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Abstract

We have previously shown that an 18 amino acid long peptide, named Hp91, whose sequence
corresponds to a region within the endogenous protein HMGBL, activates dendritic cells (DCs)
and acts as adjuvant in vivo by potentiating Th1-type antigen-specific immune responses. We
analyzed the structure-function relationship of the Hp91 peptide to investigate the amino acids and
structure responsible for immune responses. We found that the cysteine at position 16 of Hp91
enabled formation of reversible peptide dimmers, monomer and dimmer were compared for DC
binding and activation. Stable monomers and dimers were generated using a maleimide
conjugation reaction. The dimer showed enhanced ability to bind to and activate DCs.
Furthermore, the C-terminal 9 amino acids of Hp91, named UC1018 were sufficient for DC
binding and Circular dichroism showed that UC1018 assumes an alpha-helical structure. The
ninemer peptide UC1018 induced more potent antigen-specific CTL responses in vivo as
compared to Hp91 and it protected mice from tumor development when used in a prophylactic
vaccine setting. We have identified a short alpha helical peptide that acts as potent adjuvant
inducing protective immune responses in vivo.

Introduction

Immune adjuvants that enhance the quality and longevity of an immune response are
important components of subunit vaccines. Aluminum salts (alum) have been used as
vaccine adjuvants for over a century. However, alum induces primarily humoral, Th2-type
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immune responses, which are undesirable for vaccination against certain viruses,
intracellular pathogens, and cancer (1). Development of new, safe adjuvants that stimulate a
cellular, Th1-type immune response could expand vaccine development to permit protection
and recovery from these pathogens and cancers.

Rapid advances in vaccine development have recently led to an expanding number of
vaccines containing adjuvants other than aluminum salts (alum): 1) the FDA-approved HPV
vaccine, Cervarix®, and the European Medicines Agency-approved HBV and seasonal
allergy vaccines, Fendrix® and Pollinex Quattro® respectively, are formulated with the
bacterial lipoprotein MPL as adjuvant, and 2) several influenza vaccines in Europe are
formulated with squalene (e.g. MF59) as adjuvant (2). With the success of these newly
approved vaccines comes an intensified search for additional immune adjuvants. We have
previously shown that an 18 amino acid (aa) long peptide named Hp91, whose sequence
corresponds to a portion of the HMGBL protein, acts as a potent Thl-stimulating adjuvant in
vivo (3). By understanding the structure-function relationship of peptide adjuvants one may
gain the ability to engineer more potent versions based on active regions or important
structural elements. Here, we performed structure-function relationship studies to help us
understand and enhance the adjuvant activity of Hp91.

HMGB1, originally described as a nuclear binding protein that facilitates DNA bending and
nucleosome formation (4), was previously shown to act as an endogenous adjuvant (5).
HMGBL1 is highly conserved and besides its nuclear functions, it is actively released by
monocytes and macrophages following exposure to LPS, TNFa, and IL-1f and passively
released during cell injury and necrosis (6, 7). When released from a cell, HMGB1 acts as an
endogenous danger signal, stimulating cytokine release from monocytes, macrophages, and
dendritic cells (DCs) (6, 8). HMGB1 was shown to act as adjuvant to delay tumor growth
and increase tumor-free survival in mice (5). The proinflammatory region of HMGBL1 has
been mapped to its B box domain, and this region is sufficient to cause DC maturation and
Th1 polarization (9).

Hp91, a short peptide located within the B box domain of HMGB1, induces DC maturation
and stimulates secretion of several pro-inflammatory cytokines, including the Th1l driving
cytokine IL-12 (10). We recently demonstrated that Hp91 acts as adjuvant, potentiating
cellular and humoral immune responses in vivo (3). Specifically, Hp91 promotes the in vivo
production of immunomodulatory cytokines and activation of antigen-specific CD8+ T cells

3).

Hp91 contains a cysteine residue at amino acid position 16 that corresponds to Cys106 in the
HMGB1 protein. This Cys106 has been shown to be critical for HMGB. binding to TLR4
as well as inducing TNF secretion by macrophages (11). Other studies have shown that this
cysteine is retained in a reduced form in vivo and may be responsible for nucleocytoplasmic
shuttling of HMGB1 (12), and perhaps that the predominant form of serum HMGB1 can
switch redox states between a reduced form during inflammation to an oxidized form during
resolution of the inflammatory state (13).
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Previous work investigating the structure of the HMG-box family of proteins, of which
HMGBL1 is a member, suggests there may be an alpha helix in the region of HMGB1 that
corresponds to the C-terminal portion of Hp91 (14). In addition, the N-terminal half of the
Hp91 peptide contains two PXXP motifs (Hp91 sequence: DPNAPKRPPSAFFLFCSE) that
could break a traditional alpha helix and contribute to a left-handed polyproline Il type helix
(15-17). The significance of these N-terminal and C-terminal domains had not previously
been considered, and their predicted secondary structures or signaling potential could
contribute to the immune activity of Hp91. We show that investigating the structure-function
relationships of Hp91 may allow engineering and development of potent new
immunomodulatory, Thl-type adjuvant peptides.

