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Article

Full eradication of pre-clinical human
papilloma virus-induced tumors by a lentiviral
vaccine
La€etitia Douguet1,†, Ingrid Fert1,†, Jodie Lopez1,†, Benjamin Vesin1,† , Fabien Le Chevalier1 ,

Fanny Moncoq1 , Pierre Authi�e1 , Trang-My Nguyen1, Amandine Noirat1 , Fabien N�evo1,

Catherine Blanc1, Maryline Bourgine1 , David Hardy2 , François Anna1, Laleh Majlessi1,*,‡ &

Pierre Charneau1,‡

Abstract

Human papillomavirus (HPV) infections are the cause of all cervical
and numerous oropharyngeal and anogenital cancers. The cur-
rently available HPV vaccines, which induce neutralizing anti-
bodies, have no therapeutic effect on established tumors. Here, we
developed an immuno-oncotherapy against HPV-induced tumors
based on a non-integrative lentiviral vector encoding detoxified
forms of the Early E6 and E7 oncoproteins of HPV16 and 18 geno-
types, namely, “Lenti-HPV-07”. A single intramuscular injection of
Lenti-HPV-07 into mice bearing established HPV-induced tumors
resulted in complete tumor eradication in 100% of the animals
and was also effective against lung metastases. This effect corre-
lated with CD8+ T-cell induction and profound remodeling of the
tumor microenvironment. In the intra-tumoral infiltrates of vacci-
nated mice, the presence of large amounts of activated effector,
resident memory, and transcription factor T cell factor-1 (TCF-1)+

“stem-like” CD8+ T cells was associated with full tumor eradica-
tion. The Lenti-HPV-07-induced immunity was long-lasting and
prevented tumor growth after a late re-challenge, mimicking
tumor relapse. Lenti-HPV-07 therapy synergizes with an anti-
checkpoint inhibitory treatment and therefore shows promise
as an immuno-oncotherapy against established HPV-mediated
malignancies.
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Introduction

Persistent human papillomavirus (HPV) infections are responsible

for all cervical and numerous oropharyngeal and anogenital cancers

(de Sanjose et al, 2018). At least 14 of 100 related HPV types thus

far described can cause malignant transformation. The two most

abundant types, HPV16 followed by HPV18, are the most high-risk

types and are responsible for 71% of cervical cancers (Zottnick

et al, 2020). At least 3% of oral, 12% of pharyngeal, and 30–60% of

oropharyngeal cancers are caused by HPV (Kobayashi et al, 2018).

The early (E) E6 and E7 HPV oncoproteins initiate and maintain the

malignant phenotype of infected host cells (zur Hausen, 2002).

While E6 induces inactivation of p53 or its proteasomal degradation,

E7 inactivates the retinoblastoma protein. Together, these events

lead to persistent viral DNA synthesis, abnormal host cell division,

and tumor development (Doorbar et al, 2012). All the tumor cells

from HPV-associated cancers express E6 and E7, which are thus

major viral antigens to target in antitumor therapeutic vaccination

approaches (Steinbach & Riemer, 2018; Lechner et al, 2022).

The currently available prophylactic HPV vaccines, that is,

Cervarix, Gardasil and Gardasil 9, bivalent, quadrivalent, and nona-

valent vaccines, respectively, are based on the main L1 protein of

the HPV capsid, which forms immunogenic virus-like particles

(VLPs), adjuvanted in alum and/or monophosphoryl lipid A

(Rosalik et al, 2021; Hampson, 2022). These vaccines mainly induce

HPV-neutralizing antibodies which prevent viral infection but have

no therapeutic effect on already infected or malignant cells. There-

fore, when administered after the onset of sexual life, these vaccines

provide no significant protection, except in individuals not yet

infected with HPV (Rosalik et al, 2021; Hampson, 2022). The effi-

cacy of future therapeutic vaccines will rely on their ability to elicit

HPV-specific T-cell responses that are able to target oncoprotein-
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expressing dysplastic precancerous and malignant epithelial cells to

confer a long-lasting memory response. Several therapeutic vac-

cines, based on adjuvanted peptides or proteins or viral or bacterial

vectors expressing E6/E7 oncoproteins have been investigated,

mostly as treatments for cervical cancer. However, no notable long-

term antitumor immunity or improved clinical outcome has been

recorded (Lechner et al, 2022), highlighting the need to progress

toward more effective curative vaccines.

Lentiviral vectors (LVs) are promising vaccination vectors for

immuno-oncotherapy due to their tropism for dendritic cells (DCs),

in which they induce endogenous antigen expression, hence, the

ability of LVs to induce strong and long-lasting T-cell immunity (Ku

et al, 2021d). Only non-integrative LVs can be used for these pur-

poses. In non-integrative LVs, the catalytic site of the integrase is

mutated and therefore the viral retrotranscribed DNA cannot inte-

grate into the host chromosome and is maintained in the nucleus as

a non-integrated episomal form (Ku et al, 2021d; Nemirov et al,

2023). The use of non-integrative LVs requires adjustment of the

dose. Typically, the same immunogenicity efficacy is reached with

10 times more non-integrative than integrative LVs. LVs are non-

replicative, non-cytopathic, self-inactivating, and only weakly

inflammatory (Ku et al, 2021d; Lopez et al, 2022). With LVs, effec-

tive T-cell responses are induced at the lowest possible inflamma-

tory response cost. The safety of LVs has been established in

humans in phase I/IIa human immunodeficiency virus-1 therapeutic

trial (TheraVectys-Clinical-Trial, 2019) in which a 5-year follow-up

of cohorts of AIDS patients detected no serious adverse events, no

genotoxicity, and no treatment-related safety issues, but induction

of polyfunctional T-cell responses. In another phase I therapeutic

study based on a non-integrative LV performed on patients with sar-

coma and other solid tumors, no treatment-related adverse effects

were reported. No genotoxicity was recorded and the induction of

T-cell responses was detected and associated with a clinical benefit

(Pollack et al, 2017; Somaiah et al, 2019).

Lentiviral vector particles are predominately pseudotyped with

the glycoprotein from vesicular stomatitis virus (VSV-G), responsi-

ble for broad tropism for diverse cell types, notably DCs, the

avoidance of LVs being targets of preexisting immunity in

humans. Our laboratory has already established the preclinical

proofs of concept and efficacy of prophylactic LV-based vaccina-

tion against West Nile virus (Iglesias et al, 2006), Japanese

encephalitis virus (de Wispelaere et al, 2015; Garcia-Nicolas et al,

2017), Zika virus (Ku et al, 2020), SARS-CoV-2 (Ku et al, 2021a,c;

Vesin et al, 2022), and Mycobacterium tuberculosis (Anna et al,

2022; Lopez et al, 2022). The efficacy of an LV-based onco-

therapeutic vaccination was also established using an LV-encoding

human telomerase (Adotevi et al, 2010). A single intramuscular

(i.m.) injection of this LV vaccine-induced complete eradication of

B16 melanoma tumors in 30% of mice and significantly reduced

the tumor size in the remaining mice (Adotevi et al, 2010). In

addition, a single i.m. administration of LV::OVA to mice bearing

large OVA-expressing EG.7 tumors led to complete tumor eradica-

tion (Ku et al, 2021b). The LV::OVA-mediated protective effect

was higher than that of the adenoviral-based “Ad5::OVA”. The use

of an LV, encoding inactivated HPV16 E7 antigen fused to calreti-

culin to enhance MHC-I antigen presentation, generated prelimi-

nary encouraging results in HPV-induced tumor eradication

(Grasso et al, 2013).

Here, we generated a panel of non-integrative LVs encoding

assortments of inactivated E6 and E7 antigens from HPV16 and

HPV18 to enlarge the vaccine specificity. Furthermore, these anti-

gens were designed in various permutations in case their differential

positioning could impact their T-cell immunogenicity. We evaluated

the efficacy of these LVs in immuno-oncotherapy in mice, engrafted

with HPV-induced tumors. One of the generated vaccine candidates,

“Lenti-HPV-07”, was able to fully eradicate solid tumors in 100% of

animals that correlated with polyfunctional CD8+ T-cell immunity

and a large potential to remodel the immune tumor infiltrates

toward a pro-inflammatory microenvironment. Furthermore, Lenti-

HPV-07 immunotherapy induced long-term immune protection,

preventing tumor growth after a late rechallenge. Lenti-HPV-07 ther-

apy also showed its full efficacy in a lung metastatic tumor model,

correlated with the presence of CD44+ CD69+ CD103+ CXCR3+ resi-

dent memory CD8+ T cells in the lung parenchyma. A synergistic

effect of Lenti-HPV-07 and anti-programmed cell death protein (PD)

1 treatment was also demonstrated.

Results

Down-selection of Lenti-HPV-07 as an effective LV-based onco-
therapeutic treatment

We designed an assortment of non-oncogenic, inactivated forms of

E6 and E7 antigens from HPV16 and HPV18, ordered in various per-

mutations, in four distinct LV vaccine candidates, namely “Lenti-

HPV-07 to Lenti-HPV-10” (Fig 1A). The oncogenic properties of E6

and E7 were inactivated by removing their binding motifs to: (i) p53

tumor suppressor protein (Wieking et al, 2012; Hussain et al, 2021),

(ii) chromodomain-helicase-DNA-binding protein 4 (CHD4) (Mills,

2017), (iii) retinoblastoma (Rb) tumor suppressor protein (Bellac-

chio & Paggi, 2013), and (iv) PDZ, named for the common structural

domain shared by the post-synaptic density protein, drosophila disc

large tumor suppressor, and zonula occludens-1 protein (Romero

et al, 2011) (Fig EV1). We generated non-integrative, VSV-G

pseudo-typed Lenti-HPV, each encoding one of the four distinct

designed polyantigens, under the human β2-microglobulin promoter

which can transcriptionally favor antigen expression by LV-

transduced DCs and which induces higher antigen expression in

vivo compared to cytomegalovirus promoter (Ku et al, 2021b). The

human β2-microglobulin promoter contains elements regulated by

pro-inflammatory cytokines which are upregulated during the

DC activation. In addition, this promoter has minimal proximal

enhancers, which improves the biosafety of the vector (Ku et al,

2021b). Using this promoter, the higher proportions of

LV-transduced cells after i.m. immunization are detected in macro-

phages, conventional, and plasmacytoid DCs versus minutes pro-

portions of lymphocytes (Ku et al, 2021b).

The antitumor efficacy of each Lenti-HPV was directly assessed

in C57BL/6 mice subcutaneously (s.c.) engrafted with 1 × 106 syn-

geneic HPV-induced TC-1 cells (n = 8/group). Eleven days after

tumor inoculation, mice were randomized and immunized by a sin-

gle i.m. injection of individual Lenti-HPV. An LV encoding an irrele-

vant protein was used as a negative control LV (“Ctrl Lenti”). We

detected a complete tumor regression in 100% of mice vaccinated

with Lenti-HPV-07 and Lenti-HPV-10 (Fig 1B). In contrast, Lenti-
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HPV-08 and Lenti-HPV-09 induced tumor regression in only 87.5%

(7/8) or 75% (6/8) of mice, respectively. Furthermore, tumor cells

grew much less in Lenti-HPV-07-treated mice than in Lenti-HPV-10-

treated mice (Fig 1B). All Ctrl Lenti-injected mice reached the

humane endpoint before day 35, whereas the survival of the Lenti-

HPV-immunized groups was significantly prolonged (Fig 1C).

