showed aggregation and low solubility
in aqueous solvents, which is likely not suitable for manufacturing at
commercial scale for clinical use. It is well-known that immunogenic
peptides are enriched for hydrophobic and aromatic amino acids which
reduce their solubility in aqueous buffers37. These factors make manu-
facturing peptide-based vaccines to clinical GMP grade more challen-
ging. In addition, it has been demonstrated that the adjuvant effects of
TLR ligands can be enhanced and stronger immune responses stimu-
lated if peptide and adjuvant are codelivered to the same APC19,20.

Herewedemonstrate the use of SNAPvax technologywhichmakes use
of the hydrophobicity of TLR7/8 adjuvant and peptides to improve both
manufacturability (through improved solubility of peptide antigens) and
maintain immune responses of the Modi-2 vaccine. The Modi-2 SNAPvax
formulations provided particles of uniform size ( ~ 20 nm) known to
increase activation of and uptake by APCs21,22 and – through covalent
linkage of the peptide antigens directly to TLR-7/8 ligand – enable both
adjuvant andall fourpeptides tobedelivered to the sameAPC.Thepotential

for uptake and presentation ofmultiple peptides by the sameAPCmay lead
to immune competition either from competition for MHC binding or for
T cell access to the APC. This is known to occur for CD8 T cell responses,
however, in our murine in vivo studies we did not observe any immune
dominance effect on the stimulation ofCD4Tcell responses. Thedelivery of
peptide and adjuvant as a nanoparticle formulation in the SNAPvax tech-
nology has previously been shown to increase persistence of the vaccine at
the dose site and draining lymphnodes aswell as the uptake byAPC subsets
and increase in associated cytokines in vaccine draining lymph nodes21,22.
Although the biodistribution of the specific Modi2 SNAPvax formulation
has not been demonstrated in this study, prior studies suggest that the APC
uptake and stimulating ability is equally effective with different immuno-
genic peptide components21. Though the SNAPvax technology has been
demonstrated to be effective for stimulation of CD8 T cell responses, par-
ticularly to hydrophobic peptides that are difficult to formulate, our results
build on prior findings showing that the SNAPvax technology also to be
effective for inducing CD4 T cell responses associated with efficacy in
murine tumour models. Modi-2 SNAPvax formulations induced potent
anti-tumour responses with 40%, 100% and 70% overall survival rates in
three aggressive tumour models, B16 HHDII iDP4, CT26 and 4T1,
respectively. Our data have also demonstrated that Modi-2 SNAPvax for-
mulations dramatically enhanced infiltration of TILs in particular of total
CD4 T cells, and both CD45+ immune cells and CD45- non-immune cells
showed a significant increase in MHC class II expression within tumours
suggesting the CD4 responses stimulated by vaccination mediate an
alteration of the tumour microenvironment. It would certainly be inter-
esting in future studies to confirm the presence of vaccine specific CD4
Tcells in the tumourmicroenvironment.Reports for the stimulationofCD8
Tcell responsesusing theSNAPvax technology suggest systemic localisation
and more sustained responses when delivered via intravenous route rather
than via a subcutaneous route but it remains to be determined if this
observation of sustained responses is also true for CD4 responses23.
Although we have not tested the potency ofModi-2 SNAPvax formulations
in tumourmodels for prostate and lung cancer, our in silico analyses suggest
that the Modi-2 vaccine may also be beneficial for these cancer types.

Cancer vaccines have begun to show efficacy in preventing recurrence
post resection8,38. This study presents the efficacy of a Modi-2 SNAPvax
formulation as a promising therapeutic cancer vaccine to treat several solid
tumours. The nature of homocitrullination in the tumour environment
suggests a role forModi-2 in patientswith existing tumours but themajority
of patients with existing solid and untreatable tumours will likely have
established tumour intrinsic mechanisms of immune evasion. These
patients would therefore likely require combination with other interven-
tions such as checkpoint blockade therapies to help overcome the immune
suppression associated existing tumour mass in combination with vacci-
nation to generate de novo tumour specific immune responses.