Materials and Methods

Animals

Reagents

HPLC

Female C57BL/6 mice 8-12 weeks of age were used for experiments. C57BL/6 mice were
purchased from Charles River Laboratories (Boston, MA). Mice were bred and maintained
at the Moores UCSD Cancer Center animal facility and all animal studies were approved by
the Institutional Animal Care and Use Committee of UCSD and were performed in
accordance with the institutional guidelines.

The peptides, including Hp91 (DPNAPKRPPSAFFLFCSE), UC18 (DPNAPKRP), UC411
(APKRPPSA), UC714 (RPPSAFFL), UC1018 (SAFFLFCSE), and the MHC-Class |
(H-2KP)-restricted peptide epitope of ovalbumin “OVA-1” (SIINFEKL) were synthesized by
GenScript Corp (Piscataway, NJ) and CPC Scientific (San Jose, CA). Peptides were
routinely synthesized with greater than 95% purity. HMGB1-derived peptides were
synthesized with N-terminal modifications: N-terminally biotinylated peptides were used for
most experiments as previously discussed (10), except in maleimide experiments were biotin
would interfere with chemical reactions and an N-terminal acetyl protecting group or
fluorescent dye (CP488; CPC Scientific) was used in place of the biotin. Peptides were
dissolved in RPMI for most in vitro experiments, and PBS for in vivo and HPLC
experiments.

Peptides were evaluated by HPLC (Agilent 1100 Series, Software: ChemStation, Agilent,
Santa Clara, CA) at 211nm on a ZORBAX RP C18 column (Agilent). Percent dimer was
calculated as the area under the curve (AUC) of dimer/(AUC of monomer + AUC of dimer)
using ChemStation software (Agilent).

Maleimide conjugation reactions

Hp91 peptide monomers, capped at the thiol group of the cysteine, were generated using an
N-Ethylmaleimide (NEM) (Thermo Scientific, Pittsburgh, PA) conjugation reaction. Briefly,
Hp91 was dissolved in PBS and reacted for 2 h at RT in the presence of NEM. Hp91 peptide
maleimide dimers, cross-linked at the thiol group of the cysteine, were generated using a
Bis-maleimidoethyleneglycol (BM(PEG),) (Thermo Scientific) conjugation reaction.
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Briefly, Hp91 was dissolved in PBS/EDTA and reacted for 1 h at RT in the presence of
BM(PEG),. Excess NEM or BM(PEG)5, respectively, was removed by dialysis (2K MWCO
cassette, Thermo Scientific). Un-reacted, mock peptide controls were generated under
identical reaction and dialysis conditions, while excluding the NEM or BM(PEG), reagent.
Reagents, glassware, and reaction products were endotoxin-free as determined by the
manufacturer or a limulus amoebocyte assay (LAL) (Cambrex Corporation, East Rutherford,
NJ) tested according to manufacturer’s instructions. As the N-terminal biotin would interfere
with the maleimide reactions, peptides with a Cp488 fluorescent dye at the N-terminal group
were used for binding/uptake experiments. Peptides with an acetyl at the N-terminal group
were used for DC stimulation experiments. For some experiments, the peptides were
incubated for 30 minutes +/— 10 mM dithiothreitol (DTT) (Thermo Fischer Scientific,
Pittsburgh, PA).

Generation of human immature monocyte-derived DCs (iDCs)

Peripheral blood mononuclear cells were isolated from the blood of normal volunteers over
a Ficoll-Hypaque (Amersham Biosciences, Uppsala, Sweden) density gradient. Anonymous
blood was purchased from the San Diego Blood Bank; therefore, no institutional review
board approvals were necessary. To generate DCs, CD14+ progenitor cells were isolated
from peripheral blood mononuclear cells using CD14 magnetic microbeads (Miltenyi
Biotec, Auburn, CA) over a MACS LS column (Miltenyi Biotec), following the
manufacturer’s protocol. The purified CD14+ cells were cultured in RPMI 1640 medium
(Invitrogen, Carlsbad, California) supplemented with 50mM 2-mercaptoethanol (Sigma-
Aldrich, St. Louis, Missouri), 10mM HEPES (Invitrogen), penicillin (100U/ml) -
streptomycin (100pg/ml) - L-glutamine (2mM) (PSG; Invitrogen), and 5% (vol/vol) human
AB serum (Gemini Bio Products, West Sacramento, CA), supplemented with 1000 U/ml
GM-CSF (Bayer HealthCare Pharmaceuticals, Wayne, NJ), and 200 U/ml interleukin-4
(IL-4; R and D Systems, Minneapolis, MN) at days 0, 2, and 4. Immature DCs were
harvested on days 5-7.

