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The Journal of Immunology

Presentation of Cryptic Peptides by MHC Class I Is Enhanced

by Inflammatory Stimuli

Sharanya Prasad, Shelley R. Starck, and Nilabh Shastri

Cytolytic T cells eliminate infected or cancer cells by recognizing peptides presented by MHC class I molecules on the cell surface.
The antigenic peptides are derived primarily from newly synthesized proteins including those produced by cryptic translation
mechanisms. Previous studies have shown that cryptic translation can be initiated by distinct mechanisms at non-AUG codons
in addition to conventional translation initiated at the canonical AUG start codon. In this study, we show that presentation of
endogenously translated cryptic peptides is enhanced by TLR signaling pathways involved in pathogen recognition as well as by
infection with different viruses. This enhancement of cryptic peptides was caused by proinflammatory cytokines, secreted in
response to microbial infection. Furthermore, blocking these cytokines abrogated the enhancement of cryptic peptide presentation
in response to infection. Thus, presentation of cryptic peptides is selectively enhanced during inflammation and infection, which
could allow the immune system to detect intracellular pathogens that might otherwise escape detection because of inhibition of
conventional host translation mechanisms. The Journal of Immunology, 2016, 197: 2981-2991.

n the cell surface, a diverse set of peptides is presented

by MHC class I (MHC 1) molecules (1-3). Cytotoxic

CD8* T cells of the immune system can bind these
peptide-MHC complexes and trigger an immune response by
recognizing non-self-antigenic peptides. Peptides that are pre-
sented on MHC I molecules to CD8* T cells are derived mostly
from endogenous sources—degradation of endogenously synthe-
sized proteins or newly synthesized proteins. Apart from some
viral proteins that are resistant to degradation, all endogenously
synthesized proteins contribute to the antigenic peptide repertoire
(3). This peptide repertoire is known to arise largely from newly
synthesized proteins, which allows early viral proteins to be de-
tected regardless of their stability (4). In addition, proteins un-
dergoing turnover would also contribute to the peptide display (5).
The newly synthesized polypeptides that are targeted for degra-
dation are known as defective ribosomal products or DRiPs, which
are known to couple protein synthesis to the MHC I presentation
pathway (6). Some of the endogenously generated peptides in the
MHC 1 pathway can also originate from sources other than
translation of the primary open reading frame. These sources are
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termed cryptic because their origin was unknown (7). The cryptic
antigenic peptides contribute to the diversity of the peptide
repertoire presented on the cell surface making the process of
immune surveillance more effective.

Cryptically translated antigenic peptides can arise from several
different sources. Some of these sources include alternative reading
frames (ARFs) of an mRNA transcript (3, 8), read-through of stop
codons into the 3’-untranslated region (9) and ribosomal frame-
shifting (10, 11). Yet another source from which cryptic peptides
arise is the use of a non-AUG initiation codon to initiate protein
translation (12, 13).

Cryptic translation of either viral or endogenous mRNAs can
give rise to cryptic peptide MHC (pMHC) (14). Cryptic peptides
arising from the ARFs of HIV and other retroviral ARFs and their
role in protective immunity have been well characterized (15, 16).
Some of these T cell responses to cryptic peptides arising from
HIV were shown to be necessary to control viral load in human
HIV-infected patients (17). Furthermore, cryptic peptides arising
from adenoviral vectors, used in a gene therapy trial, were also
shown to elicit abnormal T cell responses (18). In addition to
virally induced cryptic peptides, there are several examples of
cryptic peptides arising from endogenous sources. T cell responses
to cryptic epitopes arising from proteins AIM2 and NA17-A in
melanoma patients were shown to be used for immune monitoring
(19). Furthermore, cryptic CD8" T cell epitopes from the VEGF
gene were shown to arise through alternative initiation from a
CUG codon (20). Given that all cell types are capable of pre-
senting cryptic peptides (21) suggests that cryptic translation is a
widespread phenomenon.

Since its initial discovery, the mechanism of CUG-initiated
translation has been shown to be distinct from conventional
AUG-initiated translation. A subset of ribosomes scans specifically
for an alternate CUG initiation codon, which was unexpectedly
found to be decoded as leucine rather than the canonical methi-
onine residue (12, 13, 21). Furthermore, a novel initiator, transfer
RNA (tRNA), was found to be present at CUG initiation codons,
which decoded CUG as a leucine (22). Perhaps because of the
distinct mechanism, CUG-initiated translation was found to be
resistant to several compounds that inhibited initiation at canon-
ical AUG codons (23). This led to the question of, if other cellular
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stresses some of which inhibit conventional translation, could reg-
ulate presentation of cryptic peptides.

In this study, we used in vitro as well as ex vivo model systems to
study whether presentation of cryptic peptides was regulated by
physiological stimuli. We found that T cell responses to the cryptic
CUG-initiated peptide were enhanced during viral infections and
other inflammatory conditions. This enhancement in presentation
of cryptic peptides was mediated by inflammatory cytokines.

Materials and Methods

Mice, cell lines, and reagents

WI9.LYLS transgenic mice have been described elsewhere (21), C57BL/6J
and B10.D2 mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). All mouse work was done with the approval of the Animal
Care and Use Committee of the University of California (Berkeley, CA).
K® expressing L, Cos7, and BCZ103 cell lines have been described before
(24, 25), and 11p9Z (26), 30NXZ (27), NIH3T3, and BALB 3T3 cells were
obtained from American Tissue Culture Collection (Manassas, VA). C57BL/6]
immortalized-macrophages were a gift from the laboratory of Prof. G. Barton
(University of California, Berkeley, CA). M-CSF-producing cells (3T3-
MCSF) were a gift from the laboratory of Prof. R. Vance (University of
California, Berkeley, CA). TLR agonists were obtained from InvivoGen.

