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Abstract

Enhancement of endogenous immunity to tumor-associated self-antigens and neoantigens is the goal of preventive vac-
cination. Toward this goal, we compared the efficacy of the following HER2 DNA vaccine constructs: vaccines encoding
wild-type HER2, hybrid HER2 vaccines consisting of human HER2 and rat Neu, HER2 vaccines with single residue substi-
tutions and a novel human HER2 DNA vaccine, ph(es)E2TM. ph(es)E2TM was designed to contain five evolution-selected
substitutions: M198V, Q398R, F425L, H473R and A622T that occur frequently in 12 primate HER2 sequences. These
ph(es)E2TM substitutions score 0 to 1 in blocks substitutions matrix (BLOSUM), indicating minimal biochemical altera-
tions. h(es)E2TM recombinant protein is recognized by a panel of anti-HER2 mAbs, demonstrating the preservation of
HER?2 protein structure. Compared to native human HER2, electrovaccination of HER?2 transgenic mice with ph(es)E2TM
induced a threefold increase in HER2-binding antibody (Ab) and elevated levels of IFNy-producing T cells. ph(es)E2TM,
but not pE2TM immune serum, recognized HER?2 peptide p95 ;5sLPESFDGDPASNTAP;4,, suggesting a broadening of
epitope recognition induced by the minimally modified HER2 vaccine. ph(es)E2TM vaccination reduced tumor growth more
effectively than wild-type HER2 or HER2 vaccines with more extensive modifications. The elevation of tumor immunity by
ph(es)E2TM vaccination would create a favorable tumor microenvironment for neoantigen priming, further enhancing the
protective immunity. The fundamental principle of exploiting evolution-selected amino acid substitutions is novel, effective
and applicable to vaccine development in general.
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Abbreviations LOD Log of odds
AA Amino acid Neu Rat homolog of ERBB-2 gene
B6 C57BL6 pE2TM pVax-based construct encoding the
B6 HER2 Tg C57BL/6 HER? transgenic ECD and TM of human erbB-2
BALB HER2 Tg BALB/c HER?2 transgenic pE2Neu pVax-based construct encoding a
BLOSUM Blocks Substitutions Matrix hybrid human and rat erbB-2
ECD Extracellular domain pGM-CSF pEF-Bos-based construct encoding
ICD Intracellular domain mouse GM-CSF

ph(es)E2TM pVax-based construct encoding the
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STR Short tandem repeat

Tg Transgenic

™ Transmembrane domain

USDA United States Department of
Agriculture

WAP Whey acidic protein

wt Wild type

Introduction

Clinical successes of checkpoint inhibitors have demon-
strated that endogenous immunity can destroy tumors.
Although some tumor infiltrating lymphocytes (TIL) rec-
ognize neoantigens, the majority of TIL clones recognized
tumor-associated self-antigens (TAA) [1]. Additionally,
active vaccination targeting known TAA may create a
favorable tumor microenvironment for neoantigen prim-
ing to enhance immune protection. Only limited success,
however, has been achieved from cancer vaccines targeting
unmodified TAA [2]. While this could be due to immune
suppressive mechanisms such as immune checkpoints and
regulatory T cells, the greatest challenge remains in the
balance between self-tolerance and tumor immunity. Here,
we tested a new strategy to overcome immune tolerance by
exploiting common amino acid (AA) substitutions occurring
during evolution.

HER?2 is an epidermal growth factor receptor [3] that is
over-expressed in a variety of cancers to stimulate tumor
growth, and endogenous HER2 immunity is found in
patients [4, 5]. Both humoral and cellular HER2 immunity
contribute to tumor growth inhibition, whether by direct
killing through antibodies or T cells, or by Ab-dependent
cell-mediated cytotoxicity, culminating in a comprehensive,
multi-effector anti-tumor response.

Our HER2 DNA vaccines have evolved through three
generations of construction and testing. The original HER2
vaccines were designed to be free of oncogenic kinase activ-
ity. Two of the first generation constructs have advanced
to clinical trials [6—8]. pE2A, encoding a kinase dead
full-length HER2, induced T cell response in breast can-
cer patients [7], and a kinase-free, truncated pE2TM is in
an ongoing trial (NCT01730118). The second generation
vaccines incorporated heterologous rat Neu to boost immu-
nity. Heterologous antigen, a different species’ antigen with
limited sequence alterations, has been used to manifest or
amplify experimental autoimmunity or tumor immunity
[9-17]. In the hybrid vaccine pE2Neu, human HER?2 extra-
cellular (ECD) subdomains III and IV were replaced by the
corresponding residues from rat neu. A reverse construct,
pNeuE2, has human HER2 subdomains I and II replaced by
rat neu residues. Until now, pE2Neu has been our most effec-
tive experimental HER2 vaccine [1, 13]. In contrast, pNeuE2
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is a surprisingly poor vaccine, showing the importance of
preserving ECD subdomains I and IT in HER2 vaccines.