Stimulation of iDCs

On days 5-7 of culture, iDCs were either left untreated or were stimulated with 90 uM of
Hp91 or the truncated Hp91 peptides. LPS (E. coli serotype 026:B6, Sigma-Aldrich) was
used as a positive control in all experiments. Supernatants were collected 48 h after
stimulation and analyzed for IL-6 by ELISA (eBioscience, Inc. San Diego, CA) according to
the manufacturer’s instructions.

Cellular uptake studies

iDCs were pre-cooled on ice for 30 minutes. Cells were subsequently incubated with the
indicated biotinylated peptides at 90uM for 30 minutes at 37°C in culture medium. Cells
were washed, permeabilized with Cytofix/Cytoperm (BD Biosciences, Franklin Lakes, NJ)
stained with streptavidin-Alexa 488 (Invitrogen), and analyzed by flow cytometry. Cells
were immediately analyzed by flow cytometry using the FACSCalibur (Beckon Dickinson,
Franklin Lakes, NJ). Data were analyzed using the FlowJo software (Tree Star, Inc.,
Ashland, OR).
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Circular dichroism

To perform the CD experiment, we dissolved peptides in a trifluoroethanol (TFE) buffer
(75%/25% TFE/H,0 by volume) (Sigma-Aldrich), which enhances polypeptide folding (18).
CD spectra of peptides were collected on an AVIV model 202 Circular Dichroism
Spectrometer (AVIV Biomedical, Inc., Lakewood, NJ), under nitrogen, using a 1mm
pathlength quartz cuvette. These spectra were corrected by subtraction of a “solvent-only”
spectrum and smoothed with GraphPad software version 5.01 for Windows (GraphPad
Software, San Diego, CA). The spectra are shown in mean residue ellipticity (Omm)-
Peptides were analyzed at 200ug/ml.

OVA Immunization

Mice were immunized s.c. with 50ug of OVA-I (SIINFEKL) peptide co-administered with
PBS, or equimolar doses of Hp91 (250ug), UC714 (129ug), or UC1018 (142ug). Peptides
were resuspended in PBS for all immunizations. Mice were boosted two weeks later and
spleens and blood were collected one week after the final immunization. Single cell
suspensions of splenocytes were prepared by mechanical disruption and separation through a
70 mm nylon cell strainer (BD Biosciences). Red blood cells were lysed using ammonium
chloride buffer (Roche Diagnostics, Indianapolis, IN) and the splenocytes were subsequently
resuspended in RPMI 1640 medium (Invitrogen) supplemented with 10mM HEPES
(Invitrogen), penicillin (100U/ml), streptomycin (100ug/ml), L-glutamine (2mM)
(Invitrogen), and 5% (vol/vol) fetal calf serum (Omega).

Enzyme-linked immunospot assay

Freshly isolated splenocytes were plated in duplicate to wells of an Immobilon-P (PVDF)
bottom enzyme-linked immunospot (ELISpot) plate (Millipore, Millerica, MA, USA) that
had been previously coated overnight with 5ug/ml monoclonal anti-mouse IFN-y antibody
(Mabtech, Stockholm, Sweden). Splenocytes were cultured overnight at 37°C with 2.5
ug/ml OVA-I (SIINFEKL) peptide, 5 ug/ml concanavalin A positive control (Sigma-
Aldrich), or left unstimulated (medium only). After 18 hours, ELISpot plates were
developed using 1 ug/ml biotinylated anti-mouse IFN-y antibody (Mabtech), Streptavidin-
HRP (Mabtech), and TMB Substrate (Mabtech). The plate was scanned and the spots were
counted using an automated EL1Spot Reader System (CTL ImmunoSpot, Shaker Heights,
OH, USA).

Cytokine Release Assay

Splenocytes were cultured overnight with 2.5ug/ml OVA-I (SIINFEKL) peptide, 5ug/mi
concanavalin A positive control (Sigma-Aldrich), or left unstimulated (media only). After 18
h, cell culture supernatants were collected and analyzed for the presence of IL-2 by ELISA
(eBioscience) according to manufacturer’s recommendations.

