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ABSTRACT

Protein degradation products are constitutively presented as peptide antigens by MHC Class I. While
hypervariability of Class | genes is known to tremendously impact antigen presentation, whether
differential function of protein degradation pathways (comprising >1000 genes) could alter antigen
generation remains poorly understood apart from a few model substrates. In this study, we introduce
normalization methods for quantitative antigen mass spectrometry and confirm that most Class |
antigens are dependent on ubiquitination and proteasomal degradation. Remarkably, many antigens
derived from mitochondrial inner membrane proteins are not. Additionally, we find that atypical
antigens can arise from compensatory protein degradation pathways, such as an increase in
mitochondrial and membrane protein antigen presentation upon proteasome inhibition. Notably,
incomplete inhibition of protein degradation pathways may have clinical utility in cancer
immunotherapy, as evidenced by appearance of novel antigens upon partial proteasome inhibition.

INTRODUCTION

To survive, organisms must be able to detect threats in their environment. While all multicellular
organisms have an innate immune system broadly surveying for common pathogen characteristics,
evolution of an adaptive immune system in jawed vertebrates allowed for specific and lasting responses
to wider threats. Central to adaptive immunity is the display of antigens. All nucleated cells express on
their cell surface peptide antigens derived from intracellular proteins. This represents the current state
of cells to the immune system and allows for the detection of intracellular infection by bacteria and
viruses. Peptide antigens typically of nine amino acids in length generated from intracellular proteins are
presented in a non-covalent complex with the plasma membrane protein MHC Class |. These antigens,
originating as longer peptides generated by proteasomal degradation, often are subject to additional
trimming by proteases in the cytoplasm and endoplasmic reticulum before being loaded onto MHC Class
| (reviewed in Rock et al., 2016).

Which antigens are displayed by MHC Class | is dependent on binding preferences of hypervariable Class
| genes (HLA-A,-B,-C) (Lundegaard et al., 2010). Far less is understood regarding how antigens are
generated from intracellular proteins by protein degradation pathways. Although it is apparent that
proteasomal degradation of proteins tagged for destruction by ubiquitination is required for the bulk of
antigen generation (Michalek et al., 1993; Rock et al., 1994; Wei et al., 2017), whether specific genes in
these pathways (reviewed in Saeki, 2017) play an outsized role remains unknown.

Here, we present a systematic survey of the role of protein degradation pathways in MHC Class | antigen
presentation. Technical optimizations were made to enable high-throughput and quantitative antigen
mass spectrometry following chemical inhibition of protein degradation pathways, allowing us to define
particular antigens amongst the thousands identified dependent on these pathways. Most experiments
were performed in immortalized B lymphoblasts, which abundantly present MHC Class | antigens while
generally not cross-presenting antigens typically associated with MHC Class Il derived from extracellular
or endolyosomal pathway proteins (Ke et al., 1996). Initially, we inhibited ubiquitination and
proteasomal degradation, and observed that, as expected, these pathways are largely required for
antigen presentation. However, we also identified evidence for compensatory pathways that presented
atypical antigens when these canonical pathways were inhibited, as well as a surprising number of
proteasome-dependent substrates less dependent on ubiquitination. This prompted us to consider the
relative contributions of autophagy as well as proteasome-associated factors such p97/VCP to antigen
generation. Our experiments demonstrate that these protein degradation pathways generate specific
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types of antigens, and also suggest that antigen display is relatively robust in the face of environmental
insult to protein degradation pathways. Remarkably, partial inhibition of the proteasome also induces
the presentation of a small number of atypical antigens. We suggest that these may be novel
therapeutic targets in a cancer immunotherapy setting.

RESULTS

MHC Class | antigen mass spectrometry is improved by methodology for more accurate data
normalization and removal of ‘background antigens’.

We purified MHC Class | antigens as previously described (Chong et al., 2018), and subsequently labeled
samples on their N-termini to enable multiplexing in a single mass spectrometry run. Additionally, we
mixed a “spike-in standard” consisting of mouse MHC Class | presenting a defined antigen (SIINFEKL) at a
1:100 ratio based on cell number with our human cell lysates. This mouse MHC Class I/SIINFEKL standard
was then co-purified with human MHC Class | complexes (Figure 1A). The spike-in standard enables
more accurate normalization to correct for potential sample loss during the antigen purification steps.
Additionally, it allows for normalization when experimental treatment alters overall antigen
presentation. To demonstrate this, B lymphoblasts were treated with the secretion inhibitor brefeldin A
for 16h, which inhibits transport of MHC Class | to the cell surface (Cox et al., 1990). This did not alter
viability (Supplemental Figure 1A), and antigens quantified by mass spectrometry were as expected in
size, being primarily 9mer peptides (Supplemental Figure 1B). Whereas brefeldin A reduced overall
MHC Class | antigen presentation as evidenced by total peptide intensity measured by mass
spectrometry, levels of the spike-in standard were not affected (Figure 1B). Statistical analysis of mass
spectrometry data by widely used data normalization methods like total intensity normalization,
however, obscure this treatment-induced decrease in total antigen presentation (Figure 1C).
Normalization to the spike-in standard avoids this artifact, while also correcting for any potential sample
loss during processing steps.

Ultimately, we aimed to perform experiments on cells treated with protein degradation pathway
inhibitors for much shorter periods of time due to the toxicity of inhibiting core pathways. Removal of
pre-existing MHC Class | complexes by brief incubation of cells in mild acid solution (“acid stripping”)
(Sugawara et al., 1987; Montealegre et al., 2015) resulted in > 90% reduction in cell surface Class |
complexes, with substantial recovery by 4h (Supplemental Figure 1C). Cells were pre-treated for 2h with
either brefeldin A, the translation inhibitor cycloheximide to block new MHC Class | production, or
vehicle, and then acid stripped. Cells were immediately collected following acid stripping, or else
cultured again for 4h with inhibitors (Figure 1D). We observed that total peptide antigen intensity
measured by mass spectrometry was markedly reduced following acid stripping or cycloheximide
treatment; this reduction was consistently lesser with brefeldin A despite varying in magnitude between
the two cell lines (Figure 1E), suggesting loaded MHC Class | complexes can potentially be purified from
the ER even if not transported to the cell surface. Nevertheless, total antigen abundance was not as
reduced as we expected even following acid stripping or cycloheximide treatment. We considered that
this might be a limitation of mass spectrometry, such as background quantification. Additionally, the
preference of mass spectrometry for quantifying abundant peptides (Schmidt et al., 2008) likely biases
towards selection of antigens decreasing less in response to treatment. To better understand these
‘background antigens’, we specifically considered the effects of cycloheximide treatment, which was
comparable to effects seen immediately upon acid stripping (Supplemental Figure 1D). We observed
that antigens that did not significantly decrease in response to cycloheximide were lower in intensity,
leading us to suspect that many antigens near the limit of detection by mass spectrometry suffer from
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background quantification or are too variable to detect a significant decrease (Figure 1F). For most
subsequent mass spectrometry experiments, we included 2 cycloheximide-treated replicates, and
excluded from further analysis antigens not decreasing greater than 1.5 fold in response to
cycloheximide in both replicates. This filter removed from further consideration a large number of
“background antigens” that were not statistically significant (Figure 1G), without requiring the three or
more replicates needed for a cutoff based on statistical significance. We then sought to apply this
optimized methodology for quantitative antigen mass spectrometry to determining the role of diverse
protein degradation pathways in MHC Class | antigen generation (Figure 1H).

Inhibition of ubiquitination and proteasomal degradation results in a net decrease in antigen
presentation, yet paradoxical increases in certain antigens

In four B lymphoblast cell lines with largely distinct MHC class | alleles (Supplemental Figure 1E), we
planned to inhibit ubiquitination with the ubiquitin activating enzyme E1 inhibitor MLN7243 and the
proteasome with carfilzomib. We determined a dose of MLN7243 (500 nM) resulting in disappearance
of most polyubiquitinated proteins with 4h of pretreatment (Supplemental Figure 2A), and a dose of
carfilzomib (1 uM) resulting in near complete proteasome inhibition with 1h of pretreatment
(Supplemental Figure 2B). For mass spectrometry experiments, cells were pretreated with these
inhibitors, pre-existing antigens removed by acid stripping, and cells treated again with inhibitors for 4h.
These treatments did not impact cell viability (Supplemental Figure 2C). As measured by flow cytometry
(Supplemental Figure 2D) and mass spectrometry (Supplemental Figure 2E), inhibition of ubiquitination
or proteasomal degradation reduced overall antigen presentation.

Reduction in antigen presentation upon inhibition of ubiquitination or proteasomal degradation was
unlikely to be a nonspecific outcome of inhibitor toxicity, as we performed mass spectrometry on cells
treated with similarly toxic or more toxic doses of the DNA damaging agent cisplatin (Supplemental
Figure 2F), and observed significant decreases in antigen presentation only at levels of cisplatin
treatment substantially more toxic than that of proteasome inhibition (Supplemental Figure 2G).
Whereas we observed an expected decrease in antigen presentation upon inhibition of ubiquitination or
proteasomal degradation, a substantial fraction of antigens was not significantly decreased by these
treatments (Supplemental Figure 2H). Some of these antigens showed a trend towards decreasing that
might become statistically significant if larger sample sizes were used. Nevertheless, we considered the
possibility that antigens presented seemingly independent of the ubiquitin-proteasome system could be
produced by alternative pathways. We determined the subcellular localization of antigen source
proteins for antigens significantly decreased by both carfilzomib and MLN7243 treatment (“UPS-
dependent”), and those not significantly decreased by either treatment (“UPS-independent”) (Figure
2A). Antigens not significantly decreasing were more likely to be derived from mitochondrial inner
membrane proteins (Figure 2B), a region of the cell inaccessible to proteasomes. Additionally, antigens
not significantly decreased by MLN7243 or carfilzomib treatment were more likely to be longer in length
than the typical 9mer (Figure 2C), suggesting that protein fragments produced by the proteasome are
more optimal for MHC Class | antigen display.

In addition to antigens significantly decreased by MLN7243 and carfilzomib treatment, and those not
significantly changing, we were surprised to also observe antigens paradoxically increasing in response
to these treatments (Supplemental Figure 2H, 1). Significantly increased antigens often appear inhibitor
specific (Figure 2D), suggesting they are not produced by nonspecific cell stress pathways; in support of
this, we also observed few increased antigens by cisplatin treatment beyond rapidly induced proteins
like HMOX1 (McMahon et al., 2018) (Supplemental Figure 2G). By comparing significantly increased
versus significantly decreased antigens across all cell lines, we observed that antigens significantly
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decreased in response to proteasome inhibition were more likely to come from cytosolic and nuclear
proteins, whereas those that increased were more likely to be from single pass membrane proteins,
particularly type 1 membrane proteins, and mitochondrial inner membrane proteins (Figure 2E).
Antigens increased by inhibition of ubiquitination were also more likely to come from mitochondrial
inner membrane proteins. Therefore, we suspected that antigens increased by proteasome inhibition,
and perhaps inhibition of ubiquitination, were from proteins typically not exposed to the proteasome
(e.g. mitochondrial and membrane proteins) and instead were degraded by proteases, perhaps in the
lysosome through compensatory autophagy.

