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SUMMARY

Recent studies suggest that CD4+ T cells can exert potent anti-tumor effects and improve immunotherapy
efficacy by aiding CD8+ T cells. However, characterizing the mechanism of CD4+ T cells’ anti-tumor activity
has been challenging due to inaccurate major histocompatibility complex class II (MHC-II) peptide prediction
algorithms and the lack of high-quality reagents for immune monitoring. To address this, we developed
MHC2—substitution of CLIP and analytical LCMS evaluation (MHC2-SCALE), a streamlined approach
combining affinity optimized class II-associated invariant chain peptide (CLIP) exchange technology, high
throughput 2D-LCMS analysis, and rapid generation of peptide-bound MHC-II monomers for subsequent
multimer assembly. We validated MHC-II peptide candidates predicted by the immune epitope database
(IEDB) algorithm, as well as uncovered many true and immunogenic MHC-II binders that were not predicted
by IEDB. Thus, MHC2-SCALE expands the opportunities for discovering, tracking, and phenotyping antigen-
specific CD4+ T cells in preclinical and clinical settings, thereby improving therapies for cancer, autoimmu-
nity, or infectious diseases.

INTRODUCTION

CD4+ T cells are a pivotal component of the immune system that

play diverse and crucial roles in adaptive immunity. CD4+ T cells

include two major subsets, T effector cells (also called helper T

(Th) cells or T follicular helper (Tfh) cells) and T-regulatory cells

(Tregs) with opposite functions. Effector CD4+ T cells participate

in the activation of cell-mediated immunity by supporting the

functional maturation of cytotoxic CD8+ T cells, promoting and

modulating humoral immunity through aiding B cells in antibody

class switching, and directly exerting cytotoxic effects against

abnormal or infected cells. Conversely, Tregs operate on the

opposite end of the spectrum and exhibit immunosuppressive

functions that help maintain self-tolerance but also lead to dis-

ease progression.1 In the case of malignant tumors, the pres-

ence, density, and functional polarization of tumor-infiltrating

CD4+ T cells have been shown to bear prognostic significance

in various cancer types,2–8 underscoring their pivotal role in can-

cer biology. However, the complexity of the various subsets

(Th1, Th2, Th17, Tfh, and Tregs), each with distinct functions

and characteristics, makes it difficult to discern the overall effect

of CD4+ T cells in cancer progression. While depleting immuno-

suppressive Treg populations has shown some efficacy in the

clinic, significant toxicity limits the use of this strategy.9,10

More recently, it has become increasingly clear that boosting

tumor-reactive CD4+ T helper cells can provide effective anti-tu-

mor responses with less severe side effects.11–15 Thus, under-

standing the complex roles of the versatile subsets of tumor-

specific CD4+ T cells is essential for the development of effective

immunotherapeutic strategies.

CD4+ T cell subpopulations can be characterized using tech-

nologies similar to those developed for CD8+ T cells, such as

functional assays (ELISpot), TCR sequencing, and flow cytomet-

ric analysis using fluorescently labeled major histocompatibility

complex (MHC) multimers. However, the isolation of tumor-spe-

cific CD4+ T cells can be difficult due to the slower rate of effector

CD4+ T cell proliferation relative to CD8+ T cells. In addition,

MHC-II molecules are more complex than MHC-I, rendering

the monomer generation process and subsequent CD4+ T cell

multimer staining more challenging. First, MHC-II molecules

are made of two chains (alpha and beta) that are both polymor-

phic in comparison to only one polymorphic heavy chain (alpha)

for MHC-I. Additionally, the length of the peptides that bind to

MHC-II have N and/or C-terminal extensions outside of the 9

amino acid (aa) binding core (10–30 aa total length) that fit in

the open binding groove as opposed to MHC-I that has a closed

binding groove that accommodates peptides of only 8–12 aa in

length. These distinctions make the prediction of MHC-II binders

more difficult and generally less accurate. Furthermore, the bind-

ing affinity of the co-receptor CD4 to MHC-II is much lower than
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the affinity of co-receptor CD8 to MHC-I, rendering the avidity,

and thus the T cell staining efficiency of pMHC-II multimers lower

than that of pMHC-I multimers.

Traditional methods for CD4+ T cell staining with MHC-II multi-

mers have relied on monomer formation using either recombi-

nant expression of covalently linked candidate peptide epitopes

to the MHC-II beta chain N terminus16,17 or the attachment of

affinity tags to peptides of interest and subsequent purification

after peptide exchange.18,19 Recombinant expression technolo-

gies can enable the low throughput preparation of monomer re-

agents, but for poorly expressing or lower-affinity peptides, this

approach often requires extensive construct optimization to

enable expression. To overcome this challenge, cysteine trap-

ping technologies are often used to anchor the fused peptide

in a particular register of the binding groove and often facilitate

higher expression yields.20 An important limitation is that pep-

tides containing cysteine residues are incompatible with this

approach. In contrast, peptide exchange technologies are

more general and can be used for many peptide sequences.

However, commonly used peptide exchange protocols often

require two steps (affinity capture and size exclusion), which

limits the number of reagents that can be assembled in a high

throughput manner. As such, neither of these approaches is

amenable to high throughput screening of peptide epitopes or

preparation of monomers suitable for multimer assembly.

Recently, approaches to generate MHC-II monomers relying

on the use of HLA-DM as a catalyst were reported21,22; however,

this method requires purification of themixture in order to assess

the extent of peptide exchange, which precludes the ability to

directly perform QC on the unpurified MHC-II monomers used

for multimer assembly. While the use of HLA-DM facilitates pep-

tide exchange,23–25 it has also been reported that HLA-DM limits

the diversity of peptides that can be presented on cell surfaces in

the absence of HLA-DO,26 suggesting that only higher affinity

pMHC-II complexes can be formed in this fashion.

With these limitations in mind, we developed a new

approach, called MHC2-SCALE (substitution of CLIP and

analytical LCMS evaluation), that combines 3 optimized proto-

cols into a streamlined workflow to generate and characterize

pMHC-II reagents: (1) affinity optimized CLIP peptide excha-

nge, (2) two-dimensional liquid chromatography-mass spec-

trometry (2D-LCMS), and (3) purification-free multimerization.

By optimizing affinity attenuated class II-associated invariant

chain peptides (CLIPs) for mouse and human alleles, we enable

peptide exchange and simplify the overall monomer generation

process. The 2D-LCMS step enables high-resolution mass

characterization of individual components from complex sam-

ples, thus allowing discrimination between impurities and

peptides of interest, serving as a critical QC step to enable

reproducible reagent preparation and determine when com-

plete peptide exchange has occurred. The in situ QC by 2D-

LCMS enables a facile multimerization protocol without the

need for monomer purification. We demonstrate the utility of

MHC2-SCALE for discovering and screening MHC-II binding

epitopes of murine and human alleles as well as staining of

CD4+ T cells, providing a new high-throughput approach for

monitoring and characterizing these cells in preclinical and clin-

ical settings.

