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. To enable rational multi-epitope vaccine and diagnostic antigen design, it isimperative to delineate

. complete IgG-epitome of the protein. Here, we describe results of IgG-epitome decoding of three
proteins from high-risk (HR-) oncogenic human papillomavirus type 58 (HPV58). To reveal their entire
epitomes, employing peptide biosynthetic approach, 30 precise linear B-cell epitopes (BCEs) were
mapped on E6, E7 and L1 proteins using rabbits antisera to the respective recombinant proteins. Using
sequence alignment based on BCE minimal motif, the specificity and conservativeness of each mapped
BCE were delineated mainly among known HR-HPVs, including finding 3 broadly antibody cross-

. reactive BCEs of L1 that each covers almost all HR-HPVs. Western blots revealed that 13 of the 18 BCEs

. within L1-epitome were recognized by murine antisera to HPV58 virus-like particles, suggesting that

. these are antibody accessible BCEs. Also, a highly conserved epitope (YGD/XTL) of E6 was found to exist

. onlyin known common HR-HPVs, which could be used as the first peptide reference marker for judging
HR-HPVs. Altogether, this study provides systemic and exhaustive information on linear BCEs of HR-
HPV58 that will facilitate development of novel multi-epitope diagnostic reagents/chips for testing viral
antibodies and ‘universal’ preventive HPV peptide vaccine based on L1 conserved BCEs.

: Cervical cancer is the third most common cancer among women and it has been linked with persistent infec-
* tion of high-risk (HR) oncogenic human papillomaviruses (HPVs)!, which will result in an estimated 530 000
. new cases and 275 000 deaths from cervical cancer worldwide every year?. Since peptides based on linear B cell
. epitopes (BCEs) on a target protein(s) could be used as serodiagnostic agents and candidates for synthetic peptide
© vaccine, epitope mapping is crucial for both basic and applied research in virology, including HPV?*=. However,
- due to limitation of methodology, it has been impossible to reveal whole nonconformational IgG-epitome for a
: target protein when using either human antisera, or rabbit/mouse polyclonal antibodies (pAbs) generated against
© denatured recombinant (r-) or native proteins. Hence, a limited number of BCE peptides or only few type specific,
common and neutralizing BCE peptides have been identified!%-!*. Thus, in the fields of immunology and virology,
it has been technically challenging to decode IgG-recognized whole epitome consisting of each BCE fine motif
and to reveal all type-restricted and/or type-conserved BCEs among homologous proteins of HPVs, including
determining antibody accessible and/or neutralizing/protecting BCEs.
In previous studies, we developed an improved biosynthetic peptide method for epitope mapping, which is
simple, cheap, reliable and with adaptable merits, in particular being able to identify antibody-binding minimal
motif of each mapped longer antigenic peptide when using pAbs!*!°. Based on the fact that HR-HPV type 58
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(HPV58, Accession Number D90400) is more prevalent in China and Eastern Asia!®!’, and is one of the 12
HR-HPVs defined by the World Health Organization (WHO)'®, we selected it as the target to reveal IgG-epitomes
of three key proteins (oncogenic E6 and E7 as well as major capsid L1 proteins) in the present study.

The aims of this study are: i) revealing all linear BCEs of E6, E7 and L1 of HR-HPV58 using antisera of rabbits
raised against respective E. coli-expressed recombinant proteins (r-proteins); ii) determining conservativeness
or specificity of each mapped BCE among their homologous proteins; iii) analyzing the antibody accessibility
of all mapped BCEs; and iv) confirming the result of mapped L1-epitome using murine antisera to HPV58-L1
virus-like particles (VLPs). These investigations have provided novel and comprehensive data about linear BCEs
on E6, E7, and L1 proteins of HPV58 as well as their unique distribution profile. In addition, we also found three
broadly antibody cross-reactive BCEs of L1 and one E6 marker that only existed in HR-HPVs.

Results

E6-epitome. E6 is an oncogenic protein of HR-HPVs for cervical cancer and one of the major target antigens
or its antigenic peptide(s) to detect serum antibody during HPV infection*?. Hence, it is essential to delineate
all potential BCEs on E6 protein [149 amino acid (aa)] of HPV58. To achieve this, E6 corresponding to HPV58
was expressed in E. coli and pAbs generated against r-E6 in rabbits (Supplementary Figures S1A and S2A). Using
biosynthetic approach, a set of overlapping 15mer peptides (P1-P23, P23 is 17mer) with an overlap of 9 aa cor-
responding to the full-length sequence of E6 protein were expressed as fusion protein with truncated glutathione
S-transferase (GST) carrier protein (188 aa in length; named GST188) in E. coli. In addition, forty one 8mer
peptides (P24-P64) with an overlap of 7 aa residues each, spanning the reactive 15/17mer peptides, were also
expressed as fusion protein with GST188 in E. coli.

Western blot studies with rabbit pAbs against r-E6 (rabbit number 2) revealed five reactive 15/17mer peptides
corresponding to E6 in the first round of antigenic peptide mapping (Fig. 1A-C). These peptides also reacted with
the pAbs generated against r-E6 in 3 additional rabbits except P14. Further, using overlapping 8mer r-peptides,
four precise BCEs (named E6-1, E6-2, E6-3, and E6-4) were identified for reactive P1, P14, P20/P21, and P23
according to their common sequences within reactive 8mer peptides (Fig. 1D-H) in the second round of fine
epitope characterization. Of them, E6-3 motif was located in the overlapping region of P20 and P21. To deter-
mine E6-4 minimal motif of a reactive 8 mer peptide (P59) observed during fine motif mapping of P23, five extra
8mer peptides (P60-P64) were employed, wherein the respective aa residue from N terminal of P59 was sequen-
tially substituted with alanine (A).