To test the hypothesis that antigens increased by proteasome inhibition were produced by autophagy or
other forms of lysosomal degradation, we treated cells with carfilzomib in the presence or absence of
the autophagy/lysosomal inhibitor leupeptin (Supplemental Figure 2J), and quantified antigen
presentation by mass spectrometry. Leupeptin treatment decreased overall antigen presentation,
although less so than carfilzomib (Supplemental Figure 2K), potentially due to its milder inhibition of
select proteasomal activity (Kisselev et a., 2006). Similarly, we also treated cells with carfilzomib in the
presence or absence of an ATG7 inhibitor (Huang et al., 2020) (Supplemental Figure 2L), which
decreased antigen presentation less significantly than leupeptin (Supplemental Figure 2M). The overall
effect of carfilzomib on antigen presentation did not differ significantly from that of carfilzomib plus
leupeptin or the ATG7 inhibitor (Supplemental Figure 2N, O); these autophagy inhibitors also did not
prevent the increased presentation of certain antigens observed with carfilzomib treatment (Figure 2F).
Therefore, autophagy or lysosomal degradation, at least that able to be inhibited by the lysosomal
enzyme inhibitor leupeptin or the ATG7 inhibitor blocking the induction of autophagy, does not appear
to be the major source of antigens increased by carfilzomib treatment.

We appreciated that atypical antigens may still be able to be loaded onto free or recycled MHC Class | in
the endolysosomal system, even if not produced by autophagy. Peptide loading or exchange could also
occur at the cell surface. Atypical antigen presentation pathways such as these may only become
apparent in the absence of a larger supply of canonical antigens produced by the proteasome. To test
this hypothesis, we treated a B lymphoblast cell line homozygous for HLA-A and HLA-B alleles with
purified peptides identified previously by antigen mass spectrometry able to bind these alleles
(TIAPALVSK and YPTTTISYL for HLA-A*03:01 and HLA-B*35:03, respectively). Cells were also treated with
carfilzomib, alone or in combination with these competition peptides. The competition peptides were
loaded onto MHC Class |, being amongst the most abundant antigens detected by mass spectrometry.
The competition peptides were also relatively abundant when compared with antigens significantly
increased by carfilzomib treatment (Supplemental Figure 2P). The competition peptides also had
predicted affinities for HLA-A and HLA-B higher than the majority of antigens, including the groups of all
antigens identified by mass spectrometry and antigens significantly increased by carfilzomib treatment
(Supplemental Figure 2Q). Therefore, we expect the competition peptides are sufficiently abundant and
of high enough affinity to outcompete most antigens increased by carfilzomib if these antigens were
loaded in the endolysosomal system or at the cell surface. As expected, treatment with the competition
peptides did not substantially alter overall antigen presentation, suggesting they do not affect the
presentation of canonical antigens produced by the proteasome and loaded in the endoplasmic
reticulum (Supplemental Figure 2R). Increased antigen presentation by carfilzomib was only significantly
reduced in one instance by the competition peptides (Figure 2G), leading us to conclude that antigens
induced by proteasome inhibition are also likely to be loaded in a conventional manner.

Therefore, we considered additional sources for the production of antigens increased by inhibition of
ubiquitination or proteasomal degradation. Bioinformatic searches identified mitochondrial
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metalloprotease YME1L1 as being enriched in being a binding partner of source proteins for the peptide
antigens that were increased by proteasome inhibition. (Figure 2H). Cleavage by YME1L1 would allow
for antigen sampling from mitochondrial inner membrane proteins that are protected from
proteasomes. We also found that source proteins for antigens increased by inhibition of ubiquitination
were more likely to be reported binders of ubiquitin-binding proteins HRS and GGA1 involved in protein
sorting in the trans-Golgi network (Raiborg et al., 2002; Wang et al., 2007) (Figure 2H). It is possible
some atypical sorting pathway directs these proteins producing antigens increased by MLN7243 to
lysosomal (or other nonproteasomal) degradation. It is also possible that proteases in other cellular
compartments (e.g. cytosolic, nuclear, endoplasmic reticulum) contribute to protein degradation and
antigen generation in the absence of the ubiquitin proteasome system.

Antigens only partially dependent on the ubiquitin-proteasome system share unifying characteristics
Given the differences in localization for antigens increased by inhibition of ubiquitination versus
proteasomal degradation, we aimed to further define groups of antigens only partially dependent on
the ubiquitin-proteasome system for their generation. We identified antigens that differed significantly
in their response to MLN7243 or carfilzomib treatment in all cell lines, and grouped these antigens into
“quadrants” (Figure 3A; Supplemental Figure 3A,B). These groupings can be generally understood as
antigens particularly increased by proteasome inhibition (Ql) or ubiquitination inhibition (Qll), and
antigens less ubiquitin-dependent (Qlll) and those less proteasome-dependent (QIV). In support of these
classifications, reported ubiquitin-independent proteasome substrate ODC1 (Murakami et al., 1992) was
observed in the expected Qlll (Figure 3A). We then assessed whether subcellular localization and
molecular function of antigen source proteins in these 4 quadrants were significantly different from
antigens significantly decreased by both MLN7243 and carfilzomib. We observed that antigens in QI
were more likely to come from single-pass type 1 membrane proteins, and antigen source proteins in
QIV were more likely to be secreted proteins (Figure 3B). Antigens in Qlll were more likely to be from
transcription factors, some of which have been previously reported to be ubiquitin-independent
substrates (reviewed in Jariel-Encontre et al., 2008). Antigens in QIV were more likely to be produced
from MHC Class Il proteins; the ubiquitin-dependent, proteasome-independent degradation of these
proteins isn’t surprising (Walseng, et al., 2010), although the immunological significance of these
antigens is unclear.

Proteasome-dependent, ubiquitin-independent proteins in Qlll warranted additional investigation given
their surprising number. Source proteins for antigens in Qlll did not appear to be more disordered as a
whole (Figure 3C) or more likely to be from proteins classified as intrinsically disordered (Supplemental
Figure 3C), which has been reported to target proteins to the proteasome independent of ubiquitination
(Pena et al., 2009; Ngoc et al., 2014; Xia et al., 2019; Ukmar-Godec et al., 2020). Peculiarly, the most
striking feature of these proteins is that they are significantly shorter in length (Figure 3C). The finding of
a large collection of antigens more dependent on proteasomal degradation than ubiquitination is
suggestive of degradation by proteasomes lacking 19S deubiquitinating enzyme caps, which does not
directly require ubiquitination for protein degradation (reviewed in Asher et al., 2006).

Finally, we were interested in whether antigen generation generally requires the disaggregase p97/VCP.
To test this, we treated cells with carfilzomib or the p97 inhibitor CB-5083 and assessed antigen
presentation by mass spectrometry. As a whole, antigens appeared more dependent on proteasomal
degradation than p97 for their generation (Figure 3D), with less than one fourth of proteasome-
dependent antigens found to also be p97-dependent (Figure 3E). However, p97-dependent antigens
were preferentially enriched in being derived from multiple types of membrane proteins, as compared
with proteasome-dependent antigens (Figure 3E). This suggests the requirement of p97 in canonical
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MHC Class | antigen generation may be limited mostly to proteins requiring extraction from membranes,
including endoplasmic reticulum membrane proteins as expected (Ye et al., 2001), although cross-
presentation of exogenous antigens by specialized cell types may also be p97-dependent (Menager et
al., 2014).

Atypical antigen presentation can be elicited by partial proteasome inhibition

While inhibition of ubiquitination or proteasomal degradation produces atypical antigens (Figure 2D, E),
sustained complete inhibition of these pathways across different tissue types is not clinically achievable.
We considered whether partial inhibition of these pathways might be possible; for example, by
inhibiting only the ubiquitination of certain proteins. Cullin-RING (CRL) E3 ligases are responsible for
degradation of ~20% of proteins targeted by the proteasome (Soucy et al., 2009) and can be selectively
inhibited. We treated cells with the neddylation inhibitor MLN4924 and the COP9 signalosome inhibitor
CSN5i-3, both of which alter the activity of CRL E3 ligases (Supplemental Figure 4A). Neither treatment
had a large impact on antigen presentation (Supplemental Figure 4B), although it is possible that CRL
substrates may be lower in abundance and thus less likely to be detected as antigens by mass
spectrometry. Nevertheless, we did observe that CSN5i-3 treatment increased presentation of CRL
subunits and deneddylation components themselves as antigens (Figure 4A). This effect of CSN5i-3
towards increasing presentation of antigens from these pathways, which is not unexpected given that
CSN5i-3 promotes turnover of select CRL complexes (Schlierf et al., 2016), might have clinical
applications in cancer patients with known mutations in these genes.

A method to elicit immunogenic antigen display in any patient, agnostic of mutation status, could have
substantial clinical implications. We reasoned that this might be achievable via partial inhibition of the
proteasome, if atypical antigens can be induced before dose-limiting toxicity is observed. Partial
proteasome inhibition could also result in the production of antigens from previously antigenic proteins,
but with alternative sequence constraints, due to decreased activity of certain proteasome active sites
(Supplemental Figure 4C). Treatment of cells with lower doses of carfilzomib that partially inhibited the
proteasome (Supplemental Figure 4D) suggests that certain antigens could be induced (Figure 4C)
before overall antigen presentation was reduced (Figure 4B; Supplemental Figure 4E,F). Partial
proteasome inhibition also induced the presentation of a smaller number of antigens not detected in
vehicle treated cells (Figure 4D); interestingly, this presentation was more striking with partial
proteasome inhibition than near complete proteasome inhibition.

We reasoned that some of these antigens might be immunogenic; therefore, we were interested in
whether they could appear in cells treated similarly to immune cells exposed to proteasome inhibitors in
cancer patients. For subsequent experiments, we chose a dose of carfilzomib that inhibited the
chymotrypsin-like site of the proteasome by approximately 75% (Supplemental Figure 4G). This is
comparable to the 275% inhibition of the chymotrypsin-like site observed in peripheral blood
mononuclear cells of patients 1 h following carfilzomib treatment (Lee et al., 2016). While activity of the
remaining proteasome active sites (trypsin-like and caspase-like) should remain largely intact, and hence
overall protein degradation may be only modestly impaired, we expect differential usage of proteasome
active sites would alter the sequence of antigens displayed (Supplemental Figure 4C).

We treated B lymphoblast cell lines for 48h with carfilzomib, or the immunoproteasome-specific
chymotrypsin-like proteasome site inhibitor ONX-0914 (Muchamuel et al., 2009), as
immunoproteasomes are dominant in this cell line (Supplemental Figure 4M). Unlike how complete
proteasome inhibition greatly reduces antigen display (Supplemental Figure 2E, H) we observed that
antigen display was generally unchanged or mildly upregulated by partial proteasome inhibition
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(Supplemental Figure 4H), although a smaller fraction of antigens was significantly decreased
(Supplemental Figure 4l). As expected, we observed that antigens significantly increased by proteasome
inhibition, as compared to those decreased, had C-termini more likely to be produced by non-
chymotrypsin-like proteasomal cleavage (Supplemental Figure 4J,K).