Methods
Study design
The aim of this study was to assess the efficacy of Modi-2 vaccine to induce
potent tumour therapy in pre-clinical mouse models that may mimic solid
human cancers. Also to assess the potential of the SNAPvax formulation to
improve vaccine manufacturability to GMP clinical grade. To achieve this,
we used age-specificmurine in vivo and in vitromodels. Sample size and age
criteria were chosen empirically based on the results of previous studies and
power calculations. Animal experiments were performed under the UK
Home Office approved project license (PP2706800) and with ethical
approval fromNottinghamTrentUniversity andUniversity ofNottingham
Ethical review boards. Mouse experiments aimed to include 3 mice per
group for immune response analysis studies and 10 mice per group for
in vivo tumour studies. Data was combined from at least two or more
independent experiments. Mice were randomly assigned to different
treatment groups and for the tumour inoculationbutwerenotblinded to the
investigators. No mice were excluded from the experiments. Mice were
terminated when conditions approached the limits specified on the project
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licence. Human tissue microarrays (TMA) slides were purchased from
Insight Biotechnology, processed and archived according to the Human
Tissue Authority (HTA) license (Scancell Ltd #12768).

Peptides and adjuvants
IEDB predicted binding scores were described previously11. Sequences of
peptides used in this study are listed in Supplementary Table 1. Peptides
were synthesised at > 90% purity (Genscript and JPT), stored lyophilised at
−80 °C and then reconstituted to the appropriate concentration in 20%
DMSO/PBS or 20%DMSO/distilled H2O on day of use. Adjuvants TLR9
agonist CpG ODN 1826 (In vivogen) and TLR4 agonist Monophosphoryl
LipidA (MPLA) (InvivoGen)wereused at 5 µgdoseunless statedotherwise.

SNAPvax
SNAPvax formulations of the Modi-2 vaccine were prepared as previously
described by Lynn et al.21 In brief, amphiphilic peptides capable of under-
going nanoparticle self-assembly were prepared in two steps. Peptide anti-
gen fragments consisting of a charge-modifying group linked to the
N-terminus of each of the 4 homocitrullinated peptide antigens were pre-
pared using solid-phase peptide synthesis performed by GenScript (Pis-
cataway,NJ,USA).Peptide antigen fragmentswere then covalently linked to
hydrophobic oligopeptides (“hydrophobic blocks”) comprising TLR-7/8
ligands using a copper-free strain-promoted azide-alkyne cycloaddition
click chemistry reaction to yield amphiphilic peptide antigen conjugates.
Nanoparticle formulations were produced by addition of the indicated
aqueous buffer and the resulting solutionswereused for vaccinationwithout
any further medication or preparation.

Formulation characterisation
Particle size distribution profile (particle size & polydispersity index) of
Modi-2 formulations was analysed by dynamic light scattering (DLS)
technique using a Zetasizer ultra red instrument (Malvern Panalytical,
Malvern, UK). Same instrument was used to determine zeta potential of
formulations by laser Doppler velocimetry (LDV) technique. Particle
morphology was analysed by FEI Tecnai 12 Transmission electron micro-
scopefittedwithGatanOneViewCMOScamera. The%RecoveryofModi-2
peptides via a 0.2 µm PES filter media was determined by UV-Visible
spectrophotometry using UV5Nano instrument (Mettler Toledo, Leicester,
UK) at wavelength of 325 nm. The identification of Modi-2 peptides was
confirmed by an UPLC method using the ACQUITY H-Class Plus UPLC
system equipped with a photo diode array (PDA) detector and quadrupole
mass detector (Waters, Massachusetts, USA).

Animals and cell lines
Animal experiments were carried out with ethical approval fromUniversity
of Nottingham andNottinghamTrentUniversity ethical review boards and
under a HomeOffice approved project license (PP2706800). HLA-HHDII/
DP4 (HLA-A2.1+ /+HLADP4+ /+ hCD4+ /+, EM:02221, European
Mouse Mutant Archive) transgenic mice knocked out for murine MHC-I
and II and expressing chimeric HLA-A2 (HHDII), human HLA-DP4 and
human CD4 or Balb/c mice (Charles River) aged 6–12 weeks were used.

The murine melanoma B16F1 cell line (ATCC-CRL-6323) obtained
fromATCCwas knocked out formurineMHCI and II and transfectedwith
HHDII in combination with IFNg inducible HLA-DP4 (iDP4) using
plasmids as described previously39. Cells were cultured in RPMI medium
1640with L-glutamine (2mmol/L), 10%FCS and appropriate antibiotics to
maintain plasmids. The murine breast cancer 4T1 cell line (ATCC-CRL-
2539) and colon cancer CT26.WT cell line (ATCC-CRL-2638) obtained
fromATCCwere cultured in RPMImedium 1640 supplemented with 10%
FCS. Cell lines utilized were mycoplasma free, authenticated by suppliers
(STR profiling), and used within ten passages.