Tumor Challenge

The murine melanoma B16.F1 cell line, a gift from Richard Vile (Mayo), was cultured in
Dulbecco’s modified Eagle’s Medium (DMEM) (Mediatech, Manassas, VA), supplemented
with 10mM HEPES (Invitrogen), penicillin (100U/ml), streptomycin (100ug/ml), L-
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glutamine (2mM) (Invitrogen), and 10% (vol/vol) fetal calf serum (Omega Scientific,
Tarzana, CA). By injecting apoptotic B16 cells, we were able to use the entire antigenic
content of the tumor cells(19). To induce apoptosis of B16 cells, the cells were treated with
0.5 mg/ml mitomycin C (Sigma-Aldrich) in DMEM media for 60 min at 37°C. Cells were
washed twice in warm DMEM and put back to culture overnight in DMEM supplemented as
above. Mice were immunized s.c. with 2x10° apoptotic mitomycin-C (Sigma-Aldrich)-
treated B16 cells co-administered with either PBS or UC1018 (142ug). Mice were boosted
twice, at 4 weeks and 6 weeks post-prime as above, and challenged s.c. into the flank with
2x10° live B16 cells at one week post-boost. Mice were followed for tumor growth and
survival. Tumor dimensions were measured using calipers and the tumor volume calculated
using the following formula; volume = 4/3 7 (a2 x b). Mice were euthanized when tumor
volume reached 1.5 cm3. Tumor survival curves were generated, wherein the day of
euthanasia was considered as death.

Statistical analysis

Results

Data represented are mean + SEM. Data were analyzed for statistical significance using
unpaired or paired Student’s t-test or the Log Rank test. Statistical analysis was performed
using GraphPad software version 5.01 for Windows (GraphPad Software). A p value <0.05
was considered statistically significant.

Dimerization of Hp91 enhances DC uptake and activation

Since Cysteine residues, with an unprotected sulhydryl group, can form disulphide bridges,
especially in oxidative conditions, we examined to what extent tertiary structure might affect
Hp91 binding and activation of DCs. Hp91 was dissolved in PBS, incubated at room
temperature for up to 96 h, and the presence of dimers was determined using HPLC. Hp91
dimers, which elute slower from the HPLC C18 column, constituted approximately 25% of
the total peptide within 24 h. Dimers continued to form until measurements were stopped at
96 h, at which point greater than 80% of the Hp91 peptide was in a dimer formation (Figure
1A and B) and exposure of Hp91 to DTT caused 100% of the peptide maintain a monomer
state (Figure 1C).

Since Hp91 dimerization occurs quickly in ambient oxygen conditions and could
theoretically affect Hp91’s interaction with DCs, we generated chemically stable capped
Hp91 monomers and cross-linked Hp91 dimers using maleimide conjugation reactions.
Mono- or bis-maleimides contain an imide group that reacts readily with the thiol group of
cysteine to form a stable carbon-sulfur bond. NEM is a mono-maleimide that generates a
capped peptide monomer. BM(Peg), is a bis-maleimide that cross-links two peptides to
form a dimer. In a representative experiment, HPLC of the untreated control Hp91 showed
that an estimated 36% of peptide was in the dimer form (Figure 2A). HPLC of the
maleimide conjugation products showed that the NEM capped monomer produced a single
peptide peak, suggestive of close to 100% Hp91 peptide monomers, where the BM(PEG),
cross-linked dimer forms two peaks with an estimated 65% Hp91 peptide dimers (Figure

Mol Immunol. Author manuscript; available in PMC 2015 July 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saenz et al.

Page 7

2B, C). We assessed the biological activity of these Hp91 monomers and dimers compared
to control, as measured by activation of DCs and their ability to be taken up within DCs.

Like HMGB1, Hp91 is internalized by DCs (Supplemental Figure 1, manuscript in
preparation), and can be assessed and quantified by flow cytometry on permeabilized cells
(11). Confocal microscopy (Supplemental Figure 1) shows that Hp91 does not simply bind
to the cell surface but quickly gets internalized into the cells. Uptake has been confirmed by
timelapse confocal microscopy with fluorescently-labeled Hp91 (data not shown). Using the
maleimide reaction products, we evaluated how tertiary structure affects the internalization
of Hp91 peptide by DCs. The Hp91 monomer was incubated with DCs at 37° C for 30 min,
and DC uptake was evaluated by flow cytometry. NEM-capped Hp91 monomer peptide
showed 27% decreased uptake compared to control Hp91 peptide (Figure 2D). In contrast,
dimerizing the Hp91 peptide with a bismaleimide reaction significantly increased cellular
uptake by 3-fold (Figure 2E).