While non-chymotrypsin-like antigens were more likely to be significantly increased by proteasome
inhibition, most of these antigens were also detected in vehicle treated cells, and thus seem unlikely to
be immunogenic. However, we were able to identify a small number of antigens only detected upon
proteasome inhibition (Figure 4E). As expected, these antigens were more likely to be produced by the
non-chymotrypsin-like sites of the proteasome (Supplemental Figure 4L). They were also more likely to
not have been previously reported as MHC Class | antigens in the Immune Epitope Database (Vita et al.,
2019) (Figure 4F), hence increasing their likelihood of being immunogenic.

The idea that antigens produced by mild proteasome inhibition, like that observed clinically, are atypical
enough to be immunogenic is difficult to reconcile with the fact that patients treated with these
inhibitors do not appear to exhibit self-directed immune responses. However, proteasome inhibitors
used clinically may also suppress the function of immune cells required for a response to atypical
antigens. A fundamentally different approach would be to treat solid tumor cells, which are constitutive
proteasome dominant, with a proteasome inhibitor that specifically inhibits only the constitutive
proteasome and thus would have little effect on immune cells that contain high levels of
immunoproteasome. In theory, this could induce immunogenic antigen display in a context where
cytotoxic T cells and other immune cells are not negatively impacted by proteasome inhibitor treatment.
To test this idea, we used HCC1954 breast cancer cells derived from the same patient as the HCC1954BL
B lymphoblast cell line (Gazdar et al., 1998). Unlike HCC1954BL, HCC1954 cells were not
immunoproteasome-dominant, expressing approximately twice as many constitutive proteasome
subunits as immunoproteasome subunits (Supplemental Figure 4M). We aimed to treat these cells with
carfilzomib, which targets constitutive and immunoproteasomes, as well as the immunoproteasome-
specific inhibitor ONX-0914 and constitutive proteasome-specific inhibitor PR-825 (Muchamuel et al.,
2009; Winter et al., 2017), at doses mainly inhibiting the chymotrypsin-like site of the
proteasome/immunoproteasome. As it is difficult to distinguish immunoproteasome versus constitutive
proteasome inhibition in vivo (Winter et al., 2017), we assumed complete specificity of ONX-0914 and
PR-825 and estimated the percent of chymotrypsin-like proteasome activity inhibition to be indicative of
immunoproteasome/constitutive proteasome composition based on immunoproteasome versus
constitutive proteasome ratios (Supplemental Figure 4N). Complete inhibition of the chymotrypsin-like
site with carfilzomib was too toxic to obtain; however, we expect to have inhibited the chymotrypsin-
like activity of the immunoproteasome or constitutive proteasome completely with ONX-0914 or PR-
825, respectively, with minimal off-target activity (Supplemental Figure 40).

HCC1954 cells were treated with these doses of carfilzomib, ONX-0914, and PR-825 for 48h and antigen
presentation assessed by mass spectrometry. As in HCC1954BL cells, antigen presentation was not
reduced by these inhibitors (Supplemental Figure 4P); instead, presentation of select antigens was
enhanced (Figure 4G; Supplemental Figure 4Q), particularly with carfilzomib and PR-825 treatment.
Also as observed in HCC1954BL cells, a smaller number of antigens was only detected in proteasome
inhibitor treated cells (Figure 4H). That these antigens were observed in PR-825 treated cells further
suggests that partial proteasome inhibition using constitutive proteasome-specific inhibitors may
enhance immunogenic antigen presentation in solid tumor cells, while minimizing potential negative
impacts on effector immune cells.
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DISCUSSION

MHC Class | antigens are selected from degradation products of endogenous proteins. Here, we
systematically detail the contribution of protein degradation pathways to antigen generation.
Specifically, we used mass spectrometry to quantitatively profile antigen presentation in response to
perturbation of protein degradation. Technical optimizations were made to facilitate these
investigations (Figure 1), particularly inclusion of a spike-in MHC Class | antigen standard that is co-
purified with antigens of interest for more accurate normalization. We also define a strategy to remove
a considerable number of ‘background antigens’, antigens generally of low abundance not responsive to
inhibitors that broadly block antigen presentation.

We then turned our attention towards the impact of ubiquitination and proteasomal degradation on
antigen generation (Figure 2). This question has been considered previously, by quantification of total
levels of cell surface MHC Class | complexes and analysis of select model antigens following inhibition of
these pathways (Michalek et al., 1993, Rock et al., 1994; Wei et al., 2017). The contribution of the
proteasome to antigen generation has also been defined in a semi-quantitative manner by mass
spectrometry (Kowalewski et al., 2016). Our experiments are the first to provide fully quantitative
measurements for changes in presentation of thousands of antigens in response to inhibition of these
pathways. We conclude that most — but not all — presented antigens require the proteasome (~70%) and
ubiquitination (~60%) for their generation. Antigens that do not appear to require the ubiquitin-
proteasome system are enriched in being derived from mitochondrial inner membrane proteins, which
are normally inaccessible to proteasomes, although the mechanisms of their generation remain unclear.
Another surprising finding is that a smaller number of antigens (~5%) are paradoxically increased by
inhibition of these pathways. These antigens tend to be atypical, for example, being enriched in
mitochondrial proteins (ubiquitination and proteasome inhibition) and single-pass transmembrane
proteins (proteasome inhibition). Although compensatory autophagy can occur in response to
decreased proteasomal activity (Pandey et al., 2007), autophagy did not appear to be the main source of
most antigens increased by proteasome inhibition, as induction of these antigens was not reduced by
the lysosomal protease inhibitor leupeptin or an ATG7 inhibitor. We also determined that antigens
increased by proteasome inhibition do not appear to be loaded on the cell surface or within the
endolysosomal system, arguing against a potential contribution from atypical antigen presentation
pathways such as cross-presentation and MHC Class | recycling.

Another surprising finding is that close to 10% of antigens were found to be far more dependent on the
proteasome than ubiquitination for their generation (Figure 3). These antigens were enriched in being
from transcription factors, which previous studies have suggested can serve as a source of ubiquitin-
independent substrates (reviewed in Jariel-Encontre et al., 2008). However, ubiquitination-independent
antigens did not appear more likely to be derived from disordered proteins, another reported
characteristic of ubiquitin-independent substrates (Pena et al., 2009; Ngoc et al., 2014; Xia et al., 2019;
Ukmar-Godec et al., 2020). Instead, a common finding is that these less ubiquitination-dependent
antigens were derived from significantly shorter source proteins. The significance of this is unclear,
although a clear preference for shorter proteins has been observed for monoubigitination versus
polyubiquitination (Shabek et al., 2012; Braten el a., 2016) and for proteins not ubiquitinated co-
translationally (Duttler et al., 2013). Co-translational protein ubiquitination is an interesting association
given that co-translational protein degradation appears responsible for the rapid presentation of certain
viral epitopes (Croft et al., 2013). However, the contribution of co-translational degradation versus
degradation of stably folded proteins to antigen presentation under basal conditions remains
controversial (Yewdell et al., 1996; Schubert et al., 2000; Eisenlohr et al., 2007, Trentini et al., 2020).
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A testable hypothesis is whether antigens less dependent on ubiquitination are produced by free 20S
proteasomes, which generally outnumber 26S proteasomes (Fabre et al., 2014). Another potential
contributor to antigen generation may by the disaggregase p97/VCP. We found that p97 is mostly
required for generation of antigens from membrane proteins, as might be expected from its known roles
in ER-associated degradation and membrane protein extraction (reviewed in van den Boom, Meyer,
2018), although it may also be involved in cross-presentation of antigens from the endolysosomal
system in specialized cell types (Menager et al., 2014).

We then wondered whether atypical antigen induction following protein degradation pathway inhibition
could have therapeutic consequences. Complete and chronic inhibition of ubiquitination or the
proteasome in humans is not achievable, as evidenced by severe autoinflammatory diseases associated
with proteasome subunit or ubiquitination genetic losses (Brehm et al., 2015; Beck et al., 2020) and
dose-limiting toxicity observed with clinical proteasome inhibitor use (Aghajanian et al., 2002; O’Connor
et al., 2009). However, inhibition of less broadly acting protein degradation pathways, such as certain E3
ligases, may be tolerated. We observed that antigens from predictable sources are increased by
modulation of Cullin-RING E3 ligase activity, which may have clinical utility in patients with mutations in
the corresponding genes.

However, a strategy to more broadly enhance presentation of antigens not limited to specific biological
pathways is desirable. We considered partial proteasome inhibition (Figure 4), which targets specific
proteasome active sites, allowing the proteasome to retain degradative capacity, although with altered
substrate sequence preferences. Partial proteasome inhibition did not result in cell death; it also did not
decrease overall antigen presentation. In fact, certain antigens were increased in presentation by partial
proteasome inhibition, particularly those produced by non-inhibited proteasome active sites. We were
especially interested in antigens detected only in proteasome inhibitor treated cells, which were rare
(generally <10 detected per cell line) but significantly more likely to not have been previously reported.
We confirmed in a breast cancer cell line that proteasome inhibitor-specific antigens could be induced
by proteasome inhibitors currently in the clinic (carfilzomib), as well as inhibitors selective for the
immunoproteasome and constitutive proteasome (PR-825; Muchamuel et al., 2009; Winter et al., 2017).
While selective inhibitors of the constitutive proteasome have not been developed for clinical usage, our
results suggest these warrant attention for cancer immunotherapy applications, since alternative
antigen display could be theoretically induced in solid tumor cells without impacting the viability or
function of immunoproteasome-dominant effector immune cells.

In summary, a network of protein degradation pathways contributes to MHC Class | antigen production,
although antigens from compensatory pathways are also observed when canonical pathways are
disrupted (Figure 5). Our studies identify new classes of protein degradation products; for example,
proteasome-dependent, ubiquitin-independent substrates that are from significantly shorter source
proteins. Additionally, we propose a new paradigm whereby partial inhibition of protein degradation
pathways can elicit increased presentation of atypical antigens which may have applicability in cancer
immunotherapy.
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METHODS

Cell lines

HCC1143BL, HCC1954BL, HCC1395BL, HCC38BL, and HCC1954 (Gazdar et al., 1998) were purchased
from ATCC and cultured in RPMI-1640 containing penicillin-streptomycin and 10% FBS. For experiments,
B lymphoblast cell lines were used at a concentration of approximately 1E6 cells/ml.

For certain experiments using B lymphoblasts, cells were pre-treated with protein degradation inhibitors
or vehicle for times indicated, and cell surface MHC Class | removed by acid stripping. This was
accomplished by bathing approximately 2E7 cells in 10 mL acid stripping buffer (0.132M citric acid,
0.06M sodium phosphate, pH 3.0) for 2 min on ice, followed by neutralization in 40 mL ice cold medium.
Cells were washed once in medium prior to experimental treatment.

Cells were collected for mass spec by centrifugation, which was preceded by trypsin detachment for
adherent cell lines (HCC1954). Cell pellets were washed once in PBS and cell count and viability was
assessed using a Vi-CELL XR.