Immunisation protocol
Mice were vaccinated with Modi-2 vaccine comprising 10 µg (4 ηmol) or
25 µg (10 ηmol) eachof the fourhomocitrullinatedpeptidesmixedwith 5 µg

each of CpG and MPLA adjuvants or as SNAPvax formulations. Modi-2
SNAPvax were formulated in Histidine (50mM, pH 6.5), Tris (50mM,
pH 7.4) or PBS (pH 7.4). Peptides were injected intradermally (i.d.) or
intramuscularly (i.m.) in 50 µl volume on days 1, 8 and 15. No anaesthesia
was used for injections. Responses were screened on day 21 after euthanasia
by cervical dislocation.

For anti-tumour experiments, mice were implanted s.c. with tumour
cells three days prior to immunisation with Modi-2 vaccine. Implant doses
were 1 × 105/mouse for B16 HHDII iDP4 cell line, 5 x 103/mouse for
4T1 cells and 1.75 × 104/mouse for CT26 cells. Immunisation (as described
above)was ondays 4, 11 and18 for theB16HHDII iDP4 tumourmodel and
it was on days 4, 8 and 11 for the 4T1 and CT26 tumour models. Tumour
growth was monitored twice weekly, and mice were euthanized by cervical
dislocation once tumours approach the license limit of 15mm in diameter.
Tumour growth in mice was analysed by measuring the tumour size with
callipers (length andwidth). Volumewas estimated by the formula (volume
= (π/6) x (width x length2).

Ex vivo ELISpot assay
Elispot assays were performed using murine IFNγ capture and detection
reagents according to the manufacturer’s instructions (Mabtech). In brief,
the IFNγ specific antibody were coated onto wells of 96-well Immobilin-P
plate. Synthetic peptides at 10 µg/ml diluted in culture media (RPMI
medium 1640 (GIBCO/BRL) supplemented with 10% FCS (Sigma), 2mM
L-glutamine (Sigma) and sodium bicarbonate buffered with additional
20mM HEPES (Sigma) and 50 µM 2-mercaptoethanol (Thermofisher))
and 5 x 105 per well splenocytes were added to the wells of the plate in
quadruplicate andplates incubated for 40 hat 37 ˚Cwith5%CO2.Cellswith
culture media only were added as negative control and 5 µg/ml Lipopoly-
saccharide (LPS, Sigma) was used as a positive control. 20mg/ml anti-CD8
(2.43, Cat #: BP0061, InVivoPlus+ ), anti-CD4 (GK1.5, Cat #: BP0003-1,
InVivoPlus+ ) or anti-human CD4 (RPA-TA, Invitrogen, 16-0049-85)
antibodies were added to appropriate wells for blocking studies. After
incubation, captured IFNγ was detected by biotinylated specific IFNγ
antibody and developed with a streptavidin alkaline phosphatase and
chromogenic substrate. Spots were analyzed and counted using an auto-
mated plate reader (Cellular Technologies Ltd).

Western blot
B16F1, 4T1,CT26, Py8119, andPy230 cell lineswere lysedwithRIPAbuffer
supplemented with 1% of protease and phosphatase inhibitors cocktail
(Thermo Scientific™, 78440). 20 µg reduced protein samples were loaded on
a precast polyacrylamide gel (Invitrogen, NW04125BOX) and run at 130 V
for 50min followed by a transfer to nitrocellulose membranes at 30 V for
90min. After blocking with 5% non-fat milk the membrane was incubated
with relevant antibodies (Supplementary Table 2) overnight at 4 °C on a
roller. Following 3× wash the membrane was incubated with secondary
antibodies (Supplementary Table 2) for 60min in the dark at room tem-
perature. The membranes were then washed and analysed using LI-COR
ODYSSEY scanner.