To quantify the biochemical alteration from AA substi-
tutions in cancer vaccines, the blocks substitutions matrix
(BLOSUM) score was utilized [18, 19]. BLOSUM scores
are log of odds (LOD) calculated from the frequency of
AA substitutions in closely related protein sequences. The
observed LOD score of the 20 natural amino acids is +4 to
+ 11. Higher values indicate the invariance of those residues.
BLOSUMBG62, the basis of the protein BLAST program, was
established by comparing protein blocks containing > 62%
sequence identity [20]. For all possible AA substitutions,
each has an observed BLOSUM log score of + 3 to —4, with
95% of the substitutions scoring between + 1 and —4. A
zero indicates a substitution with a “neutral probability”, i.e.,
equal probability of the alternative or original AA residue
occurring. Positive BLOSUM scores indicate conservative
substitutions with little impact on the protein. Very nega-
tive scores such as —4 indicate extremely rare substitution,
which have a 10,000-fold greater chance than the score of 0
for protein alterations. We show that an HER?2 protein with
5 AA substitutions scoring between 0 and + 1 is sufficiently
immunogenic to overcome self-tolerance, yet maintains the
native structure for Ab recognition. BLOSUM scoring is a
simple and objective quantifier to guide vaccine design and
may be extrapolated to other TAAs or to the study of autoim-
mune or infectious diseases.

Materials and methods
Construction and validation of DNA constructs

pVAXI1 (Thermo Fisher Scientific, Ann Arbor, MI) was
used for constructing the following vaccines. pE2TM con-
tains codons 1-687 of human variant 1 ErbB2 cDNA (NM-
004448) with the transgene inserted between Hind//I and
Xbal within the multiple cloning site [12]. pNeu contains
codons 1-692 of the rat Neu oncogene cDNA (X03362).
pE2Neu contains codons 1-390 of NM-004448, a GAA
TTCGCT bridge, then codons 395-692 of X03362 [12, 13,
21]. prmE2TM contains codons 1-687 of rhesus (Macaca
mulatta) variant X1 ErbB2 (XM_001090430)(GenScript)
and was inserted between the Nhel and Xbal sites in
pVAXI. ph(es)E2TM is pE2TM with five codon substitu-
tions (M198V, Q398R, F425L., H473R and A622T) and was
inserted utilizing the Nhe/ and Xbal sites. Candidate DNA
constructs were validated by transient transfection into NIH
3T3 cells using Lipofectamine (Invitrogen, Thermo Fisher
Scientific), following the manufacturer’s instructions. mAbs
TA-1 (AbS; Calbiochem, San Diego, CA), N12, N29 [22,
23] (both hybridomas provided by Dr. Yosef Yarden, Weiss-
man Inst) and trastuzumab [24] (Genentech, South San
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Francisco, CA) were used to characterize HER2 epitopes.
mADb 7.16.4 (Ab4, Calbiochem, San Diego, CA) was used
to detect the rat neu epitope [25]. PE-goat-anti-mouse IgG
or PE-mouse-anti-human IgG (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) were secondary Abs.
Samples were analyzed on a BD FACScanto II using FlowJo
v10.5 software (TreeStar, Ashland, OR, USA).

Cell culture

All tissue culture reagents were purchased from Invitrogen,
Theromo Fisher and cultured as previously described [13].
Transfected cell lines were maintained in medium containing
G418, puromycin or zeocin.

Derivation of D2F2/E2t

D2F2/E2 cells (2 x 10° cells) were inoculated into the mam-
mary fat pads of female BALB/c mice and the outgrowth was
serially transplanted into naive female BALB/c mammary fat
pads for a total of seven generations. Tumor cells were disso-
ciated after the seventh transplantation and cloned. The cell
clones with the highest HER2 expression were selected and
designated D2F2/E2t. D2F2/E2t was maintained in medium
containing 0.6 mg/ml G418.

DNA electrovaccination

Test DNA constructs have been described above. pcDNA/
Neu (pNeu) encoding the extracellular and transmembrane
domains of rat neu has been previously described [26].
pEF-Bos/granulocyte macrophage colony-stimulating fac-
tor (pGM-CSF) encoding murine GM-CSF was provided
by Dr. N. Nishisaka at Osaka University, Osaka, Japan, as
previously described [27]. Mice were electrovaccinated as
described [27]. Briefly, mice were anesthetized and 50 pg
test DNA in an admix with 20 pg pGM-CSF in 50 ul PBS
was injected i.m. in the quadriceps. Immediately follow-
ing injection, square wave electroporation using a BTX830
(BTX Harvard Apparatus) or NEPA21 super electroporator
(Nepa Gene) was applied [13] with pulses at 100 V with
20 ms duration delivered eight times in two opposite orien-
tations. Mice were electrovaccinated one to three times at 2
weeks intervals as described in “Results”.

Regulatory T cell depletion

In B6 HER-2 Tg mice, regulatory T cells (Treg) were
depleted 10 days prior to vaccination by injection i.p.
of 0.5 mg anti-CD25 mAb PC61.