The fine epitome map of HPV58-E6 (Fig. 1I) showed two obvious features: i) the distribution pattern of 4
BCEs presenting disperse state, and ii) except for one epitope at the N-terminal of E6, rest being situated in the
second half of the protein. These features were similar with those of four antigenic peptides on HPV18-E6 as
delineated by using pAbs raised in rabbit®. It is also often one of the major aims to determine antibody accessi-
ble BCEs on the target protein or surface of the virus following epitope-mapping using viral-infected animals
antisera'®?. Thus, we investigated antibody accessibility of each mapped fine BCE through analysis of structural
bioinformatics due to the weak immunogenicity of HPV compared with other viruses?, which is commonly
used presently for identification of the antibody epitope!®?>?. These results suggest that 4 BCEs on E6 protein
are located out of longer o-helical domains on predicted three-dimensional (3D) structure or close to one end of
them (Fig. 1]) and they are exposed on the surface of the predicted 3D structure (Fig. 1K).

E7-epitome. E7isanotherkey early oncoprotein of HR-HPV and useful for determining HPV seroprevalence*®.
Using rabbit E7-pAbs (Supplementary Figures S1B and S2B), the E7-epitome was revealed following two rounds
of epitope mapping, which consisted of 8 BCEs (named E7-1 to E7-8) mapped from 9 reactive 15mer peptides
(Fig. 2A-C, and Supplementary Table S1 for all used 6/8mer peptide sequences, P16-P78), but not including a
BCE (E7-9) uncounted in E7-epitome as it is telescoped within the sequences of E7-5 and E7-6. However, the
process of each fine BCE mapping was more complicated than E6-epitome mapping due to the existence of con-
tinuous 8 reactive 15mer (P1-P8) during antigenic peptide mapping and 9 reactive 8mer peptides (P43-P51) in
fine epitope identification.

For example, to determine how many BCEs were present in 8 reactive overlapping 15mer peptides (Fig. 2A),
more overlapping 8mer peptides of adjacent reactive peptides were expressed after fine epitope mapping of P1,
P3, P5, and P7 (if a mapped BCE motif was not located in the overlapping region between neighboring peptides);
to distinguish borderline of two BCEs (E7-5 and E7-6) existing in 9 reactive octapeptides (P42-53, Fig. 2C;
Supplementary Table S1), 7 shorter peptides (P72-P78 for E7-5 and E7-6) were expressed as possible epitope
motifs based on the fact that one linear BCE consists of minimum 3 or maximum 8 aa residues'>?!. As a result of
the latter, the borderlines of mapping E7-5 and E7-6 were determined as P43-P46 and P48-P51, and the motifs of
E7-5 and E7-6 were finally identified as pentapeptides SSDED and EIGLD, also including further finding another
8mer-BCE (E7-9, SDEDEIGL) of reactive P47 using 4 shorter peptides of P79-P82 (Fig. 2D and Supplementary
Table S1).

The epitome of E7 protein with 98 aa in length showed an individual distribution of mapped BCEs too, but
contrary to E6-epitome, the majority (7/8) of mapped BCEs are clustered at the N-terminal part of E7 (Fig. 2E).
This observation is similar with mapping results of HPV16 and 18-E7 using respective monoclonal antibodies
(mAbs), although the latter failed to show definite BCE number®®. As shown in Fig. 2F predicted according to the
protocol of MODELLER®, no BCE exists at the regions of predicted two 3- sheets (no significant o-helix in the
predicted structure) in the 3D model of E7, and all eight BCEs are located onto surface of the protein in their 3D
positioning analysis, suggesting that these may be antibody-accessible BCEs (Fig. 2G).

L1-epitome. Major capsid L1 protein is the most important target antigen for the development of prophylac-
tic HPV vaccines®® and serological diagnostic reagents. Up to now, only limited antigenic peptides on L1 protein

SCIENTIFICREPORTS | 6:34686 | DOI: 10.1038/srep34686 2



www.nature.com/scientificreports/

7 8 910 11 121314

i -6- . 1§l_§: BB
SBssB._.35.-.558.858--.8

-
20.1 -

Peptide Amino Position in Peptide Amino Position in
kDa 1 2 3 4 5 6 7 8 9 10 No. acids HPV58 E6 No. acids HPV58 E6
D 31.0- i H P MFQD= 18 P40 KRHVDLNK 116-123
P25  FQDAEEKP 2-9 P41 RHVDLNKR 117-124
- W W e P26 QDAEEKPR 3-10 P42 HVDLNKRF 118-125
20.1 - P27 DAEERPRT 41 P43 VDLNKREH 119-126
E ” P28 BEEKPRTL 5-12 P44 DLNKREHN 120-127
P29 EEKPRTLH 6-13 P45 LNKREHNI 121-128
P30 EKPRTLHD 7-14 P46 NEREHNIS 122129
P31 KPRTLHDL 8-15 P47 KRFHNISG 123-130
P48 RFHNISGR  124-131

F P32 YNYSLYGD 79-86
P33 NYSLYGDT 80-87 P57  WRPRRRQT 140-147
P34 YSLEGDTH 81-88 P58 RPRRRQTQ 141-148
P35 SLYGDTIE 82-89 P59 PRREQIOU 142-149
G P36 LEGDTLEQ 83-90 P60 ARRROTOV 143-149
P37 ¥EDTIEoT 84-91 P61 ARRROTOV 144-149
P38 GDTLEQTL 85-92 P62 RAARQTOV 145-149
P39 DTLEQTLK 86-93 P43 AAARQTQV 146-149
P64 ARBRATQV 147-149

I E6 (aa 1-149)
1 2 3 4

N’ ¢
AEEK  YGDTL RQTQV
J NKRFH

Figure 1. Epitome mapping of HPV58-E6. (A) SDS-PAGE analysis of E. coli-expressed r-15mer peptides
fused with GST188. Lane 1, prestained protein markers; lanes 2-24, P1-P23 recombinant fusion proteins
encompassing overlapping peptides. (B) Western blotting of P1-P23 using immune serum sample from rabbit
(No. 2) immunized with E. coli-expressed r-E6. (C) Western blotting using preimmune serum as negative
control. Lane 25, positive control using reactive P13 of E7 (Fig. 2B). (D-G) Western blotting of overlapping
8mer peptides. (H) The table analyzing each minimum epitope motif shown by cyan. (I) Linear schematic
diagram of 4 BCEs on HPV58-E6 protein. (J,K) Positioning of mapped BCEs (Nos 1-4) on the predicted 3D
structures of E6, which are highlighted with various colors (1, green; 2, orange; 3, purple; and 4, yellow) in J.
The 3D structure prediction of E6 is according to the method in ref. 18, as well as ] and K are generated using
molecular graphics system PyMOL. The cropped blots were run under the same experimental conditions and
the full length blots for the pictures shown above can be viewed in Supplementary Fig. S3.