Inhibitors

Carfilzomib, MLN4924, and CB-5083 were purchased from Selleck Chemical. MLN7243 was purchased
from Chemie Tek. Cycloheximide was purchased from Sigma-Aldrich. Brefeldin A and leupeptin were
purchased from Alfa Aesar. Cisplatin was purchased from R&D Systems. CSN5i-3 and ONX-0914 were
purchased from Fisher. PR-825 and the ATG7 inhibitor, compound #37 (Huang et al., 2020), were
synthesized by WuXi AppTec.

Spike-in SIINFEKL standard

Mouse DC2.4 dendritic cells were purchased from Millipore and maintained in RPMI-1640 containing
10% FBS, penicillin-streptomycin, & L-glutamine. Purified SIINFEKL peptide from ovalbumin protein
(AnaSpec) was added to cells at 25 pg/ml for 4h. Cells were washed in PBS and stored as frozen pellets
for future mass spectrometry experiments.

Flow cytometry quantification of cell surface MHC Class |

Cells were washed twice in PBS. ~10E5 cells were resuspended in 100 ul 2% FBS in PBS with anti-MHC
Class | antibody (W6/32-PE) at a 1:50 dilution. Cells were incubated at 4°C for 30 min, then washed three
times in 2% FBS in PBS. Flow cytometry was performed on a BD Symphony (MHC Class | expression
following acid stripping) or a BD LSR Il (MHC Class | expression following MLN7243, carfilzomib, and
cycloheximide treatment in HCC1143BL and HCC1954BL cells). Experiments were gated on single cells,
and 10,000 events captured per sample. Median fluorescence intensity of PE was calculated by BD
FACSDiva.

Proteasome activity assay

Approximately 5E5 cells were washed in PBS and lysed in 500 pl cold assay buffer [50 mM HEPES, pH 7.8,
10 mM NaCl, 1.5 mM MgCl;, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 5 mM DTT]. Cells were vortexed
and sonicated for 5s at 50% power, then centrifuged at 14,000 rpm for 10 min at 4°C. 50 pl lysate was
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loaded onto a 96 well plate on ice in triplicate for each proteasome activity probe. 200 pl assay buffer
containing 2 mM ATP and 100 uM substrate (Suc-LLVY-AMC, Boc-LRR-AMC, Z-LLE-AMC, or Ac-nLPnLD-
AMC) in DMSO was added to each well, and plates were incubated at 37°C for 1h. Plates were then
imaged on a SpectraMax M5 fluorescent plate reader (excitation: 355 or 360 nM; emission: 460 nM).
Fluorescence intensity was normalized to total protein content calculated by Bradford assay or total cell
number.

Purification of MHC Class | antigens

MHC Class | antigens were purified from frozen samples based on a protocol described previously
(Chong et al., 2018). Prior to purification, anti-human MHC Class | antibody (W6/32; Bio X Cell) was
crosslinked to protein A-sepharose 4B beads by incubation for 1h at room temperature with shaking,
followed by crosslinking in 20 mM dimethyl pimelimidate dihydrocholoride, 0.1 M sodium borate for 30
min at room temperature. Equal parts 0.2M ethanolamine, pH 8 was added and mixed for 5 min.
Solution was removed from beads and beads were incubated with 0.2M ethanolamine, pH 8 for 2h at
room temperature. Beads were washed three times in PBS and stored in an equivalent volume of PBS
with 0.02% sodium azide. Similarly, antibody against mouse MHC Class I/H-2K" bound to SIINFEKL
peptide (25-D1.16; Bio X Cell) was separately crosslinked to protein A-sepharose 4B beads. Anti-human
MHC Class | antibody beads were mixed with anti-mouse MHC Class I-SIINFEKL beads at a 100:1 ratio.
Approximately 1E7 frozen human cells were lysed in 1 mL cold lysis buffer [PBS with 0.25% sodium
deoxycholate, 0.2 mM iodoacetamide, 1 mM EDTA, protease inhibitor cocktail, 1 mM PMSF, and 1%
octyl-beta-D-glucopyranoside]. Frozen mouse cells presenting the SIINFEKL spike-in standard were also
lysed in this buffer. Cells were lysed on ice with occasional vortexing for 30 min, then lysates centrifuged
at 14,000 rpm for 30 min at 4°C. During this time, a 96 well filter plate was washed with 200 pl
acetonitrile, 200 pl 0.1% formic acid, and 2x with 200 ul of 0.1M Tris-HCI, pH 8. Plates were centrifuged
at 200 rpm for 1 min at 4°C if needed.

For each experiment, cleared lysate volumes representing an identical number of cells were used. These
lysates were mixed with mouse cells presenting SIINFEKL peptide at a ratio of 100:1 cells. 150 pl of
antibody slurry was added to wells of the 96 well filter plate and washed with 200 ul lysis buffer. Lysates
were then passed through wells containing antibodies by gravity flow. Wells were washed 4x with 200 pl
cold 150 mM NaCl in 20 mM Tris-HCI, pH 8, 4x with 200 pl cold 400 mM NaCl in 20 mM Tris-HCl, pH 8, 4x
with 200 pl cold 150 mM NaCl in 20 mM Tris-HCl pH 8, and 2x with 200 ul cold 20 mM Tris-HCI pH 8.
Plates were centrifuged at 200 rpm for 1 min at 4°C to pass wash buffers through plate. During this time,
a Waters Sep-Pak tC18 96 well plate was washed with 1 mL 80% acetonitrile in 0.1% formic acid,
followed by 2 mL 0.1% formic acid. MHC Class | complexes were eluted from the antibody plate into the
C18 plate with 500 pl 1% trifluoroacetic acid. The C18 plate was washed with 2 mL 0.1% formic acid, and
MHC Class | antigens eluted with 500 pul 28% acetonitrile in 0.1% formic acid.

Purified antigens were dried using a GeneVac vacuum evaporator, and resuspended in 100 mM HEPES,
pH 8. Peptides were N-terminally labeled using TMT labels (10 samples: TMT10plex; 11 samples:
TMT10plex + TMT11-131C; 12-16 samples: TMTpro), and combined for a single mass spectrometry run.
Peptides were dried and desalted using C18 10 pl ZipTips before analysis.

LC-MS analysis using SPS-MS3

For most experiments, the entire sample was used for a single mass spectrometry run. Labelled peptides
were subjected to LC-MS/MS analysis on an EASY 1000 nanoflow LC system coupled to a Fusion Tribrid
Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a Nanospray Flex ion source.
Samples were directly loaded onto an Aurora 25cm x 75um ID, 1.6um C18 column (lon Opticks) heated
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to 50°C. The peptides were separated with a 2-hour gradient at 350 nL/min as follows: 2—6% Solvent B
(7.5 min), 6-25% B (82.5 min), 25-40% B (30 min), 40-98% B (1 min), and held at 98% B (15 min). Solvent
A consisted of 97.8 % H,0, 2% ACN, and 0.2% formic acid and solvent B consisted of 19.8% H,0, 80 %
ACN, and 0.2% formic acid. The Fusion was operated in data dependent mode. Spray voltage was set to
2.2 kV, S-lens RF level at 60, and heated capillary at 275°C. Full scan resolution was set to 120,000 at m/z
200 in Profile mode with an AGC target of 4 x 10° and a maximum injection time of 50 ms. Precursor
mass range was set to 400-1500 m/z and the isolation window was set to 0.7 m/z. For data dependent
MS2 scans the cycle time was 3 sec, AGC target value was set at 5 x 10%, and intensity threshold was
kept at 5 x 10°. CID fragmentation of precursors was performed with a fixed collision energy of 35%,
activation time of 10 ms, and activation Q of 0.25. MS2 scans were then performed in the Orbitrap at
30,000 resolution in Centroid mode using auto scan range and a maximum injection time of 150ms.
Dynamic exclusion was enabled to exclude after 2 times for 60 sec with a mass tolerance of 10 ppm. A
charge state filter was also applied to only include precursors of charge 2-5. Quantitative MS3 scans
were then performed using Multi-notch Isolation. SPS precursors were selected from the mass range of
400-1600 m/z with a precursor ion exclusion window from -50 to +5 m/z. Quadrupole isolation of the
precursor used an isolation window of 0.7 m/z while the ms2 isolation window was set to 3 m/z for up
to 10 notches. The AGC target was 5 x 10* and maximum injection time was set to 500 ms. HCD
fragmentation was performed with fixed collision energy of 65% followed by Orbitrap detection at
50,000 resolution in Centroid mode using a scan range from 100-500 m/z.

Mass spectrometry data search

Raw data were analyzed in Proteome Discoverer 2.4 (Thermo Scientific) using an unspecific (no-enzyme)
search with the Byonic search algorithm (Protein Metrics) and UniProt human fasta file containing the
spike-in peptide sequence SIINFEKL. PD-Byonic search parameters were as follows: precursor mass
tolerance of 5 ppm, CID low energy fragmentation, fragment mass tolerance of 20 ppm, and a maximum
of 2 common modifications and 1 rare modification. Cysteine carbamidomethylation and TMT-6 or
TMTpro addition to peptide N-termini and lysine were set as static modifications. Methionine oxidation
was a common dynamic modification (up to 2 per peptide) and deamidated asparagine or glutamine
was set as a rare dynamic modification (only 1 per peptide). Precursor and charge assignments were
computed from MS1. Byonic protein-level FDR was set at 0.01, while Percolator FDRs were set at 0.001
(strict) and 0.01 (relaxed). In the consensus workflow, peptide and PSM FDRs were also set at 0.001
(strict) and 0.01 (relaxed), with peptide confidence at least medium, lower confidence peptides
excluded, minimum peptide length set at 7, remove peptides without a protein reference set to false,
and apply strict parsimony set to true. Quantification was performed at the ms3 level using reporter ion
S/N ratios with an average reporter S/N threshold of 35, a co-isolation threshold of 30%, and an SPS
mass matches threshold of 70%.

Mass spectrometry data statistical analysis

PSM output files from ProteomeDiscoverer were filtered for peptides not flagged in “Quan Info” as
“ExcludedByMethod”. Only peptides 7-14 amino acids long were used. Peptides also needed to have an
abundance; quantitation for at least 3 replicates of 1 treatment to be used. After this filtering, missing
values were rare; when they occurred, values were imputed from a Gaussian distribution centered on
the bottom 1°* peptide intensity percentile with standard deviation of the median standard deviation of
peptides in the bottom 10" intensity percentile. PSMs for identical peptides from the same UniProt ID
were averaged. Peptide intensities were then normalized to the spike-in standard SIINFEKL intensity.

A limma test was performed for statistical significance between treatments with R (Ritchie et al., 2015).
Results were considered significant when the adjusted p-value was < 0.01.
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In certain experiments, an additional filter was applied: only peptides decreased at least 1.5 fold by
cycloheximide treatment in both replicates. This filter was applied after the limma test was performed.

Heatmaps were generated using Seaborn’s clustermap function with no column clustering in Python.