Immune monitoring

Sera, peripheral blood lymphocytes (PBL) and(or) spleno-
cytes (SC) were collected 2 weeks following the last elec-
trovaccination. Anti-HER2 Ab in sera were measured by
binding to HER2 overexpressing SKOV3 cells using flow
cytometry, and Ab concentrations calculated by regres-
sion analysis using mAb TA-1 as the standard [28]. Normal
mouse serum or isotype matched mAb was the control. Anti-
neu Ab were measured with 3T3/NKB cells and the standard
curve generated using mAb 7.16.4 (Ab4). Differences in Ab
concentration were analyzed by the Student’s # test.
ELISpot reagents were purchased from BD Biosciences.
HER?2 reactive T cells were enumerated by IFN-y ELISpot
[13, 29]. PBL or SC was incubated for 48 h with the APC
3T3/EKB or TC-1/E2 (3T3/KB and TC-1 were negative con-
trols) at an APC:lymphocyte ratio of 1:10 or with recombi-
nant HER2 or neu protein (ecd-Fc fusion; SinoBiological).
Results were expressed as number of cytokine-producing
cells per 10° SC. Data were analyzed using Student’s ¢ test.

BLOSUM scores

Blocks substitutions matrix (BLOSUM) scores [20] are LOD
calculated from the frequency of AA substitutions in closely
related protein sequences. BLOSUMG62 was established by
comparing protein blocks containing > 62% sequence iden-
tity (http://www.ncbi.nlm.nih.gov/Class/FieldGuide/BLOSU
M62.txt).

Peptide-binding profiling

Peptide-binding analysis was performed with a microarray
that displays a library of 168 HER2 ECD 15-mer peptides
with 11-mer overlap (JPT Peptide Technologies, Germany).
The peptides were covalently immobilized on glass slides
(PepStar Peptide Microarrays, JPT). Immune serum sam-
ples diluted 1:200 were incubated on the array for 1 h at
30 °C. Bound Ab was visualized with a fluorescently labeled
anti-mouse IgG. After washing and drying, the slides were
scanned at 635 nm to obtain fluorescence intensity profiles.
The images were quantified to generate a mean pixel value
for each peptide. A color-coded heat map was computed to
show relative fluorescence intensities.

Inhibition of tumor cell proliferation

Inhibition of tumor cell proliferation was measured by
incubating the human breast cancer cell line SK-BR-3 with
HER?2 immune serum in a flat bottom 96-well plate. Serum
from mice receiving blank pVax was the negative control.
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«Fig. 1 HER2 vaccines and BLOSUM scores. a HER2 ECD subdo-
mains [-IV and the mAbs reactive to each subdomain are shown. Sig-
nal peptide (SP) and transmembrane domain (TM) are also indicated.
b BLOSUMSG62 scores were plotted for each vaccine. For AA substitu-
tions, BLOSUM scores are calculated relative to human HER?2 (top
row). pE2TM is wt HER2 (AA residues 1-687). pE2Neu contains wt
HER?2 SP and subdomains I and II (residues 1-390), fused to rat Neu
(residues 394-691) with three extra residues AEF inserted between
HER2 and neu due to cloning strategy. pNeuE2 is the converse of
pE2Neu, containing Neu SP and subdomains I and II, fused to HER2
(residues 391-687). ¢ BALB HER2 Tg Mice received 3X DNA elec-
trovaccination with pE2TM, pNeu, the hybrid vaccines pE2Neu,
pNeuE2 or admixed pE2TM and pNeu. The levels of anti-neu or anti-
HER-2 Ab in the immune sera were measured by flow cytometry.
There were six to nine mice per group. **p <0.01, ***p <0.0001

Gefitinib was used as positive control. Cell survival was
measured by Alamar Blue assay after 48 h of incubation.
Statistical significance was determined by Student’s 7 test.

Inhibition of tumor growth in vivo

BALB HER2 Tg mice were electrovaccinated twice with
pE2Neu or ph(es)E2TM at 2 week intervals. Two weeks
after the second vaccination, D2F2/E2t cells were implanted
into #4 mammary fat pad and tumor growth was monitored
by palpation twice/week. Tumor size was measured and cal-
culated by XY?/2 where X represents the longer axis and ¥
the short axis.

Results
Hybrid HER2 vaccine constructs

The AA BLOSUM scores were evaluated in three existing
HER?2 vaccines (Fig. 1a/b). pE2TM encodes native HER2
ECD and TM domains and a 12 AA fragment of the ICD.
Two hybrid constructs pE2Neu and pNeuE2, each contains
distinct AA substitutions. Figure 1b shows BLOSUM scores
for the 687 residues in pE2TM (top row), ranging from +4
to + 11. Relative to pE2TM, pE2Neu contains 51 substitu-
tions in ECD subdomains III/IV and 3 extra residues (AEF)
in ECD subdomain III, following codon #389, due to DNA
cloning methodology. Thirty-two of the 51 substitutions
were conservative, with BLOSUM scores > 0. The other 19
scored — 1 to —4. The reverse construct, pNeuE2, harbors
54 neu-derived AA substitutions in subdomains I/II with 25
non-conservative changes scoring at — 1 to —4.