To evaluate whether the internalization of Hp91 peptide was associated with DC activation,
DCs were stimulated with control Hp91 peptide or the maleimide reaction products and
supernatants were analyzed after 48 hours for cytokine production. In concordance with the
decreased uptake, the NEM-capped Hp91 monomer exerted a reduced immunostimulatory
effect on the DCs with a 9-fold reduction in IL-6 secretion (Figure 2F). In contrast,
dimerization of Hp91 enhanced the Hp91 immunostimulatory effect exerted on DC, with
approximately 10-fold increased IL-6 secretion from Hp91 dimer-stimulated DCs compared
to controls (Figure 2G). Together, these data show that dimerization of Hp91 peptide
enhances DC activity and uptake.

Activity of Hp91 resides in C-terminal amino acids

In an effort to identify the region of Hp91 required for DC uptake and activation,
overlapping 8-9 aa long peptides that span the length of Hp91 were synthesized and
evaluated (Figure 3A). These short peptides were named UC (University of California)
followed by the starting and ending aa residues in the Hp91 peptide sequence, e.g. amino
acids 10-18 of Hp91 are called UC1018. To assess theiractivity, DCs were exposed to these
short, overlapping peptides for 48 hours and supernatants were analyzed for IL-6. Compared
to the media control, peptides UC714 and UC1018 significantly enhanced secretion of I1L-6
by 12-fold and 27-fold respectively, while peptides UC18 and UC411 failed to induce
cytokine secretion (Figure 3B). Peptides UC714 and UC1018 are within the C-terminal half
of Hp91, indicating that the C-terminal portion is important for DC activation. When
comparing to full-length Hp91 peptide, UC714 and UC1018 induced a significant increase
in IL-6 secretion, but to a lesser extent compared to Hp91 (Figure 3B). This suggests that the
C-terminal portion is necessary for IL-6 secretion, but not sufficient to induce full level of
cytokine secretion in vitro.

Since Hp91 is internalized by DCs (Supplemental Fig. 1), we evaluated cellular binding of
the short Hp91-derived peptides. DCs were incubated with equimolar doses of biotinylated
versions of the short peptides for 30 minutes at 37°C to allow uptake. Cells were fixed,
permeabilized, stained with streptavidin-Alexa 488, and evaluated by flow cytometry. The 9
aa acid long peptide UC1018, which corresponds to the C-terminal amino acids of Hp91,

Mol Immunol. Author manuscript; available in PMC 2015 July 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saenz et al.

Page 8

resulted in a 3-fold enhanced binding to DCs as compared to Hp91. (Figure 3C and D). In
contrast, UC18, UC411, and UC714, containing varying portions of the N-terminal 14 aa of
Hp91, did not bind to DCs (Figure 3C). Additionally, maleimide reactions with UC1018
peptide demonstrated that the UC1018 peptide monomer fails to induce IL-6 secretion,
whereas both control and maleimide-dimerized UC1018 were able to do so (Supplemental
data, Figure 2). This suggests UC1018 acts on dendritic cells in a dimer state.

The C-terminal portion of Hp91 contains an a-helix

Since the C-terminal domain of Hp91, UC1018, is important for uptake and DC activation,
we evaluated the secondary structure of this peptide using circular dichroism (CD). Based
on previous studies of the secondary structure of HMGB1, we anticipated that the secondary
structure at the UC1018 position within HMGB1 would contain an alpha helix (Figure 4A)
(14). CD is sensitive to the secondary structure of polypeptides and can be used between
wavelengths of 190-250 nm to analyze a peptide for different structural types such as alpha
helix, beta sheet, polyproline 11 helix, or random coil. The CD spectrum of the C-terminal
domain UC1018 demonstrated negative ellipticity bands at 207 and 222 nm, with a positive
ellipticity at 198 nm (Figure 4B). Such a spectrum is characteristic of an alpha helix,
matching our prediction for this amino acid sequence. The CD spectrum for the N-terminal
peptide domain UC18 showed a negative maximum at 202 nm (Figure 4), which is close to
the negative peak expected at 200 nm for a prolyproline 11 helix. A spectrum with a negative
peak around 200 nm is relatively ambiguous, as random coils also display similar spectra.
However, since the N-terminal domain contains two PXXP motifs, which are known to form
secondary structures of polyproline Il helices (20), it is likely that the N-terminal domain
UC18 is a polyproline 11 helix, rather than random coil. The CD spectrum for the entire
length of Hp91 remains more difficult to interpret. The negative peak near 205 for Hp91
(Figure 4) may be an additive effect of the N-terminal- and C-terminal domain spectra
negative maximums.