To evaluate the Lenti-HPV-07 efficacy in a more aggressive

model, we treated mice bearing tumors with an average volume of

450 mm3 with a single i.m. injection of 1 × 109 TU of Lenti-HPV-07

or Ctrl Lenti (Fig 1D and E). Six of 7 Lenti-HPV-07-treated mice were

able to fully eradicate such large tumors or to induce a significant

decrease in tumor growth (Fig 1D). One mouse with the largest

tumor in the Lenti-HPV-07 group had to be killed at day 28 post-

tumor implantation because of ethical consideration, yet we cannot

exclude that this individual would have been able to control the

tumor growth. Accordingly, the survival of Lenti-HPV-07-treated

mice was significantly increased compared to the Ctrl Lenti group

(Fig 1E). Therefore, Lenti-HPV-07 induced full tumor regression in

all animals that were ethically able to be maintained alive because

of the large tumor size.

Altogether, the LV platform is effective for use in solid tumor

immunotherapy, and among the LV constructs tested here, Lenti-

HPV-07 is the most effective.

Features of systemic Lenti-HPV-07-induced T-cell immunity

We assessed the induced T-cell immunogenicity by injecting C57BL/

6 mice i.m. at day 0 with 1 × 108 or 1 × 109 TU of Ctrl Lenti or

Lenti-HPV-07. At day 14, splenocytes were used in IFN-γ ELISPOT

after in vitro stimulation with pooled peptides derived from E6HPV16,

E7HPV16, E6HPV18, or E7HPV18 (Fig 2A). Lenti-HPV-07 induced IFN-γ
T-cell responses notably against E7HPV16 in C57BL/6 H-2b mice.

Weaker responses were also recorded against E6HPV16, E6HPV18 and

E7HPV18. We also comparatively analyzed IFN-γ T-cell responses

against E6HPV16, E6HPV18, E6HPV18, and E7HPV18 antigens after immu-

nization of C57BL/6 mice by Lenti-HPV-07, Lenti-HPV-08, Lenti-

HPV-09 or Lenti-HPV-10 vectors. The T-cell immunogenicity profiles

of the four Lenti-HPVs were very similar (Fig EV2A), consistent with

their notable antitumor potential (Fig 1B and C). Indeed, the slight

differences between the antitumor activity of the four vectors may

have originated from a few outliers without significant impact on

the tumor eradication rate or percentages of survival (Fig 1B and C).

Importantly, the comparable immunogenicity of the four Lenti-HPVs

against the selected HPV antigens clearly showed the lack of antigen

positioning effect on T-cell immunogenicity of antigens in various

Lenti-HPVs.

To gain further insight into the quality of the T-cell responses,

splenocytes from mice injected with Ctrl Lenti or Lenti-HPV-07 were

left untreated or stimulated in vitro with a mixture of E7HPV16:

ETTDPDRAHYNIVTF and E7HPV16:PDRAHYNIVTFCCKC peptides,

both containing the immunodominant RAHYNIVTF T-cell epitope

(Feltkamp et al, 1993) and were analyzed by intracellular staining

(ICS) (Fig 2B). In Lenti-HPV-07-vaccinated mice, stimulation with

these E7HPV16 peptides detected functional CD8+ T-cell effectors,

mainly distributed among IFN-γ+ (single positive), TNF-α+ IFN-γ+ or

IL-2+ IFN-γ+ (double positive), and IL-2+ TNF-α+ IFN-γ+ (triple posi-

tive) subsets (Fig 2C). Most IFN-γ+ CD8+ T cells also expressed the

surface CD107a degranulating marker, showing the effector proper-

ties of these T cells (Fig 2D). Importantly, Lenti-HPV-07 was also

immunogenic in “HHD-DR1” mice which are fully devoid of murine

MHC molecules and express only those from human leukocyte anti-

gen (HLA) 02.01, DRA01.01, and DRB1.01.01 alleles, widely

expressed in human populations (Altmann et al, 1995; Pascolo

et al, 1997; Madsen et al, 1999; Pajot et al, 2004). The main T-cell

response in Lenti-HPV-07-vaccinated HHD-DR1 mice was oriented

against E6HPV18 (Fig 2E). Altogether, the immunogenicity of Lenti-

HPV-07: (i) against E7HPV16 and also at a lesser extent against

E6HPV18 and E7HPV18 in C57BL/6 (H-2b) mice (Fig 2A), and (ii)

against E6HPV18 in MHC-humanized HHD-DR1 mice (Fig 2E),

reflected well the accurate expression of these various antigens in

the host antigen presenting cells transduced by Lenti-HPV-07. We

also emphasize that the four antigens are expressed as a single poly-

protein and that the four segments can only be expressed with the

same intensity. The differences in the profile of Lenti-HPV-07 immu-

nogenicity in these distinct animal models are linked to the selection

of different T-cell epitopes by diverse MHC molecules from various

H-2 or HLA haplotypes for presentation to T cells.

To determine the phenotype of T cells responsible for tumor erad-

ication, tumor-bearing C57BL/6 mice, vaccinated with Lenti-HPV-07

at day 14, received i.p. a control Ig or depleting anti-CD4 or anti-CD8

monoclonal antibodies (mAbs). The resulting efficient in vivo T-

subset depletion (Fig EV2B), showed that the main Lenti-HPV-07-

induced effectors involved in tumor elimination were CD8+ T cells

and that CD4+ T cells made no sizeable contribution (Fig 2F).

◀ Figure 1. Therapeutic effect of vaccination in mice bearing HPV-induced tumors with various Lenti-HPV vectors.

A Four antigenic designs of non-oncogenic, inactivated forms of E6 and E7 antigens from HPV16 and HPV18 with distinct permutations, as encoded by non-
integrative LV-based HPV therapeutic vaccine candidates.

B, C C57BL/6 mice (n = 8/group) were engrafted s.c. on the right flank with 1 × 106 TC-1 cells. At day 10 post-engraftment, when the tumor volume reached an average
of 70 mm3, mice were randomized. Vaccination was performed at day 11 by i.m. injection of 1 × 109 TU/mouse of individual Lenti-HPV vectors. Tumor-bearing con-
trol animals received Ctrl Lenti. (B) Spaghetti plots of tumor size over time. The gray arrows indicate the time point at which the vaccine was injected. (C) Survival
curve of the animals.

D, E C57BL/6 mice (n = 7–8/group) were engrafted s.c. on the right flank with 1 × 106 TC-1 cells. At day 20, when the tumor volume reached an average of 450 mm3,
mice were randomized. Vaccination was performed at day 20 by i.m. injection of 1 × 109 TU/mouse of Lenti-HPV-07. Tumor-bearing control animals received Ctrl
Lenti. (D) Spaghetti plots of tumor size over time. The gray arrows indicate the time point at which the vaccine was injected. (E) Survival curve of the animals.

Data information: Statistical significance was determined by Log-rank Mantel-Cox tests (ns, not significant, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Mice were sacri-
ficed when the tumor volume reached 1,500 mm3, defined as humane endpoints. The experiments shown is representative of two independent experiments. The experi-
ment shown in (D, E) has been performed once.
Source data are available online for this figure.
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No HPV-specific IFN-γ T-cell response was detected in C57BL/6

mice bearing tumors and treated with the Ctrl Lenti, indicating that

the TC-1 tumor itself did not induce systemic E6/E7-specific CD8+ T

cells (Appendix Fig S1).

Profound remodeling of intra-tumoral immune infiltrates in
Lenti-HPV-07-vaccinated mice

Characterization of the intra-tumoral infiltrates at day 11 post-

vaccination, that is, during the tumor regression phase, showed:

(i) a large increase in the percentage of CD45+ hematopoietic cells

(Fig 3A), and (ii) a significant increase in the percentages of CD8+

T cells within the CD45+ population, and (iii) a significant

decrease in the percentages of CD4+ T cells within the CD45+ pop-

ulation (Fig 3B). The decrease in the CD4+ T-cell proportions most

likely resulted from the increased CD8+ T cell proportions (Fig 3B)

and/or reduction in the proportions of CD25+ FoxP3+ regulatory T

cells (Tregs) within the CD4+ T subset (Appendix Fig S2A). Immu-

nohistochemistry analysis confirmed a preferential expansion and/

or recruitment of CD8+—but not CD4+—T cells in the tumors from

Lenti-HPV-07-treated mice relative to their Ctrl Lenti-treated coun-

terparts (Figs 3C and EV3). Homogeneous intra-tumoral distribu-

tion of CD8+ T cells was observed in Lenti-HPV-07-treated mice,

suggesting that the entire tumor mass was accessible to the effec-

tor T cells. Within the CD8+ T-cell subset, there was an increase

in the percentage of CD44+ CD69+ CD103+ resident memory T

cells (Trm) (Fig 3D), a hallmark of effective and long-lasting pro-

tective potential (Masopust & Soerens, 2019). There was also an

increase in the percentage of killer-cell lectin-like receptor G1

(KLRG1)+ cells observed within the CD44dim CD69� CD8+ T-cell

compartment (Fig 3E and F), characteristic of terminally exhausted

T cells, most likely resulting from chronic TCR stimulation and/or

checkpoint protein signaling, at this dynamic stage of T-cell medi-

ated tumor regression.

At this time point post-vaccination, the vast majority of CD8+ T

cells showed a PD1+ and T cell immunoglobulin domain and mucin

domain (Tim)-3+ phenotype (Fig 3G). Most of these cells also

expressed the transcription factor T cell factor-1 (TCF-1) (Zhao

et al, 2022) (Fig 3H). Such “stem-like” T cells are usually associated

with the memory phenotype and characterized by their activation

status and their survival transcriptional and epigenetic programs

(Hiam-Galvez et al, 2021), notably in HPV-induced cancers (Eber-

hardt et al, 2021). Principal component analysis (PCA) of the above-

mentioned cytometric data showed a clear-cut distinction between

the intra-tumoral T cells from Ctrl Lenti- and Lenti-HPV-07-treated

mice (Fig 3I).

As mentioned above, we also observed a significant decrease in

the frequency of intra-tumoral CD4+ CD25+ FoxP3+ regulatory T

cells (Tregs) in Lenti-HPV-07-vaccinated mice (Appendix Fig S2A).

In net contrast to the major remodeling of the intra-tumoral T-cell

compartment, the frequency of intra-tumoral B220+ B cells was sim-

ilar in Ctrl Lenti- and Lenti-HPV-07-treated mice (Appendix

Fig S2B). There was also a significant increase in the proportions of

natural killer (NK) cells in the regressing tumors (Fig 4A). However,

an efficient NK-cell depletion by anti-NK1.1 mAb treatment in

tumor-bearing and Lenti-HPV-07-treated mice had no effect on the

immune control of tumor growth (Fig EV4A–C).
In the Lenti-HPV-07-vaccinated mice, we also observed an

increase in the frequency of intra-tumoral CD11b+ Ly6G+ granulo-

cytic cells (Fig 4B). Without a functional assay, it was difficult to

determine whether these cells were polymorphonuclear (PMN) or

PMN-myeloid-derived suppressor cells (PMN–MDSCs; Douguet

et al, 2018). Only in Lenti-HPV-07-vaccinated mice was an intra-

tumoral cell population with a CD11b+ F4/80hi CD11c+ MHC-II+

phenotype, containing a CD24+ cell subtype, detected (Fig 4C),

which may correspond to a previously described monocyte-derived

macrophage/cDC2 subset, with migratory and cross-presentation

properties, that is enriched in the tumor microenvironment (TME)

(Sheng et al, 2017). PCA projection plots of the abovementioned

innate immune cell characteristics showed a net distinction between

the intra-tumoral innate immune cells from Ctrl Lenti- and Lenti-

HPV-07-treated mice (Fig 4D). We also observed an increased ratio

of total T cells versus total CD11b+ innate cells in the regressing

tumors of Lenti-HPV-07-vaccinated mice (Fig 4E). Strong upregula-

tion of PD1 ligand (PD-L1) was detected on TC-1 cells in the regres-

sing tumors of Lenti-HPV-07-treated mice, in contrast to the tumor

cells in growing tumors of the Ctrl Lenti-treated controls (Fig 4F).