The potency of these vaccines was compared in BALB
HER?2 Tg mice [20]. Mice were electrovaccinated 3 X, at 2
weeks intervals, as described in “Materials and methods”
and Ab levels measured 2 weeks following each vaccina-
tion. Vaccination control was pVax. Also tested were pNeu
encoding rat neu, and admixed pE2TM and pNeu. Figure 1c

shows HER2-binding Ab (shaded diamonds) induced by
DNA electrovaccination. Compared to pE2TM, pE2Neu and
admixed pE2TM + pNeu induced two- to threefold elevation
of IgG (59 + 15 or 43 +9 vs 20+ 13 pg/ml), implicating het-
erologous neu epitopes in promoting HER2 self-reactivity.
The large number of substitutions, however, makes it dif-
ficult to project how the vaccine will perform in humans
who present the antigenic peptides in the context of human,
rather than mouse, major histocompatibility complexes. The
reverse hybrid, pNeuE2, did not enhance HER2 Ab even
though anti-neu Ab was high (46 + 18 pg/ml) [13].

HER2 vaccines with single amino acid substitutions

Increased Ab response in HER2 Tg mice projected pE2Neu
as an effective vaccine. However, the structural, biochemical
and immunological impacts of over 50 AA alterations are
too complex to extrapolate to other TAA. Toward a rational
vaccine design, we tested pE2TM vaccines harboring single
AA substitutions because of our previous findings from a
feline vaccination trial [30]. A single conservative Q141K
substitution (BLOSUM score =+ 1) in the feline HER2 vac-
cine elevated T cell response in one of three cats without
altering Ab response. Hence, a panel of six pE2TM vaccines
with selected single AA substitutions was generated.

Glutamine (Q) or asparagine (N) located on the external
surface of HER2 was replaced with AA carrying BLOSUM
scores > 1: Q141K, Q213K, Q239K, Q329K, Q429R and
N438D (Fig. 2a). Stable expression of all mutants except
Q213K was detected in transiently transfected 3T3 cells
by anti-HER2 mAbs TA-1 and N12, indicating preserva-
tion of the protein structure (Fig. 2b). Anti-neu mAb Ab4
was a negative control. To test immunogenicity in vivo, wt
BALB/c mice were electrovaccinated 1 X with the test con-
structs and HER2-binding Ab were measured 2 weeks fol-
lowing the vaccination. All but Q213K test vaccines induced
Ab (Fig. 2¢).

Preliminary testing of the five stable constructs shows that
Q141K and Q429R mutants produced more consistent IgG
response in BALB HER2 Tg mice (not shown). The immu-
nogenicity of these two mutant HER2 vaccines was tested
in comparison with pE2TM and pE2Neu vaccines. BALB
HER2 Tg mice electrovaccinated 2 X produced 48 + 12,
59+8,20+11 and 26 + 10 pg/ml HER2-binding Ab after
vaccination with pE2TM, pE2Neu, pE2TM-Q141K and
pE2TM-Q429R, respectively, showing no advantage of
single residue substitutions (Fig. 2d). Two time vaccina-
tion of Treg-depleted C57BL/6 (B6) HER2 Tg mice with
pE2TM, pE2Neu or pE2TM-Q141K induced 7+5, 48 +12
and 9+ 6 pg/ml HER2-binding Ab (Fig. 2e). Treg were
depleted 10 days before vaccination because this mouse
strain responds poorly in the presence of Treg [31]. Q141K
mutants induced elevated HER2-specific IFN-y-producing T
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Fig.2 Human HER2 point mutants: stability and immunogenic-
ity. ai Single residue substitutions are depicted on the DNA scheme
and in the space-filling model (RCSB 2A91, JSmol viewer) (aii). b
Point mutations were expressed as recombinant proteins in NIH 3T3
cells, then analyzed by flow cytometry using anti-HER2 mAb Ab5
and N12 as detection Ab. Anti-neu mAb Ab4 was the negative con-
trol. ¢ BALB/c wt mice were electrovaccinated 1x with test con-
structs encoding the point mutants and Ab response was monitored
2 weeks post-vaccination (red line histogram). d—g Immunogenicity
of selected point mutants was tested in BALB HER-2 or B6 HER-2

cells in BALB HER2 Tg mice when compared with pE2TM
(Fig. 2f), but not in B6 HER2 Tg (Fig. 2g). Therefore, the
overall trend that single residue substituted constructs are
less effective than pE2Neu is shown in both BALB HER2
Tg and B6 HER2 Tg mice.