The short peptide UC1018 induces protective immune responses in vivo

Since the C-terminal half of Hp91 peptide was responsible for this peptide’s in vitro activity,
we set out to verify if it was similarly responsible for the in vivo activity of Hp91. We have
previously shown (3) that full-length Hp91 peptide acts as adjuvant in vivo to induce
antigen-specific immune responses. To evaluate if UC1018 would act as adjuvant to induce
antigen-specific immune responses in vivo, mice were immunized with OVA-I (SIINFEKL)
peptide as antigen and equimolar amounts of UC714, UC1018, or Hp91. In contrast to the
UC714 peptide, immunization with UC1018 as adjuvant induced a significant increase in the
number of antigen-specific IFNy-secreting T cells compared to PBS controls which was 4-
fold stronger than Hp91 (Figure 5A). Furthermore, IL-2, which is critical for the activation,
survival, and proliferation of T lymphocytes, was significantly enhanced in mice immunized
with UC1018, at levels 4-fold higher than Hp91 controls (Figure 5B). Since UC1018
induced a significantly enhanced antigen-specific immune response in vivo, we tested
whether UC1018 induced immune responses were robust enough to protect mice from
tumors. Mice were coimmunized with apoptotic B16 melanoma cells and either PBS or
UC1018 peptide as adjuvant, and subsequently challenged with live B16 melanoma cells
injected subcutaneously into the flank. The melanoma model used in this study is highly
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lethal, such that within 7-10 days, the PBS control mice demonstrated tumor formation and
rapid tumor growth, with the first mouse being sacrificed by day 16 post-challenge due to a
substantial tumor burden (Figure 5C). In marked contrast to the PBS group, the UC1018
peptide immunized mice demonstrated a delay in tumor formation (Figure 5C), indicating an
induction of significant protective antitumor immunity in the immunized mice where
UC1018 had been used as adjuvant. The mice were monitored for survival, and mice that
received the UC1018 prophylactic vaccine demonstrated a striking and significant
enhancement of survival, with 60% of mice tumor-free and alive at 75 days post-tumor
challenge (Figure 5D). In contrast, all mice in the control group developed tumor with 100%
of mice succumbing to tumor burden by 49 days post-challenge (Figure 5D)

Discussion

There is a need for safer and more potent adjuvants (21, 22). We have previously shown that
the 18 amino acid long peptide Hp91 acts as a potent stimulus for human DCs with the
ability to generate a Th1-type immune response in vitro (10) and acts as adjuvant in vivo;
inducing cellular immune responses to peptide and both cellular and humoral immune
responses (3). The results presented here characterize the structural basis for Hp91 activity,
demonstrating that Hp91 dimerization enhances activity and that the shorter 9 aa C-terminal
fragment UC1018 acts as potent adjuvant in vivo.

We investigated what amino acid domains were responsible for the activity of the Hp91
immunostimulatory peptide. We show that Hp91 can form spontaneous dimers at ambient
oxygen and dimerization significantly enhanced peptide uptake. Hp91 dimer also showed a
consistent increase in DC activation, but the increase was not statistically significant, which
is likely due to number of experiments run (n=3).

While the receptor(s) for Hp91 remain unknown, knowing that Hp91 peptide dimerization
has enhanced activity may help us predict how Hp91 interacts with cells and generate
hypotheses about potential receptors. It has long been known that toll-like receptors, such as
TLR4, form homo- or hetero-dimers with other members of their protein family (23). Such
TLR4 homodimers are thought to be necessary for recruitment of adaptor proteins and
subsequent signaling. For example, the Mal and TRAM adaptor proteins are predicted to
bind at the TLR4 homodimer interface (24). It is possible that dimerization of Hp91 peptide
promotes receptor cross-linking, adaptor recruitment, and downstream signaling. By
reconsidering the known molecular interaction of the parent protein, HMGBL, it may be
possible to predict receptors for Hp91. Several receptors are implicated in HMGB1 mediated
activation of cells, including the receptor for advanced glycation end-products (RAGE) (25,
26) toll-like receptor 2 (TLR2), TLR4 (11, 27-30), TLR9 (31), Mac-1 (32), syndecan-1 (33,
34), receptor-type tyrosine phosphatase-(/p (33, 35), and CD24/Siglec-10 (36). Preliminary
experiments suggest that amino acids within the C-terminal half of Hp91 may be activating
DCs through TLR4 (Supplemental Figure 3). Future work will investigate which receptors
are involved in Hp91 DC interaction and signaling pathways,