Generation of primary WI9.LYLS bone marrow macrophages

Legs were dissected from WI9.LYL8 mice, and the femur and tibia were
cleaned off from the surrounding muscle tissue and cleaned in 70% ethanol.
The bones were cut, and the marrows were flushed using a 24 1/2-gauge
needle into complete RPMI 1640 with 10% FBS. The suspended mar-
rows were then filtered through a 0.4-pm mesh filter. The bone marrow
cells were resuspended in 1 ml of RBC lysis buffer for 1 min and washed
with complete RPMI 1640 medium. Cells were then counted and plated
into sterile petri dishes at 5-6 million cells per dish in special medium with
20% FBS and 20% M-CSF.

mRNA transfection

mRNA was generated using the mMessage mMachine T7 Transcription kit
(Ambion). Plasmid DNA was linearized with Hpal and used as templates for
transcription by T7 RNA polymerase (mMessage mMachine T7; Ambion).
Transcription reactions contained m7GTP or ARCA m7GTP cap analog
(Ambion) to yield naturally capped mRNAs. The Poly(A) Tailing Kit
(Ambion) was used to add poly(A) tails onto mRNAs. Transcribed mRNAs
were purified using phenol:CHCIl; according to the manufacturer’s rec-
ommendation followed by purification using illustra MicroSpin G-25
columns (GE Healthcare Life Sciences). In vitro-transcribed mRNAs
were stored in water at —80°C. The TransMessenger Transfection Reagent
(Qiagen) was used for transfection of mRNA into cells. For each micro-
gram of mRNA, a mix of 16.5 ul of Enhancer and up to 100 ul of buffer
EC was made and incubated for 5 min at room temperature. Thirty-three
microliters of TransMessenger Reagent was added and incubated for
10 min at room temperature. A total of 900 wl of serum-free medium was
added to the mix and added on to the cells. After 4 h, medium on cells was
replaced with complete RPMI 1640 with or without various TLR agonists.

T cell hybridoma assays

T cell hybrids are LacZ inducible, and LacZ activity is measured in the
T cell hybridoma assays. After coculture of APCs and T cell hybridoma
cells for 18 hin a 96-well flat-bottom plate, 100 wl of chlorophenol red-f3-p-
galactopyranoside (CPRG; purchased from Roche Diagnostics) solution is
added to each well. Absorbance was measured at dual wavelengths 595
and 655 nm as reference.

HPLC fractionation assay

Cos7 cells (150,000-250,000 cells per well of 6-well plate) were trans-
fected with the different [ATG]-YL8 or [CTG]-YL8, TLR 2, and K®
constructs and thereafter stimulated with Pam;CSK,. Transfected cells
were resuspended in 10% acetic acid and boiled at 100°C for 10 min. The
boiled suspension of cells was then spun down at 10,000 rpm for 15 min.
The supernatant was transferred to a 10-kDa Millipore filter (Ambion)
and spun down at 13,000 rpm for 45 min. The flow-through was injected
into a C18 column and separated by reversed-phase HPLC. A program
with a ratio of 80% buffer A (0.1% trifluoro acetic acid in water) and 20%
buffer B (0.1% trifluoro acetic acid in acetonitrile) was used. Three-drop
fractions were collected in a flat-bottom 96-well plate. The plates were
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dried by spinning overnight in a vacuum-trap—based plate dryer. The
following day, 50,000 K®-L cells and 100,000 BCZ103 hybridoma were
added to each well of the 96-well plate. The antigenic peptide activity was
detected and quantified by the T cell activation assay described above.

Virus infection

Mouse CMV (MCMYV) (Smith strain) and influenza virus (strains WSN33
and PR8) were obtained from the laboratory of Prof. L. Coscoy (University
of California, Berkeley, CA). For both infections, 1 million bone marrow
macrophages were plated into each well of a 6-well plate. The next day, the
medium on the cells was removed and stored in a 50-ml tube as conditioned
medium. One milliliter of viral supernatant (at multiplicity of infection
[MOI] of 0.5-1.0) or complete RPMI medium was added to the cells for
2 h. This was then removed and replaced with 1 ml of fresh medium and
1 ml of the conditioned medium. After 6 h, the macrophages were harvested
with cold PBS with 1 mM EDTA and scraped off the plate using cell
lifters. Cells were resuspended in complete RPMI 1640 and a T cell assay
was set up.

Virus preparation

One million NIH3T3 cells were plated into a T75 flask on the previous night
in 10 ml of complete DMEM. Medium on the cells was replaced with DMEM
complete medium + MCMYV virus at an MOI of 0.1, in a total volume of 4 ml,
for 2 h. Six milliliters of complete DMEM was added thereafter, and the cells
were observed for 4 d. Once a beaded formation of cells began to form, the
supernatant from the cells was harvested the next day. To harvest the virus,
supernatant from the cells was spun down at 1200 rpm for 5 min. Supernatant
was then filtered through a 0.45-pm filter and stored at —80°C.

Plaque assay

A total of 150,000 BALB 3T3 cells were plated into each well of a 6-well
plate. Serial dilutions of virus were made in complete DMEM. Serial di-
lutions of 1:10, 1:100, 1:1,000, and 1:10,000 were made by adding 300 .1 of
virus into 2.7 ml of complete DMEM. One milliliter of the dilution was
added into each well and was incubated for 2 h. After 2 h, the supernatant
was aspirated, and a mixture of low-melting agarose, MEM + serum, an-
tibiotic, and 40% glucose was added to the cells. On the fifth day, plaques
were fixed by adding 10% formaldehyde and visualized by removing
agarose and adding crystal violet.