Peptide competition assay

Antigens previously identified to bind HLA-A*03:01 (TIAPALVSK) and HLA-B*35:03 (YPTTTISYL) in
HCC38BL cells were purchased as 295% pure synthetic peptides from Sigma-Aldrich. These peptides
were solubilized in DMSO and used for cell treatments at 20 ug/ml concentration, in the presence of
absence of carfilzomib. Predicted antigen affinity scores were determined by NetMHCpan EL 4.1 ran by
the Immune Epitope Database (IEDB). Only HLA-A*03:01 and HLA-B*35:03 were included in the search.
The antigen was assigned to the HLA allele with the highest score.

Enrichment of subcellular localization and molecular function terms

The number of proteins associated with GO- Cellular Compartment and GO- Molecular Function terms
was obtained from GeneTrail2 (Stockel et al., 2016; Gene Ontology Consortium, 2021). Subcellular
localization terms were also obtained from UniProt (The UniProt Consortium, 2021). Simplified
subcellular localization terms were obtained from SubCellBarCode (Orre et al., 2019). Enrichment of
terms for antigen nonredundant source proteins from one group of interest were compared with a
second (e.g. nonredundant source proteins for antigens significantly increased by carfilzomib versus
those significantly decreased). For experiments performed in a single cell line, enrichment of these
terms was determined by Fisher’s exact test with Bonferroni multiple testing corrections. At least 5
proteins needed to be associated with the term in at least one of the groups of antigens to be
considered. For experiments performed in multiple cell lines, enrichment of these terms across cell lines
was determined by Cochran—Mantel-Haenszel test with Bonferroni multiple testing corrections. At least
5 proteins across all cell lines needed to be associated with the term in at least one of the groups of
antigens to be considered.

Enrichment of protein-protein interactions

Proteins reported to bind antigen source proteins were obtained from BioGRID (Oughtred et al., 2021).
Enrichment of interactors for antigen nonredundant source proteins from one group of interest were
compared with a second (e.g. nonredundant source proteins for antigens significantly increased by
carfilzomib versus those significantly decreased). Only low-throughput, physical interactors were used.
Enrichment of these interactors across cell lines was determined by Cochran—Mantel-Haenszel test with
Bonferroni multiple testing corrections. At least 5 proteins across all cell lines needed to be associated
with the interactor in at least one of the groups of antigens to be considered.

Western blotting

Cells were lysed in NP40 lysis buffer [S0 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1% NP40] for the following
experiments: treatment of cells with leupeptin, assessment of shRNA knockdown efficiency, and
treatment of cells with MLN4924 and CSN5i-3. Cells were lysed in lysis buffer used for antigen mass
spectrometry [PBS with 0.25% sodium deoxycholate, 0.2 mM iodoacetamide, 1 mM EDTA, protease
inhibitor cocktail, 1 mM PMSF, and 1% octyl-beta-D-glucopyranoside] for the following experiments:
dose and time response treatment with MLN7243 and treatment of cells with carfilzomib and MLN7423
during a cycloheximide chase. Protein concentration was determined by BCA assay (antigen mass
spectrometry lysis buffer) or Bradford assay (NP40 lysis buffer). Equivalent protein amounts were run on
Tris-Glycine gels and transferred to nitrocellulose membranes using Teknova Electroblot Buffer.
Membranes were blocked in 5% milk and primary antibodies used at 1:1000 concentration.
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Antibodies used were to polyubiquitin (FK1; Enzo BML-PW8805-0500), K48 polyubiquitin (Millipore 05-
1307), ubiquitinated H2B (Cell Signaling 5546S), B-actin (Cell Signaling 3700S), LC3B (Cell Signaling
2775S), p62 (Cell Signaling 5114S), EIF4G1 (Cell Signaling 2469S), YTHDF2 (Proteintech 24744-1-AP),
ARFGAP2 (Novus NBP1-83687), JUNB (Cell Signaling 3753S), ACSL4 (Invitrogen PA5-27137), IRF4 (Cell
Signaling 4964S), GAPDH (Cell Signaling 5174T), PA28a (Abcam ab155091), PA28p (Cell Signaling 2409S),
PA28y (Cell Signaling 2412S), PA200 (Invitrogen PA1-1961), PI31 (Enzo BML-PW9710-0100), and CUL1
(Invitrogen 71-8700).

Flow cytometry measurement of apoptosis

HCC1954BL cells were treated with vehicle, 50 uM cisplatin, or 500 uM cisplatin for 20h, acid stripped to
remove pre-existing MHC Class | complexes, and treated again with vehicle, 1 uM carfilzomib, 50 uM
cisplatin, or 500 uM cisplatin for 4h. Approximately 1E6 cells were stained with Annexin V-FITC and
propidium iodide (Pl), staining apoptotic and dead cells, respectively, using a Life Technologies Dead Cell
Apoptosis kit. Cutoffs for Annexin V-FITC and Pl staining were established using unstained cells. Cells
were classified as “live” (below the cutoff for Annexin V-FITC and PI staining), “early apoptotic” (above
the cutoff for Annexin V-FITC staining), “late apoptotic/necrotic” (above the cutoff for Annexin V-FITC
and Pl staining), and “other”. Experiments were gated on single cells, and 10,000 events captured per
sample on a BD Symphony. Analysis was performed with FACSDiva.

Fluorescent proteasome gels

1h prior to cell harvesting, cells were treated with 500 nM Me4BodipyFL-Ahx3Leu3VS. Cells were
washed with PBS during harvesting and lysed in cold NP40 lysis buffer [5S0 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1% NP40, & protease inhibitor cocktail]. Cells were lysed at 4°C for 30 min with rotation and
centrifuged at 14,000 rpm for 5 min at 4°C. 10 pg of protein was loaded onto 16% Tricine SDS-PAGE gels
and run for approximately 4-6h at 120 V with Tricine running buffer containing 1:400 NuPAGE
antioxidant. Gels were imaged on a Typhoon FLA9500 fluorescent gel scanner (excitation: 473 nm;
emission filter: BPB1 530DF20).

Enrichment of deneddylation and Cullin-RING ligase terms after CSN5i-3 treatment

Proteins with deneddylation gene ontology terms were obtained from UniProt (The UniProt Consortium,
2021) in November 2021. Proteins listed as Cullin-RING ligases (CRL) were obtained from UUCD (Gao et
al., 2013). Nonredundant source proteins for peptides significantly increased by CSN5i-3 treatment were
compared with nonredundant source proteins for peptides not significantly changed by CSN5i-3
treatment. Enrichment of these terms in peptides significantly increased by CSN5i-3 treatment was
determined by Fisher’s exact test with Bonferroni multiple testing corrections.

Proteasome cleavage site prediction

The C-terminal amino acid was determined for antigens and classified as “chymotrypsin-like” (alanine,
phenylalanine, isoleucine, leucine, methionine, valine, tryptophan, or tyrosine), “trypsin-like” (lysine or
arginine), or “other” (all other amino acids) (Kisselev 2003). Enrichment of trypsin-like antigens in
antigens increased by ONX-0914 versus those decreased was determined by Fisher’s exact test.
Enrichment of trypsin-like antigens in antigens only detected after proteasome inhibitor treatment
across all cell lines was determined by Cochran—Mantel-Haenszel test.