We determined the region of the peptide responsible for biological activity by testing
shorter, overlapping peptides for their potential to stimulate cytokine secretion from DCs,
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and for their uptake by cells. Hp91 contains two PXXP matifs at the N-terminal half of the
peptide, present in short peptides UC18 and UC411. PXXP motifs have been shown to bind
to SH3 domains (20), thus we originally hypothesized that the activity of Hp91 may lie
within the N-terminal portion. However, it was the C-terminal end, not the N-terminal end
of the peptide that contained the biological activity, i.e. ability to activate DCs and function
as adjuvant. We demonstrated that UC1018, despite being only half the length of Hp91, was
taken up by DCs to a greater extent and was a 3-fold stronger adjuvant in vivo, as measured
by IFN- vy and IL-2 responses. UC1018 is a potent adjuvant, conferring a strong protective
anti-tumor immune response. In a prophylactic tumor vaccine using UC1018 as adjuvant,
60% of mice survived and were tumor free after 75 days in an aggressive melanoma model.
Future studies will evaluate UC1018 for therapeutic tumor vaccines. It still remains to be
determined how dimerization affects UC1018 peptide as adjuvant, and covalently coupled
antigen-UC1018 peptide would be another vaccine approach. Anotehr possibility to improve
upon its potency would be the addition of non-HMGB1-derived antigenic amino acids (37)
in an attempt to further increase adjuvanticity potential.

From a molecular point of view, UC1018 is a unique peptide, with an extremely
hydrophobic N-terminal half, and a C-terminal CSE motif. Hydrophobicity has been shown
to enhance cell penetrating properties of peptides (38) and based on this, one might predict
that it is this hydrophobic region of UC1018, rich in phenylalanine, that is responsible for
internalization by DCs. However, as this hydrophaobic patch is also present in the UC714
peptide, which has no ability to be taken up by DCs, we reason that it is the CSE motif that
is the critical sequence for DC binding and uptake. Interestingly, the cysteine residue in this
CSE motif is the same cysteine that has previously been hypothesized to be critical for
HMGB1’s interaction with TLR4 (11).

The structure-function relationships demonstrated in this work may help the design of new
synthetic adjuvant peptides. It is known that hydrophobic peptides act as danger signals to
the immune system (39). Perhaps introducing hydrophobic regions, such as those found in
the C-terminal half of Hp91, into synthetically designed adjuvants may enhance their
activity, especially with regard to cytokine secretion.

We show here that the secondary structure of UC1018 peptide is an alpha helix. Perhaps this
alpha helix plays a role in the adjuvanticity potential of peptides and could be designed into
new synthetic vaccines containing adjuvant antigen fusions. The N-terminal half of Hp91
appeared to have no activity by itself, however we only performed uptake studies and
examined cytokine secretion by DCs. This region, which contains two PXXP motifs, may
have as yet unidentified activities that are important for HMGB1 or Hp91 activity. The
region may be important for enhancing cytokine production, as the C-terminal domains
stimulated DCs to secrete significantly less IL-6 than the full 18 aa Hp91. Additionally, this
region may be responsible for intracellular activities that occur after Hp91 has entered a cell.
For example, the polyproline Il helix conformation of PXXP motifs, such as those in the C-
terminal domain, is necessary for binding to intracellular Src homology-3 (SH3) domains
(20).
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In summary, we have investigated the activity of Hp91 immunostimulatory peptide, whose
structure-function relationships had not been clear before now. We show that Hp91
dimerization enhances activity and that the helical C-terminus, UC1018, has DC binding and
adjuvant activity that is stronger than full-length Hp91. We show promising tumor challenge
results in which 60% of UC1018-immunized mice remained tumor-free after a highly lethal
B16 challenge. This short peptide UC1018 warrants further investigation in immunization
and mechanism studies. Additionally, deciphering the structure-function relationships of
Hp91 and UC1018 may represent an important first step in the design of novel synthetic
vaccine adjuvants.
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Figure 1. Hp91 forms spontaneous, reversible dimers
(A-B) Hp91 peptide was dissolved in PBS and incubated at RT in the presence of ambient

oxygen for up to 96 h. Peptides were analyzed by HPLC. Peptide monomers show a peak at
an earlier time point than the peptide dimers (12.2 min vs. 12.7 min respectively). Percent
dimer was determined by measuring the area under the curve (AUC) and calculating the
dimer AUC/total AUC. Results shown are (A) representative of several independent
experiments and (B) mean (+SEM) for n=3-4. (C) Peptides incubated with Hp91 for 24
hours were subsequently incubated +/— 10 mM DTT for 30 minutes prior to analysis by
HPLC. DTT incubated sample offset on graph for ease of viewing. Results are

representative of two independent experiments.
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Figure 2. Dimerization of Hp91 enhances DC binding and activation
(A—C) Hp91 peptide control, NEM capped monomer reaction product, or BM(PEG), cross-

