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Human papillomaviruses (HPVs) are associated with various cancers, with HPV16 linked to
more than half of cervical cancer cases. Vaccines to prevent HPV infection and cancer
development have proven effective, but are not useful in individuals with prior HPV exposure.
Treatment vaccines to eradicate or control HPV-associated lesions are therefore desirable for
these patients. Herein we describe the development of a process to enable the production of
semisynthetic vaccines based on the site-specific attachment of synthetic bacterial lipid analogs
(e.g. Pam2Cys) to a non-oncogenic mutant HPV16 E7 protein to generate molecularly defined
vaccines. Many cytotoxic lymphocyte (CTL) epitopes from E7 are delivered by this approach;
potentially ensuring that large numbers of immunized individuals can generate CTLs to clear
HPV infected cells. Delivery of this construct reduced the growth of HPV 16-associated tumors
in a TC1 mouse model, the effects of which were better than the potent CTL epitope HPV16

Protein engineering
Vaccine

E7(44-57) administered with Montanide ISA51 adjuvant.

2009 Elsevier Ltd. All rights reserved.

Human papillomavirus (HPV) is the causative agent for
cervical cancer, the third most common female cancer, and
various other cancers (e.g. certain head and neck tumors)." This
association has inspired research into vaccines to prevent HPV
infection, culminating in the commercialization of L1-based
virus-like < particles (VLPs; e.g. Gardasil, Merck & Co and
Cervarix, GSK). Despite their success, these vaccines are
ineffective in individuals who have had prior HPV infection.'
Vaccines to eradicate or control HPV-associated lesions are
therefore of interest, with therapeutic vaccines that enhance T
cell-mediated killing of HPV infected cells (expressing E6 and
E7 HPV oncogenes) the subject of human trials (reviewed in
references 1 and 2C).

Many groups'” have investigated therapeutic HPV peptide
vaccines, with most focused on E7-derived peptides from HPV
type 16 (HPV16), which causes over 50 % of cervical cancers.'
Several cytotoxic lymphocyte (CTL) epitopes have been mapped
from the E7 protein (see Fig. 1A; CTL epitopes marked with a
line over the se:quence),3 which have controlled or eradicated
HPV 16-associated tumors in mouse™ ** and human trials.* Using
these epitopes, simple, chemically defined synthetic vaccines can

be produced.' The simplification of proteins down to defined
peptide antigens however reduces the vaccine CTL epitope miXx,
limiting efficacy to individuals expressing human leukocyte
antigen (HLA) molecules that bind these epitopes. The utility of
such vaccines could therefore be improved by increasing the
number of CTL epitopes. Methods to achieve this include mixing
overlapping peptides covering the entire HPV16 E6 and E7
sequences (known as “synthetic long peptides”),” or selected
epitopes from these proteins.” These approaches however greatly
increase vaccination costs due to the need to synthesize and
purify multiple peptides.

Recombinant expression of engineered proteins provides one
means to overcome these difficulties. Full-length or truncated E6
and E7 proteins, and E6-E7 fusions,1 that have been mutated to
remove their oncogenic potential, have the capacity to be
overexpressed at lower cost compared with synthetic approaches
incorporating multiple peptide antigens, and include significantly
more CTL epitopes. The low immunogenicity of these proteins
however requires their delivery with adjuvants," of which there
are very few known to be capable of stimulating potent CTL
responses in humans without being overly toxic.

*Corresponding author. Tel.: +61-7-3346-1869; e-mail: p.moyle @uq.edu.au or i.toth@uq.edu.au