Evolution-selected HER2 vaccine ph(es)E2TM

Because both a large number of AA substitutions in hybrid
vaccines and minimal change in single residue substitutions
are not optimal for cancer vaccination, we tested the hypoth-
esis that primate HER2 proteins with few AA disparities
resemble human HER?2 to preserve the antigenic epitopes,
but carry sufficient alterations to elevate self-reactivity.
Common AA substitutions were sought in HER2 sequences
from 12 primate species that share >95% sequence identity
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Tg mice. Mice were electrovaccinated 2x with pE2TM, pE2Neu,
pE2TM-Q141K, or pE2TM-Q429R. d/f In BALB HER-2 Tg mice,
HER-2 Ab levels were measured by flow cytometry following each
vaccination and IFNy-producing SC were measured by ELISPOT
assay after 2 X vaccination using 3T3/EKB cells as the APC (3T3/KB
as controls). e/g In B6 HER-2 Tg mice, Treg were depleted 10 days
prior to vaccination. Mice were vaccinated 2 X. HER2 Ab levels were
measured by flow cytometry, while IFNy-producing SC were meas-
ured by ELISPOT assay with the APC TC-1/E2 (TC-1 as control).
There were four to six mice per group. *p <0.05

with human HER2 (Supplemental Table la/b). Of these
‘evolution-selected alterations’, 5 AA in HER2 ECD are
frequently replaced by a common residue (Supplemental
Table 1a): M198V (ECD subdomain I), Q398R (III), F425L
(IIT), H473R (III) and A622T (IV) (Fig. 3a). BLOSUM
scores of these substitutions are all O and + 1, indicating
relatively neutral changes. A new HER?2 vaccine was gen-
erated to incorporate these five substitutions: ph(es)E2TM
(Fig. 3b). Alterations in ph(es)E2TM are readily quantifiable
(Supplemental Fig. 1). A rhesus monkey HER2 (rmE2TM)
(XM_001090430) encoded two additional AA substitutions
that are more drastic and not commonly observed: P122L
in subdomain I (BLOSUM score =—3) and P625S in sub-
domain IV (score = —2) (shaded blocks in Fig. 3a) [32]. To
determine whether drastic AA substitutions would detract
immune response from native HER2, the prmE2TM DNA
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Fig.3 The novel evolution-selected HER2 vaccine and the cor-
responding immune response. a/b Positions of AA substitutions
are depicted. Shaded substitutions are unique to rhesus monkey
(XP_001090430). ¢ Expression of recombinant proteins. 3T3 cells
were transfected with ph(es)E2TM or prmE2TM and analyzed by
flow cytometry. pE2TM and pVax blank vector were also tested;

construct with all seven residue substitutions was generated
for comparison.

Expression and immunogenicity of ph(es)E2TM
and prmE2TM

Expression of recombinant protein was measured by flow
cytometry using 3T3 cells transiently transfected with ph(es)

positive cells are identified in a box. d/e Induction of HER2 spe-
cific response by the test vaccine constructs. BALB HER2 Tg mice
were electrovaccinated 2 X with pE2TM, prmE2TM, or ph(es)E2TM.
HER?2 specific d Ab and e IFNy-producing SC were measured after
the last vaccination. There were four mice per group. *p <0.01

E2TM or prmE2TM (Fig. 3c). Controls were pVax and
pE2TM. Anti-HER2 mAb TA1, N12, N29 and trastuzumab
recognized both ph(es)E2TM and rmE2TM recombinant
proteins, indicating preservation of these epitopes.
Immunogenicity of ph(es)E2TM and prmE2TM versus
native pE2TM was compared. BALB HER2 Tg mice were
electrovaccinated 2 X and anti-HER?2 response monitored
(Fig. 3d, e). HER2-binding Ab increased by more than
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threefold in ph(es)E2TM immunized mice (55+6 vs 15+35,
p<0.01), showing augmented HER2 immunogenicity from
the five substitutions. In contrast, prmE2TM did not enhance
HER2 Ab response (20+7 vs 15+6 pg/ml) (Fig. 3d). It
is possible that P122L and P625S substitutions resulted in
neoantigen to detract immunity from native HER2 (Fig. 3d).
HER2-specific IFN-y-producing T cells were induced in
pE2TM, prmE2TM and ph(es)E2TM vaccinated mice at
152439, 474 +211 and 264 + 85 spot-forming units/10° SC,
respectively (Fig. 3e). There may be a trend toward higher
T cell response in prmE2TM and ph(Es)E2TM immunized
mice, but the difference was not statistically significant.
Immunogenicity of ph(es)E2TM was also compared with
pE2Neu in BALB and B6 HER2 Tg mice. Mice were elec-
trovaccinated 2 X, 2 weeks apart, and serum was collected
2 weeks after each vaccination. B6 HER2 Tg mice received
mADb PC61 before vaccination to remove Treg. Figure 4a
shows pE2TM, pE2Neu and ph(es)E2TM inducing 12 + 1.8,
38 +4.3 and 37 +4.3 pg/ml HER2-binding Ab, respectively,
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Fig.4 Induction of HER2 immunity by ph(es)E2TM. BALB
HER2Tg (a) and Treg-depleted B6 HER2 Tg (b) mice were electro-
vaccinated 2 X with pE2TM, pE2Neu, or ph(es)E2TM. HER2 Ab lev-
els were measured 2 weeks after each vaccination. ¢ BALB HER2 Tg
mice were inoculated with D2F2/E2t tumors in the mammary fatpad
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in BALB HER?2 Tg mice. ph(es)E2TM and pE2Neu induced
comparable levels of HER2-binding IgG even though ph(es)
E2TM has only 5 substituted residues. In Treg-depleted, 2 X
vaccinated B6 HER2 Tg mice, pE2Neu and ph(es)E2TM
induced 48 +12.4 pg/ml and 57+ 12.4 pg/ml HER2-bind-
ing Ab, respectively, compared to 7 +4.6 pg/ml by pE2TM
(Fig. 4b). Therefore, in both BALB and B6 HER2 Tg mice,
ph(es)E2TM was as effective as pE2Neu in generating Ab to
self HER2. Of the 5 substituted AA, four are located in ECD
subdomains III and IV. M198V substitution in subdomain I
has a BLOSUM score of + 1. Incorporation of conservative
AA substitutions selected and preserved during evolution
resulted in an improved HER2 vaccine for Ab induction.
To measure HER2-specific T cell response, 2 X-vacci-
nated BALB HER2 Tg mice received intra-fat pad injection
of syngeneic D2F2/E2t mammary tumor cells expressing
human HER?2 at 2 weeks post 2nd vaccination. Immune
SC harvested 3 weeks later showed a significant increase
in T cell response in ph(es)E2TM or pE2Neu vaccinated
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and IFNy-producing SC were analyzed 4 weeks post-tumor inocula-
tion, d IFNy-producing SC in B6 HER2 Tg were evaluated 2 weeks
post-second vaccination, without tumor inoculation. There were six to
nine mice per group. *p <0.05, **p <0.01, ***p <0.0001
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mice, when compared to pE2TM immunization (Fig. 4c). A
modest T cell response was induced in B6 HER2 Tg mice
regardless of the vaccine. Note that B6 HER2 Tg mice were
not challenged with tumors (Fig. 4d). Taken together, ph(es)
E2TM, like pE2Neu, induced elevated humoral immunity in
both strains of mice and elevated T cell immunity in BALB
HER?2 Tg mice.