TNF intracellular staining assay

Brefeldin A (GolgiPlug) was added to the treatment condition after 2 h of
treatment initiation and left in solution for 4-6 h. Cells were then harvested
in FACS buffer and stained for surface MHC I expression. Primary mac-
rophages were treated with FcBlock at a 1:200 concentration in a final
volume of 50 wl for 30 min. Cells were then fixed and permeabilized using
CytoFix/CytoPerm solution (100 wl per well) for 20 min. Cells were then
washed with 1X perm/wash buffer and incubated with anti-TNF Ab (anti-
mouse TNF-a-PE, clone MP6-XT22; eBioscience) or an isotype control
Ab (Isotype-PE conjugated, rat IgGl1, clone eBRGI; eBioscience) at a
concentration of 1:100 in a final volume of 50 wl for 30 min—1 h. Cells
were then analyzed on the FC-500.

Coculture assays with B10.D2 cells

Primary macrophages were prepared from B10.D2 mice, which have the
MHC-H2P haplotype. B10.D2 macrophages were first infected with
MCMYV for 6 h. Cells were then harvested, washed, and titrated into a 96-
well plate or split into a 96-well plate. BOWT primary macrophages were
then added to these cells for 6 h. The supernatant was removed, 100,000
BCZ103 cells were added to the mixture of B10.D2 cells and BCZ103
cells, and a T cell assay was performed.

UV-inactivated virus

MCMV-GFP (obtained from the laboratory of Prof. L. Coscoy) was exposed
to UV light inside a sterile hood for 30 min. Cells were infected with this
supernatant, and GFP expression was then tested in these cells by flow
cytometry. Supernatant that was exposed to UV did not exhibit any GFP
expression in the cells, whereas wild-type MCMV-GFP exhibited GFP
production in the cells. Inactivation was also tested by a plaque assay. UV-
inactivated MCMYV did not produce any plaques in the diluted samples.

TNF and IFNAR-blocking experiments

Primary macrophages were infected with MCMV or left untreated and
treated with anti-TNF-a Ab (mouse TNF-a Ab, monoclonal rat IgGl,
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clone MP6-XT22; R&D Systems) or an isotype control Ab (Rat IgGl
isotype control, monoclonal rat IgG1, clone 43414; R&D Systems) for 6 h.
For IFNAR blocking, an anti-IFNAR-1 Ab (LEAF purified anti-mouse
IFNAR-1, clone MAR1-5A3; BioLegend) or Isotype control (LEAF pu-
rified mouse IgG1k isotype control, clone MG1-45; BioLegend) was used.
Cells were harvested and T cell assay was performed. The Abs (blocking
or isotype control) were included during the incubation with T cells.
During the incubation with T cells, anti-TNF-a or isotype Ab was
included.

Luciferase assays with L929-ISRE cells

Supernatant from uninfected and infected cells were added to L929-ISRE
cells (obtained from Dr. A. Winoto’s laboratory, University of California,
Berkeley, CA). These cells were then lysed using the reagents of the
Promega Luciferase assay. Luciferin reagent was then added to the lysed
cells, and the absorbance was measured.

Results
Model system to study cryptic translation of antigenic peptides

We examined the presentation of cryptic pMHC I using cDNA
constructs encoding either the LYL8 (LTFNYRNL) peptide or its
analog MYL8 (MTFNYRNL) as a model (Fig. 1, top panel). These
two constructs differ only in the first amino acid encoded by either
the CUG (cryptic) or AUG (conventional) initiation codon. Cells
transfected with these constructs decode their CUG or AUG ini-
tiation codons as Leu and Met, respectively, by either cryptic or
canonical translation (13). An important feature of these con-
structs is that a CUG start codon can be decoded into a Met amino
acid by wobble base pairing. Therefore, the construct starting with
a CUG gives rise to a combination of MYL8 and LYLS peptides
(13, 23). To obviate transcription and posttranscriptional regula-
tion, mRNA generated from these ¢cDNAs encoding LYLS or
MYLS8 were transfected into macrophages, followed by TLR ag-
onist stimulation. The presentation of translated peptides was
measured with the BCZ103 T cell hybridoma, which responds to
either the LYLS8 or the MYLS peptides bound to the K> MHC I
molecule (12). Upon activation, the BCZ103 hybridoma produces
the reporter lacZ that is measured by the conversion of the CPRG
substrate to a red product by its absorbance at 595 nm. Therefore,
Ag presentation and T cell activation is used as a read out for the
translation levels of these peptides in the cell.

In addition to this in vitro assay, we also used primary cells from
a transgenic mouse model, which expresses a bicistronic trans-
gene WI9.LYLS, were obtained (Fig. 1, bottom panel) (21). This
transgene enables identification of naturally processed peptides
that are generated in the conventional versus cryptic context. The
transgene encodes two peptides; the first one is a WI9 peptide
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derived from the Y-chromosome gene Uty, placed in a conven-
tional AUG initiated translational context. The second peptide,
LYLS, was placed in a cryptic translational context, downstream
of the stop codon with CUG as the initiation codon. In this model
system, however, the CUG start codon is decoded only as a leucine
and gives rise to the LYLS peptide exclusively (21). Therefore, this
transgenic model allows study of conventional and cryptic trans-
lation from the same gene. The WI9 peptide is presented on the D®
MHC I molecule and is detected by the lac Z—inducible, 11p9Z
T cell hybridoma, whereas the LYL8 peptide, as described above, is
presented on the K® MHC I molecule and detected by the BCZ103
T cell hybridoma.

TLR agonists enhance presentation of cryptic pMHC 1

When the mRNA generated from these constructs were transfected
into macrophages, followed by treatment with Pam;CSK, (a
bacterial lipoprotein) a TLR2 agonist, the T cell response to the
CUG-initiated peptide, LYLS8, was enhanced, compared with the
untreated sample (Fig. 2A). In contrast, the T cell response to cells
transfected with the AUG-initiated peptide MYLS8 was not altered
by the Pam3CSK treatment. Note that cells transfected with
mRNAs of the control construct [CCC]-YL8 did not yield de-
tectable pMHC 1 because [CCC] is not an effective initiation
codon. A similar enhancement in Ag presentation was observed
when transfected cells were treated with CpG (unmethylated CpG
nucleotides) a TLR9 agonist was used (Fig. 2B). To establish
statistical significance, T cell responses to the AUG-YL8 and
CUG-YLS peptide, upon Pam;CSK, and CpG stimulation, were
normalized to that of the untreated cells, averaged across three
distinct experiments and plotted as a line graph. The trend of each
line indicates the effect of the condition (Fig. 2C). T cell responses
to the cryptic peptide are significantly enhanced compared with
that of the conventional peptide, for which the T cell responses
tend to diminish upon TLR ligand stimulation.