of HPV's were reported utilizing sera of patients with HPV16-carrying cervical cancer, and pAbs or mAbs raised
against L1-VLPs>719-13 The HPV58-L1 epitome consisting of 18 BCEs (named L1-1-L1-18) was decoded after
two rounds of epitope mapping by using rabbit pAbs against E. coli-expressed r-L1N (aa 36-234) and r-L1C
(aa 227-524) (Supplementary Figures S1C,D and S2C,D) as well as 221 overlapping 18mer/8mer peptides
(P1-P221, Fig. 3A-C and Supplementary Table S2), not including potential BCEs that may be present in the
N-terminal peptide (aa 1-35). The positioning of mapped 18 L1-BCEs on 3D structure has been shown in
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Figure 2. Epitome mapping of HPV58-E7. (A) Western blotting of 15mer peptides using immune serum
samples from rabbit (No. 1) immunized with E. coli-expressed r-E7. Lane 1, pre-stained protein markers; lanes
2-16, P1-P15. (B) Preimmune serum control. Lane 14, showing reactivity with P13. (C) Western blotting of

5 sets of overlapping 8mer peptides (P16-P29, P30-P41, P42-P53, P54-P59 and P60-P71); common amino
acid sequence analysis within reactive peptides is shown in Supplementary Table S1. (D) Western blotting of 2
sets of overlapping 6/8mer peptides (P72-P78 for E7-5 and E7-6, and P79-P82 for E7-9). (E) Linear schematic
diagram of 8 BCEs on HPV58-E7 protein. (F,G) Positioning of mapped BCEs (Nos 1-8) on the predicted 3D
structures, which all are highlighted with various colors (1, green; 2, pink; 3, salmon; 4, yellow; 5, magenta;

6, cyan; 7, purple and 8, orange) in F and G. The 3D structure prediction of E7 is according to the protocol in
ref. 25, as well as F and G are generated using molecular graphics system PyMOL. The cropped blots were run
under the same experimental conditions and the full length blots for the pictures shown above can be viewed in
Supplementary Fig. S4.

Fig. 3D,E, wherein 3D structure is predicted according to the method in Rosetta3?”. All mapped BCEs were
mainly located at the loop region of 3D model (Fig. 3D) and exposed on the surface of predicted 3D structure
(Fig. 3E), suggesting that they all may be antibody-accessible BCEs.

Meanwhile, the statistical analysis may allow identifying immunodominant epitopes in decoded L1-epitome
that will be capable of inducing antibodies in all the immunized rabbits. The L1-5 to L1-13 epitopes gathered
in central region of the molecule (Fig. 3C) may be preferential candidates when designing either multi-epitope
peptide vaccine of HPV58-L1 or single synthetic BCE peptide/multi-epitope r-peptide antigen for diagnostic use
in ELISA and/or peptides based chip test®.

Reactivity profile of the mapped BCEs with pAbs from different immunized rabbits. The reli-
ability of revealed IgG-epitome depends upon the preparation of rabbit/mouse antisera, because sometime the
antibody repertoire against a given protein may vary in different individuals of the same species. All mapped
BCE:s of E6 and E7 except for BCEs E6-2 and E7-8 generated antibodies in two out of the 4 and 3 rabbits immu-
nized with r-E6 and r-E7 respectively (Table 1), suggesting the consistency of immune response generated in the
immunized rabbits. However, several marked discrepancies of the responses to LIN and L1C were found in each
immunized group, e.g. BCEs L1-3, L1-4, and L1-14 to L1-18 elicited their respective antibodies only in one (Nos 8
and 12) of 3 rabbits, but L1-5 to L1-13 did in all immunized rabbits, of which L1-9 generated antibodies only in 5
out of the 6 immunized rabbits (Table 1). It suggests that one need to immunize at least three rabbits for revealing
whole epitome of a target protein so as to avoid losing one or more BCEs.

Conservativeness and specificity of mapped BCEs. 1t is extremely important to determine antibody
specificity and conservativeness of each mapped epitope among viral homologous proteins!®-!? as the former
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Figure 3. Epitome mapping of HPV58-L1. (A) Western blotting of overlapping 18mer peptides using

immune serum samples from rabbits (Nos 2 and 3) immunized with E. coli-expressed r-L1N or r-L1C. P1-P24,
reactivity of recombinant peptides with pAbs against L1N; P25-P60, with pAbs against L1C (negative control
results of P1-P60 not shown). (B) Western blotting of 12 sets of overlapping 8mer peptides corresponding to
immunoreactive 18mer peptides. P61-P221, 8mer peptides were used in identifying 18 BCEs. All 8mer peptides
sequences corresponding to reactive 18mer peptides and analysis of the common sequence within reactive
8mer peptides are shown in Supplementary Table S2. (C) Linear schematic diagram of mapped 18 BCEs on L1
protein. (D,E) The positioning of the mapped 18 BCEs (Nos 1-18) on the predicted 3D structure of L1 protein.
All BCEs exposed on the surface of the 3D structure are highlighted with various colors (1/10, green; 2/11, cyan;
3/12, magenta; 4/13, yellow; 5/14, salmon; 6/15, slate; 7/16, orange; 8/17, purple and 9/18, pink) in E. The 3D
structure prediction of L1 is according to the method in ref. 27, as well as D and E are generated using molecular
graphics system PyMOL. The cropped blots were run under the same experimental conditions and the full
length blots for the pictures shown above can be viewed in Supplementary Fig. S5.
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Immunogen Rabbit No. E6-1 E6-2 E6-3 E6-4
1 + - +
. 2 + + + +
3 + + + +
4 + - + +
Immunogen Rabbit No. E7-1 E7-2 E7-3 E7-4 E7-5 E7-6 E7-7 E7-8 E7-9
5 + + + + + + + -
E7 6 + + + + + + + + +
7 + + + + + + + + +
Immunogen Rabbit No. L1-1 L1-2 L1-3 L1-4 L1-5 L1-6 L1-7 L1-8 L1-9
8 + + + + + + + + +
LIN 9 + + - - + + + + +
10 - - - - + + + + +
Immunogen Rabbit No. L1-9 L1-10 L1-11 L1-12 L1-13 L1-14 L1-15 L1-16 L1-17 L1-18
11 - + + + + - - - - -
L1C 12 + + + + + + + + + +
13 + + + + + - - - - -