Design
Current methods for identifying and monitoring antigen-specific

CD4 T cells are often labor-intensive and limited in their ability to

accommodate a wide range of peptide sequences. Additionally,

these techniques can yield inaccurate results due to potential im-

purities in the samples. The MH2-SCALE approach overcomes

these challenges by integrating a high-throughput peptide ex-

change technique using affinity-optimized class II-associated

invariant chain peptide (CLIP) variants, a 2D-LCMS method for

detailed analysis of the peptide exchange process, and a rapid

system for generating peptide-bound MHC-II monomers for

multimer assembly. This combined approach enables: (1) the

effective identification of peptides that bind to MHC-II mole-

cules, (2) the efficient production of peptide-bound MHC-II

monomers, and (3) the rapid, purification-free multimerization

with fluorophores for specific cell detection, such as through

flow cytometry. The 2D-LCMSmethod further provides a robust,

label-free quality control system, ensuring precise reagent char-

acterization and protocol optimization for peptide exchange,

including for cysteine-containing peptides.

RESULTS

Peptide exchange and 2D-LCMS optimization
To develop MHC2-SCALE, we first optimized the construct

design and expression system of the MHC-II proteins. The

most commonly used recombinant platforms forMHC-II proteins

are insect or mammalian cell expression of alpha and beta

chains fused to coiled-coil or leucine zipper heterodimerization

motifs on the C termini.17,18,20,27–31 The antigenic peptide of in-

terest or the CLIP peptide is almost invariably fused to the N ter-

minus of the beta chain,16,17 and several reports have indicated

that the level of expression of the assembled heterodimer is

highly dependent on the affinity of this peptide for the MHC-II

allele. We optimized these types of constructs with the mouse

MHC-II I-Ab allele using the murine CLIP peptide (mCLIP) fused

to a flexible Gly-Ser linker containing a TEV cleavage site to

enable high-yield expression (>100 mg/L after 2-column purifi-

cations) in CHO cells and provide ample protein for further opti-

mization efforts (summarized in Figure 1A).

Next, we used mCLIP-I-Ab to develop a 2D-LCMS protocol

that built upon our previous experience with MHC-I alleles.32–34

Briefly, the instrument setup relies on a first-dimension size

exclusion column run under native conditions to isolate the intact

complex in a separate loop from any unbound peptides. The iso-

lated complex is then injected directly onto a reversed-phase

HPLC column and subjected to electrospray ionization (Fig-

ure 1B). Importantly, this protocol allows for direct analysis of

the bound peptides in the complex. To validate this method,

the TEV linker in the mCLIP-I-Ab complex was cleaved and

analyzed by 2D-LCMS. Clear size exclusion chromatography

(SEC) isolation of the complex was achieved, and the mCLIP

peptide was readily detected.

For proof of concept, peptide exchange was tested using the

OVA323-339 peptide from ovalbumin. The cleaved mCLIP-I-Ab

complex was incubated at pH 5 with a 25-fold molar excess of

the OVA peptide overnight and analyzed by 2D-LCMS. Under

these conditions, the efficiency of this exchange was quite low
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Figure 1. Expression constructs for MHC class II monomers and 2D-LCMS analysis of peptide exchange reactions

(A) MHC-II protein constructs used in these studies (murine and human). pMHC-II with the CLIP peptide (red) undergoes enzymatic linker cleavage using either

TEV or thrombin proteases (depending on the linker sequence) to allow peptide exchange with a higher affinity peptide (purple). Biotinylation (depicted as an

orange arrow) of pMHC-II allows for subsequent tetramer formation.

(B) Representation of the 2D-LCMS assay: first-dimension with the size exclusion chromatography (SEC) peak isolation and second-dimension with reversed

phase LCMS analysis of pMHC-II complexes.

(C) High-affinity mCLIP peptide in the I-Ab allele undergoes very poor peptide exchange with OVA323-339 peptide (left panel). A low-affinity mutant mCLIP

(lowmCLIP) peptide undergoes efficient peptide exchange with OVA323-339 peptide (right panel).

(D) Peptide exchange of the lowmCLIP peptide for the OVA323-339 peptide in the I-Ad allele.

(E) Representative peptide exchange of the lowmCLIP peptide for GAD65206-220 peptide in the I-Ag7 allele.

(F) Representative peptide exchange of the lowhCLIP (PVSKARMATGALAQA) for the HA116-131 peptide in the HLA-DR1 (i.e., HLA-DRB1*01:01) allele.

(G) Representative peptide exchange of the hCLIP peptide (PVSKMRMATPLLMQA) for the glia alpha1a epitope in the HLA-DQ2.5 allele (i.e., HLA-DQA1*05:01/

DQB1*02:01).
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as demonstrated by the absence of the OVA peptide and a sub-

stantial amount of the mCLIP peptide in the intact complexes

isolated in the first dimension (Figure 1C, left panel). Despite

including longer incubation times, substantial peptide exchange

of the mCLIP peptide could not be achieved (not shown).

Although we did not evaluate peptide concentrations higher

than 400 mM to push the exchange to completion, we reasoned

that the high affinity of the mCLIP peptide to I-Ab likely precludes

efficient exchange. Inspired by work from the Wucherpfennig

lab,35 we incorporated 4 mutations into the mCLIP peptide

(PVSQMRMATPLLMRP) to generate a new low-affinity mCLIP

peptide (lowmCLIP, PVSQARMATGALARP) that we anticipated

would improve the peptide exchange efficiency. This lowmCLIP

peptide enabled highly efficient peptide exchange in the pres-

ence of OVA323-339 peptide without compromising the high

expression efficiency of the covalent complex (Figure 1C, right

panel). Furthermore, lowmCLIP maintains a high enough affinity

to the I-Ab allele to remain intact in the cleaved complex and

allow for relative exchange efficiency to be determined by 2D-

LCMS. This optimized system allows for direct peptide ex-

change monitoring in a label-free environment. Importantly,

this approach is quite general, and adaptation to other common

murine MHC-II alleles (I-Ad, I-As, and I-Ag7) has also been vali-

dated (Figures 1D, 1E, and S2). In addition, this method has

been extended to many human alleles (Figures 1F and 1G) by

optimizing human CLIP peptide sequences for many common

human MHC-II, also called human leukocyte antigens class II

(HLA-II) alleles (Table S1). As a final proof of concept, we demon-

strated that the peptide exchange and 2D-LCMS analysis are

also effective with autoantigens in both human andmouse alleles

(Figure S2).