Calculation of antigen source protein length and disorder

Antigen source protein length was obtained from UniProt (The UniProt Consortium, 2021). The percent
instability of antigen source proteins was obtained from Dryad (Vincent, Schnell, 2016; Vincent, Schnell,
2017). Significance of differences in length and percent disorderbetween nonredundant proteins in Qlll
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and those decreased by MLN7243 and carfilzomib treatment across all cell lines was determined by
Fisher’'s method combining t-test p-values from each cell line. Number of antigen source proteins
considered to be intrinsically disordered was obtained from DisProt (Hatos et al., 2020). Significance of
differences in fraction of nonredundant antigen source proteins characterized as intrinsically disordered
in Qlll versus those decreased by MLN7243 and carfilzomib treatment (“UPS-dependent”) across all cell
lines was determined by Cochran—Mantel-Haenszel test.
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Figure 1. MHC Class | antigen mass spectrometry is improved by methodology for more accurate data
normalization and removal of ‘background antigens’. (A) Experimental design for mass spectrometry
quantification of MHC Class | antigens in response to treatment. (B) Top: Waterfall plots of average mass
spectrometry signal intensity of peptides captured from vehicle (upper) and brefeldin A (BFA)(lower; 5
uM for 16h) treated HCC1954BL cells (n=5/group). SIINFEKL spike-in peptide is marked in red. Bottom:
fSummed peptide intensity and SIINFEKL spike-in peptide intensity quantified by mass spectrometry for
cells treated with brefeldin A (BFA) or vehicle. Graph represents average + SEM; * denotes p < 0.01 by t-
test. (C) Volcano plots representing quantitative changes in MHC Class | peptides upon BFA treatment
(red indicates significantly decreased by limma test; green indicates significantly increased). Data are
presented as non-normalized, total intensity normalized (each sample normalized to its summed
peptide intensity), and normalized to the spike-in SIINFEKL peptide. Percent significant (increased and
decreased) are marked above plots. (D) Experimental design for treatment of cells to block MHC Class |
antigen presentation. Cells were pre-treated with vehicle (v), cycloheximide (CHX; 25ug/ml), or BFA (5
UM) for 2h, and pre-existing MHC Class I-bound antigen peptides removed by mild acid elution (“acid
stripping”; AS). Cells were immediately collected after AS, or treated again with vehicle, cycloheximide,
or BFA for 4h. Expected impact of treatments on MHC Class | antigen presentation is depicted. (E)
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Summed peptide intensity quantified by mass spectrometry for two B lymphoblast cell lines treated as
described in Figure 1D. Graph represents average + SEM (n=4 for all groups). * indicates p < 0.01, as
compared with 4h post AS + vehicle, by Dunnett’s test. (F) Significance of treatments as described in
Figure 1D was determined by limma test. The average peptide intensity at 4h post acid stripping,
representing constitutive antigen presentation, was determined for two groups: antigens significantly
decreasing in response to CHX treatment, and those not significantly decreasing. Average peptide
intensity percentiles were determined and presented as histograms; p-value was determined by t-test of
average peptide intensities. (G) Similar to Figure 1F, the following groups were compared: antigens
significantly decreasing in response to cycloheximide CHX treatment, and those not significantly
decreasing. Waterfall plots of the —log10(adjusted p-value), as determined by limma test, are shown.
Another comparison using this dataset was performed, which involves using just the first 2 replicates of
the CHX treatment group (n=4 previously). Antigens decreased greater than 1.5 fold in response to CHX
in both replicates (n=2) versus vehicle are plotted in blue, with all others plotted in yellow. In the legend,
“decreased > 1.5 fold by CHX” means decreased > 1.5 fold by CHX in both replicates (n=2). Percentages
of antigens decreased by CHX listed are for HCC1954BL cells. (H) Protein degradation pathways to be
systematically assessed for an impact on MHC Class | antigen presentation. Protein degradation pathway
inhibitors are marked in yellow boxes.
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Figure 2. Inhibition of ubiquitination and proteasomal degradation results in a net decrease in antigen
presentation, yet paradoxical increases in certain antigens. (A) Criteria for classification of “ubiquitin-
proteasome system (UPS)-dependent” and “UPS-independent” antigens. Venn diagrams are
proportionally accurate.(B) Enrichment of mitochondrial inner membrane proteins as source of antigens
not significantly decreased by MLN7243 and carfilzomib (“UPS-independent”) versus those significantly
decreased by MLN7243 and carfilzomib (“UPS-dependent”). Cells were treated with MLN7243 (500 nM;
4h pretreatment), carfilzomib (1 uM; 1h pretreatment), or cycloheximide (25 pug/ml; 2h pretreatment)
for 4h following acid stripping. Limma test was performed for significance, and antigens not decreasing
more than 1.5 fold in response to cycloheximide (n=2) in both replicates were subsequently excluded.
n=3 for vehicle, MLN7243, and carfilzomib treatments in each cell line. Subcellular localization for UPS-
independent and UPS-dependent antigens was obtained from UniProt, and the Cochran—Mantel-
Haenszel test was used to test the enrichment of subcellular localization terms across all cell lines. (C)
Histogram of antigen length (# amino acids) for antigens not significantly decreased by MLN7243 and
carfilzomib (“UPS-independent”) versus those significantly decreased by MLN7243 and carfilzomib
(“UPS-dependent”). Cells were treated as in Figure 2B. (D) Heat map of antigens increased (blue) or
decreased (red) by MLN7243 and carfilzomib treatment. Cells were treated as in Figure 2B. Heat map
shows log2 fold change (inhibitor/vehicle), and only includes antigens significant in at least one
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treatment. (E) Enrichment of subcellular localization gene ontology terms in antigens significantly
increased versus antigens significantly decreased in cells treated with MLN7243 or carfilzomib. Cells
were treated as in Figure 2B. Subcellular localization for antigens significantly increased and antigens
significantly decreased by MLN7243 and carfilzomib was obtained from UniProt. The Cochran—Mantel-
Haenszel test was used to test the enrichment of subcellular localization terms across all cell lines.
Bonferroni corrected adjusted p-values are indicated for significantly enriched terms. Sig, significant; ns,
non-significant. (F) HCC1954BL cells were treated with carfilzomib (1 uM; 1h pretreatment), leupeptin
(50 uM; 1h pretreatment), carfilzomib & leupeptin (1 uM & 50 uM, respectively; 1h pretreatment) and
cycloheximide (25 ug/ml; 2h pretreatment) for 4h following acid stripping. n=3 for vehicle, leupeptin,
and carfilzomib treatments. Similarly, HCC1954BL cells were treated with carfilzomib (1 uM; 1h
pretreatment), ATG7 inhibitor (25 uM; 1h pretreatment), carfilzomib & ATG7 inhibitor (1 uM & 25 uM,
respectively; 1h pretreatment) and cycloheximide (25 pug/ml; 2h pretreatment) for 4h following acid
stripping. n=3 for vehicle, ATG7 inhibitor, and carfilzomib treatments. For both experiments, limma test
was performed for significance. Only antigens significantly increased by carfilzomib are depicted.
Scatterplots depict the log2 fold change of antigens for the following comparisons: carfilzomib versus
vehicle (x-axis) and carfilzomib & leupeptin versus vehicle (y-axis), as well as carfilzomib versus vehicle
(x-axis) and carfilzomib & ATG7 inhibitor versus vehicle (y-axis). Simplified localization of antigen source
proteins is color coded. (G) HCC38BL cells were treated with carfilzomib (1 uM; 1h pretreatment),
competition peptides known to bind HLA-A*03:01 and HLA-B*35:03 (20 ug/ml TIAPALVSK and
YPTTTISYL, respectively; 1h pretreatment), carfilzomib & competition peptides (1 uM & (20 ug/ml each,
respectively; 1h pretreatment) and cycloheximide (25 pg/ml; 2h pretreatment) for 4h following acid
stripping. n=3 for vehicle, competition peptides, and carfilzomib treatments. Limma test was performed
for significance. Scatterplot depicts the log2 fold change of antigens for the following comparisons:
carfilzomib versus vehicle (x-axis) and carfilzomib & competition peptides versus vehicle (y-axis).
Antigens significantly different between carfilzomib and carfilzomib + competition peptide treatments
are depicted in black. (H) Enrichment of proteins interacting with source proteins for antigens
significantly increased versus antigens significantly decreased in cells treated with MLN7243 or
carfilzomib. Cells were treated as in Figure 2B. Protein interactors of source proteins for antigens
significantly increased and antigens significantly decreased by MLN7243 and carfilzomib were obtained
from BioGRID. The Cochran—Mantel-Haenszel test was used to test the enrichment of protein
interactions across all cell lines. Bonferroni corrected adjusted p-values are indicated for significantly
enriched interactors. “#” indicates insufficient interactions to calculate significance. ”-Inf” reflects no
interactions in the increased antigen group.


https://doi.org/10.1101/2021.10.07.463289
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.07.463289; this version posted October 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

log2 fold change
A (mff”lo”lib / vehicle) subcellularlocalization molecular function
MLN7243 vs. carfilzomib significant antigens, MLN7243 vs. carfilzomib significant antigens,
HCC38BL compared to antigens decreased by both compared to antigens decreased by both
MLN7243 vs CFZ:
4 ignif I 4£-3
@ ichiican eeted ooy (T
- S not sig. =
. 8 o L =
o * only significant (®) ] —] 1E
el P G e inle-pass type | membrane prote (I antgen binaing B0
. s o to quadrants ) 5t2 —
o
e, 088 . awf 1 0 1 2 3 4
feas® . . « log2 fold change log2 (Quad.__/ decreased by MLN7243 & CFZ common oddsratio) ~ DNA-binding transcription factor activity 262
4 & o2 a (MLN7243 / vehicle)
A .". [ quadrantiv Wl 0 1 2 3 4 5
. n
% \" . O quadrantim log2 (Quad._/ decreased by MLN7243 & CFZ common odds ratio)
2 o
4 .‘."}' obc1 [ quadrantii
° % |:| Quadrant|
4

C D E

ANTIGEN SOURCE PROTEIN: carfilzomib  CB-5083 log2fold change #increased by treatment:
inhibitor/vehicle

- p—— — B
% disorder f -4
P c’ (22
| I3 decreased €B-5083 carfilzomib
o
E o # decreased by treatment:
E |
<0
d d by I
ol (@
CRAaEY carfilzomib

length

=100 p=0.004
3

€ 800 2

s decreased by:

v

g a0 1 antigen source | 85083 | iz | adi.p-

3 value

2 00 "

g sinel =L | 52 5 se12

S 200 e n

R 18 7 1E3
o et n

by
MiNT243 & g | Quadrantil } ‘

protein)
8 &8 8

% instability

#amino acids

[] Hee1143BL [] HCC1954BL
[] Hee1sgsBL [] HeesssL

Figure 3. Antigens only partially dependent on the ubiquitin-proteasome system share unifying
characteristics. (A) HCC38BL cells were treated with MLN7243 (500 nM; 4h pretreatment), carfilzomib
(1 uM; 1h pretreatment), or cycloheximide (25 pug/ml; 2h pretreatment) for 4h following acid stripping.
Limma test was performed for significance, and antigens not decreasing more than 1.5 fold in response
to cycloheximide (n=2) in both replicates were subsequently excluded. n=3 for vehicle, MLN7243, and
carfilzomib treatments. Scatterplot depicts the log2 fold change of antigens for the following
comparisons: MLN7243 versus vehicle (x-axis), and carfilzomib versus vehicle (y-axis). Antigens
significantly different between MLN7243 and carfilzomib treatment are indicated in darker gray. Dashed
perpendicular lines delineate “quadrants”; antigens from the reported proteasome-dependent,
ubiquitin-independent substrate ODC1 are marked. (B) HCC1143BL, HCC1954BL, HCC1395BL, and
HCC38BL cells were treated as in Figure 3A. Antigens significantly different between MLN7243 and
carfilzomib treatment were assigned to quadrants as in Figure 3A; antigens in each quadrant were
compared to antigens significantly decreased by both MLN7243 and carfilzomib (CFZ). Subcellular
localization and molecular function for antigens in these groups were obtained from UniProt. The
Cochran—Mantel-Haenszel test was used to test the enrichment of terms across all cell lines. Bonferroni
corrected adjusted p-values are indicated for significantly enriched terms. (C) HCC1143BL, HCC1954BL,
HCC1395BL, and HCC38BL cells were treated as in Figure 3A. Proteins assigned to Qlll (significantly
decreased more by carfilzomib versus MLN7243 treatment) were compared with proteins significantly
decreased by both MLN7243 and carfilzomib treatment. The percent disorder and length of each source
protein was calculated; significance was determined by Fisher’s method combining significance by t-test
across all cell lines. ns, non-significant. (D) HCC1954BL cells were treated with carfilzomib (1 uM; 1h
pretreatment), p97 inhibitor CB-5083 (5 uM; 1h pretreatment), or cycloheximide (25 pg/ml; 2h
pretreatment) for 4h following acid stripping. Limma test was performed for significance, and antigens
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not decreasing more than 1.5 fold in response to cycloheximide (n=2) in both replicates were
subsequently excluded. n=3 for vehicle, carfilzomib, and CB-5083 treatments. Heat map shows log?2 fold
change (CB-5083/vehicle versus carfilzomib/vehicle; red = decreased, blue = increased), and only
includes antigens significant in at least one treatment. (E) HCC1954BL cells were treated as in Figure 3D.
Venn diagrams depict the overlap of antigens significantly increased or decreased by CB-5083 and
carfilzomib treatments. Subcellular localization for antigens significantly decreased by CB-5083, and
antigens significantly decreased by carfilzomib, was obtained from UniProt. Significance of term
enrichment (antigens decreased by CB-5083 versus antigens decreased by carfilzomib) was determined
by Fisher’s exact test, with Bonferroni multiple testing corrections applied to yield an adjusted (adj.) p-
value.
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Figure 4. Atypical antigen presentation can be elicited by incomplete proteasome inhibition. (A)
HCC1954BL cells were treated with MLN4924 (250 nM; 2h pretreatment), CSN5i-3 (1 uM; 2h
pretreatment), or cycloheximide (25 pug/ml; 2h pretreatment) for 4h following acid stripping. Limma test
was performed for significance, and antigens not decreasing more than 1.5 fold in response to
cycloheximide (n=2) in both replicates were subsequently excluded. n=3 for vehicle, MLN4924, and
CSN5i-3 treatments. Volcano plot represents quantitative changes in MHC Class | antigens upon CSN5i-3
treatment versus vehicle treatment. Antigen source proteins involved in deneddylation are indicated in
orange. Antigen source proteins related to deneddylation and Cullin-RING E3 ligases (CRLs) were
obtained from UniProt. Enrichment of these terms in antigens significantly changed by CSN5i-3 versus
those not significantly changed was determined by Fisher’s exact test with Bonferroni correction. (B)
HCC1954BL cells were treated with vehicle or increasing doses of carfilzomib (1, 10, 100, & 1000 nM; 1h
pretreatment) for 4h following acid stripping (n=3/treatment). Log2 fold change (carfilzomib versus
vehicle; green indicates increased, red indicates decreased) is presented as histograms for 10, 100, &
1000 nM carfilzomib treatments. (C) HCC1954BL cells were treated as in Figure 4B. Volcano plots of the -
log10(adjusted p-value), as determined by limma test, are shown. Select antigens are marked in color
across 10, 100, & 1000 nM carfilzomib treatments. (D) HCC1954BL cells were treated as in Figure 4B.
Antigens not detected in vehicle treated cells (all 3 replicates) but detected in carfilzomib treated cells
(all 3 replicates at each concentration) are graphed. (E) HCC1954BL cells were treated with vehicle (n=3),
carfilzomib (5 nM, n=4), or immunoproteasome inhibitor ONX-0914 (25 nM, n=4) for 48h to inhibit the
chymotrypsin-like site of the proteasome. MHC Class | antigens were purified and quantified by mass
spectrometry. Waterfall plots depict the log2 intensity of nonnormalized antigens detected in vehicle,
carfilzomib, and ONX-0914 treated cells. Antigens not detected in vehicle treated cells (all 3 replicates)
but detected in proteasome inhibitor treated cells (all 4 replicates) are marked in red. No antigens were
detected in vehicle treated cells (all replicates) but not detected in either proteasome inhibitor treated
cells (all replicates). (F) HCC1143BL, HCC1954BL, HCC1395BL, and HCC38BL cells were treated as
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described in Figure 4C. Plots show antigens detected in both vehicle and proteasome inhibitor treated
cells (all replicates; top plot), and antigens detected only in proteasome inhibitor treated cells (all
replicates of carfilzomib and ONX-0914 treatment; bottom plot). Antigens bound to MHC Class | (HLA-A
& HLA-B) previously reported in the Immune Epitope Database (IEDB) are shown in gray; those not
previously reported are shown in orange. A Cochran—Mantel-Haenszel test was used to determine
whether antigens only detected in proteasome inhibitor treated cells were more likely not to have been
previously reported in IEDB; the resultant p-value is reported in the figure legend. Numbers on bottom
graph represent number of antigens. (G) HCC1954 breast cancer cells were treated with vehicle,
carfilzomib (75 nM), ONX-0914 (200 nM), or PR-825 (250 nM) for 48h. Heat map shows log2 fold change
(inhibitor/vehicle), and only includes antigens significant in at least one treatment. n=4/treatment. (H)
HCC1954 cells were treated as in Figure 4G. Waterfall plots depict the log2 intensity of nonnormalized
antigens detected in vehicle, carfilzomib, ONX-0914, and PR-825 treated cells. Antigens not detected in
vehicle treated cells (all 4 replicates) but detected in proteasome inhibitor treated cells (all 4 replicates)
are marked in red. No antigens were detected in vehicle treated cells (all replicates) but not detected in
either proteasome inhibitor treated cells (all replicates).
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Figure 5. Diverse constitutive and compensatory protein degradation pathways produce MHC Class |
antigens. (A) Quantitative summary of constitutive protein degradation pathways generating MHC Class
| antigens. Numbers represent percent of antigens found to be significantly decreased in presentation by
inhibition of indicated protein degradation pathways. (B) Summary of impact of protein degradation
pathway inhibition on antigen generation. Pie charts represent relative numbers of increased (green),