Table 1. Immune response comparison of mapped BCEs in rabbits of each immunized group. “+” means
each BCE can be recognized by the corresponding antiserum from respective immunized rabbit in Western
blotting, and “—” means negative response.

would be critical parameter for diagnostic tools used in ELISA, chip test and/or Western blotting for diagnosing
antibodies to type-specific viral infection. The latter could be used as potential candidates for developing ‘uni-
versal’ prophylactic peptide vaccine?>?*%. Although this goal can be achieved by using many approaches, such as
alignment of mapped antigenic peptide sequence with conservative domain of homologues, and/or testing their
cross-reactivity with other homologous synthetic peptides, r-protein, and/or mimicking natural protein such as
L1-VLPs!!'2, Determination of such epitopes, including their antibody-neutralizing ability, are likely to be few as
the data may be incomplete or insufficient in most cases owing to the limitation of tested HPV types numbers and
in vivo and in vitro experimental conditions!%->30,

Now, it has become very easy, rapid and sufficiently effective to realize such goals through aa sequence
alignment of homologous proteins and identification of each antibody-recognizing minimal motif!®?*3!,
Using the convenient method, thirteen of the total 30 BCEs in mapped three epitomes are found to be 100%
conserved, and three BCEs are highly conserved (being a residue mutation at the X position of YGD/XTL
for E6-2, I/XLDL for E7-2 and PLELF/X for L1-7 motifs) among various known and probable HR-HPVs
[Table 2 and Supplementary Table S3 that mainly includes low risk (LR-) HPVs and risk-unknown HPV
types], of which three (L1-4, L1-7, and L1-13) are broadly antibody cross-reactive BCEs that cover most
HR-HPVs, remaining 14 BCEs are type-specific for HPV58. Three highly conserved epitopes were con-
firmed by Western blotting to be cross-reactive along with representative similar peptides from other
HR-HPVs using each corresponding antisera (Fig. 4), of which only a conserved TLDL peptide of HPV73
did not react (Fig. 4D). It may be of interest to note that broadly antibody cross-reactive BCE, L1-7 (PLELF)
is also present in HR-HPVs such as HPV16 (PLELI) and HPV18 (PLELK), and also react with the anti-
body in Western blot (Fig. 4E,F). Further E6-2 (YGDTL) and E7-2 (ILDL) discovered from HPV58 are also
present in HPV16 (Fig. 4A-D). However, other two similar peptides corresponding to E7-1 (N/XPTL)
and L1-15 (D/XNFKEY) in some HPV's were not recognized (data not shown). These observations suggest that
although several mapped BCE motifs may be highly conserved among other HPVs, they are not always antibody
cross-reactive epitopes.

Overall, these analytical and experimental results indicate the importance of conducting fine epitope motif
identification during epitope mapping, which not only can help in revealing whole IgG-epitome of a target anti-
gen, but also will facilitate to decipher the conservativeness and/or specificity of each mapped BCE among its
homologous proteins and to find universal BCEs in particular.

Reactivity of mapped L1-BCEs with murine antiserato HPV58 L1-VLPs. Because surface-exposed
BCE:s of virus/VLPs will induce antibodies against respective BCEs in the infected/inoculated animals, the pooled
mice antiserum raised against HPV58 L1-VLPs* was employed to further confirm the result of L1-epitome
decoding by using 18 of the reactive 8mer peptides pertaining to each BCE motif. Western blot test showed that
13 of mapped 18 BCEs could be recognized by pooled mice antiserum (Fig. 5A) and they include 5 of 7 BCEs to
induce antibodies in single rabbit (Nos 10 or 13), suggesting better consistency of immune responses to denatured
r-L1 protein and similar natural antigen of L1 between rabbit and mouse immune systems. More importantly,
these reactive BCEs contain almost all deduced immunodominant BCEs (L1-5 to L1-13) and several ‘promiscu-
ous’ BCEs (L1-4, L1-7, and L1-13) covering most known and probable HR-HPVs (Table 2 and Supplementary S3),
which may be used as candidates when designing universal preventive peptide vaccine. Moreover, the Western
blot test using murine antisera supports the 3D positioning result of mapped L1 BCEs, when at least 13 BCEs
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HPV58 HPYV types and aligning sequence (aa range)

BCE No. 16 18 31 33 35 39 45 51 52 56 59 26%* 53¢ 66** 68** 73%* 82* 97**

E6-2* 91-95 86-90 84-88 84-88 | 84-88 86-90 | 84-88 | 84-88 | 87-91 | 86-90 | 84-88 87-97 85-89 | 84-88 | 86-90
E6-3 122-126 122-126

E7-2* 12-15 12-15 12-15 12-15 12-15 | 12-15 12-15 12-15 | 12-15 12-15 12-15
E7-5 31-35 36-40

E7-7 42-48

L1-1 38-43 12-17 12-17 38-43

L1-2 81-86 81-86 | 80-85 109-114 78-83

L1-4 153-156 | 188-191 | 128-131 | 128-131 |127-130|127-130| 154-157 | 126-129 | 156-159 | 190-193 | 127-130 | 126-129 | 125-128 | 126-129 125-128 | 126-129 | 153-156
L1-7* 213-217 | 248-252 | 188-192 | 187-191 | 190-194 | 186-190 | 214-218 | 186-190 187-191|186-190 | 185-189 127-130 | 185-189 | 186-190 | 213-217
L1-8 257-262 196-201 223-228 196-201 194-199 | 195-200 | 187-191 195-200 | 222-227
L1-9 203-206 | 202-205 | 205-208 201-204 [231-234 | 265-268 201-204|200-203 [ 201-204 201-204

L1-11 219-223 248-252 218-222 217-221

L1-12 298-301 272-275 270-273

L1-13 366-371 305-309 304-308 | 334-338 336-340|368-372 | 305-309 | 305-309 | 303-307 | 304-308 | 305-309 | 303-307 331-335
L1-16 438-441 | 436-439 467-470 438-441 438-441

L1-18 548-550 | 487-489 433-435 526-518 | 549-551 490-492 513-515

Table 2. Conservative analysis of HPV58 BCEs among known and probable HR-HPVs. An asterisk indicates
those highly conserved cross-reactive epitopes of E6-2 (YGD/XTL), E7-2 (I/XLDL), and L1-7 (PLELF/X).