In addition to using immortalized cell lines in the in vitro model
system, we used primary cells isolated from the WI9.LYL8
transgenic mice to extend these observations to normal cells. Bone
marrow—derived macrophages were generated from these trans-
genic mice, and the macrophages were stimulated with these
various agonists such as Pam3;CSKy, CpG, and LPS. Cells treated
with each agonist enhanced the cryptic peptide-specific T cell
response robustly, compared with the untreated cells. In con-
trast, the 11p9Z T cell response against the AUG-initiated WI9
peptide remained unchanged with or without agonist treatment
(Fig. 2D). To establish statistical significance, T cell responses to

A In-vitro model

M T FNYRNTL *

AUG[YL8] : 5’-UCGACC|AUG|ACCUUCAACUACCGGAAUCUCUAG. +eevvusssss3’

FIGURE 1. Model systems to study cryptic
translation. (A). mRNA sequences encoding the
MYLS8 or [AUG]-YL8 and the LYLS8 or [CUG]-
YLS8 peptides are shown. The sequences differ only
at a single nucleotide (A > C) within the boxed
initiation codon. (B) Bicistronic transgene encoding
the WI9 and LYL8 peptides. The conventional
[AUG] initiated WI9 is followed by a stop codon
and the cryptic [CUG] initiated LYL8 peptide.

r.% Conventional ORF

CUGIYL8I: 5 =1 veva(Cuefrurrrenrnrnenerercncrennsnsnsnsesesd

L T FNJYRNTIL *

B Ex-vivo model

("ﬂ Cryptic ORF

. « TAGATGTGGATGCATCATAATATGGATCTAATTTAGCTGACTTTCAACTATCGTAATCTCTAG ..
*M WMHHNMDTLTI®* LTV FNTYURNTIL *

\/

WI9.LYLS8
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FIGURE 2. TLR agonists enhance cryptic peptide presentation. (A) The mRNA encoding MYL8 ([AUG]-YLS8) and LYLS8 ([CUG]-YLS) peptides along
with the negative control ([CCC]-YLS8) were transfected into wild-type immortalized macrophages. After 3 h, half of the transfected samples were treated
with TLR2 agonist Pam3CSKy (1 wg/ml) for 4 h. The macrophages were then harvested and cultured with the lacZ-inducible, BCZ103 T cell hybridoma.
The response of BCZ103 T cells, shown on the y-axis, is a measure of the (3-galactosidase activity determined by the conversion of the CPRG substrate to a
colored product with an absorbance at 595 nm. The cell numbers in each well is indicated on the x-axis. Data are representative of 11 experiments. (B)
Identical experimental setup as in (A) except TLR9 agonist CpG was used as the agonist. Y-axis indicates the BCZ103 T cell response, and x-axis indicates
the cell number per well. Data are representative of eight experiments. (C) T cell responses to the AUG-YL8 and CUG-YLS peptides, upon Pam;CSK, (i)
stimulation or CpG stimulation (ii), were normalized to that of the untreated samples for three distinct experiments. An unpaired ¢ test (with Welch’s
correction) was performed, comparing the two variables: p < 0.05. (D) Primary macrophages were isolated from the WI9.LYLS transgenic mice and
stimulated with indicated TLR agonists (1 pg/ml) for 6 h and then cultured with either the T cell hybridoma 11p9Z-specific for the WI9 peptide or the
LYLS-specific BCZ103 hybridoma. Macrophages from wild-type mice were used as a negative control. Y-axis indicates the T cell response (11p9Z-specific
hybridoma response for conventional peptide and BCZ103 hybridoma response for the cryptic peptide), and the x-axis indicates the cell number per well.
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the WI9 and LYLS peptide, upon Pam;CSK,, CpG, and LPS
stimulation, were normalized to that of the untreated cells, aver-
aged across three distinct experiments and plotted as a line graph.
T cell responses to TLR-ligand stimulation were significantly
enhanced for the LYLS peptide. T cell responses to the WI9
peptide were not affected in a significant manner, upon TLR-
ligand stimulation (Supplemental Fig. 1A). Statistical signi-
ficance of the enhancement was calculated in a similar way as
described for Fig. 2C.

Furthermore, to ensure that this was a direct effect of the TLR
agonist stimulation and subsequent activation of signaling path-
ways in the macrophage, TNF-a production was measured by
intracellular cytokine staining and analysis by flow cytometry. All
of the TLR agonist stimulations, led to production in macro-
phages, showing that this was an effect of macrophage activation
(Supplemental Fig. 1B).

Therefore, in both the in vitro model system and the ex vivo
model systems, we found that different TLR agonists enhanced
cryptic peptide presentation substantially more than conventional
peptide presentation.