Immunohistochemistry
List of materials and antibodies used in the IHC can be found in Supple-
mentary Tables 3 and 4. Novolink polymer detection system (RE7150-K,
Leica BIOSYSTEMS)was followedduring IHC-P staining procedure which
was carried out at room temperature. Slides were dewaxed, rehydrated and
immersed in fresh xylene followed by fresh IMS (industrial methylated
spirit) and water. Heated-induced antigen/epitope retrieval was performed
in 1x citrate buffer pH 6 (Antigen Retrieval Buffer (100x Citrate Buffer pH
6.0), ab93678, Abcam). Slides were then cooled and rinsed, and peroxidase
block solution was applied followed by 10%normal goat serum and protein
block. Antibody diluent solution was prepared by mixing 1 part of blocker
casein in PBS solution (BlockerTM Casein in PBS, 37528, Thermo Scien-
tific) and 9 parts of BOND primary antibody diluent (AR9352, Leica Bio-
systems). Primary antibodies at different dilution/concentration in antibody

https://doi.org/10.1038/s41541-024-01029-1 Article

npj Vaccines |           (2024) 9:236 11

www.nature.com/npjvaccines


diluent solution were applied onto relevant slides. For detection Novolink
polymer solution was applied onto slides followed by rinse and wash with
PBS-Tween.NovolinkDAB/substrateworking solution (1:20dilution,DAB
chromogen inDAB substrate buffer) was applied onto slides and then slides
were then rinsed and washed with PBS-Tween. Haematoxylin solution
(Mayer’s, Modified, ab220365, Abcam) was applied followed by washing
under slow-running tap water. Slides were then dehydrated in a series of
three fresh IMS baths and cleared in a series of two fresh xylene baths. Slides
were then mounted with coverslips (Thickness 1 (20 x 40mm), 2975-244,
Corning) using DPX mounting medium (DPX Mountant for histology,
BCCD8334, Sigma).

High-resolution digital scans ofmicroscopic slideswere acquired using
the NanoZoomer (Hamamatsu) whole slide scanner. Biomarker scoring of
the tissue was performed using QuPath software version 3.0. To identify
tissue cores, QuPath’s automated Tissue Microarray (TMA) dearrayer was
used inbatchmode for all slideswithin eachproject. The resultingTMAgrid
was manually inspected and corrected as necessary by adjusting core
positions or removing cores placed in artifact-filled areas. To enhance stain
separation, stain vector estimation and background correction were applied
to each immunohistochemistry (IHC) analysis project using QuPath’s
Estimate stain vectors command. This involved identifying stain vectors
within a typical region that had a background area, as well as strong
hematoxylin and DAB staining. The generated stain vectors were then
applied to all images in the project. After the TMA pre-processing steps,
positive cell detection was performed using QuPath’s command. Cells were
categorised as positive or negative based on three intensity thresholds
applied to theDAB optical density within the entire cell area. The summary
scores were calculated based on the total number of cells detected per core
and the number of cells classified as negative, weakly, moderately, and
strongly stained cells within the total cell population. A H-score was
assigned to each tissue core, ranging from 0 (all negatively stained) to 300
(all strongly positively stained).

Staining of tumours in vitro and ex vivo
Tumours were mechanically disaggregated in 10ml of RPMI medium.
Clumps were allowed to settle out. Samples of tumour cell suspension were
taken for staining. Cells were stained with live/dead stain (LIVE/DEAD™
Fixable Violet Dead Cell Stain Kit, Invitrogen, L34955). Fc receptors were
blocked using FcR blocking reagent (mouse, Miltenyi, 130-092-575. Cells
were stained with anti-mouse CD45, CD4, CD8, MHCII antibodies and
anti-carbamylation antibody. (Supplementary Table 5).

In silico data analysis
Lung and colorectal cancer microarray gene expression (mRNA chip)
normalised datasets were downloaded from www.kmplot.com. Relative
mRNA expressions of Aldo, Bip, Cyk8, Vim and MPO were stratified into
high and low based on the median of expressions values. Breast cancer
proteotranscriptromics dataset was obtained fromTang et al.26. Normalised
datawere downloaded fromwww.kmplot.com.Relative protein expressions
of of Aldo, Bip, Cyk8,VimandMPOwere stratified intohigh and lowbased
on the median of expressions values. Advanced prostate cancer RNAseq
dataset was originally obtained from Abida et al.27. Normalised data were
downloaded from www.cbioportal.com.

Statistical analysis
Statistical analysis was performed using GraphPad Prism software version
10. Comparative analysis of the ELISpot results was performed by applying
paired or unpaired ANOVA or Student t-test as appropriate with P-values
calculated accordingly. Comparison of tumour survival was assessed by log-
rank test. P < 0.05 values were considered statistically significant.

Data availability
The rawdata supporting the conclusionsof this articlewill bemadeavailable
by the authors, without undue reservation. All data are available in themain
text or the supplementary materials.
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