Other BCEs were 100% conservative among some compared HPV homologous proteins. Two asterisks indicate
probable HR-HPVs.

of them can be definitely located on the surface of L1 protein, although the remaining five non-reactive BCEs
remain to be confirmed using rabbit antiserum to HPV58 L1-VLPs, if it could be available.

Except for above comparability, there were some differences to recognize BCEs on capsid L1 protein between
the two species. For instance, murine antisera did not react to the other five 8mer peptides (P61, 79, 86, 143, and
181 in Fig. 5A), also including their corresponding 18mer peptides P1, 9, 10, 14, 27, and 43 (data not shown), but
could react to the P28 in selected five nonreactive 18mer peptides to rabbit LIN/L1C-antisera (Fig. 5B), indicat-
ing that recognizing antigenic sites or BCE motifs on same antigen are sometimes different. These observations
may be able to explain why murine antisera reacted to most of BCEs within rabbit IgG-epitome, but not all.
Additionally, it was observed that there was no BCE on the N-terminal region (aa 1-41) of L1 antigen (Fig. 5C)
when using murine antisera and four overlapping peptides (P222-P225; Fig. 5D).

E6-2 pentapeptide marker for HR-HPVs.  To date, over 150 HPV genotypes have been described, of
which about 40 can infect human genital tract mucosa and at least 12 were determined as HR-HPV types asso-
ciated frequently with cervical cancer'®**3, Interestingly, a highly conserved pentapeptide (YGD/XTL) of E6-2
motif exists in the most common HR-HPV types 16, 18, 31, 33, 35, 45, 52, and 58 with a prevalence of 91%
worldwide*? in the multiple sequence alignment at epitope level (Table 2 and Fig. 4A). Even within 12 HR-HPVs
defined by the World Health Organization (WHO)'8, HR-HPV39 is the only exception.

To further establish whether it is a common characteristic of HR-HPVs, the E6 protein of known represent-
ative LR-HPV 32336 were also used to conduct their sequence analysis. As shown in Supplementary Table S3,
which includes several probable HR-HPV's such as HPV67 and 69 etc, the generally accepted LR-HPV types 6,
11, 40, 42, 43, and 44 do not have conservative E6-2 sequence. Additionally, owing to high variations of HPV,
it was further analyzed whether there are aa mutations related with E6-2 motif for available HR-HPV variants
before it is recommended as a reference standard for determining HR-HPV type(s). As a result, the D/E mutation
exists within thirteen of 130 HPV58 variants®”-*! and three of 7 HPV33% variants that only happened at the X
site of E6-2 motif (Table 3), but there is no aa mutation associated with YGD/XTL pentapeptide sequence in all
HR-HPYV type 16, 18, and 52 variants (Supplementary Table S4).

Based on these findings, the conservative YGD/XTL pentapeptide should be a property of 11 determined
HR-HPVs contained within species 5, 7, and 9 of the Alpha-papilloma viruses at their phylogenetic tree??,
although its biological function is not clear at present. Further, it raises the possibility to use the pentapeptide as
the first biomarker of HR-HPV's on the classification basis of epidemiologic studies and phylogenetic analysis.
Obviously, it will aid in classifying those HR- or LR-HPVs undetermined for long time to use it as reference stand-
ard. For example, of probable or undetermined HPV types, 26, 34, 66, 67, 69, 73, 82, 85, and 97 can be definitely
classified as HR-HPVs according to its existence within them (Table 2 and Supplementary Table S3).

Interestingly, according to the SVYATTLE sequence of known HR-HPV39 (Fig. 4A) within species 7, if the
E6-2 motif is further extended to octapeptide (SVYXXTLE and SVYGXXLE) as the second and third biomarkers,
those probable HR-HPV53 (SVYGASLE), 68 (SVYATTLE), and 70 (SVYATTLE) present in species 6 and 7 are
also regarded as HR-HPV’s, because such two peptide sequences are not present in all other cloned HPVs. In
contrast, HPV types 30, 54, 57, 61, 62, 72, 74, 81, 89, 91, etc could be considered as LR-HPV types according to
two reference criteria. In short, the application of above one or more penta/octa-peptide biomarkers in HR- and
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Figure 4. Cross-reactivity of three conserved BCE antibodies of HPV58 to various HPVs. (A,C,E) Sequence
alignments of E6-2, E7-2 and L1-7 with their homologous proteins. (B,D,F) Western blots of each BCE antibody
with representative octapeptides having one residue mutation at the X site, respectively. The cropped blots

were run under the same experimental conditions and the full length blots for the pictures shown above can be
viewed in Supplementary Fig. S6.
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A
kDa P61 79 86 93 102 110 115 121 126 135

23- 1%

B p2g 39 40 41 42 43
24 -

—

C P1 222 223 224 225

24- [ ‘

D
Peptide . . Position in

Amino acids sequence
No. HPV58 L1

pP222 MVLILCCTLAILFCVA 1-16
P223 LATLFCVADVNVFHIF 9-24
P224 DVNVFHIFLQMSVWRP 17-32
P225 QMSVWRPSEATVYLPP 26—41

Figure 5. The reactivity of mapped 18 BCEs with murine antisera to HPV58 L1-VLPs. (A) Western blotting
of rabbit-recognized 18 BCE peptides using murine antisera to HPV58 L1-VLPs. (B) Western blotting of five
nonreactive 18mer peptides to rabbit L1C-antisera using murine antisera to HPV58 L1-VLPs. (C) Epitope
mapping of the N-terminal region (aa 1-41) of L1 antigen using 30 L of murine antisera to HPV58 L1-VLPs
that contain 2 uL of rabbit (No. 8) antiserum to r-L1N. P1 was the positive control. (D) Four overlapping peptide
sequences used in Fig. 5C. The cropped blots were run under the same experimental conditions and the full
length blots for the pictures shown above can be viewed in Supplementary Fig. S7.