TLR agonist enhanced amounts of naturally processed cryptic
peptide

We analyzed the translated peptides directly by fractionating ly-
sates of transfected cells by reversed-phase HPLC. The cDNA
constructs transfected into COS 7 cells and antigenic peptides were
detected using K -expressing L fibroblasts (K89s) as APC and
activation of the BCZ103 hybridoma. The T cell response shown
on the y-axis to each fraction reflects the relative amount of
peptide in each fraction (Fig. 3). In addition, the elution profile of
the antigenic activity revealed the structural features of the peptide
as established by comparison with synthetic analogs. For both the
[AUG]-YLS and the [CUG]-YLS constructs, the antigenic activi-
ties were found in essentially the same fractions indicating that the
same peptides were generated from these constructs. Note that the
MYLS peptide elutes in fractions 25-28 and comparable amounts
were generated with or without Pam;CSK treatment of cells
transfected with the [AUG]-YLS8 construct (Fig. 3, left panel). In
contrast, cells transfected with the [CUG]-YLS8 construct produced
two distinct antigenic activities. The first peak in fractions 25-28
matches the MYLS8 peptide, produced by conventional translation,
and the second peak at fraction 34-36 corresponds to the LYL8
peptide that is produced by a cryptic translation mechanism
(Fig. 3, right panel). Notably, Pam;CSK treatment enhanced the
recovery of only the LYLS8 peptide but did not change the recovered
MYLS peptide. Thus, the observed increase of Ag presentation
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activity by TLR agonists can be attributed to an increase in cryptic
rather than conventional translation. Moreover, TLR agonist stim-
ulation does not modify the peptide in any manner and therefore as
evidenced by the peptides eluting at the same fraction with or
without TLR agonist treatment.

Pathogen infection enhances presentation of cryptic peptides

TLR agonists are merely simulators of pathogenic infection. To
obtain a more physiological assessment, we tested whether virus
infection would affect the presentation of cryptic peptides. First,
we used the Influenza virus because it is known to inhibit host
protein synthesis (28) The WI9.LYL8 macrophages were infected
with influenza (PRS8 strain) for a duration of 6 and 24 h. Conven-
tional peptide presentation was mildly enhanced at both of those
time points; however, cryptic peptide presentation was significantly
enhanced (Fig. 4A). Influenza infection of cells was confirmed
using an IFN-dependent luciferase reporter assay.

Next, we used the MCMYV, a member of the herpesvirus family.
Primary bone marrow—derived macrophages were generated from
the WI9.LYLS transgenic mice. These cells were then infected
with MCMYV at an MOI of 1.0 for a duration of 6 h. Cells were
then harvested, and a T cell assay was performed by culturing the
cells with either the BCZ103 or the 11p9Z hybridoma. In the
presence of the virus, cryptic peptide presentation was consider-
ably enhanced as indicated by the increased BCZ103 response of
the infected samples compared with the uninfected samples
(Fig. 4B). In addition, we established that T cell responses to
LYLS peptide were enhanced in a statistically significant manner,
in response to MCMV and Influenza infection, compared with the
T cell responses to the WI9 peptide (Fig. 4C).

To determine whether the enhanced presentation activity was
caused by the virus in particular or by a cell-signaling event,
mutant MCMV that were lacking multiple different open-reading
frames (obtained from the laboratory of Prof. L. Coscoy) were
used to infect the WI9.LYLS transgenic macrophages. All of the
mutants were shown to enhance cryptic peptide presentation and
the conventional peptide presentation remained unchanged. Only
the mutant that was lacking MHC I inhibitors showed increased
peptide presentation for both the conventional and cryptic pep-
tides (Supplemental Fig. 2A). This showed that no single viral
gene was responsible for this phenomenon in particular. In this
analysis, we also incorporated the T cell responses to an endoge-
nous peptide (Supplemental Fig. 2Aiii), outside of the transgene,
as a control, to show that the cryptic peptides are indeed differen-
tially enhanced compared with other conventional or endogenous
peptides.
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FIGURE 3. TLR agonist enhances amount of cryptic peptide. cDNA constructs encoding [ATG]-YL8 or [CTG]-YLS, along with the Kb MHC I molecule
and TLR2, were transfected into Cos7 cells. These cells were then treated with Pam;CSK,. Peptides were extracted by acid and fractionated by reversed-
phase HPLC. K89 APCs and BCZ103 hybridoma cells were added to the fractionated peptide samples to measure the amount of peptide through the T cell
assay. Y-axis indicates the BCZ103 T cell response, and the x-axis indicates the fraction numbers after running the samples through the reversed-phase
HPLC. Data are representative of three experiments.
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FIGURE 4. Cryptic peptide presentation is enhanced by virus infection. (A) Primary macrophages from the WI9.LYLS transgenic mice were infected
with influenza virus at an MOI of 1.0 for 6 h, after which the cells were harvested and assayed for Ag presentation activity using T cell hybridomas as
described in Fig. 2D. The y-axis indicates the T cell response (11p9Z hybridoma response for the conventional WI9 peptide and the BCZ103 hybridoma
response for the cryptic LYLS peptide), and x-axis shows the cell numbers per well. Data are representative of three experiments. (B) WI9.LYL8 primary
macrophages were infected with MCMYV at an MOI of 1.0 for 6 h. Cells were then harvested, and a T cell hybridoma assay was set up as described in
Fig. 2D. The y-axis indicates the T cell response (11p9Z-specific hybridoma response for the conventional peptide and the BCZ103-specific hybridoma
response for the cryptic peptide), and x-axis indicates the cell numbers per well. Data are representative of four experimental repeats. (C) T cell responses to
the WI9 and LYLS peptides, upon MCMYV infection (left panel) and influenza infection (right panel), were normalized to that of the uninfected samples for
three distinct experiments. An unpaired ¢ test (with Welch’s correction) was performed, comparing the conventional and cryptic peptide responses: p < 0.05
(D). WI9.LYLS8 macrophages were infected with wild-type MCMYV or UV-inactivated MCMYV for 6 h. Cells were then harvested (Figure legend continues)
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Next, we asked whether virus gene expression was required to
cause increase in presentation of cryptic peptides. We tested live
versus UV-inactivated MCMV-GFP (MCMYV that also had a GFP
coding sequence in its genome) for this experiment. The viral
supernatant was inactivated by exposure to UV light. The en-
hancement of cryptic peptide presentation, in this experiment, was
3000-fold in the presence of wild-type MCMYV, and there was no
enhancement of cryptic peptide presentation in the presence of
UV-inactivated MCMYV. For conventional peptide presentation,
there was only a 4-fold enhancement in the relative T cell response
in the presence of wild-type MCMYV, whereas relative T cell re-
sponse was decreased by 30% in the presence of UV-inactivated
MCMV (Fig. 4D). This enhancement was calculated by obtain-
ing the number of cells required to establish half-maximal T cell
response. This number of cells was then normalized to that of the
uninfected condition. This normalized number was compared
across wild-type MCMV—treated and UV-inactivated MCMV-
treated conditions. This suggested that the live virus was trigger-
ing a signaling activity that UV-inactivated virus could not.
Moreover, it was expected that UV-inactivated virus would behave
like a TLR agonist but that was not the case. The inactivation of
the virus was measured by flow cytometry by looking for GFP-
positive cells, which were completely absent when UV-inactivated
virus was used to infect cells. Furthermore, UV-inactivated virus
failed to induce any TNF-a production in an intracellular cyto-
kine—staining assay (Supplemental Fig. 2B). UV-inactivated
MCMYV has been shown to exhibit reduced inflammatory cyto-
kine production (29). Therefore, it is consistent that we observe
decreased TNF-a production when macrophages are infected with
UV-inactivated virus. Furthermore, T cell responses to the LYLS8
peptide, upon wild-type MCMYV virus infection, were enhanced in
a statistically significant manner in comparison with UV-inactivated
virus infection (Fig. 4E). T cell responses to the WI9 peptide are
unchanged upon wild-type MCMYV or UV-inactivated virus infec-
tion and display an overall decreasing trend.