Validation and advantages of 2D-LCMS detection
To further validate the lowmCLIP-I-Ab system, we turned to the

IEDB and randomly selected 5 peptides with varying affinities

to I-Ab that reportedly ranged from 10 to 1000 nM (Figure 2A).

These epitopes were each subjected to peptide exchange for

60 h at pH 5 and analyzed by 2D-LCMS following our standard

protocol. All of the peptides demonstrated appreciable levels

of exchange; however, the extent of exchange efficiency was

not well correlated with the reported peptide affinity (Figure 2B).

Although the reason for this discrepancy is not certain, two po-

tential factors could explain these results. First, the reported af-

finities were determined by indirect detection methods that only

account for the displaced peptide in a competition assay and do

not confirm formation of a new complex. These assays may

overpredict binding in situations where excess peptide may

lead to complex destabilization or precipitation without any

concomitant peptide exchange. Indeed, our experience with

peptide exchange and 2D-LCMS thus far has indicated that

many peptides can lead to precipitation of the complex, as indi-

cated by the significantly reduced peak area in the first dimen-

sion during the course of a peptide exchange reaction without

significant peptide exchange observed (Figure 2C), although it

is also possible that the higher concentration used in the 2D-

LCMS assay in comparison to other methods increases the pro-

pensity for precipitation of poorly soluble peptides. A second

possibility concerns the purity of the peptides used for the affinity

determinations. In our experiments, we have noted the impor-

tance of using peptides of very high purity (95% or greater).

We found that in some instances, lower purity peptides

A

D

C

B

Figure 2. Validation and characterization of the 2D-LCMS method

using I-Ab and various peptide epitopes

(A) Table of peptide sequences/epitopes and reported affinities from IEDB.

(B) 2D-LCMS of peptide exchange reactions of the epitopes in (a).

(C) First-dimension SEC analysis of the isolated peak of 4 peptide exchange

reactions.Anoverlayofeach reaction isdepicted. The initial peak representsdata

from a sample that was freshly cleaved and diluted to the same concentration as

the peptide reaction mixtures. Although OVA peptide led to minimal changes in

peak intensity, M156-B and M47-A showed dramatically lower peak areas,

suggesting significant precipitation from solution during the exchange reaction.

(D) Peptide exchange of the M46 epitope using either 90% or 95% pure

peptide samples. A minor contaminant in this mixture (blue) shows significant

peptide exchange.
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containing minor contaminants from amino acid deletions during

synthesis were able to significantly outcompete the desired pep-

tide (Figures 2D and S3A). Because of the ability to definitively

identify the peptides by MS, we were able to discriminate be-

tween desired and undesired peptides that would be nearly

impossible to discern with an indirect detection method. Taken

together, these results suggest that this analysismethod is supe-

rior to conventional competition assays that have been used to

characterize peptide binding to MHC-II proteins. Building on

this experiment, we have also demonstrated that pooled peptide

exchange experiments are possible and provide additional infor-

mation about peptide binding. When performing peptide ex-

change with individual peptides derived from the M46 neoanti-

gen, we found that M46-A and M46-B both underwent

complete peptide exchange; however, when a pooled analysis

of the 4 M46 peptides was performed, M46-A outcompetes

M46-B indicating that M46-A has higher affinity thanM46-B (Fig-

ure S3B). Other variations on pooled peptide analyses are also

possible with this method, for example using MHC-II in excess

of the competing peptides to determine which peptides are

capable of binding from a larger mixture of peptides.

An additional advantage of 2D-LCMS analysis was realized

when performing peptide exchange with cysteine-containing

peptides dissolved in dimethyl sulfoxide (DMSO). Here, we

observed that a fraction of the MHC-II was bound to the corre-

sponding intermolecular or intramolecular disulfide. DMSO is a

very commonly used solvent for solubilizing peptides; however,

dissolving cysteine-containing peptides in DMSO can lead to

rapid disulfide formation (intermolecular for peptides with a sin-

gle cysteine but also potentially intramolecular for peptides con-

taining multiple cysteines). To overcome this limitation, we

instead prepared peptide stock solutions in ethylene glycol,

which significantly limits the undesired formation of disulfides.

We have found that ethylene glycol has a high dissolving power

and is a suitable solvent for dissolving most polar and nonpolar

peptides. Additionally, the inclusion of 0.5 mM tris(2-car-

boxyethyl)phosphine (TCEP) in the reaction mixture keeps

cysteine-containing peptides reduced during the peptide ex-

change reaction, allowing accurate assessment of the linear

peptide binding epitope and as well as ensuring the generation

of homogeneous pMHC-II for downstream applications. This

observation likely would have gone unnoticed if analysis

methods relying on indirect detection methods were used.

Purification-free assembly of peptide-exchanged MHC-
II multimers
In order to be broadly applicable to immune monitoring, stream-

lined generation of pMHC-II monomers for assembly into fluo-

rescent-labeled multimers is required. Having established a reli-

able peptide exchange protocol and 2D-LCMS assay, we next

sought to simplify the MHC-II multimerization protocol by

removing the monomer purification step. This 1-step protocol

combines fluorescent-coupled streptavidin reagent to pMHC

monomers for a soluble reagent ready to use after 20 min incu-

bation on ice in the dark for T cell staining.

To further validate this simple protocol with specific T cell

staining, we used the M112 mutation that we previously identi-

fied in the MC38 murine model,36,37 and for which we detected

a CD4+ T cell response after peptide vaccination in naive mice

(Figure 3A, top panel). As the peptide vaccine encoded a 24 aa

sequence, we generated overlapping 15 aa peptides shifted by

3 residues between consecutive peptides containing the M112

mutation from the 24-aa sequence (M112-A to D) to be screened

for MHC-II binding. Using our strategy described above, only

A

C

B

Figure 3. Identifying I-Ab binding neoepitopes to monitor antigen-

specific CD4+ T cells

(A) M112 mutation-specific CD4+ T cell response assessed either by IFN-

gamma ELISpot assay (post CD8 depletion) or pI-Ab tetramer staining. Sple-

nocytes from mice vaccinated with M112 peptide were restimulated in vitro

either with mutated 24-aa or 15-aa peptides and assessed for IFN-gamma

release. Additionally, splenocytes were enriched for M112-specific CD4+

T cells and analyzed by flow cytometry. Representative ELISpot images and

FACS plots are shown.

(B) Representative FACS plot of tetramer staining (M112:I-Ab) from fresh or

1-week-old (stored at 4�C) material of splenocytes from vaccinated animals.

CD8+ T cells were used as negative control.