Japan 37 DS6E” 1/1
Hong Kong 38 E32Q | D86E" K93N 8/32
58 Taiwan 39 V46L | DS6GE’ K93N | N97D | R108K 2/9
Liaoning, China 40 T11A E25D E32Q V53L | D86E" | K93N 2/73
Kunming, China 41 K93N 0/8
K8N K35N P36T 173L | V83L | N86H" 3/7
33 Japan 37
K93N | Ql13R | A138V

Table 3. Analysis of mutations of amino acids related with E6-2 in HPV58 and 33 variants. Asterisk
indicates occurrence of D/E mutatilon.

LR-HPVs classification will contribute to ascertain those currently unknown HPVs should be classified as HR-
or LR-types in clinical diagnosis and epidemiological screening of HPV infection and cervical cancer, and to
improve patient care and novel vaccine design strategies in future.

Discussion

Although the development of synthetic peptides vaccines based on few BCEs has a long history, there has been
no successful precedent so far due to insufficient protective effect for humans use. Recently, there appeared the
trend of constructing multi-epitope vaccinogen**=*, but such studies still have same problem to incorporate more
selectable BCEs from a given antigen. Therefore, it is crucial to reveal all BCEs on a target antigen for the devel-
opment of really effective multivalent peptide vaccine in future, but this goal was not achieved before establishing
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the improved method of biosynthetic peptide!*!°. The peptide biosynthetic approach described herein to mapped
linear BCEs has several advantages that includes i) it is relatively simple as it employ thermo-inducible expres-
sion system to express peptides fused with truncated GST as carrier; cell lysate can be used directly to perform
Western blot without the necessity to purify recombinant peptides, ii) it is relatively cheaper as compared to
making synthetic peptides, iii) it is reliable as the blotted bands of the peptides fused with truncated GST are
located within antigenic weak area of bacterial proteins, and iv) easy adaptability for general laboratories. One of
the possible disadvantages is to sequence each of the recombinant clones to ensure correct sequence. In short, the
improved peptide biosynthetic method specific for epitope mapping is simple, cost-effective and reliable com-
pared with other methods such as those using overlapping synthetic peptides or peptide expression libraries in
micro-organisms. In the present study, the epitome mapping results proved the feasibility and creditability of
decoding a whole IgG-epitome for an antigen, which may facilitate the development of peptides based vaccine.

Earlier studies on M2 matrix protein being highly conserved among influenza A viruses initially suggested
possibility to develop ‘universal’ prophylactic flu vaccine*”*%. Now current favored strategy is to search broadly
cross-neutralizing mAbs and then to map their BCEs?»?*%_ It should also be a goal to develop universal vaccine
covering most or all HR-HPVs. The ongoing development of 9-valent HPV vaccine combined nine L1-VLPs
from 7 HR- and 2 LR-HPV:s that included HR-HPV58 L1-VLPs¥. Clearly, to reduce vaccine cost and extend
range of preventing HR-HPV types, constructing universal multivalent HPV vaccine may be a potential alterna-
tive approach due to the existence of cross-neutralizing BCEs on HPV L1 and L2 proteins''~'*%*, though limited
information is available regarding the cross-reactive BCEs and among HR-HPVs!!* that are covered at present.

Besides type-specific BCEs, this study shows the possibility to find more conserved BCEs capable of covering
most or nearly all HR-HPVs via conservative analysis of each BCE after epitome mapping. For major capsid
L1 protein, despite not finding a conservative BCE to cover all HR-HPV's due to about 10% difference of L1
gene among each HPV type*?, more valuable information is available from Table 2 and Supplementary Table S3.
For example, three of the analyzed 11 conserved BCEs exist within most HR-HPVs including HPV16, 18, 45,
and 52 that are prevalent worldwide® or in China and Asia®, even within two typical LR-HPVs (HPV6 and 11),
suggesting that they are potential candidates for designing universal multi-epitope vaccine against major or
entire HR-HPVs. Of course, achieving such a goal still requires finding additional conservative BCEs through
L1-epitomics study of more HR-HPVs such as HR-HPV16/18/45/52, etc.

There is evidence to demonstrate that: i) VLPs can elicit high-titer neutralizing antibodies in animal modle®**';
ii) though linear BCEs was usually considered to be mostly nonneutralizing®, it has been found that one or
more linear neutralizing epitopes are present in capsid proteins of various HPVs!!-1330 of which two come from
HPV16'}; and iii) antibodies induced by Gardasil and Cervarix HPV VLPs vaccines have been proved to be
effective for preventing HPVs infection®**, for which the protective validity should include the contributions of
many nonconformational neutralizing antibodies from HPV16/18 or HPV6/11/16/18-L1. Thus, based on these
observations, at least 13 surface-exposed BCEs including 3 broadly antibody cross-reactive BCEs should contain
one or more potential antibody-protecting BCEs within HPV58 L1-epitome. Interestingly, 3 broadly antibody
cross-reactive BCEs mapped on HPV58 L1 as described herein are also present in HPV16/18. Clearly, it is imper-
ative to further identify antibody-neutralizing BCEs before they are considered to be used as candidates when
designing HPV multi-epitope vaccine.

The mucosal epithelia-infecting HPV's are presently divided into two categories of HR and LR types. It is
based mainly on epidemiologic classification and phylogenetic grouping, which are linked with cervical cancer
and/or HPV natural history***2, and also including some evidence and indicators of biological functions or fea-
tures for HR-HPV E5, E6 and E7 relevant to carcinogenicity®. However, except 12 HR-HPV types (16, 18, 31,
33, 35, 39, 45, 51, 52, 56, 58, and 59) accepted generally'$, the current data on oncogenicity of many HPV types
is ambiguous. For example, the classification of HPV26, 54, 67, 69, 70, 82, etc in literature and in clinical diag-
nosis were completely different®**>>*, In short, due to rare prevalence or limited and inconsistent carcinogenic
evidence in humans the “HR” or “LR” status of HPVs such as 26, 30, 34, 53, 54, 62, 66-70, 73, 85, 97, etc could
not yet be determined®**34. Obviously, the findings of conserved pentapeptide YGD/XTL only present in known
HR-HPVs, including other related two octapeptide markers, have important implication for helping to delineate
the oncogenic risks of those probable and unknown HR- or LR-HPV types.