These results show that a profound remodeling of intra-tumoral

immune infiltrates correlated with efficient tumor regression in

Lenti-HPV-07-vaccinated mice.

Intra-tumoral inflammatory status of Lenti-HPV-07-treated mice

We further compared the inflammatory status of the TME in Ctrl

Lenti- or Lenti-HPV-07-treated mice, by performing qRT–PCR
on RNA extracted from the total tumors recovered at day 9 post-

◀ Figure 2. Characterization of Lenti-HPV-07-induced antitumor T-cell effectors.

A C57BL/6 mice received i.m.: (1) 1 × 109 TU of Ctrl Lenti (n = 3), (2) 1 × 108 TU (n = 14) of Lenti-HPV-07, or (3) 1 × 109 TU (n = 8) of Lenti-HPV-07. At day 14 post
injection, splenocytes from individual mice were studied by IFN-γ ELISPOT after in vitro stimulation with pools of synthetic 15-mers spanning the sequence of
E6HPV16, E6HPV18, E7HPV16, or E7HPV18.

B–D T-cell cytokine responses of splenocytes from Ctrl Lenti- or Lenti-HPV-07-injected mice (n = 5) were also studied by ICS, with or without stimulation with a mixture
of E7HPV16:ETTDPDRAHYNIVTF and E7HPV16:PDRAHYNIVTFCCKC peptides, both containing the RAHYNIVTF H-2Db-restricted T-cell epitope. Bold characters represent
H-2Db anchor residues. (B) Cytometric gating strategy carried out on IL-2-, TNF-α-, and IFN-γ-producing CD8+ T cells. (C) Recapitulative frequencies of each (poly)
functional cell subsets and (D) degranulation activity of the IFN-γ-producing CD8+ T cells, assessed by surface CD107a staining.

E HHD-DR1 mice received i.m.: (1) 1 × 109 TU of a Ctrl Lenti (n = 4), (2) 1 × 108 TU (n = 4) Lenti-HPV-07, or (3) 1 × 109 TU (n = 5) of Lenti-HPV-07 and their spleno-
cytes were studied by IFN-γ ELISPOT, as described in (A).

F Mice (n = 7/group) engrafted s.c. with 1 × 106 tumor cells were injected at day 14 with 1 × 109 TU of Ctrl Lenti or Lenti-HPV-07 and then treated with a Ctrl Ig or
anti-CD4 or anti-CD8 mAbs, as detailed in Material and Methods. Spaghetti plots of tumor growth in the various group. The gray arrows indicate the time point at
which Lenti-HPV-07 was injected.

Data information: The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.
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treatment, that is, at the beginning of tumor regression. In accor-

dance with the intra-tumoral immune cell composition (Figs 3 and

4), the TME from Lenti-HPV-07-vaccinated mice showed a stronger

inflammatory signature than that from the growing tumors of Ctrl

Lenti-treated mice (Fig 5A). The immunosuppressive transforming

growth factor (TGF)-β and IL-10 were also upregulated in the TME

from Lenti-HPV-07-vaccinated mice, most likely as part of a typical

attempt of the immune system prone to resolve inflammation and

limit inflammation-induced tissue damage (Sanjabi et al, 2009). The

expression of Th1 cytokines, that is, IFN-γ, TNF-α, IL-2, was higher

in the TME of Lenti-HPV-07-vaccinated mice (Fig 5A) in a correla-

tive manner (Fig 5B). The expression of the innate cytokines IL-6,

IL-12p40, and IL-18 was also significantly and correlatively higher.

The expression of CCL3, CCL4, and CCL5 chemokines, also higher,

may be major determinants of tumor infiltration by DCs and NKs

(Allen et al, 2018). The increase in IFN-γ-induced CXCL9 and

CXCL10 expression, also observed in the tumors of vaccinated mice,

may be associated with intra-tumoral recruitment of activated CD8+

T cells through an interaction via CXCR3. Up-regulation of ICAM-1

may also favor T-cell adhesion and is critical for solid tumor elimi-

nation, as recently described (Larson et al, 2022). Overexpression of

CXCL5 can chemo-attract T cells and neutrophils and contribute to

tumor angiogenesis (Zhang et al, 2020). The observed increase in

the CCL19 expression may promote IFN-γ-dependent anti-tumor

defense by inducing the homing of CCR7+ T cells and DCs (Schaerli

& Moser, 2005). Myeloid-associated (M-CSF, GM-CSF, and MIF) or

fibroblast growth factor (FGF-2, FGF-7), vascularization (VEGF-C,

VCAM-1), or extra-cellular matrix components (MMP-1, MMP-9,

and collagen, type 1 alpha 1) were little or unaffected by vaccina-

tion, suggesting tumor regression driven by Th1 inflammation with-

out other global modifications of the TME (Hong et al, 2022).

Efficacy of Lenti-HPV-07 therapy against pulmonary metastases

The lung is the most frequent anatomical site of metastatic spreading

of solid tumors, including HPV-induced tumors (van Boerdonk

et al, 2013). We thus evaluated the capacity of Lenti-HPV-07 to inhibit

tumor growth in the pulmonary mucosal site. We generated a TC-1

cell line stably expressing the nano-luciferase reporter gene (nLuc-TC-

1) to apply a bioluminescence-based live animal imaging which is one

of the most sensitive and quantitative assessment of tumor burden

over time and which allows longitudinal tracking of metastases in indi-

vidual animals. Such an analysis by histological method would have

weak sensitivity as histological sections cannot cover the totality of

the organs and would have required injection of a much larger number

of tumor cells per animal. Cytometric detection would have been a

sensitive alternative method but would have required the introduction

of a fluorochrome reporter to TC-1 cells, which would have generated

the same questions about the possible immunogenicity of the reporter.

To the best of our knowledge, there are no data in the literature show-

ing any sign of immunogenicity of the small nLuc (10 kDa) enzyme

which behaves as a non-immunogenic protein in our hands. In any

case, we compared the extent of metastasis with the same nLuc-TC-1

cell line in groups of mice treated with Ctrl Lenti or Lenti-HPV-07 in

which possible immunogenicity of the reporter would be the same and

could not be a confounding factor.

After intravenous (i.v.) injection of 1.5 × 104 nLuc-TC-1 cells,

C57BL/6 mice readily developed pulmonary metastatic foci, in

accordance with previous observations (Ji et al, 1998). Five days

after tumor injection, mice received a single i.m. injection of

1 × 109 TU of Ctrl Lenti or Lenti-HPV-07 (n = 12/group). Longitudi-

nal tumor outgrowth was followed in live animals by biolumines-

cence imaging (Fig 6A). All Lenti-HPV-07-treated mice were cured

at day 22, whereas pulmonary metastatic foci continued to grow in

the Ctrl Lenti group. Largely statistically differences were observed

between the bioluminescence signal in the two groups on days 18

and 22 (Fig 6B and C).

Lung T-cell status was also assessed in such mice at day 15. An

i.v. PE-anti-CD45 mAb injection was given to the mice 3 min before

sacrifice to distinguish the lung parenchymal (CD45i.v.�) from vas-

cular (CD45i.v.+) CD8+ T cells (Anderson et al, 2014) by cytometry

(Fig 6D). Compared with the naı̈ve control or Lenti Ctrl-treated

mice, the Lenti-HPV-07-treated mice had no higher percentages of

CD8+ T cells in their lung parenchyma (Fig 6E). However, in the lat-

ter group, the frequencies of PD1+ Tim+ activated CD8+ T cells and

those of CD44+ CD69+ CD103+ CXCR3+ Trm among the parenchy-

mal CD8+ T cells were significantly increased (Fig 6F and G). No

such differences were observed in the parenchymal CD4+ T cells. At

day 28, no more differences were observable between the lung T-

cell composition of the Ctrl Lenti- and Lenti-HPV-07-treated groups.

Therefore, in the Lenti-HPV-07-treated mice, the presence of

lung-activated and Trm CD8+ T cells was correlated with the eradi-

cation of pulmonary metastatic tumors established following hema-

togenous spread.

Lenti-HPV-07 therapy protects mice bearing large tumors and
induces long-term antitumor immune protection

We investigated the capacity of Lenti-HPV-07 to protect mice bearing

larger tumors (Fig 7A). By day 18 after s.c. tumor engraftment at the

◀ Figure 3. Tumor infiltrating T cells in Lenti-HPV-07-vaccinated mice.

C57BL/6 mice were engrafted s.c. with 1 × 106 TC-1 cells and injected with 1 × 109 TU Lenti Ctrl or Lenti-HPV-07 (n = 7/group). Tumors were studied on day 11 post-
vaccination.

A, B Representative dot blots of tumor infiltrating T cells, studied by cytometry.
C Representative tumor infiltrating T cells, studied by anti-CD8 immunohistochemistry.
D–H Representative dot blots of tumor infiltrating T cells, studied by cytometry. For cytometry data, the percentage of each subset was compared between the two

groups and statistical significance was determined using two-tailed unpaired t-tests (**P ≤ 0.01, ***P ≤ 0.001).
I PCA projection plot of the parameters studied in (A, B, D–H). Differential characteristics of intra-tumoral T cells between Ctrl Lenti- and Lenti-HPV-07-treated

groups. PC1 of 10 variables, shown in (A, B, D–H) split the samples by treatment. Proportion of variance for PC1 = 87.71%.

Data information: For cytometry data, the percentage of each subset was compared between the two groups and statistical significance was determined using two-
tailed unpaired t-tests (**P ≤ 0.01, ***P ≤ 0.001). The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.
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right flank, tumors had reached ≈ 200 mm3. All Lenti-HPV-07-

vaccinated individuals experienced complete tumor regression within

40 days (Fig 7B), establishing the ability of Lenti-HPV-07 to induce full

immune protection also against well-established tumors.

In these settings, we then determined whether the cured mice

developed a long-term protective immune memory. To mimic tumor

relapse, cured mice were re-challenged s.c. with 1 × 106 tumor cells in

the opposite flank at day 120 after the first tumor engraftment, and

maintained without any treatment (Fig 7A). A group of naı̈ve mice

received the same tumor cell suspension, as a positive control of tumor

growth. All naı̈ve control mice developed tumors, whereas all initially

cured mice were protected from a tumor re-challenge and were still

alive 145 days after the initial tumor engraftment (Fig 7C).

In another experiment, at day 286 after the initial tumor engraft-

ment which corresponded to day 196 after tumor re-challenge,

Lenti-HPV-treated and cured mice (n = 5/group) received an i.v.

instillation of an adjuvant-free mixture of E7HPV16:ETTDPDRAHY-

NIVTF and E7HPV16:PDRAHYNIVTFCCKC peptides, both containing

the immunodominant RAHYNIVTF T-cell epitope (Fig 7D). This

method has been reported to awaken antigen-specific memory T

cells without triggering primary T cells (Schenkel et al, 2013, 2014).

Naı̈ve controls received the same i.v. E7HPV16 peptide treatment.

Forty-eight hours after the peptide injection, splenocytes were stim-

ulated in vitro with the homologous or a negative control peptide

and studied by IFN-γ ICS and surface marker labeling (Fig 7E). The

presence of long-lived antigen-specific memory T splenocytes was

readily detectable by this approach in 2 of 5 mice (Fig 7E left bot-

tom, F) and, to a lesser extent, in two other mice in the group of

cured mice. No IFN-γ+ CD8+ T cells were detected in the negative

control group that received the adjuvant-free peptides alone

(Fig 7F). The majority of the responding cells in the cured mice were

CD44+, CD62L�, CD127+, and KLRG1�, known as memory precur-

sor cells (Ku et al, 2021b).