One promising adjuvant approach for eliciting CTL responses
against protein antigens involves the covalent attachment of
synthetic or bacterial lipopeptide adjuvants containing
dipalmitoyl- (Pam2Cys) and tripalmitoyl-S-glycerol cysteine
(Pam3Cys) onto peptide antigens.” To extend the utility of this
approach, we have optimized techniques to enable the site-
specific, and efficient conjugation of synthetic bacterial
lipopeptide adjuvants containing Pam2Cys or Pam3Cys, or
engineered lipid adjuvants (lipid core peptide; LCP) onto
engineered recombinant proteins featuring multiple end-to-end
linked peptide antigens (termed a “polytope”).” These techniques
produce a single, chemically defined product, with an inbuilt
adjuvant that stimulates potent humoral immune responses.
Herein, we aim to extend this strategy toward cellular immune
responses (e.g. CTL and helper T cell) to develop therapeutic
anti-tumor vaccines. For this purpose a previously reported
recombinant E7 protein, which has been mutated to remove its
transforming activity (E7m;® mutations indicated in Fig. 1A) was
selected as an antigen, and modified (1-3; Fig. 1A) to enable the
site-specific attachment of a synthetic lipopeptide adjuvant
containing Pam2Cys (4; Fig. 2A,B; Fig. S1). Using this construct
(5 ; Fig. 2A), we aimed to compare the capacity of this
lipoprotein vaccine to reduce the growth HPV16-associated
tumors with approaches based on the potent HPV16 E7,.5,
CTL epitope including: i) a Pam2Cys fusion (6; Fig. 3A), which
also incorporates the E64;.5; CTL epitope from HPV16 (synthesis
under review);’ ii) an admix with Montanide ISA 51 (7/ISA51;
Fig. 3B); and iii) a previously reported star-polymer conjugate
(S4-8Qmin; 8; Fig. 3C).”" In support of our approach, a technique
enabling the N-terminal incorporation of a mixture of different
tri-acylated bacterial lipids during recombinant protein
expression in Escherichia coli (E. coli) has been applied .to
HPV16 E7, and demonstrated to shrink tumors in a murine
cervical cancer model.® This approach however generates a
mixture of products, compared to the favorable  single,
molecularly defined product yielded by the semisynthetic method
described herein.
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Figure 1. Inactivated HPV16 E7 (E7m) proteins 1-3. (A) E7m sequence;
CTL epitopes (line over) and HLA restriction; inactivating (bold) and
cysteine mutations (italics); and conversion of intein fusion protein 1 to
thioester proteins 2 and 3. (B) SDS-PAGE of 1 protein expression (whole cell
uninduced (UN) and induced (IN) bacteria; soluble cytoplasmic (SOL) and
inclusion body pellet (PEL)). (C) RP-HPLC monitoring of Mxe GyrA intein-
CBD cleavage from 1 with EtSH to yield 2. (D) Analytical RP-HPLC and (E)
electrospray ionization-mass spectrometry (ESI-MS) data (deconvoluted
spectra inset) for pure E7m thioester protein 3.

In addition to the previously mentioned E7 mutations, which
eliminate E7 oncogenic activity by preventing retinoblastoma
protein (pRb) and histone deacetylase (HDAC) binding,® the
cysteine residues in E7m have also been mutated to prevent the
formation of undesirable disulfide-linked species.® These
mutations preserve most of the CTL epitopes described in the
literature® (Fig. 1A), with the exception of the E7g.9; epitope,
which contains a single cysteine to alanine mutation (C91A).
Based on binding studies,” E7m CTL epitopes can bind HLA-
A*02:01, which is found in roughly 50 % of Caucasians," as
well as A*24:01, and A*01:01,* with other unidentified epitopes
likely. The variety of E7m CTL epitopes, which are capable of
binding diverse HLA molecules, suggests that E7m may provide
therapeutic activity in more individuals than approaches based on
a single, or few peptide epitopes.

To improve E7m protein expression, the E7m gene was codon
optimized for B strain E. coli using DNAworks v3.2.2
(http://helixweb.nih.gov/dnaworks/) with a codon frequency table
from the codon usage database (http://www.kazusa.or.jp/codon/).
This gene was fused to: i) a promiscuous T helper epitope
(PADRE1024.03)'"° to’ help increase the potency of CTL
responses against HPV16 E7;"' and ii) the Mxe GyrA (N198A)
intein-chitin-binding domain (CBD) fusion'? from pTXB1 (NEB)
(1; Fig. 1A; Table S1) to enable the incorporation of a C-terminal
thioester modification. This gene overexpressed in E. coli to
yield a large quantity of 1 as an insoluble inclusion body pellet
(Fig. 1B, lane 4), which could be enriched by simple and
inexpensive phosphate buffered saline (PBS) washing steps (Fig.
S2A). The active intein was subsequently regenerated by
solubilizing the inclusion bodies under denaturing conditions (8
M urea, 25 mM HEPES pH 7.5, 1 mM EDTA, 0.5 M NaCl, 1
mM TCEP), followed by dialysis against 50-volumes of a non-
denaturing buffer (25 mM HEPES pH 7.5, 1 mM EDTA, 0.5 M
NaCl, 1 mM TCEP) at 4 °C overnight for urea removal and intein
refolding. The intein was then cleaved by adding ethanethiol to 3
% vlv, and incubating overnight at RT, followed by reversed-
phase high-performance liquid chromatography (RP-HPLC) to
yield the stable ethyl a-thioester 2 (Fig. 1A,C; Fig. S2B; > 10
mg/L culture) without any need for an expensive immobilized
metal affinity chromatography (IMAC) enrichment step.