From these results, we can infer that live pathogen infection
enhances presentation of cryptic peptides to T cells, substantially
more than presentation of conventional peptides. Moreover, this
effect is also greater than what was seen with TLR agonists.
Furthermore, UV-inactivated virus was unable to cause the en-
hancement of cryptic peptides because of the inability of stimu-
lating cytokine production in macrophages.

Enhancement of cryptic peptide presentation does not require
direct virus infection

To determine whether the enhanced cryptic peptide presentation
was caused directly by live virus infection, a coculture assay was
performed. The WI9.LYL8 macrophages are derived from the
C57BL/6 strain, which expresses the H-2° haplotype and the K®
and D® MHC I molecules. In this experiment, we used primary
macrophages of a different haplotype—H-2"—which express
distinct MHC I molecules, Kd, Dd, and Ld, which do not present
the WI9 or the LYLS peptides. We infected the H-2¢ macrophages
with either wild-type MCMYV or UV-inactivated MCMV for 6 h.
These H-2® macrophages were then cocultured with WI9.LYLS
macrophages for a period of 3—-6 h. Next, the supernatant from the
H-2¢ macrophages was filtered through a 0.2-pM filter to remove
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any cells and added to the WI9.LYL8 macrophages. After a du-
ration of 3—6 h, T cell hybridomas were added to the cocultured
cells (Fig. 5A). The WI9.LYL8 macrophages that were cocultured
with the wild-type MCMV—infected H-2¢ macrophages showed
enhanced cryptic peptide presentation, whereas those cocultured
with the UV-MCM V—infected H-2¢ macrophages showed reduced
increase in cryptic peptide presentation. Interestingly, when the
supernatants were added to the WI9.LYL8 macrophages, the un-
infected and uv-inactivated supernatant did not induce measurable
enhancement in cryptic peptide presentation, but the wild-type
MCMV supernatant showed enhanced cryptic peptide presenta-
tion. These results suggest that the APCs do not have to be in-
fected with the virus to show enhanced peptide presentation.
Moreover, T cell responses to the LYLS peptide were significantly
enhanced upon wild-type MCMV supernatant stimulation com-
pared with the WI9 peptide (Fig. 5B), which did not show any
signs of enhancement. These results suggest that coculture with
infected cells was sufficient to induce enhanced cryptic peptide
presentation. Moreover, coculture with just the supernatant from
infected cells was also sufficient to induce enhanced cryptic
peptide presentation. This result implicates soluble factors se-
creted from infected cells as potential mediators of enhanced Ag
presentation activity. This also suggests that the UV-inactivated
supernatant might induce very little soluble factors to be secreted
into the supernatant, which is why it was unable to induce en-
hanced cryptic peptide presentation.

To determine whether there was any reinfection of the WIO9.
LYL8 macrophages, the macrophages were stained with MHC I
surface Abs. The H2-D macrophages stained positively for both
D Ab and MCMV-GFP (Supplemental Fig. 3A). However, the
WI9.LYLS macrophages stained positively only for the D° Ab
and not for MCMV-GFP at all (Supplemental Fig. 3B) ruling out
the possibility that the WI9.LYL8 macrophages were infected
with residual virus.

To test whether soluble factors, secreted upon viral infection,
were responsible for the enhancement of cryptic peptide presen-
tation, we decided to test whether cytokines were able to direct
regulate cryptic peptide presentation. We added TNF-a to WIO.
LYLS primary macrophages for 6 h. Cells were then harvested,
and a T cell assay was performed. The cells were also treated with
the noninflammatory cytokine IL-10. Notably, TNF-a enhanced
cryptic peptide presentation by 3-fold, whereas IL-10 did not
cause any measurable change in cryptic peptide presentation
compared with untreated cells (Fig. 5C). Moreover, conventional
peptide presentation was actually decreased by 20% in the pres-
ence of these two cytokines, as measured by the relative T cell
response. Furthermore, T cell responses to LYL8 peptide were
enhanced in a statistically significant manner upon TNF-o stim-
ulation, compared with the IL-10 stimulation, whereas the T cell
responses to the WI9 peptide were not significantly affected by
either cytokine (Supplemental Fig. 4A, 4B). T cell responses to
the LYLS8 peptide were also significantly enhanced upon TNF-a
stimulation compared with the T cell responses to the WI9 peptide
(Supplemental Fig. 4C). Activated macrophages are also known to
secrete IFNs upon TLR stimulation. So, we treated primary WIO.
LYLS macrophages with type I and type II IFN. Cryptic, but not
conventional peptide presentation was enhanced in the presence of