These observations show that a single Lenti-HPV-07 injection

promoted antitumor immune memory, which efficiently shaped

long-term T-cell responses to face tumor relapse new challenges.

Lenti-HPV-07 vaccination acts synergistically with anti-PD1
immunotherapy

We also investigated the potential synergy between a suboptimal

dose of Lenti-HPV-07 vaccination and anti-PD1 therapy. Since the

dose of 1 × 109 TU, as used in previous experiments, induced com-

plete tumor eradication in 100% of the mice (Fig 1), to evaluate the

possible beneficial effect of the additional anti-PD1 mAb treatment,

we used the suboptimal dose of 1 × 108 TU, which is far from being

effective alone. We designed two different regimens of anti-PD1

administration. First, we injected anti-PD1 mAb and Lenti-HPV-07

on the same day (Fig EV5). The combinatory therapy appeared to

abrogate the beneficial effect of Lenti-HPV-07, as only 1 of 10 mice

experienced complete tumor regression with this combinatory treat-

ment, whereas 5 of 10 mice showed tumor eradication with subop-

timal vaccination alone (Fig EV5). As Lenti-HPV-07 requires a few

days to induce antigen expression and effector T-cell induction,

simultaneous administration of anti-PD1 may inhibit the activation

of antigen-specific T-cells. Therefore, in a second protocol, we

began the anti-PD1 treatment 4 days after the Lenti-HPV-07 injec-

tion (Fig 8A). In this protocol, the suboptimal dose of 1 × 108 TU of

Lenti-HPV-07, which induced an insufficient antitumor T-cell

response, acted synergistically with anti-PD1 therapy to increase the

tumor regression rate. Six of 14 mice achieved complete tumor

regression and two others showed partial tumor regression in which

tumor volume decreased by 67%. Then the tumor relapsed 6–7 days

after the end of anti-PD1 treatment, highlighting the need for

repeated injections of anti-PD1 until the tumor has completely

disappeared. Only 3 of 12 mice treated with the suboptimal dose of

Lenti-HPV-07 alone showed partial tumor regression (Fig 8B and C).

The progression-free survival time doubled in mice that received the

combination of Lenti-HPV07 and anti-PD1 compared to the mice

treated with the vaccine alone (Fig 8D). Anti-PD1 alone was effec-

tive in only one mouse of 10. Accordingly, survival was significantly

increased in the group with combinatory treatment (Fig 8E).

Because therapy with anti-PD1 mAb alone had practically no effect

on tumor eradication and the impact of combination therapy was

higher than that of Lenti-HPV-07 alone (Fig 8B, C and E), the effect

of combination therapy was synergistic rather than additive.

In contrast to the high efficacy of the optimal dose of 1 × 109 TU

of Lenti-HPV-07 on very large tumors with an average volume of

450 mm3 (Fig 1D and E), the combination of a suboptimal dose of

1 × 108 TU of Lenti-HPV-07 with anti-PD1 mAb therapy was not

effective on very large tumors (Appendix Fig S3).

Therefore, a synergistic anti-tumor effect can be achieved when

Lenti-HPV-07 is combined with delayed anti-PD1 checkpoint inhibi-

tory treatment only in the case of small- or medium-sized tumors.

The optimal dose of Lenti-HPV-07 alone remains the best therapeu-

tic option for large tumors.

Discussion

We developed an onco-therapeutic anti-HPV vaccine candidate based

on an LV platform that induced full eradication of HPV-induced

◀ Figure 4. Features of tumor cells and tumor infiltrating innate immune cells in Lenti-HPV-07-vaccinated mice.

A–C The tumor-engrafted and vaccinated mice are those detailed in Fig 3 (n = 7/group). Tumor infiltrating innate immune cells in Lenti Ctrl- or Lenti-HPV-07-injected
mice were studied on day 11 post-vaccination by cytometry. Representative blots for various innate cells are shown. The percentage of each subset was compared
between the two groups and statistical significance determined using two-tailed unpaired t tests (ns: non-significant, ***P ≤ 0.001).

D PCA projection plot of the parameters studied in (A–C). Differential characteristics of intra-tumoral innate immune cells between Ctrl Lenti- and Lenti-HPV-07-
treated groups. PC1 of three variables, shown in (A–C), split the samples by treatment. Proportion of variance for PC1 = 93.48%.

E Ratio of intra-tumoral T cells vs CD11b+ cells. Statistical significance was determined using two-tailed unpaired t tests (***P ≤ 0.001).
F Comparative expression of PD-L1 at the surface of FSChi CD45� tumor cells, shown as overlayed cytometric histograms for individual mice from the two groups.

Statistical significance was determined using two-tailed unpaired t tests (***P ≤ 0.001).

Data information: The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.
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tumors in 100% of mice, including those bearing large tumors. A sin-

gle i.m. injection of Lenti-HPV-07 was sufficient to induce CD8+ T

cells at the systemic level and to achieve complete eradication of sub-

cutaneously engrafted tumors in all treated mice. Lenti-HPV-07 treat-

ment also showed 100% efficacy in the complete eradication of

pulmonary metastatic foci, established through hematogenous tumor

spread, and correlated with detectable activated CD8+ T cells and

Trm in the lung parenchyma. This observation indicates that i.m.

Lenti-HPV-07 therapy also induces a strong antitumor immunity in a

mucosal site such as the lungs. Therapeutic vaccination with Lenti-

HPV-07 generated a long-lasting memory response that protected the

cured mice from tumor recurrence. Mechanistically, this successful

therapeutic vaccination elicited polyfunctional tumor immunity,

dependent mainly on CD8+ T-cell effectors, leading to deep TME

remodeling. Remarkably, antigen-specific peripheral memory CD8+ T

cells were still detectable in the spleen of mice beyond 270 days post

Lenti-HPV-07 treatment which corresponded to > 195 days after a

tumor re-challenge.

We observed an increased influx of hematopoietic cells and

mainly CD8+ T cells into the tumor in Lenti-HPV-07-treated tumor-

bearing mice when the decline in tumor size began, and the fre-

quency of protection-associated Trm (Masopust & Soerens, 2019)

appeared to be rising. Even though Lenti-HPV-07 treatment led to

complete tumor eradication, there was an increase in the frequency

of intra-tumoral CD44dim CD69� KLRG1+ exhausted T cells, which

most likely resulted from continuous checkpoint signaling and anti-

genic stimulation. In accordance with this supposition, most intra-

tumoral CD8+ T cells also displayed a PD1+ Tim-3+ phenotype, a

proportion of which was also TCF-1+ (Zhao et al, 2022). In addition

to its instrumental contribution to early T-cell development, TCF-1

acts in regulating mature T-cell responses, as it is involved in the

self-renewal of antitumor CD8+ T cells. TCF-1 contributes to pre-

serving reinforced responses to checkpoint blockade immunother-

apy and is considered to be a potential clinical biomarker for the

prognosis of tumor immunotherapy (Hong et al, 2022; Zhao

et al, 2022).

PD-L1 overexpression was detected in the regressing tumors,

most probably resulting from local inflammatory signals, including

IFN-γ release by intra-tumoral CD8+ T cells or NK cells (Cottrell &

Taube, 2018). PD-L1+ tumor cells can interact with PD1+ antigen-

specific CD8+ T cells and decrease their effector functions by inter-

fering with the signaling cascade downstream of PD1 (Pauken

et al, 2021). When the optimal dose of 1 × 109 TU of Lenti-HPV-07

was administered to tumor-bearing mice, this homeostatic mecha-

nism adopted by the tumoral cells was evidently insufficient to

counteract the protective ability of Lenti-HPV-07-mediated T-cell

immunity. It is possible that T cells induced by Lenti-HPV-07 are

mainly of high affinity and thus unaffected or barely affected by the

PD-L1-mediated inhibitory signals delivered by tumor cells. Indeed,

it has been demonstrated that PD1 signaling preferentially sup-

presses low-affinity T cells (Liang et al, 2017; Shimizu et al, 2021).

Importantly, we observed a synergistic effect for combined anti-PD1

therapy and a suboptimal dose of Lenti-HPV-07 vaccine, the latter

mimicking situations in which T-cell immunity could be insufficient

to be fully eradicative, which could result from: (i) large tumor size,

(ii) weak tumor accessibility to effector cells, (iii) low E6/E7 antigen

presentation, or (iv) partial immune depression and/or T-cell

exhaustion. The synergistic effect of the combination of anti-PD1

and Lenti-HPV-07 is also consistent with the reported improvement

in tumor eradication potential of LV-based melanoma immunother-

apy by PD1/PDL1 blockade (Albershardt et al, 2020). In accordance

with previous observations, this synergistic beneficial effect was

observed only when anti-PD1 therapy was started a few days after

Lenti-HPV-07 administration (Curran & Glisson, 2019). This obser-

vation is also in agreement with previous results demonstrating a

positive role for PD-1 in T-cell effector functions and decreased sur-

vival of CD8+ T cells in the absence of PD-1 (Odorizzi et al, 2015).

Therefore, in a prospective clinical setting, should HPV-induced

solid tumors prove refractory or partially resistant to Lenti-HPV-07

therapy, the use of a PD1/PD-L1 blocking immune therapy could be

rationally designed to favor T-cell reinvigoration. Of note, HPV16

effective therapeutic vaccine based on synthetic long peptides did

not synergize with anti-PD1 treatment in TC1 tumor-bearing mice

(van Montfoort et al, 2018), highlighting another beneficial aspect

of Lenti-HPV-07.

High proportions of NK cells were also found inside the regres-

sing tumors of Lenti-HPV-07-vaccinated mice. NK cells can cytolyze

malignant cells that potentially lose their MHC-I expression under

the selection pressure of a strong CD8+ T-cell response (Seillet

et al, 2021) and provide an additional source of intra-tumoral IFN-γ,
XCL1, and CCL5 chemo-attractants and Fms-related tyrosine kinase

3 ligand G (FLT3LG), which stimulates DC differentiation/expansion

(Demaria et al, 2019). In the present study, the depletion of NK cells

revealed no role for these cells in regressing the growth of TC-1

cells, which constitutively express MHC-I molecules. However, it

cannot be ruled out that in a clinical setting where tumor cells are

more prone to lose their MHC-I expression, such NK recruitment

could contribute to anti-tumor immunity.

In accordance with TME polarization in Lenti-HPV-07-vaccinated

mice, we observed a reduction in the proportion of Tregs, which is

usually associated with a good prognosis. It is also noteworthy that

an intra-tumoral CD11b+ CD11c+ MHC-II+ F4/80hi monocyte-

derived macrophage/cDC2 subset was detected only in Lenti-HPV-

07-vaccinated mice, as also observed in several murine tumoral

◀ Figure 5. Tumor inflammatory status in Lenti-HPV-07-vaccinated mice.

A The heatmap represents the log2 fold change in mRNA expression in the total tumors of mice (n = 7/group) engrafted with TC-1 on day 0, vaccinated with Lenti-
HPV-07 on day 13, and removed for qRT-PCR analysis of 33 analytes on day 22. For each sample, the mRNA abundance (CT value) of the target genes was normalized
to that of the endogenous β-globin reference gene and compared to a calibrator value corresponding to the mean of the CT values determined in the tumors from the
Ctrl Lenti group. The fold change in gene expression was further calculated using 2�ΔΔCT . Statistical significance was evaluated using the Mann–Whitney tests (ns, not
significant, *P < 0.05, **P < 0.01, ***P < 0.001).

B Pearson correlation coefficient of differentially expressed analytes in Lenti-HPV-vaccinated mice. Col1A1, collagen, type 1, alpha 1; FGF, fibroblast growth factor; MMP,
matrix metalloproteinase.