decreased (red), and not significantly changed (gray) antigens. Notable characteristics of significantly
increased antigens (green) are provided as text.


https://doi.org/10.1101/2021.10.07.463289
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.07.463289; this version posted October 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

>
w
@}

g
g

O

log2 fold change
(4h post AS + CHX / 4h post AS)

Oh post AS vs.
4h post AS + CHX:

HCC1954BL HCC38BL
2 2

g

g
B
g

3
2

.
0 -
g ) @ significant

viability
(% of vehicle)
§
# antigens
H

not sig.

2
g

L)
.

g
cell surface Class|
(% of vehicle)

>
0

4 Ea

0%

°

vehicle BFA 7 891011121314 E Ohms 4h
length (amino acids) ;

log2 fold change
(Oh post AS / 4h post AS)
E MHC Class | alleles:

HLA-A HLA-B HLA-C

HCC1143BL | 31:01 /31:01 35:08 /37:01 04:01 / 06:02

HCC1954BL | 24:02 /24:02 35:01 /40:06 04:01/15:02

HCC1395BL 29:02 /29:02 08:01 /45:01 06:02 /07:01
HCc3sBL 03:01 /03:01 35:03 /35:03 12:03 /12:03

Supplemental Figure 1, related to Figure 1. (A) Viability of HCC1954BL cells treated with 5 uM Brefeldin
A (BFA) for 16h, as measured by trypan blue staining, relative to viability of vehicle treated cells. Graph
represents average + SEM, n=5/group. (B) Histogram of antigen length (# amino acids) for HCC1954BL
cells treated with vehicle or Brefeldin A for 16. (C) Flow cytometry measurement of cell surface MHC
Class | (W6/32 antibody) for untreated HCC1954BL cells (control), those collected immediately following
mild acid elution to remove MHC Class | antigens (Oh post acid stripping), and those collected 4h after
acid stripping (n=3/group). Graph represents average + SEM. (D) Cells were pre-treated with vehicle,
cycloheximide (25ug/ml), or Brefeldin A (5 uM) for 2h, and pre-existing antigens removed by mild acid
elution (“acid stripping”; AS). Cells were immediately collected after AS, or treated again with vehicle,
cycloheximide, or BFA for 4h. Significance of treatment effect was determined by limma test.
Scatterplots show the log2 fold change in displayed antigens from cells collected immediately after AS
versus those collected 4h after AS (x-axis) or from cells collected 4h after AS with cycloheximide
treatment versus those collected 4h after AS (y-axis). Darker gray indicates antigens significantly
different between cells collected immediately after AS versus those collected 4h after AS with
cycloheximide treatment. (E) MHC Class | alleles for HLA-A, -B, & -C genes for B lymphoblast cell lines
used (Boegel, Castle, et al., 2014).
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Supplemental Figure 2, related to Figure 2. (A) HCC1954BL cells were treated with doses of the E1
ubiquitination inhibitor MLN7243 as indicated, for increasing lengths of time. Polyubiquitin, K48-linked
ubiquitin, and ubiquitinated histone H2B (Lys120) were immunoblotted, with B-actin used as a loading
control. v, treated with vehicle. (B) B lymphoblast cell lines were treated with doses of the proteasome
inhibitor carfilzomib as indicated for 1h. Activity of the chymotrypsin-like, trypsin-like, and caspase-like
sites of the proteasome was measured using fluorescent substrates (Suc-LLVY-AMC, Boc-LRR-AMC, and
Ac-nLPnLD-AMC, respectively) incubated with cell lysates for 1h at 37°C. Percent inhibition was
calculated relative to vehicle treated cells (n=3/group). Graph represents average + SEM. (C) Viability of
cells collected for mass spectrometry as measured by trypan blue staining, relative to viability of vehicle
treated cells, for cells treated with MLN7243 (500 nM; 4h pretreatment), carfilzomib (1 uM; 1h
pretreatment), and cycloheximide (25 pug/ml; 2h pretreatment) for 4h following acid stripping. Graph
represents average + SEM (n=3 for all groups except CHX treatment, where n=2). * indicates p < 0.01
versus vehicle by Dunnett’s test. (D) Flow cytometry measurement of cell surface MHC Class | (W6/32
antibody) for HCC1954BL cells treated with MLN7243 (500 nM; 4h pretreatment), carfilzomib (1 uM; 1h
pretreatment), and cycloheximide (25 pg/ml; 2h pretreatment) for 4h following acid stripping. Graph
represents average + SEM (n=3/group). * indicates p < 0.01 versus vehicle by Dunnett’s test. (E)
Summed peptide intensity quantified by mass spectrometry for cells treated with MLN7243 (500 nM; 4h
pretreatment), carfilzomib (1 uM; 1h pretreatment), or cycloheximide (25 pug/ml; 2h pretreatment) for
4h following acid stripping. Graph represents average + SEM (n=3 for all groups except CHX treatment,
where n=2). * indicates p < 0.01 versus vehicle by Dunnett’s test. (F) Percent of HCC1954BL cells
considered early apoptotic, late apoptotic/necrotic, live (not apoptotic or necrotic), or unclassifiable
(“other”) after the following treatments for 4h post acid stripping: vehicle, 1 uM carfilzomib (1h pre-
treatment), 50 uM cisplatin (20h pre-treatment), or 500 uM cisplatin (20h pre-treatment). Staining for
Annexin V was considered indicative of apoptosis, and staining for propidium iodide indicative of
necrosis. Graph represents average + SEM (n=3/group). (G) Volcano plots representing quantitative
changes in MHC Class | antigens upon cisplatin treatment (dark gray indicates significant by limma test).
Cells were treated for 4h post acid stripping with the following treatments: vehicle (n=3), 50 uM
cisplatin (20h pre-treatment; n=4), and 500 uM cisplatin (20h pre-treatment; n=4). (H) Percent antigens
significantly increased or decreased by MLN7243 or carfilzomib treatment. Cells were treated with
MLN7243 (500 nM; 4h pretreatment), carfilzomib (1 uM; 1h pretreatment), or cycloheximide (25 ug/ml;
2h pretreatment) for 4h following acid stripping. Limma test was performed for significance, and
antigens not decreasing more than 1.5 fold in response to cycloheximide (n=2) in both replicates were
subsequently excluded. n=3 for vehicle, MLN7243, and carfilzomib treatments in each cell line. (1) Cells
were treated as described in Supplemental Figure 1H. Antigens significantly increased by MLN7243 or
carfilzomib treatment in at least 2 of 4 cells lines are listed. Yellow indicates the antigen was significantly
increased by MLN7243 and carfilzomib in at least 1 of 4 cell lines. (J) HCC1954BL cells were treated with
50 uM leupeptin for timepoints indicated, and lysates were immunoblotted for LC3B, p62, and loading
control B-actin. (K) HCC1954BL cells were treated with carfilzomib (1 uM; 1h pretreatment), leupeptin
(50 uM; 1h pretreatment), carfilzomib & leupeptin (1 uM & 50 uM, respectively; 1h pretreatment) and
cycloheximide (25 ug/ml; 2h pretreatment) for 4h following acid stripping. Limma test was performed
for significance (inhibitor versus vehicle), and antigens not decreasing more than 1.5 fold in response to
cycloheximide (n=2) in both replicates were subsequently excluded. n=3 for vehicle, carfilzomib, and
leupeptin treatments. Chart indicates percent of antigens significantly increased or decreased by each
treatment. (L) HCC1954BL cells were treated with 5, 10, and 25 uM ATG?7 inhibitor for timepoints
indicated, and lysates were immunoblotted for LC3B, p62, and loading control B-actin. (M) HCC1954BL
cells were treated with carfilzomib (1 uM; 1h pretreatment), ATG7 inhibitor (25 uM; 1h pretreatment),
carfilzomib & ATG7 inhibitor (1 uM & 25 uM, respectively; 1h pretreatment) and cycloheximide (25
pug/ml; 2h pretreatment) for 4h following acid stripping. Limma test was performed for significance
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(inhibitor versus vehicle), and antigens not decreasing more than 1.5 fold in response to cycloheximide
(n=2) in both replicates were subsequently excluded. n=3 for vehicle, carfilzomib, and ATG7 inhibitor
treatments. Chart indicates percent of antigens significantly increased or decreased by each treatment.
(N) Cells were treated as described in Supplemental Figure 2K. Scatterplots depict the log2 fold change
of antigens for the following comparisons. Left panel: carfilzomib versus vehicle (x-axis) and leupeptin
versus vehicle (y-axis), and carfilzomib versus vehicle (x-axis). Right panel: carfilzomib & leupeptin versus
vehicle (y-axis). Antigens significantly different between two treatments being compared are indicated
in black. Dashed line depicts perfect correlation. (O) Cells were treated as described in Supplemental
Figure 2M. Scatterplots depict the log2 fold change of antigens for the following comparisons. Left
panel: carfilzomib versus vehicle (x-axis) and ATG7 inhibitor versus vehicle (y-axis). Right panel:
carfilzomib versus vehicle (x-axis) and carfilzomib & ATG7 inhibitor versus vehicle (y-axis). Antigens
significantly different between two treatments being compared are indicated in black. (P) HCC38BL cells
were treated with carfilzomib (1 uM; 1h pretreatment), competition peptides known to bind HLA-
A*03:01 and HLA-B*35:03 (20ug/ml TIAPALVSK and YPTTTISYL, respectively; 1h pretreatment),
carfilzomib & competition peptides (1 uM & 20 ug/ml each, respectively; 1h pretreatment) or
cycloheximide (25 ug/ml; 2h pretreatment) for 4h following acid stripping. n=3 for vehicle, competition
peptides, and carfilzomib treatments. Limma test was performed for significance. Waterfall plots with
gray bars depict the average antigen intensity for antigens after vehicle + competition peptide
treatment, separated by predicted HLA allele binding. Waterfall plots with green bars depict only
antigens significantly increased by carfilzomib treatment, separated by predicted HLA allele binding; the