linked dimer were analyzed by HPLC. Percent dimer was determined by measuring the
AUC and calculating the dimer AUC/total AUC. (D) Immature human DCs were pre-cooled
on ice for 30 minutes, then incubated with media only or 100ug/ml of biotinylated-Hp91
(Control) or the biotinylated Hp91 NEM monomer reaction product (Capped Monomer) for
60 minutes at 37°C. Cells were permeabilized with Cytofix/Cytoperm, stained with
streptavidin-Alexa 488, and analyzed by flow cytometry. Results shown are mean (xSEM)
for 3 independent experiments. p >0.05. (E) Immature human DCs were pre-cooled as above
and incubated with media only or 56ug/ml of biotinylated-Hp91 (Control) or biotinylated
Hp91 BM(PEG) cross-linked reaction product (BM(PEG), Dimer) for 60 minutes at 37°C.
Cells were permeabilized and stained as above and analyzed by flow cytometry. Results
shown are mean (£SEM) for n=3. *p < 0.05; Student’s t-test. (F) Immature DCs were
incubated with media only or 100ug/ml un-reacted acetylated Hp91 (Control), or an
acetylated Hp91 NEM monomer reaction product (Capped Monomer). Supernatants were
collected after 48 h and analyzed for the presence of IL-6 by ELISA. Data are normalized
with respect to media controls. Results are mean (+SEM) for N=3. (G) Immature DCs were
incubated with media only or 56ug/ml un-reacted acetylated Hp91 (Control), or an
acetylated Hp91 BM(PEG), cross-linked reaction product (BM(PEG), Dimer). Supernatants
were collected after 48 h and analyzed for the presence of IL-6 by ELISA. Data are
normalized with respect to media controls. Results are mean (£SEM) for n=3.
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Figure 3. Immunostimulatory activity of Hp91 short peptides
(A) Four short (8-9 aa) overlapping peptides that span Hp91 were synthesized. (B)

Immature DCs were stimulated with the indicated peptides at 90uM for 48 h. Supernatants
were analyzed for the presence of IL-6 by ELISA. Data are mean (£SEM) for 3 independent
experiments. None detected (ND) is noted where applicable. (C, D) Immature DCs were
pre-cooled on ice for 30 minutes, then incubated with medium only or the indicated
biotinylated peptides at 90uM for 30 minutes at 37°C. Cells were then permeabilized,
stained with streptavidin-Alexa 488, and uptake was analyzed by flow cytometry. (C) is
mean (£SEM) of independent experiments (n=3) and (D) is a representative result. *p < 0.05
compared to media controls; Student’s t-test or ANOVA, as applicable.
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Figure 4. Circular dichoism suggests alpha helical shape of UC1018
(A) HMGBZ1 molecular architecture and locations of predicted alpha helices (14) compared

to Hp91 and its peptide fragments. (B) Hp91, UC18, and UC1018 were dissolved in
75%/25% TFE/H,0 (vol/vol) at 200ug/ml and CD spectra were collected on an AVIV
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Circular Dichroism Spectrometer using a 1mm pathlength quartz cuvette. These spectra
were corrected by subtraction of a “solvent-only” spectrum and smoothed. The spectra are
shown in mean residue ellipticity (Omny). The Hp91 curve is representative of two

independent experiments.
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Figure 5. The short alpha helical peptide UC1018 induces protective immune responses in vivo
(A, B) Mice were co-immunized with OVA-I (SIINFEKL) peptide with PBS (negative) or

equimolar doses of Hp91 (250ug), UC714 (129ug), or UC1018 (142ug). Freshly isolated
splenocytes from the immunized mice were cultured in the presence of SIINFEKL peptide
(2.5pg/ml) in an (A) IFN-y ELISpot assay, wherein the number of IFN-y-secreting cells, or
spot-forming cells (SFC), was determined 18 h later, or (B) culture supernatants were
collected and analyzed for IL-2 secretion by ELISA. The data are shown as mean (+SEM)
for at least 5 mice/group. *p < 0.05, or *** p < 0.001 compared to PBS; Student’s t-test. (C,
D) Mice were immunized s.c. with apoptotic mitomycin-C treated B16 cells co-injected with
PBS (negative) or UC1018 peptide adjuvant (142ug) and boosted twice. One week post
boost, mice were inoculated s.c. on the flank with 5x10° live B16 cells. (C) Tumor
dimensions were measured over time. The data shown is mean (£SEM) for at least 14 mice/
group. *p < 0.01 compared to PBS; Student’s t-test at each time point. (D) Depicted is the
percentage of surviving mice. Mice were euthanized when tumor volume reached 1.5 cm3.
Tumor survival curves were generated, wherein the day of euthanasia was considered as
death. ***p < 0.001 compared to PBS; Log rank test.
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