o pec (568 =y
HS. N ‘_r —_—
iy P a0t R P
o 4 Q’Rﬂ 3 Ko 5

B A . G P sancn

C es g0 | &
| HG—CH-CH-8-CH~CH (A) |
6 a Rk

Abmorbarce 244 e s

5 min

) ERE b

s
Time (win)
D RP-HPLC 5 E ES-MSS

12007 (0.100 % solvent B, C4)

MW 17,624.9 Da

189 min 1 17,630.0

=]
=1
S

@
=3
S

&

Wls | T e e
1102 -

:
dn o
m | [t or g,

30 500 1000 1500 2000
miz

&

Absorbance 214 nm (mAu)
N @
S 3
2
3

0 5 10 20 25

ﬁm;?min)
Figure 2. Native chemical ligation (NCL) to (A) conjugate E7m a-thioester
protein 3 to lipopeptide adjuvant 4. (B) C-terminal structure of peptide 4,
indicating the Pam2Clys structure. (C) Reaction kinetics for the ligation of 3
and 4 to yield lipoprotein 5. Measured by RP-HPLC at 5 min and 3 h. (D)
Analytical RP-HPLC and (E) ESI-MS of E7m-Pam2Cys pure lipoprotein 5
(deconvoluted spectra inset).



In order to incorporate Pam2Cys into the E7m lipoprotein
vaccine 5, a Pam2Cys adjuvant peptide 4 (Fig. 2A; Fig. S1) was
assembled by microwave-assisted 9-fluorenylmethyloxycarbonyl
(Fmoc)-solid-phase peptide synthesis (SPPS) in 24 % overall
yield (see supplementary data).”” This peptide incorporated: a
PEG linker, to increase its aqueous solubility; a dendritic cell
(DC) targeting peptide (DCpep: FYPSYHSTPQRP);" and an N-
terminal cysteine to enable its conjugation to the E7m thioester
protein 3 using the native chemical ligation (NCL) reaction."
The Pam2Cys adjuvant was attached during SPPS through the
side-chain of a C-terminal lysine residue by coupling a S-(2,3-
dihydroxypropyl)-N-[(9H-fluoren-9-ylmethoxy)carbonyl]-L-
cysteine  (Fmoc-Dhc-OH) building block, followed by
palmitoylation of the free thioglycerol hydroxyl groups, and an
Fmoc-deprotection step using 2.5 % v/v DBU in DMFE."

To ensure site-specific conjugation of Pam2Cys-peptide 4 and
the E7m protein 3, a NCL'® reaction was used. This reaction
requires two unprotected polypeptide species, one containing a
C-terminal thioester (the E7m protein 3), and the other an N-
terminal cysteine (Pam2Cys-peptide 4). Simple mixing of these
compounds in aqueous buffers at neutral pH leads to their
conjugation through a peptide bond. The aforementioned
conversion of 1 to the ethyl a-thioester 2 yielded a highly stable
thioester species. This had the advantage of being stable at -20 °C
for at least 1 year without hydrolysis of the thioester, but was not
reactive enough to generate the E7m-Pam2Cys lipoprotein 5. In
order to link 4 and 2, the ethyl a-thioester 2 was converted to the
more reactive ethanesulfonyl a-thioester 3 (Fig. 1A,D,E; Fig.
S2C; 85 % yield) immediately prior to the reaction in order to
improve the reaction rate. This was achieved by incubating 2 (2
mg/mL) in 6 M guanidine-HCI, 0.1 M NaPi pH 7.5, 0.1 M NaCl,
0.1 M 2-mercaptoethanesulfonate sodium (MESNa) for 2 h at 37
°C, followed by RP-HPLC purification. This conversion also
resulted in a leftwards shift in the RP-HPLC retention time (Fig.
S2B,C), thereby providing an additional purification step, which
helped to ensure that 3 lacked any underlying impurities.