first plot depicts antigen intensity after vehicle + competition peptide treatment, and the second plot
depicts antigen intensity after carfilzomib + competition peptide treatment. Black bars depict the
intensity of competition peptides observed after these treatments. (Q) Cells were treated as described
in Supplemental Figure 2P. Antigen affinity for HLA-A*03:01 and HLA-B*35:03 was predicted using
NetMHCpan EL 4.1; the HLA allele with the highest predicted score was assigned to the antigen. The
following groups of antigens were assessed, separated by predicted HLA allele: all antigens, and antigens
significantly increased by carfilzomib treatment. The predicted affinity for the competition peptides
(TIAPALVSK for HLA-A*03:01; YPTTTISYL for HLA-B*35:03) was similarly determined; chart indicates the
percentile the predicted affinity of the competition peptide is in versus other peptides of the indicated
group. (R) Cells were treated as described in Supplemental Figure 2P. Limma test was performed for
significance (inhibitor versus vehicle), and antigens not decreasing more than 1.5 fold in response to
cycloheximide (n=2) in both replicates were subsequently excluded. n=3 for vehicle, carfilzomib, and
competition peptide treatments. Chart indicates percent of antigens significantly increased or decreased
by each treatment.
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Supplemental Figure 3, related to Figure 3. (A) HCC1143BL, HCC1954BL, HCC1395BL, and HCC38BL cells
were treated with MLN7243 (500 nM; 4h pretreatment), carfilzomib (1 uM; 1h pretreatment), or
cycloheximide (25 ug/ml; 2h pretreatment) for 4h following acid stripping. Limma test was performed
for significance, and antigens not decreasing more than 1.5 fold in response to cycloheximide (n=2) in
both replicates were subsequently excluded. n=3 for vehicle, MLN7243, and carfilzomib treatments.
Antigens significantly different between MLN7243 and carfilzomib treatment were assigned to
“quadrants”, as indicated in Figure 3A. Table displays percent of antigens in each quadrant by cell line.
(B) Cells were treated as in Supplemental Figure 3A. Scatterplot depicts the log2 fold change of antigens
for the following comparisons: MLN7243 versus vehicle (x-axis), and carfilzomib versus vehicle (y-axis).
Antigens significantly different between MLN7243 and carfilzomib treatment are indicated in darker
gray. (C) Number of proteins in Qlll and “UPS-dependent” (significantly reduced by MLN7243 and CFZ)
considered “intrinsically disordered” as classified by DisProt. A Cochran—Mantel-Haenszel test was used
to determine whether the fraction of antigens considered intrinsically disordered across cell lines
differed between the Qlll and UPS-dependent groups.
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Supplemental Figure 4, related to Figure 4. (A) HCC1954BL cells were treated with increasing doses of
neddylation inhibitor MLN4924 or COP9 signalosome inhibitor CSN5i-3 for 2h. Lysates were
immunoblotted for neddylated/deneddylated CUL1, with B-actin used as a loading control. (B)
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HCC1954BL cells were treated with MLN4924 (250 nM; 2h pretreatment), CSN5i-3 (1 uM; 2h
pretreatment), or cycloheximide (25 pg/ml; 2h pretreatment) for 4h following acid stripping. Limma test
was performed for significance, and antigens not decreasing more than 1.5 fold in response to
cycloheximide (n=2) in both replicates were subsequently excluded. n=3 for vehicle, MLN4924, and
CSN5i-3 treatments. Chart represents percent of antigens significantly increasing and decreasing by
MLN4924 and CSN5i-3 treatment. (C) Graphical representation of the significance of proteasome active
site usage on antigen generation. A typical 9mer antigen is depicted, with the C-terminal amino acid
assumed to be generated by proteasomal cleavage. Potential C-terminal amino acids generated by the 3
types of proteasome active sites (chymotrypsin-like, trypsin-like, and caspase-like) are indicated.
Carfilzomib preferentially inhibits the chymotrypsin-like site. (D) HCC1954BL cells were treated with
vehicle (n=3) or increasing doses of carfilzomib (n=3) for 1h. Activity of the chymotrypsin-like, trypsin-
like, and caspase-like sites of the proteasome was measured using fluorescent substrates (Suc-LLVY-
AMC, Boc-LRR-AMC, and Z-LLE-AMC, respectively) incubated with cell lysates for 1h at 37°C. Percent
inhibition was calculated relative to vehicle treated cells. Graph represents average + SEM. (E)
HCC1954BL cells were treated with vehicle or increasing doses of carfilzomib (1, 10, 100, & 1000 nM; 1h
pretreatment) for 4h following acid stripping (n=3/treatment). Graph represents average of summed
peptide intensity + SEM. (F) HCC1954BL cells were treated as in Supplemental Figure 4E. Limma test was
performed for significance. The percent of antigens that were significantly increased or decreased by
each treatment is listed. (G) HCC1954BL cells were treated with vehicle (n=3), carfilzomib (5 nM, n=3), or
immunoproteasome inhibitor ONX-0914 (25 nM, n=3) for 48h to inhibit the chymotrypsin-like site of the
proteasome. Activity of the chymotrypsin-like and trypsin-like sites of the proteasome was measured
using fluorescent substrates (Suc-LLVY-AMC and Boc-LRR-AMC, respectively) incubated with cell lysates
for 1h at 37°C. Percent inhibition was calculated relative to vehicle treated cells. Graph represents
average + SEM. (H) HCC1143BL, HCC1954BL, HCC1395BL, and HCC38BL cells were treated with vehicle
(n=3), carfilzomib (5 nM, n=4), or immunoproteasome inhibitor ONX-0914 (25 nM, n=4) for 48h. MHC
Class | antigens were purified, and limma test performed for significance (carfilzomib or ONX-0914
versus vehicle treatment). Graph depicts summed peptide intensity average + SEM (n=4 for all groups
except vehicle treatment, where n=3). Significance of carfilzomib or ONX-0914 versus vehicle at a < 0.01
by Dunnett’s test is indicated by asterisks. (I) Cells were treated as in Supplemental Figure 4H. Tables
contain percent of antigens significantly increased or decreased by carfilzomib or ONX-0914 treatment
across cell lines. (J) HCC1954BL cells were treated as in Supplemental Figure 4H. The number of antigens
considered “chymotrypsin-like (containing a C-terminal alanine, phenylalanine, isoleucine, leucine,
methionine, valine, tryptophan, or tyrosine), “trypsin-like” (containing a C-terminal lysine or arginine), or
“other” (all other C-terminal amino acids) was determined for antigens significantly increased and
decreased by carfilzomib or ONX-0914 treatment versus vehicle. (K) HCC1143BL, HCC1954BL,
HCC1395BL, and HCC38BL cells were treated as in Supplemental Figure 4H. The number of antigens
considered “trypsin-like” (containing a C-terminal lysine or arginine) was determined for antigens
significantly increased and decreased by ONX-0914 treatment versus vehicle. Significance was
determined by Fisher’s exact test. (L) HCC1143BL, HCC1954BL, HCC1395BL, and HCC38BL cells were
treated as described in Supplemental Figure 4H. Plots show antigens detected in both vehicle and
proteasome inhibitor treated cells (all replicates; top plot), and antigens detected only in proteasome
inhibitor treated cells (all replicates of carfilzomib and ONX-0914 treatment; bottom plot). “Trypsin-like”
antigens (containing a C-terminal lysine or arginine) are shown in orange; all other antigens are shown in
gray. A Cochran—Mantel-Haenszel test was used to determine whether antigens only detected in
proteasome inhibitor treated cells were more likely to be “trypsin-like”; this p-value is reported in the
figure legend. Numbers on bottom graph represent number of antigens. (M) HCC1954 and HCC1954BL
cells were treated with 500 nM Me4BodipyFL-Ahx3Leu3VS for 1h to label proteasome active sites. Cells
were lysed and equivalent protein amounts loaded onto Tricine SDS-PAGE gels to resolve constitutive
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proteasome (yellow) and immunoproteasome (blue) subunits. Purified constitutive proteasome (CP) and
immunoproteasome (IP) were analyzed in parallel as a control. (N) Quantification of trypsin-like
proteasome active site fluorescent gel band intensities as a measure of immunoproteasome to
constitutive proteasome ratios in HCC1954 cells. Intensities of B2 (constitutive proteasome trypsin-like
site) and B2i (immunoproteasome trypsin-like site) bands were calculated from the gel in Supplemental
Figure 4M using Image). Intensity ratios are depicted. (0) HCC1954 cells were treated with vehicle, 75
nM carfilzomib, 200 nM immunoproteasome inhibitor ONX-0914, or 250 nM constitutive proteasome
inhibitor PR-825 for 48h. Activity of the chymotrypsin-like site of the proteasome was measured using a
fluorescent substrate (Suc-LLVY-AMC) incubated with cell lysates for 1h at 37°C. Percent inhibition was
calculated relative to vehicle treated cells (n=3/group). Graph represents average + SE. (P) HCC1954
breast cancer cells were treated with vehicle, carfilzomib (75 nM), ONX-0914 (200 nM), or PR-825 (250
nM) for 48h. Limma test was used to calculate significance (inhibitor versus vehicle; n=4/treatment).
Graph depicts summed peptide intensity average + SEM. (Q) HCC1954 cells were treated as in
Supplemental Figure 4P. Percent antigens significantly increased or decreased by each treatment is
listed in chart.
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