Previous studies showed that most of the HPV infections clear spontaneously without sequelae in around 1 to
2 years through T-cell mediated immune responses to early oncogenic E6 and E7°>%. Due to lack of specific and
sensitive methods to test E6/E7 antibodies, it is not clear whether humoral immune response to E6 and/or E7 is
also associated with the self-clearance. Our first mapped fine epitomes of HPV58-E6 and E7 not only improve
our understanding of the antigenic peculiarity on two carcinogenic proteins, but will facilitate in designing and
developing specific and sensitive reagents or peptide chip? leading to better understanding of the natural clear-
ance of HPV58 infection and its carcinogenicity. The epitomes of HPV'16, 18, and 45-E7 has been also decoded by
using rabbit pAbs to r-E7 in another ongoing work, which revealed 7/6/4 BCEs on each E7 and their quite similar
distribution profile as observed in HPV58-E7 (Fig. 2E), respectively (unpublished data). These consistent results,
together with previous related studies>®, suggest that the feature of HPV58-E7 epitome are common among four
of HR-HPVs including HPV16/18 and thus, might be useful as a valuable parameter to evaluate E7 carcinogenic
risk, although not clear whether it is associated with self-clearance following HPV infection.

In conclusion, we identified all linear BCEs on three target proteins from HPV58 and revealed their spec-
ificity, conservativeness and antibody accessibility; especially found three universal BCEs in L1-epitome, one
E6-2 biomarker of HR-HPVs and unique contribution of mapped BCEs on E7. These results not only will facili-
tate the development of multi-epitope diagnostic reagents and universal preventive HPV peptide vaccine based
on broadly crossreactive BCEs of L1, but also display the feasibility and significance of epitome decoding for a
viral-encoded several key proteins.
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Materials and Methods

Plasmids and antibodies. The plasmids, pBV221 (VT1884) and pRSET-A expressing His;-tag (V35220)
were purchased from YouBio (Hunan, China) and Life Tech (Shanghai, China). The plasmids, pXXGST-1 and
pXXGST-2 were constructed as described earlier'*'®. The pLink322-HPV58 plasmid®” was obtained from Dr.
Toshihik Matsukura (National Institute of Infectious Diseases, Department of Dermatology, Nippon Medical
School, Tokyo, Japan). The monoclonal antibody (mAb) against Hise-tag (ab77824) was purchased from Abcan
(Shanghai, China). The murine antisera against HPV58 L1-VLPs* were provided by Prof. J. Lou (Research and
Development Department, Shanghai Institute of Biological Products, Shanghai 200052, China).

Expression of E6, E7, L1N [amino acid (aa) 36-234] and L1C (aa 227-524). The thermo-inducible
pBV221 plasmid was used to express E6, E7 and two fragments of L1 in prokaryotic system. Briefly, various
steps involved in their expression were as follows: i) the DNA fragment with BamH I and TAA-Sal I cohe-
sive end on their 5" and 3’ ends encoding respective protein was PCR-amplified from pLink322-HPV58 using
a pair of designed primers; ii) the sequenced-DNA fragment was inserted into the BamH I and Sal I sites
downstream of the pBV221; iii) the resultant recombinant plasmid expressing respective r-protein was trans-
formed into the BL21[DE3]pLysS E. coli strain (Novagen Inc., Madison, USA); iv) several recombinant clones
were picked-up from Luria Broth (LB) plate and first grown in 3 mL of LB containing 100 pg mL~! ampicillin
at 30 °C with continuous shaking at 200 rpm overnight. Next day, 60 pL of cell suspension was inoculated in
3 mL of fresh LB and grown until the cell density reached 0.6-0.8 at ODyy, and then further grown for 4h at
42°C to induce expression of r-protein; v) the cell pellets harvested from induced clones were first used to run
SDS-PAGE gel for screening positive recombinant clone: the uninduced cell total protein was used as negative
control (Supplementary Fig. SIA-D); and vi) finally the clone expressing r-protein was again sequenced. The
isopropyl-f3-D-thiogalactopyranoside (IPTG)-inducing pRSET-A plasmid was used to express r-protein with
His-tag, which utilized basically same steps as described above, but its expression was further confirmed by
employing the mAb against His,-tag (Supplementary Fig. S1E).

Biosynthesis of 8mer and 15/18mer peptides. Using GST188 as carrier, three sets of overlapping
15/17/18mer peptides with an overlap of 9/10 aa residues for E6, E7 and L1 proteins, and series of overlap-
ping 8mer peptides with 7 aa residues overlap for each reactive 15/17/18mer peptides (all sequences in Fig. 1H;
Supplementary Tables S1 and S2) identified in epitome mapping, were expressed as fusion proteins as described
earlier'*">. Briefly, the synthesized annealed DNA fragments encoding each short peptide, incorporating BamH
I and TAA-Sal I cohesive end on their 5’ and 3’ ends, were inserted into the BamH I and Sal I sites downstream
of GST188 gene in pXXGST-1 plasmid. BL21(DE3)(pLysS) E. coli cells were transformed with recombinant
plasmids, positive clones were picked-up to express fusion peptides and harvested total cell proteins of the
induced clone according to steps (ii to v) described above. Each harvested cell pellet was first used to run 15%
SDS-PAGE along with the pellet containing GST188 protein expressed by pXXGST-2 plasmid, and then deter-
mined each positive recombinant clone according to electrophoretic mobility of each fusion protein and GST188,
since there is 1 kDa difference between their molecular mass even when expressing 8mer peptide fusion protein.
Finally, the positive clones expressing 8/15/17/18mer peptides as fusion protein were confirmed by sequencing
of inserted encoding DNA fragments. All cell pellets thus obtained containing each fusion peptide were stored
at —20°C.