Peptide-binding profiles of immune serum

To determine the epitopes recognized by the immune
serum, a library of 168 human HER2 15-mer peptides with
11-mer overlaps was used to evaluate the Ab-binding pro-
file. Immune serum was incubated on the peptide microar-
ray slide and bound antibodies were detected with a fluo-
rescence-labeled anti-mouse IgG and scanned at 635 nm.
Specific binding was expressed by the fold increase in mean

pixel value for a particular peptide over the average pixel
values of all peptides excluding three non-specific bind-
ing peptides (85, 121 and 128) (Fig. 5a and Supplemental
Fig. 2). An arbitrary cutoff of twofold increase was used to
identify positive binding peptides.

A single P95 ;5L PESFDGDPASNTAP;¢, emerged as the
target of the immune serum from B6 HER2 Tg mice that
received pE2Neu (2/5) or ph(es)E2TM (2/5), but not pE2TM
(0/5). In BALB HER?2 Tg mice, pE2Neu immune serum rec-
ognized p95 (5/5), but not ph(es)E2TM or pE2TM immune
serum. p95 in subdomain III is situated on the external sur-
face of HER2 ECD (Fig. 5b). Interestingly, in pE2Neu, the 3
AA insertion (AEF) introduced during pE2Neu construction
is located between residue 368 and 369 within p95 and may
contribute to the exposure of p95 in E2Neu. Further study
will be required to determine if p95-binding Ab contributes
positively or negatively to anti-tumor immunity.
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Fig.5 HER2 immune serum epitope mapping. Immune serum was
incubated on peptide microarray slide containing a library of 168
human HER2 15-mer peptides with 11-mer overlaps. Bound antibod-
ies were detected with a fluorescence-labeled anti-mouse IgG. Spe-
cific binding was expressed by the fold increase in mean pixel value
for a particular peptide over the average pixel values of all peptides.
A twofold increase is considered positive binding. a The binding pro-
file of immune sera from BALB HER2 and B6 HER2 Tg mice vac-

cinated with pVax, pE2TM, pE2Neu or ph(es)E2TM. p95 ;5sLPES-
FDGDPASNTAP;4, was recognized most prominently by pE2Neu
and ph(es)E2TM immune sera. b The position of cognate peptide
domain p95 is indicated in the ribbon model of human HER2 (RCSB
2A91, JSmol viewer). Three extra residues AEF introduced during
pE2Neu construction is located between residues 368 and 369 within
p95
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Vaccine induced anti-tumor immunity

Functionality of HER2 immune serum was measured
by incubating graded concentrations of immune serum
from BALB HER2 Tg mice (Fig. 4) with human SK-BR-3
cells for 48 h (Fig. 6). Surviving cells were quantified by
Alamar Blue. Reduction in cell survival at 45, 20 and 40%
was observed when the cells were incubated with 3 pg/
ml of pE2TM, pE2Neu and ph(es)E2TM immune serum,
respectively. At 1 pg/ml, only pE2TM (15% inhibition)
and ph(es)E2TM (25% inhibition) immune sera inhibited
tumor cell proliferation. Examination of IgG subtypes
indicates similar IgG1/IgG2 composition in the three test
sera (data not shown).