To ensure the solubility of each reaction component, the NCL
reaction was performed under denaturing conditions (6 M
guanidine; pH 7.5) in the presence of 20 % (v/v) acetonitrile.
This was essential since the E7m  ethanesulfonyl a-thioester
protein 3 and the lipopeptide adjuvant 4 proved difficult to
dissolve in PBS at sufficient concentration (> 1 mg/mL) to
provide fast NCL reactions. To further accelerate the reaction: 4-
mercaptophenylacetic acid"’ (MPAA; to 30 mM) was added,
which generates a highly reactive thioester population in situ; an
excess (~ 4-5 eq) of the lipid adjuvant 4 was employed; and the
reaction was heated (37 °C), leading to reactions that were
essentially complete by 3 h (Fig. 2C). The product was purified
by RP-HPLC to give the E7m lipoprotein S in high yield (89 %)
and purity (Fig. 2D,E; Fig. S3).

To test the capacity of 5 to reduce the growth of HPV16-
associated tumors, the TC-1 HPV16 tumor model'® was used.
This involved subcutaneous administration of TC-1 cells (1 x
10°/mouse; C57BL/6 lung epithelial cells transformed with
HPV16 E6 and E7, and the c-Ha-ras oncogenes)'® into the right
flank of C57BL/6 mice (8/group). The mice were then rested to
enable the formation of a solid tumor, and on day 3 received a
single subcutaneous injection at the tail base with 25 ug of 5 in
100 pL phosphate buffered saline (PBS). No subsequent boosts
were administered as part of this experiment. As a negative
control, mice were immunized with PBS vehicle alone (100 pL)
to enable the rate of tumor growth to be assessed against non-
treated mice. An additional group was immunized with a
synthetic lipopeptide vaccine 6 (Fig. 3A; E7,5:/E643.55-

Pam2Cys; 100 pg in 100 pL PBS), which incorporates two
HPV16 CTL antigens: E7,.5;" (QAEPDRAHYNIVTF; IEDB
Epitope ID: 111662), and E6,s” (QLLRREVYDFAFRDL;
IEDB Epitope ID: 111677) fused to Pam2Cys as an adjuvant. For
each group, tumor growth was measured every two days using
calipers, with mice sacrificed when the measured tumor volume
was greater than 1 cm® or where tumor bleeding was observed.
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Figure 3. Structures of (A) Pam2Cys fused lipopeptide vaccine 6; (B) the
E7.4.57 positive control peptide 7; and (C) star-polymer 8, which incorporate
the HPV16 E749.5; CTL epitope, and for 6 the HPV16 E649.5; CTL epitope in
addition.

For the initial experiment, tumor growth was measured until
the first mouse from any group was sacrificed (day 24). From this
experiment, it was observed that mice treated with E7m-
Pam2Cys 5 or E744.57/E6,3.5-Pam2Cys 6 demonstrated reduced
rates of TC-1 tumor growth compared to non-treated (PBS) mice
(P < 0.001; Fig. 4A; individual mouse TC-1 tumor growth data
supplied as Fig. S4). Of these groups, 5 demonstrated the
smallest average tumor volume on day 24, with 6 proving less
effective (Fig. 4A). This promising preliminary data suggested
that incorporating the E7m protein, rather than one or two
defined CTL epitopes, could improve the efficacy of treatment
vaccines targeting HPV16-associated tumors. This finding was
further strengthened by the 12-fold lower dose (by mol) of 5 that
was administered in this experiment compared to 6. The likely
explanation for this greater efficacy is due to lipoprotein 5
delivering more CTL and T helper epitopes compared to
lipopeptide 6, as both constructs include Pam2Cys as an adjuvant
as well as the potent E7,9.5; CTL epitope.



Based on the promising preliminary data (Fig. 4A), a second
experiment (Fig. 4B,C) was performed to compare lipoprotein 5
with a synthetic HPV16 E7,.s;° peptide 7 (Fig. 3B; 30
pg/mouse) emulsified in 1:1 Montanide ISA51/PBS (100
pL/mouse; 7/ISAS1) as a positive control, and PBS vehicle alone
(100 pL/mouse) as a negative control. The Montanide ISAS1
adjuvant used in this experiment has been successfully applied as
an adjuvant in human trials of synthetic HPV16 E6 and E7
derived peptides, and has been demonstrated to induce CTL-
mediated immune responses.” A star-polymer™ 8 (Fig. 3C; S4-
8Qmin; 100 pg/mouse, equivalent to 30 pg of 7/dose;
incorporates four copies of 7), which was previously
demonstrated to control TC-1 tumor growth (when administered
3 days after challenge with 1 x 10° TC-1 cells/mouse) was used
as an additional control. Each of the components of this polymer
(the E745; peptide 7 and the S4 polymer) have been
demonstrated to have no effect on tumor growth unless they are
conjugated together (e.g. 8; S4-8Qmin), or administered with a
suit?bble adjuvant (e.g. Montanide ISA51) in the case of E74,.5
™).