and a T cell hybridoma assay was set up as described in Fig. 2. The y-axis indicates the T cell response (11p9Z-specific hybridoma response for the
conventional peptide and the BCZ103-specific hybridoma response for the cryptic peptide), and x-axis indicates the cell numbers plated. Data are rep-
resentative of three experiments. (E) T cell responses to the WI9 (left panel) and LYLS (right panel) peptides upon wild-type and UV-inactivated MCMV
infection were normalized to that of the uninfected samples for three distinct experiments. An unpaired ¢ test (with Welch’s correction) was performed,

comparing the wild-type and UV-inactivated T cell responses.
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FIGURE 5. Enhancement of cryptic peptide presentation does not require direct virus infection. (A) Primary macrophages of the H-2% haplotype were
infected with wild-type MCMV-GFP or UV-inactivated MCMV-GFP for 6 h. Supernatant from the infected H-2¢ macrophages were filtered with a 0.2-uM
filter and added to the WI19.LYL8 macrophages (H-2° haplotype). The WI9.LYL8 macrophages were then harvested, and a T cell hybridoma assay was set
up as described in Fig. 2. The y-axis indicates the T cell response (11p9Z-specific hybridoma response for the conventional peptide and the BCZ103-
specific hybridoma response for the cryptic peptide), and x-axis indicates the cell numbers plated. Data are representative of three experiments. (B) T cell
responses to the WI9 and LYLS peptides were normalized to that of the uninfected samples for three distinct experiments. An unpaired # test (with Welch’s
correction) was performed, comparing the conventional and cryptic peptide responses: p < 0.05 (C) WI9.LYLS primary macrophages were stimulated with
TNF-a (0.1 pg/ml) and IL-10 (0.1 pg/ml). Cells were then harvested and a T cell hybridoma assay was set up as described in Fig. 2. The y-axis indicates
the T cell response (11p9Z specific hybridoma response for the conventional peptide and the BCZ103-specific hybridoma response for the cryptic peptide),
and x-axis indicates the cell numbers plated. Data are representative of two experiments. (D) WI9.LYL8 macrophages were (Figure legend continues)
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FIGURE 6. Blocking TNF and type I IFN signaling further inhibits the enhancement of cryptic peptide presentation upon MCMYV infection. (A) WI9.
LYLS primary macrophages were infected with MCMYV and then cultured with either TNF blocking Ab (MP6XT22), IFNAR 1 blocking Ab along with the
respective isotype control Abs. Data are representative of two independent experiments with each experiment having a triplicate of samples for each
condition. Cells were then harvested, and a T cell hybridoma assay was set up as described in Fig. 2. The y-axis indicates the T cell response (11p9Z-
specific hybridoma response for the conventional peptide and the BCZ103-specific hybridoma response for the cryptic peptide), and x-axis indicates the cell
numbers plated. (B) T cell response to infection and blocking Ab, from different experiments, were normalized to that of uninfected samples. The reciprocal
of this value was taken and plotted as a percentage of the uninfected. Mann—Whitney U test showed a statistically significant effect of TNF blocking Ab on

cryptic peptide presentation.

both the type I IFN-3) and type II IFN (IFN-v) by 8- and 5-fold,
respectively, whereas conventional peptide presentation was in-
creased only by 2-fold (Fig. 5D). Furthermore, T cell responses
to the LYL8 peptide were significantly enhanced upon type I
and type II IFN stimulation compared with the WI9 peptide
(Supplemental Fig. 4D, 4E). Therefore, we have further shown
that enhancement of cryptic peptide presentation does not require
direct infection with virus; the enhancement can be caused by
inflammatory cytokines.

To determine whether similar cytokines enhanced cryptic pep-
tide presentation during MCMYV infection, we used anti-TNF and
anti-IFN receptor (IFNAR) to block the effect of these cytokines. A
variety of different concentrations of this blocking Ab were tested.
Primary WI9.LYLS8 macrophages were infected with MCMYV virus
and cultured with TNF-a blocking Ab or IgG Isotype control Ab.
When the TNF-a blocking Abs were used, enhancement of cryptic
peptide presentation was inhibited. As measured by the relative
T cell response, the enhancement with the TNF isotype Ab was
3-fold, whereas the enhancement with the TNF blocking Ab was
just 2-fold. This suggested that there might be other inflamma-
tory cytokines that could be acting to enhance cryptic peptide

presentation. To determine whether removal of IFN can diminish
the enhanced cryptic peptide presentation phenomenon, IFNAR 1
blocking Abs were used at a concentration of 1.0 pg/ml. WI9.
LYLS8 macrophages were infected with MCMYV and cultured with
isotype control (IgG) Abs or IFNAR I blocking Abs. As an ad-
ditional control, infected cells were cultured with both TNF-a and
IFNAR I blocking Abs (Fig. 6A). In the presence of IFNAR I
blocking Abs, enhancement of cryptic peptide presentation was
comparable to that with the isotype control Abs. Furthermore, in
the presence of both TNF-a and IFNAR I blocking Abs, both
cryptic and conventional peptide presentation were significantly
diminished. This showed that both inflammatory cytokines play a
role in causing enhanced cryptic peptide presentation. However,
when the effect of TNF-a alone was examined, we found that
TNF-a affected cryptic peptide presentation more than conven-
tional peptide presentation. This was shown by quantifying the
effect of the TNF-a blocking Abs. To quantify and combine dif-
ferent experiments, all the points on each curve, for the infected
conditions, were normalized to its corresponding point on the
uninfected curve. These values were then averaged across all
the different experiments and plotted as a line graph (Fig. 6B). The

stimulated with type I or type IT IFN. Cells were then harvested and a T cell hybridoma assay was set up as described in Fig. 2. The y-axis indicates the T cell
response (11p9Z-specific hybridoma response for the conventional peptide and the BCZ103-specific hybridoma response for the cryptic peptide), and x-axis
indicates the cell numbers plated. Data are representative of two experiments.
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trend of each line indicates the effect of the condition. MCMV
infection clearly enhances cryptic peptide presentation compared
with uninfected cells, but conventional peptide presentation is
diminished in comparison with uninfected cells. With the TNF-a
blocking Ab treatment, there is a more significant inhibition of
cryptic peptide presentation, compared with conventional peptide
presentation.