Purification of expressed r-E6, -E7, -L1N and -L1C proteins. The expressed recombinant proteins
were harvested using the method of PAGE-preparation®®. The steps to purify recombinant proteins involved:
i) cell pellet (2 g) obtained from induced culture of the respective clone was suspended in 5mL of sonication
buffer (50 mM Tris-HCI pH 8.0, 1 mM EDTA, 100 mM NaCl and 1 mM PMSE) followed by sonication at 25kHz,
400 W for 140 cycles (duration 3 sec with an interval of 3 sec every time) at 4 °C; ii) The inclusion bodies were
recovered by centrifugation at 17,000 x g for 20 min at 4 °C, washed once with 50 mL of sonication buffer con-
taining 0.5% Triton-X100 and 25 mL of 1 M urea; iii) the purified inclusion bodies were solubilized in 25 mL of
50 mM Tris-HCl buffer (pH 9.8) supplemented with 8 M urea and 70 mM (3-mercaptoethanol; iv) the supernatant
containing r-protein was finally collected after centrifugation at 17,400 x g for 20 min at 4°C and stored at —70°C
prior to purification; vi) the supernatant was subjected to reversed electrophoresis by rearranging the gel-carrying
plate when the bromophenol blue band reached 1-1.5 cm from the bottom of the gel, and 8 fractions of 3-4 mL
each were collected after the bromophenol blue had run out of the gel into a collecting trough between the gel
and a dialysis membrane used to isolate the upper tank buffer; vii) from each collected fraction, 0.2 mL was taken
and the r-protein precipitated by sequentially adding trichloroacetic acid and acetone; viii) the sample was dis-
solved in 20 pL 4 x sample loading buffer (200 mM Tris-HCI, 8% SDS, 0.4% bromophenol blue, 40% glycerol and
400 mM (3-mercaptoethanol), analyzed and quantified [together with 2 g bovine serum albumin (BSA) standard
purchased from Sigma-Aldrich Inc., St. Louis, IL, USA] by running SDS-PAGE; and ix) finally, the identified
fractions were pooled and the precipitated r-protein stored at —70 °C prior to use as immunogen.

Immunization of rabbits. All the experiments were approved by the Institutional Animal Care and
Academic Committees for Shanghai Institute of Planned Parenthood Research, respectively. All the protocols
were performed in accordance with the relevant guidelines and regulations. Fourteen male New Zealand white
rabbits weighing 2.0 £ 0.5 kg were purchased from SIPPR-BK Lab Animal Ltd. Co. (Shanghai, China). Group of
rabbits (n = 3/4) were immunized intramuscularly with 0.5 mg of purified respective r-proteins (0.5 mL) emul-
sified in 0.5mL of complete Freund’s adjuvant (CFA) at multiple sites on the back of each animal. One rabbit
used as control received only CFA. Three booster injections comprising of 0.25 mg r-protein per injection in
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incomplete Freund’s adjuvant (IFA) were administered at 3-week intervals. Animals were bled 7 days after each
injection, serum separated and stored at —70 °C until use.

ELISA. Serum antibody titers were determined by ELISA using respective r-protein as the antigen. ELISA
plates (96-well; Sigma-Aldrich Inc.) were coated with 400 ng of 1-E6, -E7, -LIN or -L1C protein/well, respectively.
After overnight incubation at 4 °C, excess liquid was removed and non-specific sites were blocked by the addition
of 200 puL of 3% BSA in PBS (pH 7.4) for 1h at room temperature (RT). Following blocking, plates were washed
three times in PBST (PBS supplemented with 0.05% Tween-20), and then serially diluted rabbit antisera in PBS
were added and incubated for 2h at RT. After washing the plates three times with PBST, goat anti-rabbit IgG con-
jugated to horseradish peroxidase (HRP) at an optimized dilution of 1:1000 in PBS was added to each well and
incubated for 1h at RT and washed as described above. Plates were incubated with 0.4 mg/mL orthophenylene-
diamine in 50 mM citrate phosphate buffer, pH 5.2 with 0.015% (v/v) H,O, as the substrate to develop color. The
reaction was stopped with 50 pL of 4N H,SO, and the absorbance read at 490 nm with 630 nm as reference filter
using an ELX 800 Universal Micorplate Reader (Bio-TEK Instruments, Inc.).

SDS-PAGE and Western blotting. Cell pellets obtained from 3 mL culture of expressed r-proteins and
short peptide fusion proteins were boiled in 400 pL of 1x sample loading buffer (50 mM Tris-HCI, 2% SDS, 0.1%
bromophenol blue, 10% glycerol and 100 mM (3-mercaptoethanol) for 5 min and proteins were resolved by 15%
SDS-PAGE under reducing conditions. Gels were either stained with Coomassie brilliant blue G-250 for analyz-
ing the bands of fusion proteins or processed for Western blot by electrotransferring the proteins onto 0.2 pm
nitrocellulose membrane (Whatman GmbH, Dossel, Germany). While epitome mapping, complete transfer of
proteins was ensured by staining the nitrocellulose membrane with 0.1% (w/v) Ponceau S. Nitrocellulose mem-
brane was subsequently processed for Western blotting using rabbit antisera against r-E6, -E7, -LIN, and -L1C
as well as murine antisera against HPV58-L1 VLPs (1:300 dilution in PBS containing 0.05% Tween 20 and 1%
skim milk powder) or preimmune rabbit/mouse serum samples. Specific antigen-antibody reaction on the mem-
brane was visualized by using goat anti-rabbit IgG or goat anti-mouse IgG (only for identification of expressed
r-E7) conjugated to HRP (Proteintech Group Inc., Chicago, IL, USA) at 1:2000-dilution. The blot was devel-
oped by using the enhanced chemiluminescence (ECL) plus Western blotting detection reagents (GE Healthcare,
Buckinghamshire, UK) according to the manufacturer’ instructions.

Sequence alignment of homologous HPVs.  The aligned E6, E7 and L1 sequences of prototypes from
HPV6 to HPV97 within Table 2 and Supplementary Table S3 are available from GenBank, NCBI. Their accession
numbers are AF092932, M14119, K02718, X05015, X74472, X74474, J04353, M12732, NC_001587, M74117,
M62849, X74478, M73236, A]620205, U31788, X74479, M62877, X74481, X74482, U37488, EF177181, D90400,
X77858, U31793, AY395706, U31794, D21208, DQ080079, AB027020, U21941, X94164, X94165, A]620209,
AB027021, AF131950, AF436128, AF419318, and DQ080080, respectively.
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