The efficacy of controlling tumor growth in vivo was
compared in BALB HER2 Tg mice (Fig. 6b). After 2 X
electrovaccination, mice received 2 x 10° BALB/c D2F2/
E2t cells in their #4 fat pads. Tumor growth was moni-
tored twice weekly. Tumor volume was reduced in mice
whether they were vaccinated with pE2Neu or ph(es)
E2TM, but reduction was greater and statistically sig-
nificant in ph(es)E2TM immunized mice.

Fig. 6 Inhibition of tumor
growth in vitro and in vivo. a
Inhibition of SK-BR-3 tumor
cell proliferation in vitro. Cells
were incubated with increas- 100
ing concentrations of HER2-
binding Ab from the vaccinated
BALB HER2 Tg mice shown in
Fig. 4. The negative control was
pVax immune serum and the
positive control was Gefitinib.
Cell viability was measured

by Alamar Blue assay. Values
are mean + SE from three
independent samples, each

in triplicate, and normalized

to untreated cells. Statistical
significance was determined by
Student’s ¢ test. b BALB HER2
Tg mice were vaccinated 2 X
either with pE2TM, pE2Neu (b)
or ph(es)E2TM, at 2 week
intervals. D2F2/E2t cells were
injected intra-fat pad and tumor
growth was monitored twice
weekly. *p <0.05, **p <0.01,
*#%p <0.0001
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Discussion and conclusions

An effective HER2 cancer vaccine, ph(es)E2TM, was pro-
duced by substituting just five AA that occur frequently in
closely related primates. These five substitutions (M198V,
Q398R, F425L, H473R and A622T) are relatively con-
servative as defined by their BLOSUM scores of 0 to + 1.
The structure of critical proteins such as HER2 may be
highly conserved during evolution to preserve their func-
tion, resulting in minimal AA deviations. This selection
process resulted in a natural design template for generat-
ing TAA vaccines to boost endogenous immunity. Vac-
cination with ph(es)E2TM induced HER2 immunity that
inhibited tumor growth in HER2 Tg mice. Introduction of
two additional drastic substitutions, P122L (score =—3) and
P625S (score =—2), abolished elevated response to HER2,
showing that inclusion of uncommon substitutions can be
detrimental.

The test vaccines were delivered by intramuscular DNA
electroporation. Naked plasmid DNA can be readily gener-
ated and modified. It is stable and relatively easy to produce

- Gefitinib
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in large quantity. Intramuscular injection is safe and con-
sistent. Application of electroporation at the injection site
enhances DNA uptake and expression with little adverse
effect.

Heterologous antigens have been the industry standard for
overcoming self-tolerance, but without a defined formulation
principle. Heterologous human collagen is routinely used
to induce experimental autoimmune arthritis in HLA-DR1
Tg mice [15, 33]. Human DR1 presents collagen epitopes
to T cells and induces highly cross-reactive antibodies to
both human and mouse collagen, initiating synovitis in mice.
This collagen induced arthritis model is a classic example
of using a heterologous antigen to overcome self-tolerance.
Human and mouse type II collagen have ~4% (51/1306)
protein sequence disparity, with 17 substitutions carrying
BLOSUM scores > 0. It is not known how AA substitutions
impact induction of arthritis.

The principle of immunizing with heterologous antigen
was extended to the USDA-approved canine melanoma
DNA vaccine [11, 34-36]. The vaccine was based on human
tyrosinase which contains 11.5% (59/511) sequence dispar-
ity from canine tyrosinase. Seventeen of the 59 substitutions
have negative BLOSUM scores. The response of heteroge-
neous, outbred dogs to human tyrosinase vaccine was quite
variable. Based on our findings with ph(es)E2TM, incorpo-
ration of evolution-selected, conservative substitutions may
be most appropriate for boosting endogenous immunity to
unmodified TAA.

The importance of preserving wt HER2 ECD subdomains
I and II in vaccine construct was indicated by the poor vac-
cine response from pNeuE2, in which subdomains I and II
were replaced with rat sequences. Critical epitopes may be
lost or foreign epitopes created that detract from self HER2.
Note that the predicted N-glycosylation sites in pNeuE2
ECD subdomain I differ significantly from wt pE2TM,
ph(es)E2TM or pE2Neu. The post-translational glycosyla-
tion patterns may also contribute to altered antigenicity [37,
38].

The ph(es)E2TM recombinant protein is recognized by
a panel of four anti-HER2 mAbs that recognize specific
epitopes in subdomains I/IL, IIT and IV, showing structural
preservation of HER2 ECD. Recombinant rmE2TM was
also recognized by these mAbs, but prmE2TM was ineffec-
tive at elevating HER2-binding Ab. P122L and P625S sub-
stitutions may have resulted in new epitopes that detracted
HER2 immunity.