(C) Representative FACS plot of tetramer staining (2W1S:I-Ab) from fresh or

frozen material of splenocytes from vaccinated animals with the 2W1S pep-

tide. Covalent tetramers were used as a comparison. Vehicle vaccines were

used as control. In vivo studieswere conductedwith n= 3mice per group for all

panels in this figure.
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one epitope (M112-A) out of the 4 tested bound to I-Ab. We

confirmed the M112-A specific CD4+ T cell response after re-

stimulation of CD8+ T cell-depleted splenocytes from M112

vaccinated mice with each of the 4 epitopes (M112-A-D) by

IFN-g ELISpot assay (Figure 3A, bottom panel; Table S2).

Following the standard peptide exchange conditions identified

above, the biotinylated monomers containing predominantly

M112-A peptide were then added in a 2:1 M excess with respect

to streptavidin monomer to fluorescently labeled streptavidin.

The assembled PE-labeled M112-A:I-Ab tetramer was then

used to stain splenocytes from M112-vaccinated animals, and

enrichment of the tetramer-positive population allowed us to

clearly identify the M112-A-specific CD4+ T cell population (Fig-

ure 3A, bottom panel). Importantly, this protocol for monomer

generation can be used with both dextramers and affinity-

matured MHC-II reagents that have been engineered to bind

the CD4 co-receptor with higher affinity (Figure S1).38,39

We further assessed reagent stability using larger batches of

purified, biotinylated, and cleaved lowmCLIP-I-Ab monomers af-

ter storage for a week (Figure 3B) or a month (not shown) at 4�C,
which allows for the preparation of a large stock of monomer for

exchange/multimer assembly processes. As covalently-linked

peptide fused to the MHC-II beta chain N-terminus is one of

the standard methods for generating larger batches of mono-

mers, we next compared cell staining by multimers generated

from either peptide-exchanged or covalently-linked monomers.

Here, we used the well-characterized 2W1S I-Ab epitope that

has been shown to generate a robust immune CD4+ T cell

response after immunization.31,40,41 Simultaneously, we tested

the stability of these monomers to freeze-thaw cycles, which

would greatly facilitate larger scale multimer production. Similar

frequencies of 2W1S-specific CD4+ T cells were detected in

spleens of vaccinated mice in all conditions (Figure 3C). As

concern over the stability of these non-covalent, exchanged

complexes was a key driver in these storage experiments, the

fact that they have proven stable and that QC can be performed

easily using the 2D-LCMS makes this approach appealing even

for pMHC-II complexes that can be prepared from recombinant

expression of the covalently fused peptide complex. This result

demonstrates the advantage of our strategy (MHC2-SCALE)

combining 3 protocols into one simple workflow for generating

peptide-specific MHC-II multimers that can be used for immune

monitoring, and further characterization of (neo) antigen-specific

CD4+ T cells.

Peptide exchange enables accurate mapping of T cell
epitopes
To further assess the utility of MHC2-SCALE, we evaluated the

ability of this assay tomap core peptide binding domains derived

from tumor mutations previously identified in the MC38 murine

model,36,37 and we determined CD4+ T cell responses ex vivo

by IFN-g ELISpot as described previously for theM112mutation.

Most of the 222 mutations identified in Yadav, Nature 2014

showed an absence of MHC-II immunogenicity following restim-

ulation of the cells with the 24 aa long mutated sequences. In or-

der to narrow down the number of epitopes to screen with

MHC2-SCALE, we randomly selected 33 mutations that either

induced a CD4+ T cell response (13/33) or showed no response

(20/33). As previously described for the M112 mutation, we

defined four 15 aa epitopes for each of the 33 mutations to be

exchanged with lowmCLIP peptide, for a total of 132 peptides

of 15 aa length. As one peptide synthesis failed, only 131 out

of the 132 peptides were tested for binding using MHC2-

SCALE. We found 86 binders, 44 non-binders, and 2 inconclu-

sive results (Table S2). Since IEDB is one of the most common

software used to predict binding for MHC molecules, we

decided to compare the 2D-LCMS binding data to the predicted

binders identifiedwith the publicly availableMHC-II IEDB predic-

tion algorithm (recommended version 2.22). The predicted bind-

ing score for each of the 132 mutated peptides based on the

percentile rank of the 15 aa sequence is reported in Table S2.

To define binders and non-binders, we used the current IEDB

recommendation based on a consensus percentile rank of the

top 20%.42 Based on this cutoff, we found that 86% (38/44) of

the 15 aa peptides in our dataset that were predicted to bind I-

Ab (IEDB score%20) were also binders with MHC2-SCALE (Fig-

ure 4A). As a representative example, the only 2 peptides of the

M57 mutation that were predicted to bind I-Ab (M57-A and

M57-B) were also the only ones detected as binders with

MHC2-SCALE (Figure 4C). However, within the predicted non-

binding peptide set (IEDB score >20), 56% (49/88) of the pep-

tides were real binders as assessed by MHC2-SCALE (Fig-

ure 4B). The case of M112 illustrates this situation well with

none of the 4 peptides predicted to bind, while M112-A was

identified as a strong binder with MHC2-SCALE (Figure 4D).

Since IEDB NetMHCIIpan EL or BA are also common versions

used for predicting MHCII epitopes, we also analyzed our data-

set using percentile ranks from the recommended NetMHCIIpan

EL 4.1 and BA 4.1 versions, and found very similar results

(Table S2; Figure S4). This result suggests that MHC2-SCALE

is more sensitive than the IEDB tools at identifying binding

epitopes.

In order to validate the MHC-II epitopes identified as binders

with MHC2-SCALE, we further individually assessed the immu-

nogenicity of 131/132 short 15 aa overlapping peptides of the

33 mutations ex vivo. We immunized naive mice with vaccines

encoding the 24 aa mutated sequence (peptide or RNA vac-

cine) and determined the CD4+ T cell response of the four

related 15 aa overlapping peptides by restimulating the cells

with the 15 aa peptides within the IFN-g ELISpot assay (Fig-

ure 5A). We found that 31/131 mutated peptides were recog-

nized by CD4+ T cells in vitro (Table S2). While some data

from MHC2-SCALE correlated well with the MHC-II immunoge-

nicity assessment (Figures 5B and 5C), not all peptides identi-

fied as binders with MHC2-SCALE induced a CD4+ T cell

response as shown with the M57 mutation, independent of

the vaccine platform (Figures 4C and 5D). Although all peptides

include a mutation, this result was expected since not all neo-

antigen peptides presented on MHC molecules are recognized

as foreign by T cell receptors.37,43–45 Furthermore, the sensi-

tivity of the ELISpot assay is limited and may not detect weak

T cell responses. To evaluate the accuracy of MHC2-SCALE,

we reasoned that the 15 aa long mutated peptides stimulating

CD4+ T cells in vitro needed to bind I-Ab molecules in order to

be presented by APCs to T cells present in the splenocyte pop-

ulation isolated from vaccinated mice. We found that more than
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77% (24/31) of the MHC-II immunogenic 15 aa mutated pep-

tides were I-Ab binders by MHC2-SCALE (Table S2; Figure 5E).