Source data are available online for this figure.
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models. The migratory and cross-presentation properties of this pop-

ulation have been well documented (Sheng et al, 2017). We also

detected higher expression of the pro-inflammatory T-cell cytokines,

IL-6, IL-12p40, and IL-18, as well as several chemo-attractants in the

TME of the Lenti-HPV-07-vaccinated mice, which was associated

with improved outcomes of solid tumors.

Therapeutic vaccination with an adenoviral vaccine expressing

E6 and E7 from HPV16 and 18 cured only 10% of animals bear-

ing small TC-1 tumors of 30–60 mm3 (Hoffmann et al, 2010).

Another pre-clinical result of TC-1 immunotherapy with an adeno-

viral vector encoding three HPV antigens, including E6 and E7,

reported only a partial reduction in tumor size and a partial

increase in the survival rate following a prime-boost regimen

(Khan et al, 2017). Various studies using Listeria monocytogenes-

based vaccine vectors for the immunotherapy of HPV-induced

cancers (Lm-LLO-E7) have shown widely varying efficacy, with a

range of 20–75% of complete cure in mice bearing small TC-1

tumors (Shrimali et al, 2017). The detoxified adenylate cyclase of

Bordetella pertussis harboring E7 lost its therapeutic effect against

large TC-1 tumors and required association with CpG adjuvant

and anti-Treg cyclophosphamide treatment to achieve tumor eradi-

cation, only occurring in 58% of individuals (Berraondo

et al, 2007). A DNA vaccine based on the fusion of ubiquitin to

HPV E6 and E7 required three injections in a prophylactic setting

to avoid TC-1 cell proliferation. In a therapeutic setting, even if

only 5.104 TC-1 cells were engrafted, three injections of this DNA

vaccine led to only partial tumor regression (Chandra et al, 2017).

In a recent study using mRNA technology, including its auto-

amplifying version which prolongs antigen expression in the vac-

cinated mice, the immunotherapeutic potential of this technology

could only be demonstrated against TC-1 tumors, either not yet

established or of very small size, with early relapses in almost

50% of treated mice (Ramos da Silva et al, 2023). The previously

described effective immunotherapies against HPV-induced tumors

in preclinical studies (Chu et al, 2000; Grasso et al, 2013;

Domingos-Pereira et al, 2019; Arribillaga et al, 2020; Ramos da

Silva et al, 2023) included notably one based on an LV encoding

a single HPV antigen (Grasso et al, 2013). Compared to this pre-

liminary study and with a view to setting up a clinical trial, Lenti-

HPV-07 encodes a poly-antigen targeting the E6 and E7 antigens

of both HPV16 and HPV18 genotypes which are most frequently

represented among HPV genotypes associated with cancers. Also

compared to this previous study, we have thoroughly character-

ized the phenotype and function of the generated T cells and

performed a thorough analysis of the tumor microenvironment

which demonstrated a deep remodulation towards an inflamma-

tory state, well beyond a simple activation of specific CD8+ T

cells. We have also shown the significant effect of a single i.m.

injection of Lenti-HPV-07 against lung metastases, as well as the

potential synergy of this therapy with immune checkpoint inhibi-

tors. Therefore, Lenti-HPV-07 therapy outperforms the previously

described immune therapy in the standard preclinical HPV-

induced cancer models.

One might wonder whether the protein expression of the selected

HPV antigens in the host cells transduced by Lenti-HPV-07, Lenti-

HPV-08, Lenti-HPV-09, or Lenti-HPV-10 is comparable. It is techni-

cally challenging to set up a Western Blot to detect and quantitate

the expression level of each of the four HPV antigens in host cells

transduced with each of the Lenti-HPVs. In fact, there is no guaran-

tee that the selected antigenic segments in the context of the poly-

antigens are recognizable by mAbs which should be specific to

sequential—and not conformational—B cell epitopes. However, the

comparable T-cell immunogenicity of the four Lenti-HPVs reflects

well the comparable antigen availabilities in host cells transduced

by each of these Lenti-HPV vectors.

Based on data from the literature, the immunogenicity of E7HPV16
in H-2b mice is most likely responsible for the overall anti-TC-1

tumor response in the C57BL/6 mice (Grasso et al, 2013). This anti-

gen alone encoded by viral vectors or other vaccination strategies is

the one that achieves the protection against HPV-induced TC-1

tumors. The interest in the inclusion of a poly-antigen in Lenti-HPV-

07 was not to broaden the immunogenicity of the vaccine in the

C57BL/6 model. The response of C57BL/6 mice to E7HPV16 in this

model validates the proof of concept. The interest of adding more

antigens E6HPV16, E6HPV18, and E7HPV18 antigens was essentially to

broaden the antigen/epitope repertoire with a short-term perspec-

tive of achieving a clinical trial in patients, with polymorphic HLA,

infected by HPV16 or HPV18. It is also noteworthy that patients

◀ Figure 6. Effect of Lenti-HPV-07 immunotherapy on pulmonary metastatic foci.

A C57BL/6 mice were injected i.v. with 1.5 × 105 nLuc-TC-1 cells. On day 5, mice received a single i.m. injection of 1 × 109 TU of Ctrl Lenti or Lenti-HPV-07 (n = 11/
group). The development of pulmonary metastatic foci was monitored by bioluminescence imaging. The luminescence values of the regions where signals were
detectable, that is, thoracic region, were evaluated as the total flux of photons/s (p/s) right after furimazine Z108 substrate administration. The baseline signal was
obtained from mice injected with neither nLuc-TC-1 cells nor LVs but injected with the same amounts of furimazine. Representative images obtained from nLuc-
TC-1-injected and Ctrl Lenti- or Lenti-HPV-07-treated mice at various time points post-tumor engraftment.

B Follow-up of total flux over time (n = 11/group), shown as the mean � SEM of biological replicates. The black arrow indicates the time point at which Ctrl Lenti or
Lenti-HPV-07 were injected. Dotted line represents the basal total flux. Statistical significance was determined using two-tailed unpaired t-tests (ns, not significant,
**P < 0.01).

C The total flux for individual mice of the three experimental groups on day 22 post-tumor engraftment. Statistical significance was determined using two-tailed
unpaired t tests (ns, not significant, **P < 0.01).

D At day 15 post-nLuc-TC-1 i.v. instillation, groups of untreated mice (Neg Ctrl) (n = 4) or Lenti Ctrl- (n = 10) or Lenti-HPV-07- (n = 10) treated and tumor bearing
mice received an i.v. injection of PE-anti-CD45 mAb, 3 min before sacrifice. This in vivo staining allows cytometrical distinction of lung parenchymal (CD45i.v.�) from
vascular (CD45i.v.+) hematopoietic cells. Live CD8+ CD45i.v.� T cells were gated and analyzed for their expression of various markers. A representative blot for each
group is shown.

E–G Percentages of each subset are compared between the groups. Statistical significance was evaluated using the Mann–Whitney tests (ns, not significant, *P < 0.05,
**P < 0.01).

Data information: The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.
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with HPV16 and HPV18 co-infection have been reported (Jesus

et al, 2018).

Most murine HPV tumor models rely on s.c. engraftment. Hence,

physiological HPV infections occur in the internal tissues and mucosal

epithelia, that is, vaginal, anal, or oropharyngeal mucosa. Mucosal

sites have specific environments, their cell composition is distinct

from that in lymphoid organs and peripheral blood, and they may be

poorly accessible to T cells induced following systemic immunization.

It is possible that local immunotherapy of HPV-induced cancers

would be more effective and more likely to trigger Trm. Due to their

high safety because of their non-replicative, non-cytopathic, and non-

inflammatory properties, LVs are suitable for mucosal vaccination

and can induce local effector and Trm immunity at mucosal sites. We

have successfully used LV in pre-clinical settings for the complete and

total prevention of the respiratory and central nervous systems from

SARS–CoV-2 infection (Ku et al, 2021a,c,d) and for the prevention of

the respiratory system from Mycobacterium tuberculosis infection

(Lopez et al, 2022). The benefit of mucosal antitumor CD8+ T-cell

induction by intranasal vaccination at the anatomical sites of HPV-

induced malignancy has been demonstrated in orthotopic head and

neck murine cancer (Sandoval et al, 2013). Beneficial effects of the

induction of HPV-specific T-cell immunity in the cervico-vaginal

mucosa following intravaginal vaccination have also been reported in

mice (Echchannaoui et al, 2008; Zottnick et al, 2020). When translat-

ing the Lenti-HPV-07 immuno-oncotherapy into the clinic, more than

one injection of Lenti-HPV-07 may be necessary to reach optimal vac-

cine efficacy depending on the patient’s immunological and chemo-/

radio-therapeutic history. Booster injections via the nasal, vaginal,

and rectal routes could then be a feasible and mechanistically

justifiable alternative. It is noteworthy that the lack of HPV antigen

positioning effect on immunogenicity, observed with different Lenti-

HPV encoding various antigen permutations, suggests that there will

be no impact on the functional T-cell immune response in a human

population where various epitopes will need to be presented by HLA

molecules of multiple alleles.

Limitations of the study

The transplantable TC-1 model is the standard to evaluate the effi-

cacy of HPV vaccine candidates (Zottnick et al, 2020), is used by

almost all expert laboratories, and allows the comparison of results

generated in different studies. There are other more aggressive

models, such as low MHC-I expressing TC-1 P3 (A15) cells (Cheng

et al, 2003), not tested in the present study. However, we showed

the high efficacy of a single injection of Lenti-HPV-07 in the alterna-

tive aggressive large TC-1 tumor model, that is, mice bearing tumors

with an average volume of 450 mm3. TC-1 cells may express higher

levels of the E6 and E7 antigens than HPV-induced human tumors.

Therefore, we cannot exclude that the complete control of TC-1 by

Lenti-HPV-07 therapy may only partially recapitulate the character-

istics of HPV-induced human tumors. Several therapeutic HPV vac-

cine candidates have reached clinical trials based on the proof of

concept established in this model (Smalley Rumfield et al, 2020).

Consequently, these preclinical results may have partial predictive

value for efficacy in human HPV-induced cancers. However, given

the encouraging results obtained with Lenti-HPV, the present results

prompt an evaluation of the efficacy of treatment with Lenti-HPV-07

in patients.

◀ Figure 7. Long-lasting antitumor T-cell memory induced by a single Lenti-HPV-07 vaccination.

A Timeline of s.c. tumor engraftment and Lenti-HPV-07 vaccination. C57BL/6 mice (n = 7) were engrafted on the flank with 1 × 106 tumor cells. On day 18 post-
engraftment, when the tumor volume reached an average of 200 mm3, mice were randomized. Lenti-HPV-07 vaccination was performed on day 18. Tumor-bearing
negative control animals received Ctrl Lenti.

B Spaghetti plots of tumor growth. The red arrows indicate the time point at which Ctrl Lenti or Lenti-HPV-07 were injected.
C On day 120, cured mice were engrafted s.c. with 1 × 106 tumor cells on the opposite flank and left untreated to mimic tumor relapse. Age-matched naïve control

mice (n = 4) showed the growth capacity of the engrafted tumor cells used in the relapse part of the experiment.
D–F In an independent experiment, Lenti-HPV-treated and cured mice which have been re-challenged (n = 5/group), received at day 286 post tumor engraftment an i.v.

injection of an adjuvant-free mixture of E7HPV16:ETTDPDRAHYNIVTF and E7HPV16:PDRAHYNIVTFCCKC peptides (25 μg of each/mouse). Naïve control mice received
the same i.v. treatment. At 48 h post injection, splenocytes were stimulated in vitro with homologous or negative control peptides during 6 h prior to IFN-γ ICS
and surface labeling. (E) Gating strategy and representative blots. (F) Percentages of IFN-γ+ versus total CD8+ T cells (top) and those of IFN-γ+ CD44+ CD62L�

CD127+ KLRG1� (memory precursor cells) (bottom) versus total CD8+ T cells. Statistical significance was determined by the Mann–Whitney t-test (*P < 0.05,
**P < 0.01).