Therefore, we have further shown that enhancement of cryptic
peptide presentation does not require direct infection with virus;
the enhancement can be caused by inflammatory cytokines. Using
blocking Abs against inflammatory cytokines such as Type I IFN
and TNF-a can diminish the enhancement of cryptic peptide
presentation. However, TNF-a has a more significant effect on
cryptic peptide presentation than the conventional peptide.

Discussion

Presentation of peptides generated by cryptic translation has
emerged as an important source of antigenic precursors. In this
study, we show that cryptic peptide presentation can be enhanced
by physiological stimuli typically found in inflammatory milieu.
Presentation of cryptic peptide was selectively enhanced when cells
were stimulated with various TLR agonists or cells were infected
with viruses such as MCMV or influenza. Remarkably, the en-
hanced cryptic peptide presentation could also be accomplished
without direct virus infection by treating the cells with the in-
flammatory cytokines TNF or type I IFN. These findings clearly
show that presentation of cryptic peptides is not simply a consti-
tutive process but can also be regulated.

TLR stimulation induces a wide variety of transcriptional re-
sponses, relating to innate immunity, within the cell (30). Therefore,
it is expected that TLRs would enhance global protein translation to
induce immune response (31). This is indeed corroborated by our
results with respect to TLR stimulation enhancing cryptic and
conventional peptide presentation. Viral infection and cytokine
treatments also enhanced presentation of cryptic peptides substan-
tially more than conventionally translated peptides in APCs. This
selective effect on cryptic versus conventional peptides is consis-
tent with the distinct translational mechanisms that produce their
antigenic precursors. Previous studies showed that initiation at the
cryptic CUG codon was decoded as a leucine rather than the ca-
nonical methionine residue (12). Furthermore, the translational start
at the CUG versus the canonical AUG codons was shown to be
resistant to inhibitors of conventional translation (13, 21). Finally, a
novel initiator tRNA was found that allowed translation initiation at
CUG start codons (22). Because later stages of the Ag presentation
pathway such as cytoplasmic proteolysis and TAP transport are
unlikely to distinguish peptides arising from cryptic versus con-
ventional translation, it is likely that selective regulation of cryptic
peptide presentation occurs at an early stage, perhaps during
polypeptide synthesis itself. This would suggest that a distinct
factor(s) regulates the translation of peptides from CUG versus
AUG start codons.

One possibility is a factor that is involved in cellular stress
responses. TLRs have been implicated in regulating different
cellular stress responses relating to endoplasmic reticulum stress
and the unfolded protein response (UPR) (31). Furthermore,
MCMV has also been shown to prevent the inhibition of global
protein translation by regulating the UPR (32). Studying factors
involved in the UPR and identifying whether they are linked to the
differential CUG-initiated translation mechanism would help es-
tablish a mechanism for TLRs and MCMYV enhancing cryptic
peptide presentation.

Another possibility is to identify factors that are downstream of
the TNF and IFN signaling pathways. One such factor is the p38

REGULATION OF CRYPTIC pMHC PRESENTATION

MAPK pathway, which can also be induced by different kinds of
cellular stresses, osmotic shock, heat, and proinflammatory cyto-
kines (33). Moreover, p38 MAPK is an important downstream
effector of all TLR signaling pathways (34, 35), and inhibition of
p38 MAPK signaling has been shown to cause distinct inflam-
matory responses (36, 37). Therefore, studying the p38 MAPK
pathway and its downstream effectors could help identify a po-
tential mechanism for regulation of cryptic peptide presentation.

One possible downstream effector could be one that is involved
with the translation initiation pathway. For example, previous
studies on the regulation of Met-initiator tRNA (Met-tRNA;M*Y)
binding to the elF2 complex have shown that this binding deter-
mines the efficiency of translation initiation (38). The AIMP3/p18
protein is anchored to the methionyl tRNA synthetase complex.
AIMP3 knockdown resulted in reduced delivery of Met-initiator
tRNA to elF2 and inhibition of protein synthesis. The AIMP3 is
found in a complex with AIMP1 and AIMP2 proteins and is known
to mediate TNF signaling and activate macrophages through the
p38 MAPK pathway (39). The AIMP2/p38 complex is also im-
portant for the assembly of the tRNA synthetase complex and has
been shown to be an important regulator in response to genotoxic
stresses (40). Given the localization of these AIMP proteins within
the tRNA synthetase complex and their diverse functionality, it
would be of interest to test the expression of these AIMP proteins in
the context of MCMYV infection and treatment with inflammatory
cytokines to determine whether they can also regulate cryptic
translation of antigenic precursors.

Regardless of the underlying mechanism, our findings imply that
it may be possible to exploit enhanced cryptic peptide presentation
for vaccines against viruses and even cancer cells. Viruses have been
known to inhibit conventional Ag presentation and therefore it would
be interesting to determine whether cryptic peptides, which are
clearly enhanced upon viral infection, could be used to develop more
effective vaccines. Likewise, enhanced cryptic peptide presentation
could also be applicable to the cancer microenvironment that is rife
with inflammatory cytokines like TNF and IFNs. If cryptic peptides
are also enhanced in tumor cells, they could be used to develop
effective peptide-based vaccines against cancer cells as well.
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