To note, the assessment of binding was inconclusive for

2 peptides, and only 5 cases showed discrepancies between

MHC2-SCALE and ELISpot assays (Table S2). One explanation

could be due to low peptide purity given that peptides with

>70% purity were used to assess immunogenic responses in

the ELISpot assay. Peptide contaminants may be responsible

for the CD4+ T cell responses, especially since weak responses

were observed for most of these peptides. In addition, the high

hydrophobicity and low solubility of some of these peptides

may have contributed to the lack of binding in the peptide ex-

change reaction. Importantly, only 52% (16/31) of these neoe-

pitopes inducing a CD4+ T cell response were predicted to bind

with the IEDB tool (cons 2.22; Table S2; Figure 5E). We also

found similar results with the recommended NetMHCIIpan EL

and BA 4.1 (Table S2; Figure S4). This result demonstrates

the high sensitivity of the MHC2-SCALE approach to assess

MHC-II binding, thus highlighting the utility of the method in

providing high-quality datasets that can be used to improve

binding prediction algorithms.

DISCUSSION

In this study, we developed a new workflow called MHC2-

SCALE to reliably identify both mouse and human MHC-II

binding peptides and seamlessly generate fluorescently-labeled

multimers for tracking peptide-specific CD4+ T cells by flow cy-

tometry. MHC2-SCALE presents multiple advantages over the

current conventional methods.

MHC2-SCALE combines 3 protocols, each optimized, into a

simple workflow that can easily be performed in 96-well plate

format over the course of 3–4 days with the majority of the

time being hands-off and readily amenable to automation with

liquid handling instrumentation. In addition, the purification-

free multimerization enables generation of multiple milligrams

of single tetramer reagents, and with optimal experiment plan-

ning, peptide exchange can be started on a Friday morning,

and tetramer reagents can be completed by the following

Monday afternoon. MHC2-SCALE allows for large scale scree-

ning of MHC-II epitope candidates using readily-produced re-

agents without the need of additional co-factors or purification

steps, overcoming some of the most common limitations

of other methods used for generating pMHCII molecules, such

as recombinant peptide fusion or other peptide exchange proto-

cols. Convenient storage of monomer reagents at 4�C or �80�C

A

D

C

B Figure 4. Binding prediction and 2D-LCMSbinding assay ofmutated

peptides derived from the MC38 tumor cell line

(A) Bar graph representing the count of mutated peptides out of the 131 tested

peptides that were predicted as binders with IEDB (percentile rank %20) and

detected as binders or non-binders with the 2D-LCMS assay.

(B) Bar graph representing the count of mutated peptides out of the 131 tested

peptides that were predicted as non-binders with IEDB (percentile rank >20)

and detected as binders or non-binders with the 2D-LCMS assay.

(C andD) Tables depicting sequences from overlapping 15-aa peptide libraries

for the M57 (C) and M112 (D) mutations. aa change is shown in parentheses

(WT/MUT). 2D-LCMS graphs for each epitope sequence are shown. Peptides

of interest are shown in red, lowmCLIP peptide is shown in black.
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and a simple fluorescently-labeled multimerization step enables

screening, detection, and deep characterization of antigen-spe-

cific CD4+ T cells ex vivo.

Furthermore, MHC2-SCALE increases MHC-II binding accu-

racy and sensitivity. While peptide binding assays are commonly

used for epitope screening and can be high-throughput, our

A

D

E

C

B

Figure 5. Immunogenicity of mutated peptides derived from the MC38 tumor cell line

(A) Schema depicting the study design for (c and d). Naive mice were immunized with mutant peptide on days 0 and 10, or mRNA-LPX vaccine on days 0, 7, and

14. CD4+ T cell responses were assessed in the spleen 5 or 6 days following the last immunization by IFN-gamma ELISpot (after CD8+ T cell depletion). n = 3mice

were used for each group.

(B) Table depicting sequences from overlapping 15-aa peptide libraries for the M187 mutation. aa change is shown in parentheses (WT/MUT). 2D-LCMS graphs

for each epitope sequence are shown. Peptides of interest are shown in red and lowmCLIP peptide is shown in black.

(C and D) Splenocytes from vaccinatedmice (n = 3) were depleted of CD8+ T cells and incubated overnight with peptides for assessing T cell stimulation with IFN-

gamma ELISpot assay. Absence of peptide was used as a negative control and CD3/CD28 Dynabeads (Gibco) as a positive control for T cell stimulation. In (C),

peptide-vaccinated splenocytes were incubated either with 24-aa (M187) or overlapping 15-aa peptides (M187-A to D). Data are plotted as the mean with in-

dividual replicates displayed as circles. In (D), splenocytes frommice (n = 3) vaccinated with the 24-aa peptide or with RNA-LPX encoding the 24-aa peptide were

restimulated with the 24-aa peptide within the ELISpot assay. No specific CD4+ T cell response was observed for either vaccine platform. Data are presented as

mean ± SD.

(E) Bar graph representing the count of immunogenicmutated peptides out of the 131 tested peptides that were detected as binder/non-binder with the 2D-LCMS

assay, or predicted as binder/non-binder with IEDB (percentile rank; cutoff 20). A total of 31 mutated peptides were determined as MHC-II immunogenic and

predicted to bind to I-Ab by the IEDB. Only 29 mutated peptides were assessed for I-Ab binding using the 2D-LCMS method due to failure of peptide synthesis.
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strategy allows identification and exclusion of impurities that can

create false positives in conventional binding assays by using an

unbiased 2D-LCMS analysis step. On the other hand, peptides

with low affinity for MHC-II molecules may not be detected effi-

ciently with some conventional peptide binding assays, leading

to false negatives. In comparison to the MHC-II IEDB algorithm,

which is mostly based on datasets generated from peptide bind-

ing assays,46 our approach shows a 25% increase at detecting

real binders within an immunogenic peptide dataset. Indeed, it

is widely recognized that MHC-II binding prediction algorithms

suffer from much lower accuracy than their MHC-I counterp-

arts. We have demonstrated that MHC2-SCALE, when paired

with immunogenicity screening assays, discriminates between

MHC-II immunogenic and non-immunogenic mutated peptides

that bind to I-Ab, while immunogenic epitopes were often not

predicted to bind by IEDB scoring. Thus, we believe that

MHC2-SCALE provides a blueprint for improving dataset quality

for immunogenicity prediction of MHC-II epitopes, and selection

of tumor-specific antigens for targeted therapy.