Data information: The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.

▸Figure 8. Anti-PD1 treatment synergizes with suboptimal dose of Lenti-HPV-07.

A Timeline of tumor s.c. engraftment and combinatory Lenti-HPV-07 and anti-PD1 mAb treatment. C57BL/6 mice (n = 10–14/group) were engrafted on the flank with
1 × 106 tumor cells. On day 13 post-engraftment, when the tumor volume reached an average of 120–140 mm3, mice were treated with the suboptimal dose of
1 × 108 TU of Ctrl Lenti or Lenti-HPV-07. Mice were then treated 2–3 times a week with anti-PD1 mAb for a total of six injections from days 17 to 31.

B Spaghetti plots of tumor growth. The gray arrows indicate the time point at which Ctrl Lenti or Lenti-HPV-07 were injected.
C Percentages of mice, without, with partial or complete antitumor response.
D Progression-free survival (PFS) time of mice bearing TC-1 tumors treated with suboptimal dose of Lenti-HPV07 and anti-PD-1. PFS described the duration of response

from the day that tumor reaches maximum size until the day that tumor exceeds maximum size again in responsive mice (n = 10–14/group). Statistical significance
was determined using two-tailed unpaired t tests (*P < 0.05).

E Survival curves of animals (n = 10–14/group), followed for 85 days. Statistical significance was determined using Log-rank Mantel-Cox tests, (*P = 0.0159,
**P = 0.071). Mice were sacrificed when the size of the tumors reached 1,500 mm3, in accordance with the defined humane endpoints.

Data information: The experiments shown are representative of at least two independent experiments.
Source data are available online for this figure.
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A phase 1/IIa clinical trial is presently in preparation to evaluate

the efficacy of Lenti-HPV-07 in HPV16/18+ cervical and head and

neck cancers.

Materials and Methods

Construction and production of Lenti-HPV

Codon-optimized sequences of the designed E6-E7 polyantigens

were synthesized and inserted into the pFlap lentiviral plasmid

between the BamHI and XhoI sites, located between the human 2-

microglobulin promoter and the mutated atg starting codon of

the woodchuck post-transcriptional regulatory element (WPRE)

sequence (Appendix Fig S4). The envelope plasmid encodes VSV-G

under the cytomegalovirus promoter, and the packaging plasmid

contains gag, pol, tat, and rev genes. The integrase resulting from

the packaging plasmid carries a missense amino acid in its catalytic

triad, that is, the D64V mutation, which prevents the integration of

viral DNA into the host chromosome (Ku et al, 2021d).

Mice

Six- to 12-week-old female C57BL/6JRj mice (Janvier, Le Genest

Saint Isle, France) were housed in ventilated cages under specific

pathogen-free conditions at the Institut Pasteur animal facilities. All

the procedures were performed in accordance with the European

and French guidelines (Directive 86/609/CEE and Decree 87–848 of

October 19, 1987) after approval of the protocol by the Institut Pas-

teur Safety, Animal Care and Use Committee delivered by the local

ethics committee (CETEA #DAP180049, CETEA #DAP190130 and

Ministry of High Education and Research APAFIS#16381-

2018080217194542 v1, APAFIS# 20981-20190606164112731.

Tumor and treatments

TC-1 cells (ATCC, CRL-2785) are C57BL/6 lung cells immortalized

by stable co-transfection of HPV16 E6 and E7 and HRas carrying the

G12V activating mutation, which makes them tumorigenic. TC-1

cells were authenticated by qRT–PCR specific to genes encoding

HPV16 E6 and E7 and tested negative for mycoplasma contamina-

tion by use of MycoAler Plus Kit (Lonza). TC-1 cells were cultured

in RPMI 1640 supplemented with 10% FBS, penicillin (100 U/ml),

and streptomycin (100 μg/ml) at 37°C in 5% CO2 and used at a low

passage number. Mice were engrafted s.c. with 1 × 106 TC-1 cells

on the right flank at day 0. Nine to 18 days later, when the tumor

size reached 80–120 or 200 mm3, mice were randomized and

injected i.m. with a single injection of Lenti-HPV contained in 50 μl.
Anti-PD1 (clone RMP1-14, Bioxcell) or control Ig (clone 2A3, Biox-

cell) was injected i.p. at 200 μg/mouse, 2 or 3 times a week, for a

total of six injections. Anti-CD4 (clone GK1.5, in the house), anti-

CD8 (clone H35.17.2, in the house), or control Ig was injected i.p. at

250 μg/mouse the day before the vaccination and then every other

day until day 15 post-vaccination. Anti-NK1.1 (clone PK136, Biox-

cell), or control Ig, was injected i.p. at 300 μg/mouse the day before

the vaccination and then every other day until day 15 post-

vaccination. Tumors were measured 2 or 3 times a week using a

digital caliper and the tumor volume was calculated using the

formula V = L × W2/2, where V is the volume, L the length (the

longest diameter), and W the width (the shortest diameter). Mice

were sacrificed when tumors reached 1,500 mm3 in volume or

became ulcerated or when the mice became moribund.

T-cell assays

As recently detailed elsewhere (Ku et al, 2021c) T splenocyte

responses were assessed by IFN-γ ELISPOT after in vitro stimulation

with E6 or E7 peptide pools or individual peptides. ICS assay was

performed on splenocytes as recently detailed (Lopez et al, 2022).

Cytometric analysis of tumor immune infiltrates

Tumors were treated with the Mouse Tumor Dissociation kit

(Miltenyi). Cell suspensions were then filtered through 70 μm-pore

filters, treated with Red Blood Cell lysis buffer (Sigma), and then

washed and centrifuged at 1,200 rpm for 5 min. The recovered cells

were stained as follows. (i) To detect DC and macrophages, Near IR

Live/Dead (Invitrogen), FcγII/III receptor blocking anti-CD16/CD32

(clone 2.4G2, BD Biosciences), BV605-anti-CD45 (clone 30-F11, BD

Biosciences), PE-anti-CD11b (clone M1/70, eBioscience), PE-Cy7-

anti-CD11c (clone N418, eBioscience), PerCP-Cy5.5-anti-MHC-II

(clone M5/114, BD Biosciences), FITC-anti-CD24 (clone M1/69, BD

Biosciences), and BV421-anti-F4/80 (clone T45-2342, BD Biosci-

ences) were used. (ii) To detect B cells, NK cells, and PMNs, Near

IR LD (Invitrogen), FcγII/III receptor blocking anti-CD16/CD32

(clone 2.4G2, BD Biosciences), BV605-anti-CD45 (clone 30-F11, BD

Biosciences), FITC-anti-B220 (clone RA3-6B2, eBioscience) APC-

anti-CD11b (clone N418, BD Biosciences), PE-Cy7-anti-CD11c (clone

N418, eBioscience), PE-anti-Ly6G (clone 1A8, Biolegend), BV421-

anti-NKp46 (clone 29A1.4, Biolegend), and PerCP-Cy5.5-anti-Ly6C

(clone HK1.4, eBioscience) were used. (iii) To detect T cells and

their activation profile, Near IR Live/Dead (Invitrogen), FcγII/III
receptor blocking anti-CD16/CD32 (clone 2.4G2, BD Biosciences),

BV605-anti-CD45 (clone 30-F11, BD Biosciences), APC-anti-CD8

(clone 53-6.7, eBioscience), eF450-anti-CD4 (clone RM4-5,

eBioscience), BV711-anti-CD103 (clone 2E7, Biolegend), PE-Cy7-

anti-CD69 (clone H1.2F3, BD Biosciences), FITC-anti-CD44 (clone

IM7, Biolegend), and PerCP-eF710-anti-KLRG1 (clone 2F1,

eBioscience) were used. Samples were incubated with appropriate

mAb mixtures for 25 min at 4°C, washed with PBS + 3% FBS

(FACS buffer), and fixed with Cytofix (BD Biosciences) for 20 min

at 4°C. (iv) To identify T-cell subsets and PD-L1 expression in

tumors, Near IR Live/Dead (Invitrogen), FcγII/III receptor blocking
anti-CD16/CD32 (clone 2.4G2, BD Biosciences), BV605-anti-CD45

(clone 30-F11, BD Biosciences), BV711-anti-CD8 (clone 53-6.7, BD

Biosciences), PerCP-Cy5.5-anti-CD4 (clone RM4-5, eBioscience),

FITC-anti-PD1 (clone J43, eBioscience), PE-Cy7-anti-Tim-3 (clone

RMT3-23, eBioscience), and APC-anti-PD-L1 (clone 10F.9G2 Biole-

gend) were used. Cells were incubated with appropriate mixtures

for 25 min at 4°C and washed with FACS buffer. Cells were then

washed in FACS buffer and permeabilized using the Cytofix/Cyto-

perm kit (BD Bioscience). Cells were again washed twice with 1X

PermWash (Cytofix/Cytoperm kit) and incubated with AF405-anti-

TCF1 (clone 812545, R&D systems) or control Ig for 30 min at 4°C.
Cells were then washed once in 1× PermWash and once in FACS

buffer and fixed with Cytofix (BD Biosciences) for 20 min at 4°C.
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Intra-tumoral cells were assessed for Treg using the Treg Detection

Kit (Miltenyi). Sample data were acquired in an Attune NxT

cytometer (Invitrogen) and the data was analyzed using FlowJo soft-

ware (Treestar, OR, USA).

Immunohistochemistry

Tumor samples, fixed for 48 h in 10% neutral-buffered formalin,

were embedded in the Optimal Cutting Temperature compound

(Tissue-Tek Sakura Cat# 4583). Immunohistochemistry was

performed on 7-μm-thick cryostat sections on Leica Bond RX using

rabbit anti-mouse CD4 (Cell signaling, D7D2Z, #25229) or CD8 (Cell

signaling, D8A8Y, #85336) antibody and biotinylated goat anti-

rabbit Ig secondary antibody (E0432, Dako, Agilent, France). Slides

were then scanned using an Axioscan Z1 Zeiss slide scanner and the

images were analyzed using Zen 2.6 software.

qRT–PCR

The qRT–PCR quantification of inflammatory mediators or other

cancer-related analytes in the tumors from Ctrl Lenti- or Lenti-HPV-

07-vaccinated mice was performed using the primer pairs listed in

Appendix Table S1 and as recently detailed (Ku et al, 2021c) using

the comparative ΔΔCT method. Total RNA was extracted using the

RNeasy kit (Qiagen). Genomic DNA was eliminated using RNase-

Free DNAse (Qiagen) and the samples were immediately stored at

�80°C. The RNA quality was checked using a Bioanalyzer 2100

(Agilent Technologies). RNA samples were quantitated using a

NanoDrop (Thermo Scientific NanoDrop). The RNA Integrity Num-

ber (RIN) was 8.0–10.0. For each sample, the mRNA abundance (CT

value) of the target genes was normalized to the endogenous β-
globin reference gene and compared to a calibrator value, corre-

sponding here to the mean of CT values determined in the tumors

from the Ctrl Lenti-vaccinated mice. The fold change in gene expres-

sion was further calculated using 2�ΔΔCT .