For this second experiment, more stringent tumor model
conditions were employed compared to the preliminary study.
These included doubling the number of implanted TC-1 cells to 2
x 10°/mouse, and administering treatments on day seven instead
of three, which resulted in larger, more difficult to shrink or
eradicate tumors by the time treatments were administered. These
changes were performed in order to increase the observed
differences in treatment efficacy between groups. In addition to
these changes, the number of mice per group was increased to 10;
two different doses of 5 were assessed (25 and 5 pg; Fig. S5);
and the tumor growth was measured over a 60-day period.
As per the preliminary experiment, mice were sacrificed
when the measured tumor volume was greater than 1 cm® or
where tumor bleeding was observed.

A comparison of the average tumor burden (Fig. 4B; Fig.
S5B; individual mouse TC-1 tumor growth data supplied as Fig.
S6) and length of survival (Fig. 4C; Fig. S5A) in each group
demonstrated that tumor growth was most rapid in the non-
treatment (PBS) group. All ten mice in the PBS group were
sacrificed by day 41 (Fig. 4C). Mice in each treatment group
exhibited prolonged survival and reduced rates of TC-1 tumor
growth compared to non-treated mice (P < 0.05), with the 25 pg
dose of lipoprotein 5 proving superior to the 5 pg dose based on
the rate of tumor growth (Fig: S4). No statistical significance (P
= 0.44) was observed when comparing survival curves for
polymer 8 and the lipoprotein 5 (25 pg) group. At day 60, three
mice survived in the polymer 8 group, and one in each of the
lipoprotein 5 groups (Fig. 4C; Fig. S4A). In comparison, all mice
were sacrificed by day 50 in the 7/ISAS1 group (Fig. 4C).

As polymer 8 demonstrated significant protection against TC-
1 tumor challenge in previous experiments (60 % survival on day
60), where less challenging conditions were employed
(immunization on day 3; 1x 10° TC-1 cells/mouse),2b and the
survival and tumor growth curves did not show significant
differences between mice administered lipoprotein 5 (25 pg) and
polymer 8 in the current experiments (Fig. 4B,C), this data
supports the potential for 5 to stimulate immune responses useful
for controlling HPV16-associated tumors. Further, the 25 pug dose
of lipoprotein vaccine 5 contains 10-fold lower E7..5; antigen
(by mol) compared to the administered doses of 7/ISAS51 and the
S4-8Q polymer 8 (which each delivered 30 pg of antigen 7).
Based on the observed dose dependence, this suggests that
further increases in efficacy may be afforded through increasing
the dose of 5, or administering boosts. The incorporation of a

non-oncogenic mutant of the HPV16 E6 protein,' or combined
therapy with appropriately timed and dosed chemotherapy (e.g.
cisplatin)'® represent additional means to increase the therapeutic
effect of 5.
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(B) indicate the day of tumor injection. * P < 0.05, *** P < 0.001.

Overall, this study has provided a method for the simple, high
yielding, and site-specific incorporation of a synthetic Pam2Cys
adjuvant onto the C-terminus of engineered recombinant HPV16
E7 proteins to generate chemically defined candidate lipoprotein
vaccines for the treatment of HPV16-associated tumors. The



construct that was generated exhibited self-adjuvanting activity,
and could stimulate immune responses that provided similar
control of HPVl16-associated tumor growth to a previously
described successful therapeutic HPV16 polymer vaccine, which
incorporates four copies of the HPV16 E7,4s; antigen.2b This
polymer cannot be fully defined, and may therefore prove more
difficult to commercialize when compared with the chemically
defined lipoprotein vaccines produced herein. Further, the
incorporation of a non-oncogenic, full-length HPV16 E7 protein
enables the delivery of a variety of CTL epitopes, which are
capable of binding different HLA molecules, offering the
promise of therapeutic activity in a greater proportion of the
population than a peptide-based approach.
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