MHC2-SCALE can also be used for broader peptide seque-

nces and many different murine and human alleles. Our strategy

has been optimized for the use of cysteine-containing peptides

that are challenging to produce by conventional direct fusion

methods. Indeed, poorly expressing or lower-affinity peptides

require cysteine trapping technologies to increase expression

yields, which is unsuitable for peptides naturally containing cys-

teines. By optimizing the peptide dissolution solvent, including

TCEP during the peptide exchange reaction, and using 2D-

LCMS for analysis, identification of discrete peptide binding mo-

tifs of cysteine-containing peptides has been enabled. To date,

we have extended this protocol across multiple murine alleles

as well as human HLA-DR, DQ, and DP alleles with great suc-

cess, highlighting the generality of the overall workflow. Beyond

its generality, this approach also provides significantly cheaper

custom-made tetramers compared to most methods, especially

compared to commercially available product kits. Thus, the

MHC2-SCALE approach is expected to become increasingly

attractive to academic labs with LCMS instrumentation beco-

ming ever more available and powerful.

In conclusion, MHC2-SCALE is a universal workflow that ac-

commodates most peptide sequences and is more reliable,

more reproducible, less time-consuming, and more economical

thancommonmethods, thusdemonstrating the utility andadvan-

tage of MHC2-SCALE over standard methods for generating

peptide-specific MHC-II multimers. This strategy also opens

new opportunities for characterizing antigen-specific CD4+

T cell responses in a broader context of targeted immunotherapy,

including cancer, autoimmunity, and infectious diseases.

Limitations of the study
One limitation of the MHC2-SCALE approach is its reliance on

MHC-II binding assessment. Peptides with high hydrophobicity

and low solubility may exhibit reduced binding to MHC-II during

the peptide exchange reaction due to concomitant precipitation

of the MHC complex, potentially leading to an increased rate of

false negatives with the MH2-SCALE method. Our protocol has

been optimized to include cysteine-containing peptides and

enhance the dissolution of hydrophobic peptides. However,

further research is needed to identify a universal solvent/buffer

system that can effectively accommodate all peptide sequences.

Additionally, we validated our method using a pool of immuno-

genic peptides identified through ELISpot assay after in vivo im-

munization. Although we demonstrated that these MHC-II epi-

topes are naturally processed by APCs, presented to CD4

T cells, and capable of inducing activation and expansion of

CD4 T cells in mice (via immunization with long peptide), we

did not investigate whether these epitopes are also presented

on MHC-II molecules on the surface of MC38 tumor cells. This

information as well as future work studying the specific CD4

T cell responses in tumor-bearing animals would be required

for fully establishing the relevance of these neoantigen candi-

dates for targeted-immunotherapy.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD40 Ab Genentech FGK45

anti-CD90.2 FITC BD Biosciences Cat#553004; RRID: AB_394543

anti-CD4 APC-Cy7 BD Biosciences Cat#552051; RRID: AB_394331

anti-CD8b PerCP-Cy5.5 BD Biosciences Cat#567597; RRID: AB_2916660

anti-CD44 AF700 BioLegend Cat#103026; RRID: AB_493713

anti-I-A/I-E BV421 BioLegend Cat#107631; RRID: AB_10900075

anti-CD11b BV421 BioLegend Cat#101235; RRID: AB_10897942

anti-CD11c BV421 BioLegend Cat#117329; RRID: AB_10897814

anti-F4/80 BV421 BioLegend Cat#123131; RRID: AB_10901171

anti-TCRgd BV421 BioLegend Cat#118119; RRID: AB_10896753

Chemicals, peptides, and recombinant proteins

Custom Peptides JPT N/A

Custom Peptides ElimBiopharma N/A

Custom Peptides GenScript N/A

Custom Peptides AnaSpec N/A

Streptavidin-PE BioLegend Cat#405203

Streptavidin-APC BioLegend Cat#405207

Streptavidin-PE Agilent Cat#PJRS25

Streptavidin-APC Agilent Cat#PJ25S

penicillin/streptomycin Gibco Cat#15140122

HEPES Gibco Cat#15630130

GlutaMax Gibco Cat#35050061

Sodium Pyruvate Gibco Cat#11360070

Hanks’ Balanced Salt Solution Gibco Cat#14025092

Recombinant TEV Genentech N/A

Recombinant BirA Genentech N/A

Recombinant pMHC molecules This work N/A

Critical commercial assays

96 well ELISpot plate R&D Systems Cat#EL485

Experimental models: Organisms/strains

Female C57BL/6 mice The Jackson Laboratory RRID: IMSR_JAX:000664

Oligonucleotides

poly(I:C) InvivoGen Cat#tlrl-picw

Software and algorithms

Agilent MassHunter Quantitative Analysis Agilent N/A

Prism 10 GraphPad N/A

IEDB algorithm IEDB.org http://tools.iedb.org/mhcii/

FlowJo FlowJo LLC flowjo.com

BioRender Biorender biorender.com

Other

HisTrap Excel column Cytiva Cat#17371206

10K MWCO Amicon centrifugal filter Millipore Sigma Cat#UFC901008

Superdex 200 10/300 GL column Cytiva Cat#28990944

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Animals weremaintained in accordancewith theGuide for the Care andUse of Laboratory Animals (National Research Council 2011).

Genentech is an AAALAC-accredited facility and all animal activities in this research study were approved by the Genentech Insti-

tutional Animal Care and Use Committee (IACUC; 20–0608).

Mice were housed in individually ventilated cages within animal rooms maintained on a 14:10-hour, light:dark cycle. Animal rooms

were temperature and humidity-controlled, between 68 to 79�F (20.0 to 26.1�C) and 30 to 70% respectively, with 10 to 15 room air

exchanges per hour. All in vivo studies were conducted with n=3 mice per group.

In vivo immunization
In order to identifyMHC-II epitopes, age-matched8-10-week-old femaleC57BL/6 (TheJacksonLaboratory; IMSR_JAX:000664)were

immunizedwithmutation-specific peptides derived fromMC38 and previously identified and described in Capietto et al. JEM2020.37

Briefly, long synthetic peptides (24 AA, 100 mg), in combination with adjuvant (50 mg anti-CD40 Ab clone FGK45 (Genentech) and

100 mg poly(I:C) (InvivoGen, Cat#tlrl-picw) in PBS, were intraperitoneally injected twice 10 days apart. Splenocytes were isolated

6 days later for ex vivo assays. In some cases (see figure legends), mRNA-LPX (50 mg) encoding a single neoantigen was injected

7 days apart for a total of 3 intravenous vaccinations.47 Spleens were harvested 5 days post last vaccine. In order to compare pep-

tide-exchanged and covalent tetramers, we used the 2W1S variant peptide (EAWGALANWAVDSA)31,40,41 that binds to the I-Ab allele.