In vivo animal imaging

The TC-1 parental cell line was stably transduced with an integra-

tive LV encoding the Oplophorus gracilirostris-derived nanoluci-

ferase reporter and puromycin N-acetyl-transferase (for selection)

under the UBC ubiquitin promoter. After selection on puromycin,

cells were subcloned to obtain the “nLuc-TC-1” cell line. Six-week-

old C57BL/6JRj mice, purchased from Janvier Laboratory, were

injected i.v. with 1.5 × 105 nLuc-TC-1 cells. On day 5, mice were

injected i.m. with a single dose of 1 × 109 TU Lenti-HPV-07/mouse

or a Ctrl Lenti. Bioluminescence imaging on live animals was

performed using the IVIS Imaging System (IVIS Spectrum, Perkin

Elmer) coupled to a charged-couple device camera. Prior to biolu-

minescence imaging, mice were anesthetized with 2% isoflurane in

oxygen and maintained in control flow of 1.5% isoflurane in oxy-

gen through a nose cone during imaging. The Z108 substrate furi-

mazine was dissolved at 2 mg/ml in acidic ethanol. Furimazine

was further diluted in sterile PBS to the desired concentration prior

to injection. Mice bellies and torsos were shaved to enhance the

signal-to-noise ratio. Furimazine was injected i.v. at 0.4 mg/kg.

Mice were then immediately placed in the imaging chamber and

imaged. Sequential images were captured under the auto-exposure

settings with a maximum exposure time of 2 min. Images from

each experimental set were analyzed using Living Image Software

(Ver. 2.50.1 Xenogen). Measurements from regions of interest were

selected and the luminescence values evaluated as the total flux

(photon/s [p/s]). The baseline signals were obtained from

untreated mice, that is, injected with neither nLuc-TC-1 cells nor

lentiviral-based vaccines.

Statistical analyses

Statistical significance was determined using the two-tailed unpaired

t-test. When indicated, the data were subjected to PCA and Pearson

correlation coefficient analyses. The statistical significance of the

percent survival was determined using the Log-rank Mantel-Cox

test. All the statistical analyses were performed using Prism

GraphPad v9. Mice were randomized on the day of immunization.

Mice were allocated to cages so that each cage contained individuals

representing each treatment.

Data availability

The published article includes all datasets generated and analyzed

during this study. All plasmids and LV generated in this study will

be available under an MTA for research use, given a pending patent

directed to Lenti-HPV vaccination vectors. Further information and

requests for resources and reagents should be directed to and will

be fulfilled by the corresponding author Laleh Majlessi (laleh.maj-

lessi@pasteur.fr). Cytometric raw data are available at:

The paper explained

Problem
Human papillomavirus causes almost all cervical and numerous oro-
pharyngeal and anogenital cancers. The currently available HPV vac-
cines mainly trigger anti-HPV neutralizing antibodies and have no
effect against HPV-induced tumors. By use of the non-integrative LV
vaccinal platform, we developed an anti-HPV immuno-oncotherapy,
that is, Lenti-HPV-07. The latter encodes Early E6 and E7 immunogens
of HPV16 and 18 genotypes.

Results
In a preclinical animal model, a single intramuscular administration
of Lenti-HPV-07 into mice bearing small or large HPV-induced tumors
induces robust and long-term memory and effector CD8+ T-cell, pro-
found remodeling of the tumor microenvironment to an inflammatory
status, full tumor eradication and full clearance of metastases in
100% of the animals. A single Lenti-HPV-07 administration prevented
HPV-induced tumor relapse.

Impact
Lentiviral vectors are efficient at inducing immunity, are non-
inflammatory, and have an excellent safety record as demonstrated in
a previous HIV therapeutic clinical trial. Lenti-HPV-07 immuno-
oncotherapy is efficient in the preclinical model and can synergize
with other immunotherapies like anti-checkpoint inhibitory treat-
ments. Lenti-HPV-07 therapy emerges as a promising immuno-
oncotherapy against established HPV-mediated tumors. A phase I/II
clinical trial is currently in preparation.
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Figure 2B and D. AccessionS-BSST1100: https://www.ebi.ac.uk/

biostudies/studies/S-BSST1100?key=ffd75bef-d367-43a9-9cd7-

7d938ee5e0bc.

Figure 3A, B and D–F. AccessionS-BSST1101: https://www.ebi.ac.

uk/biostudies/studies/S-BSST1101?key=fb475118-ba96-45cd-b06d-

3aaed8e3d81d.

Figure 3G and H. AccessionS-BSST1102: https://www.ebi.ac.uk/

biostudies/studies/S-BSST1102?key=a849638e-4e87-4034-bc3a-

50bafab93967.

Figure 4A and B. AccessionS-BSST1103: https://www.ebi.ac.uk/

biostudies/studies/S-BSST1103?key=3998e228-90e0-4b1d-b327-

08cd95251b44.

Figure 4C. AccessionS-BSST1104: https://www.ebi.ac.uk/

biostudies/studies/S-BSST1104?key=fbceaa34-7251-402e-a6aa-

aeacb7492d99.

Figure 6D. AccessionS-BSST1107: https://www.ebi.ac.uk/biostudi

es/studies/S-BSST1107?key=d4f25081-5a09-4fc7-94c7-

d35858298c35.

Figure 7. AccessionS-BSST1108: https://www.ebi.ac.uk/biostudies/

studies/S-BSST1108?key=cbe661ed-b971-474b-b73d-97714cf2e94a.

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Protein sequence of each HPV antigen encoded by Lenti-HPV vectors.

Protein sequence of each HPV antigen, the native sequence and that included in the Lenti-HPV vectors. The segments underlined in the native sequences are those deleted in
the Lenti-HPV antigen design. The a.a. substitutions are indicated in bold characters on the sequences included in Lenti-HPV. The native E6HPV 16 sequence has been deleted
for the segments 1–8, 63–64, 118–130, 149–158 and substituted at the position 57 of the native sequence (L57G). L57 is part of the binding site to the p53 tumor suppressor
protein and activation of telomerase. Note that the deleted 149–158 segment encompasses the PDZ-interacting domain (156–158). The native E7HPV 16 sequence has been
deleted for the a.a. at the position 1 and a.a. segments 22–46, 94–98 and substituted at the positions 2 (H2P), that is, at the binding site to the Rb tumor suppressor protein,
and 67 (L67R), that is, at the binding site to CHD4, of the native sequence. The native E6HPV 18 sequence has been deleted for the a.a. segments 1–10, 68–89, 111–114, 133–158
and substituted at the position 52 of the native sequence (L52R), part of the binding site to the p53 tumor suppressor protein. Note that the deleted 133–158 segment
encompasses the PDZ-interacting domain (156–158). The native E7HPV 18 sequence has been deleted for the a.a. segments 1–4, 25–33, and 101–105.

La€etitia Douguet et al EMBO Molecular Medicine

� 2023 The Authors EMBO Molecular Medicine e17723 | 2023 EV1

 17574684, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

m
m

.202317723 by Institut Pasteur, W
iley O

nline L
ibrary on [03/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



▸Figure EV2. T-cell immunogenicity of various Lenti-HPV against each selected HPV antigen and efficacy of mAb-mediated T subset depletion for functional
analysis.

A Comparable immunogenicity of various Lenti-HPV. C57BL/6 mice (n = 5/group) were immunized i.m. at day 0 with Ctrl Lenti or each of the Lenti-HPV. On day 14, T
splenocyte responses were assessed by IFN-γ ELISPOT after in vitro stimulation with a pool of 15-mer peptides spanning the sequence of E6HPV16, E6HPV18, E7HPV16 or
E7HPV18, as detailed in Fig 2A. Comparable T-cell immunogenicity of the four Lenti-HPVs showed that the position of the antigen in the four poly-antigens encoded by
these vectors has no effect on their immunogenicity.

B Efficacy of anti-CD4 or anti-CD8 depletion in vivo. Tumor-free C57BL/6 mice (n = 2/group) received two i.p. injections of 250 μg anti-CD4 (clone GK1.5), anti-CD8
(clone H35.17.2) or a control Ig isotype 3 days apart. On day 4 after the second injection, the spleens from individual mice were assessed by anti-CD3, anti-CD4, and
anti-CD8 mAb staining and cytometry analysis to evaluate the efficacy of T-subset depletion. The results from two individual mice are shown. Note that the mAbs
used for depletion and cytometric studies were different to allow the distinction between epitope masking and genuine T-subset depletion.

Source data are available online for this figure.
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Figure EV2.
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Figure EV3. Comparative immunohistochemistry analysis of tumor infiltrating T cells in Ctrl Lenti- or Lenti-HPV-07-treated, tumor-bearing mice.

C57BL/6 mice were engrafted s.c. with 1 × 106 tumor cells and injected with 1 × 109 TU of Lenti Ctrl or Lenti-HPV-07 (n = 4–5). Tumor-infiltrating T cells were studied by
CD4 or CD8 immunohistochemistry on day 11 post-vaccination. Tumors from individual mice are shown.

Source data are available online for this figure.

▸Figure EV4. No role for NK cells in the tumor regression of TC-1 cells induced by Lenti-HPV-07 therapy.

A Timeline of the tumor engraftment, Lenti-HPV-07 treatment and anti-NK1.1 mAb injection. C57BL/6 mice (n = 7/group) were engrafted s.c. on the flank with 1 × 106

tumor cells. On day 14 post-engraftment, mice were injected with 1 × 109 TU of Ctrl Lenti or Lenti-HPV-07. From day 13 to 30 mice were treated with a control Ig or
anti-NK1.1 mAb by 9 successive i.p. injection of 300 μg/mouse/injection.

B Efficacy of anti-NK1.1 depletion in vivo was verified on the splenoctyes of one mouse per group assessed by anti-CD11b and anti-NKp46 mAb staining and cytometry
analysis. Note that the mAbs used for NK cell depletion and cytometric studies target distinct markers to ensure genuine NK cell depletion and not epitope masking.

C Spaghettis plots of tumor growth in the mice.

Source data are available online for this figure.
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▸Figure EV5. Failure of combinatory anti-PD1 treatment and suboptimal vaccination with Lenti-HPV-07 when the two treatments are given simultaneously.

A Timeline of the tumor engraftment and combinatory treatment with Lenti-HPV-07 vaccination and anti-PD1 injections. C57BL/6 mice (n = 10/group) were engrafted
s.c. on the flank with 1 × 106 tumor cells. On day 10 post-engraftment, when the tumor volume reached an average of 100–120 mm3, mice were injected with a
suboptimal dose of 1 × 108 TU Ctrl Lenti or Lenti-HPV-07. Mice were treated with anti-PD1 mAb on the same day and on day 13.

B Spaghettis plots of tumor growth in the mice. The gray arrows indicate the time point at which the vaccine was injected.
C Survival curves of the animals (n = 10/group) shown in (B) followed for 130 days. Statistical significance was determined by Log-rank Mantel-Cox tests (ns, not

significant, **P ≤ 0.01, ***P ≤ 0.001). Note that there is a net tendency to decline in the survival of mice treated with Lenti-HPV-07 + anti-PD1 compared to the
mice treated with Lenti-HPV-07 alone, even though this difference did not reach statistical significance. Mice were sacrificed when the size of the tumors reached
1,500 mm3, in accordance with the defined humane endpoints.

Source data are available online for this figure.

EMBO Molecular Medicine La€etitia Douguet et al

EV6 EMBO Molecular Medicine e17723 | 2023 � 2023 The Authors

 17574684, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

m
m

.202317723 by Institut Pasteur, W
iley O

nline L
ibrary on [03/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A

B

C

Figure EV5.

La€etitia Douguet et al EMBO Molecular Medicine

� 2023 The Authors EMBO Molecular Medicine e17723 | 2023 EV7

 17574684, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

m
m

.202317723 by Institut Pasteur, W
iley O

nline L
ibrary on [03/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 1 

Appendix 

Supplemental Data 
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Appendix Figure S1. HPV-specific T-splenocyte responses in tumor-free or tumor-bearing mice.  