BLOSUM scores had been used to evaluate disease
progression or treatment response that involves geneti-
cally diverse pathogens. Immunity to a broad spectrum
of HIV accumulates following repeated infection, pro-
tecting the exposed individuals from developing AIDS
[39]. BLOSUM scores that define HIV subtypes, clades
and epitope drift are predictive of anti-HIV T cell affinity

[40]. BLOSUM scores have also been used to predict det-
rimental versus tolerated amino acid substitutions in CTL
epitopes of flavivirus [41] or HBV [42]. To the best of our
knowledge, the present study is the first to use BLOSUM
scores to aid vaccine design for a TAA. We do recognize,
however, that BLOSUM scoring is not a direct measure
of immune epitope conservation or immunogenicity of
the recombinant protein, but our results indicate that it is
functionally related to immunogenicity.

Epitope scanning revealed a linear epitope p95
355LPESFDGDPASNTAP;¢, preferentially recognized by
pE2Neu immune serum from both strains and by ph(es)
E2TM immune serum from B6 HER2 Tg mice. Treg
depletion in B6 HER2 Tg mice prior to vaccination may
result in a broader immune recognition. Overlapping pep-
tides p94, p96 and p97 are also recognized by the reac-
tive immune sera, revealing ESFDGDPASNT as the core
peptide. The insertion of AEF between residues 368 and
369 at the C-terminus of p95 may expose p95 for B cell
and Ab recognition. ph(es)E2TM does not contain this
insertion and the closest substitution is Q398R. Pres-
ently, it is unclear how ph(es)E2TM presents p95 because
epitope scanning is limited to linear peptides. Importantly,
immune sera recognize multiple HER2 epitopes including
cryptic epitopes while mAb used in the clinic, such as
trastuzumab, recognize a single epitope. Thus, A broader
range of antigen—antibody interaction is achieved with
vaccination induced Ab.

In summary, the new ph(es)E2TM was tested in HER2 Tg
mice of BALB/c and C57BL/6 backgrounds. This vaccine
showed elevated immune response in both strains. Although
BALB/c and C57BL/6 mice have distinct MHC genotypes,
and HER2 Tg mice of these two backgrounds showed very
different intrinsic response to HER2 vaccines, ph(es)E2TM
induced a stronger HER2 immunity compared to native
pE2TM or pE2Neu in either strain. ph(es)E2TM with evo-
lution-selected conservative residue substitutions represents
a new and novel principle for vaccine formulation.
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Animal source Wild-type (wt) C57BL/6 and BALB/c mice were
purchased from Charles River Laboratory (Frederick, MD, US). Het-
erozygous B6 HER-2 Tg mice (B6 HER-2 Tg) which express full-
length wt HER-2 under the whey acidic protein (WAP) promoter were
generated in our laboratory and maintained by mating with wt B6
mice [43]. BALB/c HER-2 Tg (BALB HER-2 Tg) mice were gener-
ated by back-crossing B6 HER-2 Tg mice to wild-type BALB/c mice
[44] and are maintained by mating with BALB/c mice. B6 HER2 Tg
mice have been deposited at Jackson lab repository (B6.Cg-Tg(Wap-
ERBB2)229Wzw/J). Transgene positive mice were identified by PCR
as described [31].

Cell line authentication Antigen-presenting cells (APC) used in ELIS-
POT assay including 3T3/KB, 3T3/EKB and TC-1/E2 were gener-
ated as previously described [45]. BALB/c NIH 3T3 fibroblasts were
transfected with both K¢ and B7.1 (CD80) to generate 3T3/KB, or with
the addition of HER?2 for 3T3/EKB. 3T3/NKB similarly generated to
express neu was used for measuring anti-neu Ab levels in the immune
serum. The expression of the transgenes is validated by flow cytom-
etry using mAb to K¢ (SF1-1.1, Biolegend), B7.1 (CD80, BD), HER2
(TA-1/Ab5, Calbiochem) and neu (Ab4, EMD Millipore). C57BL/6
lung epithelial cell line TC-1 expressing K® and B7.1 was a gift from
Dr. T.C. Wu (The Johns Hopkins University, Baltimore, MD). TC-1/
E2 cells were transfected with wt HER-2 as previously described [31].
TC-1 and TC-1/E2 cells are validated by tumor growth in B6 mice and
by their expression of K® as detected by mAb Af6-88.5.5.3 (eBiosci-
ence, Thermo Fisher). D2F2 is a mouse mammary tumor line that
arose originally in a BALB/c hyperplastic alveolar nodule line, D2,
[46—48]. D2F2/E2 cells were generated by co-transfection with a Hin-
DIII WAP-HER-2 expression cassette (6.9-kb) and linearized pRSV/
neo as reported [46]. D2F2/E2t cells were selected from D2F2/E2 cells
by serial passage in BALB/c mice. D2F2 cells and derivatives are vali-
dated by tumor growth in BALB/c mice and by their expression of Kd
as detected by mAb SF1-1.1. Expression of HER2 in D2F2/E2 and
D2F2/E2t is verified by mAb AbS5, using flow cytometry. SK-BR-3 and
SKOV3 cells were purchased from the American Type Culture Col-
lection. Authentication of SKBR-3 and SKOV3 cells by short tandem
repeat (STR) profiling was carried out with Promega’s Cell ID System.
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