METHOD DETAILS

Construct design
The protein sequences of the murine H2-IAb (a chain UniProt: P14434, b chain UniProt: P14483), H2-IAd (a chain UniProt: P04228, b

chain Uniprot: P01921), H2-IAs (a chain UniProt: P14437, b chain UniProt: P06345), and H2-IAg7 (a chain UniProt: P04228, b chain

NCBI: AAA39547.1) alleles were obtained from the referenced accessions, and the protein sequences of the human DR and DQ2.5

alleles were obtained from hla.alleles.org. For each allele, the genes for the extracellular domains of the MHC-II alpha chain and beta

chain were codon optimized and cloned into a mammalian expression vector under the control of a CMV promoter. A P2A self-

cleaving peptide sequence was inserted between the alpha chain and beta chain to create a bicistronic expression vector. A signal

sequence for secretion was included before the N-terminus of the alpha chain, and the Fos zipper was added to the C-terminus of the

MHC-II alpha chain extracellular domain followed by an Avi tag (GLNDIFEAQKIEWHE) and a hexahistidine tag.48,49 The class II-asso-

ciated invariant chain peptide (CLIP) or a variant of CLIP was included before the N-terminus of the beta chain using a flexible glycine/

serine linker. In some constructs, a thrombin or TEV protease cleavage site was included within the flexible linker between the CLIP

peptide and the beta chain to facilitate peptide exchange. A signal sequence for secretion was included before the CLIP peptide, and

the Jun zipper was added to the C-terminus of the beta chain extracellular domain followed by a hexahistidine tag.

Protein expression and purification
MHC-II proteins containing C-terminal Fos/Jun leucine zippers were expressed in Chinese Hamster Ovary (CHO) cells. Recombinant

MHC-II was purified from cell culture supernatant by nickel-NTA chromatography using a HisTrap Excel column (Cytiva). Fractions

containing pMHC-II were pooled and concentrated using a 10K MWCO Amicon centrifugal filter (Millipore Sigma, Cat#UFC901008).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

2-mL 7K MWCO Zeba desalting column Thermo Scientific Cat#89889

Thrombin agarose Sigma Cat# RECOMT-1KT

Analytical size exclusion column Sepax Cat#213100-4615

Reverse phase PLRP-S column Agilent Cat#PL1912-1802

AdvanceBio Peptide Plus column Agilent Cat#695775-949

CD8a Ly2 microbeads Miltenyi Cat#130-117-044

LS columns Miltenyi Cat#130-042-401

anti-PE microbeads Miltenyi Cat#130-048-801

anti-APC microbeads Miltenyi Cat#130-090-855

Live/Dead Blue Stain Invitrogen Cat#L23105

mRNA-LPX Genentech N/A
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The concentrated protein solution was then purified by size exclusion chromatography using a Superdex 200 10/300 GL column

(Cytiva, Cat#28990944). Protein purity was determined to be >90% by SDS-PAGE.

Peptides for 2D-LCMS screening and tetramer generation
The peptides used for high-throughput 2D-LCMS screening were purchased from JPT at >70%purity, and the peptides used to pre-

pare peptide-exchanged, biotinylatedMHC-II monomers for tetramer generation were purchased from Elim Biopharma or GenScript

at >95% purity. 4 mM stock solutions of each peptide were prepared in ethylene glycol and stored at �20�C.

Buffer exchange
pMHC-II was buffer exchanged into 25 mM Tris pH 8.0, 2 mM NaN3 using a 2-mL 7K MWCO Zeba desalting column (Thermo Sci-

entificTM, Cat#89889) following the manufacturer’s instructions and filtered using a 0.22 mm spin filter (EMD Millipore).

Thrombin cleavage
A 200 mL aliquot of thrombin-agarose (SigmaCat# RECOMT-1KT) was washed with 4mL of reaction buffer (25mMTris pH 8.0, 2mM

NaN3) and centrifuged for 2 min at 10003 g. The supernatant was discarded, and 4mL of 1-5 mg/mL buffer-exchanged pMHCII was

incubated with 200 mL of thrombin-agarose at room temp on a rotating mixer. The reaction progress was monitored by LCMS until

cleavage was complete. The mixture was centrifuged at 10003 g for 2 minutes to pellet the thrombin-agarose, and the supernatant

was filtered through a 0.22 mm spin filter. The thrombin-agarose was washed with reaction buffer and stored in 25% glycerol,

12.5 mM Tris pH 8.0, 1 mM NaN3 at 4
�C.

TEV cleavage
1 mL of 2-5 mg/mL pMHC-II in PBS pH 7.4 was incubated at room temperature with 30 mg/mL of the TEV S219V variant.50 The re-

action progress was monitored by LCMS until cleavage was complete.

Biotinylation
In vitro biotinylationwas performed using the E. coli biotin ligase BirA. Buffer-exchanged pMHC-II containing aC-terminal Avi tagwas

incubated at room temperature with BirA for at least two hours using the following reaction conditions: 10-50 mM pMHC-II-Avi-tag,

200 mM biotin, 10 mM magnesium acetate, 10 mM ATP, and 15 mg/mL BirA).

Purification of biotinylated pMHC-II
The reaction mixture was filtered using a 0.22 mm spin filter (EMD Millipore) and purified by size exclusion chromatography on a

Superdex 200 10/300 GL column (Cytiva, Cat#28990944) equilibrated in PBS pH 7.4, 2 mM NaN3. The sample was injected into

the column and eluted at a flow rate of 0.5 mL/min. Fractions containing biotinylated pMHC-II were pooled, concentrated using a

10K MWCO Amicon centrifugal filter (Millipore Sigma, Cat#UFC901008), and filtered using a 0.22 mm spin filter. For short-term stor-

age (1-2 months), the purified protein was stored at 4�C. For long-term storage, the protein was aliquoted into 0.2 mL PCR tubes,

flash-frozen on dry ice, and stored at �80�C. The extent of biotinylation was confirmed by analytical size exclusion chromatography

by mixing biotinylated pMHC-II at 1:1 and 2:1 ratio of pMHC-II-biotin to streptavidin-PE (BioLegend, Cat#405203).

Peptide exchange
Amaster mix of 17.8 mMprotease-cleaved, biotinylated MHC-II was prepared in a buffer containing 44.5 mM sodium acetate pH 5.0,

167 mM NaCl, 4.45 mM Ethylenediaminetetraacetic acid (EDTA), and 2.23 mM NaN3. For cysteine-containing peptides, 0.56 mM

TCEP was added to the master mix to prevent disulfide formation. A 25-fold molar excess of peptide from a 4 mM stock solution

in ethylene glycol was added to the MHC-II master mix to give a final composition of 16 mMMHC-II, 400 mM peptide, 40 mM sodium

acetate pH 5, 150 mM NaCl, 4 mM EDTA, 2 mM NaN3, and 0.50 mM TCEP. Peptide exchange was performed by incubating the

mixture at 37�C for 60-72 hours. After incubation, an equal volume of 50 mM Tris pH 8.0, 150 mM NaCl was added to neutralize

the mixture prior to 2D-LCMS analysis.

2D-LCMS
Two-dimensional liquid chromatography mass spectrometry (2D-LCMS) was used to evaluate the efficiency of in vitro peptide ex-

change withMHC-II proteins and peptides of interest following a previously published protocol.32 In the first dimension, pMHC-II was

separated on an analytical size exclusion column (Zenix SEC-100, 100 Å, 3 mm, 4.6 x 150 mm) from excess peptide in the reaction

mixture and then collected in a sampling loop. In the second dimension, the purified pMHC-II collected in the sampling loop was

injected into a reversed-phase column (Agilent PLRP-S, 1000 Å, 8 mm, 50 x 2.1 mm, Cat#PL1912-1802) to separate bound peptides

from the MHC-II complex. 20 mL of approximately 0.5 mg/mL neutralized pMHC-II mixture were used for analysis. In the first dimen-

sion, the protein was eluted at 0.4 mL/min in 25 mM Tris pH 8.0, 150 mM NaCl, 2 mM NaN3 for 11 min. In the second dimension,

peptide(s) and MHC-II were separated using a gradient of 5–50%mobile phase B in 4.7 min at 0.55 mL/min with the column heated

to 80�C [mobile phase A = 0.05% trifluoroacetic acid (TFA) in water, mobile phase B = 0.05%TFA in acetonitrile]. Eluted peptides and

proteins from the second dimension were then sent to amass spectrometer for electrospray ionization andmass detection in positive
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ion mode (Agilent 6224 ESI-TOF LCMS). LCMS data analysis was performed using Agilent MassHunter Quantitative Analysis soft-

ware. Combined extracted ion chromatograms (EICs) were prepared using the extracted intensities for the [M+H]+, [M+2H]2+, and

[M+3H]3+ ions. Query peptides with a combined EIC intensity of >103 were considered to be MHC-II binders.

LC-MS/MS identification of peptide impurity
Peptides were analyzed on an Agilent 6545XT AdvancedBio LC/Q-TOF Mass Spectrometer using an Agilent AdvanceBio Peptide

Plus 2.7 mm column (2.1x150 mm, Cat#695775-949) equilibrated in 0.1% formic acid and developed with an acetonitrile gradient

from 2% to 30% in 18 min at a flow rate of 0.25 mL/min. The column was heated to 50�C, and the column effluent was introduced

into the mass spectrometer with JetSpray ionization. Peaks were subjected to CID (collision-induced dissociation) fragmentation as

they eluted.

Tetramer generation
Tetramers were formed from fresh or frozen monomers. Frozen monomers (stored at -80�C) were thawed on ice. Fresh monomers

were either prepared the day before or the same day of the staining. Both thawed or fresh monomers were combined to PE- or APC-

streptavidin (BioLegend Cat#405207 (APC), Cat#405203 (PE) or Agilent Cat#PJRS25 (PE), Cat#PJ25S (APC)) after centrifugation

(10,000 rpm for 10 min), and incubated for at least 20 min at 4�C. 10.26 mg of streptavidin was added to each 100 mg of monomers

for a final concentration of 0.24 or 0.25 mg/mL of streptavidin-tetramers.

Immunogenicity assay
Immunogenicity was assessed by ELISpot and/or pI-Ab tetramer staining as specified in the results and legends. For ELISpot assays,

5 x 105 CD8-depleted splenocytes (using the manufacturer’s procedure with CD8a Ly2 microbeads (Miltenyi, Cat#130-117-044) and

LS columns (Miltenyi, Cat#130-042-401) were cultured overnight at 37�C in RPMI containing 10% FBS (1% penicillin/streptomycin

GibcoTM Cat#15140122, 1%HEPES GibcoTM Cat#15630130, 1%GlutaMAX GibcoTM Cat#35050061, 1% sodium pyruvate GibcoTM

Cat#11360070) in a 96 well mouse IFN-gamma ELISpot plate (R&D Systems Cat#EL485). CD8-depleted splenocytes (containing

APCs) were used to determine the CD4+ T cell response in ELISpot assay (R&D Systems Cat#EL485), and only samples with less

than 2% of CD8+ T cells remaining after depletion were considered in the analysis. 24 mer peptide (25 mg/mL) or 13-16 mer

MHC-II epitopes (2 mg/mL) were added into the culture, and cell stimulation was compared between mice immunized with neoanti-

gen-specific vaccine (peptide/adjuvant or mRNA-LPX) and adjuvant alone or vehicle control after stimulation in vitro with the same

concentrations of specific peptides. For analysis, IFN-gamma spots were counted using the manufacturer’s procedure (R&D Sys-

tems Cat#EL485) and an automatic ELISpot reader (AID). All samples were tested with a minimum of 3 biological replicates in

each individual experiment. Custom peptide synthesis was performed by either AnaSpec or GenScript (R 75% purity).

Tetramer staining and flow cytometry
For MHC-II neoantigen-specific tetramer staining, 1-5 x 106 splenocytes were washed with Hanks’ Balanced Salt Solution (HBSS,

GibcoTM Cat#14025092), and stained with PE- or APC- labeled pI-Ab tetramers in HBSS at 20 mg/mL for 1 hour at room temperature.

Tetramer-positive cells were then enriched using the manufacturer’s procedure for anti -PE or -APCmicrobeads (Miltenyi, Cat#130-

048-801 and 130-090-855). Cells were then stainedwith amix solution including the following antibodies and cell death stain in HBSS

(GibcoTM Cat#14025092) for 20 min at 4�C: CD90.2 FITC (BD Biosciences, Cat#553004), CD4 APC-Cy7 (BD Biosciences,

Cat#552051), CD8b PerCP-Cy5.5 (BD Biosciences, Cat#567597), CD44 AF700 (BioLegend, Cat#103026), I-A/I-E BV421

(BioLegend, Cat#107631), CD11b BV421 (BioLegend, Cat#101235), CD11c BV421 (BioLegend, Cat#117329), F4/80 BV421

(BioLegend, Cat#123131), TCRgd BV421 (BioLegend, Cat#118119), and Live Dead Blue (Live/DeadTM fixable blue dead cell stain

kit, Invitrogen Cat#L23105). Cells were washed twice with MACS buffer (Genentech), filtered, and acquired on a BD Symphony

flow cytometer. FlowJo software was used for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean ± standard deviation (SD). GraphPad Prism 10 was used for all analyses. The number of animals

per experimental group is presented in each figure or in the relevant experimental sections above, and animals were randomly as-

signed to experimental groups.
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