Tumor-free or tumor engrafted C57BL/6 mice (n = 3-7/group) were immunized i.m. with Ctrl Lenti or 

Lenti-HPV-07. On day 14 post-vaccination, T-splenocyte responses were assessed by IFN-g ELISPOT, 

as detailed in Figure 2A. 
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Appendix Figure S2. Decreased proportions of intra-tumoral Treg and unchanged proportions of 

intra-tumoral B cells in Lenti-HPV-07-vaccinated mice. 

(A) Treg cytometric gating strategy and comparative proportions of intra-tumoral Treg populations in 

Lenti Ctrl- or Lenti-HPV-07-treated C57BL/6 mice studied on day 11 post-vaccination. 

(B) Representative dot blot and recapitulative percentages of each subset compared between the two 

groups. Statistical significance was determined using two-tailed unpaired t tests (ns: not significant, **p 

≤ 0.01). 
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Appendix Figure S3. Anti-PD1 treatment does not synergize with suboptimal dose of Lenti-HPV-

07 on very large tumors. 

A. Timeline of tumor s.c. engraftment and combinatory Lenti-HPV-07 and anti-PD1 mAb treatment. 

C57BL/6 mice (n = 7 to 14/group) were engrafted on the flank with 1 ´ 106 tumor cells. On day 20 post-

engraftment, when the tumor volume reached an average of 390 mm3, mice were treated with the 

suboptimal dose of 1 ´ 108 TU of Ctrl Lenti or Lenti-HPV-07. Mice were then treated 2 to 3 times a 

week with anti-PD1 mAb for a total of nine injections from day 24 to 43.  

B. Spaghetti plots of tumor growth. The gray arrows indicate the time point at which Ctrl Lenti or Lenti-

HPV-07 were injected. 

C. Percentages of mice, without, with partial or complete antitumor response. 

D. Survival curves of animals, followed for 45 days. 

A anti-PD-1 i.p.

D0                                                        D20     D24    D27    D29   D31    D34    D36    D38     D41     D43           D45                          

Tumor 
s.c.

Lenti-HPV-07 i.m.

Ctrl Lenti i.m.

Lenti-HPV-07 i.m.

anti-PD-1 i.p.

Ctrl Ig  i.p.

B

Appendix Fig S3

C D
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Mice were sacrificed when the size of the tumors reached 1500 mm3, in accordance with the defined 

humane endpoints. 
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Appendix Figure S4. Map of the plasmid encoding various HPV-07 poly-antigenic fusion proteins. 

(A) The codon-optimized cDNA sequences, encoding various poly-antigens, indicated in Figure 1 were 

inserted under the b2m promoter in a pFLAP backbone plasmid. 

(B) Protein sequence of the HPV-07 antigen, containing 395 aa. The underlined lower-case characters 

indicate linker sequences between each HPV antigen. 

E7HPV16E6HPV16E7HPV18E6HPV18
PGDTPTLHEYMLDLQPETTDPDRAHYNIVTFCCKCDSTLRRCVQSTHV
DIRTLEDLLMGTLGIVCPIasqaFQDPQERPRKLPQLCTELQTTIHDIILE
CVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRHYCY
SLYGTTLEQQYNKPLCDLLIRCINCQKPLRFHNIRGRWTGRCMSCCRsa
gpgpKATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQ
RHTMLCMCCKCEARIKLVVESSADDLRAFQQLFLNTLSFVCPWvgepg
rtiPYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGFVVYRDSI
PHAACHKLEKLTNTGLYNLLIRCLRCQKAEKLRHLNEKRRFHNIAG

Figure S2

Protein sequence of HPV-07 antigen (395 aa)

E7HPV 16 E6HPV 16 E7HPV 18 E6HPV 18

MPGDTPTLHEYMLDLQPETTDPDRAHYNIVTFCCKCDSTLRRCVQSTHVDIRTLEDLLMG
TLGIVCPIasqaFQDPQERPRKLPQLCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVY
RNPYAVCDKCLKFYSKISEYRHYCYSLYGTTLEQQYNKPLCDLLIRCINCQKPLRFHNIRGRWT
GRCMSCCRsagpgpKATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQRHT
MLCMCCKCEARIKLVVESSADDLRAFQQLFLNTLSFVCPWvgepgrtiPYKLPDLCTELNTSLQ
DIEITCVYCKTVLELTEVFEFAFKDGFVVYRDSIPHAACHKLEKLTNTGLYNLLIRCLRCQKAEK
LRHLNEKRRFHNIAG

A

B
B

Figure S5
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Appendix Table S1. Sequences of primers used in qRT-PCR. 

  

Gene 
cDNA  
accession 
number 

Forward Reverse Amplicon 
(bp) 

β2m NM_009735.3 ATGGGAAGCCGAACATACTG CAGTCTCAGTGGGGGTGAAT 177 

IFNα NM_010502.2 GGATGTGACCTTCCTCAGACTC ACCTTCTCCTGCGGGAATCCAA 131 

IFNγ NM_008337.4 TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG 92 

TNFα NM_013693 CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 175 

TGFβ NM_011577.2 TGACGTCACTGGAGTTGTACGG GGTTCATGTCATGGATGGTGC 170 

IL-1β NM_008361.4 TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC 220 

IL-2 NM_008366.3 CCTGAGCAGGATGGAGAATTACA TCCAGAACATGCCGCAGAG 141 

IL-4 NM_021283.2 GTACCAGGAGCCATATCCACG ACGAGCTCACTCTCTGTGGT 154 

IL-5 NM_010558.1 GATGAGGCTTCCTGTCCCTACT TGACAGGTTTTGGAATAGCATTTCC 130 

IL-6 NM_031168.2 CTGCAAGTGCATCATCGTTGTTC TACCACTTCACAAGTCGGAGGC 116 

IL-10 NM_010548.2 CAGTGGAGCAGGTGAAGAGT GTCCAGCAGACTCAATACACACT 157 

IL-12p40 NM_001303244.1 GGAAGCACGGCAGCAGAATA AACTTGAGGGAGAAGTAGGAATGG 180 

IL-18 NM_008360.2 GACAGCCTGTGTTCGAGGATATG TGTTCTTACAGGAGAGGGTAGAC 159 

IL-33 NM_001164724.2 CTACTGCATGAGACTCCGTTCTG AGAATCCCGTGGATAGGCAGAG 136 

CCL2 NM_011333.3 AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG 249 

CCL3 NM_011337.2 CCTCTGTCAC CTGCTCAACA GATGAATTGGCGTGGAATCT 163 

CCL4 NM_013652.2 TGCAAACCTAACCCCGAGC TCTGTCTGCCTCTTTTGGTCA 242 

CCL5 NM_013653.3 GTGCCCACGTCAAGGAGTAT GGGAAGCTATACAGGGTCA 185 

CCL19 NM_011888.4 CTGCCTCAGATTATCTGCCAT AGGTAGCGGAAGGCTTTCAC 177 

CCL21 NM_002989.4 AAGGCAGTGATGGAGGGG CGGGGTAAGAACAGGATTG 136 

CXCL5 NM_009141.3 GCGTTGTGTTTGCTTAACCG GAACACTGGCCGTTCTTTCC 242 

CXCL9 NM_008599.4 AAAATT TCATCACGCCCTTG TCTCCAGCTTGGTGAGGTCT 207 

CXCL10 NM_021274.2 TGCCGTCATTTTCTGCCTCA AGGCTCGCAGGGATGATTTC 150 

FGF-2 NM_008006.2 AAGCGGCTCTACTGCAAGAA TGTAACACACTTAGAAGCCAGCA 207 

FGF-7 NM_008008.4 CGTGGCAGTTGGAATTGTGG AGGCAACGAACATTTCCCCT 194 

VEGF-C NM_009506.2 GCTGATGTCTGTCCTGTACCC AGAAGGTGTTTGTGGCTGCT 239 

VCAM-1 NM_011693.3 GACCATGGAGCCTGTCAGTT CAAACACTTGACCGTGACCG 175 

ICAM-1 NM_010493.3 AAGCTGTTTGAGCTGAGCGA GAGGTCCTTGCCTACTTGCT 165 

MCSF NM_001113529.1 CCTTCTTCGACATGGCTGGG ATCATCCAGCTGTTCCTGGTC 201 

GMCSF NM_009969.4 GTAGAGGCCATCAAAGAAGCCC GGTAACTTGTGTTTCACAGTCCG 249 

MIF NM_010798.3 GACTTTTAGCGGCACGAACG AAGAACAGCGGTGCAGGTAA 238 

MMP-2 NM_008610.3 GATAACCTGGATGCCGTCGT TGGTGTGCAGCGATGAAGAT 188 

MMP-9 NM_013599.5 TCTAGGCCCAGAGGTAACCC TGGAAACTCACACGCCAGAA 240 

Col1A1 NM_007742.4 CATGAGCCGAAGCTAACCCC AGCATACCTCGGGTTTCCAC 209 
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Amino acid sequences of the detoxified HPV antigens 
E6-HPV16 
FQDPQERPRKLPQLCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRHYCYSLYGTTLEQ
QYNKPLCDLLIRCINCQKPLRFHNIRGRWTGRCMSCCR 
 
E6-HPV18 
PYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGFVVYRDSIPHAACHKLEKLTNTGLYNLLIRCLRCQKAEKLRHLNEK
RRFHNIAG 
 
E7-HPV16 
PGDTPTLHEYMLDLQPETTDPDRAHYNIVTFCCKCDSTLRRCVQSTHVDIRTLEDLLMGTLGIVCPI 
 
E7-HPV18 
KATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQRHTMLCMCCKCEARIKLVVESSADDLRAFQQLFLNTLSFV
CPW 

Amino acid sequences of HPV poly-antigens 
 

HPV-07  
E7-HPV16-E6-HPV16-E7-HPV18-E6-HPV18 
 
MPGDTPTLHEYMLDLQPETTDPDRAHYNIVTFCCKCDSTLRRCVQSTHVDIRTLEDLLMGTLGIVCPIasqaFQDPQERPRKLPQ
LCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRHYCYSLYGTTLEQQYNKPLCDLLIRCIN
CQKPLRFHNIRGRWTGRCMSCCRsagpgpKATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQRHTMLCMCC
KCEARIKLVVESSADDLRAFQQLFLNTLSFVCPWvgepgrtiPYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGFVVYR
DSIPHAACHKLEKLTNTGLYNLLIRCLRCQKAEKLRHLNEKRRFHNIAGh 
 

HPV-08 
E6-HPV16-E6-HPV18-E7-HPV16-E7-HPV18 
 
MFQDPQERPRKLPQLCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRHYCYSLYGTTLE
QQYNKPLCDLLIRCINCQKPLRFHNIRGRWTGRCMSCCRgpddPYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGF
VVYRDSIPHAACHKLEKLTNTGLYNLLIRCLRCQKAEKLRHLNEKRRFHNIAGPGDTPTLHEYMLDLQPETTDPDRAHYNIVTFC
CKCDSTLRRCVQSTHVDIRTLEDLLMGTLGIVCPIgpddKATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQRH
TMLCMCCKCEARIKLVVESSADDLRAFQQLFLNTLSFVCPWa 
 

HPV-09 
E6-HPV18-E6-HPV16-E7-HPV18-E7-HPV16 
 
MrrPYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGFVVYRDSIPHAACHKLEKLTNTGLYNLLIRCLRCQKAEKLRHL
NEKRRFHNIAGhFQDPQERPRKLPQLCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRH
YCYSLYGTTLEQQYNKPLCDLLIRCINCQKPLRFHNIRGRWTGRCMSCCRsagpgpKATLQDIVLHLEPQNEIPVDSEEENDEIDG
VNHQHLPARRAEPQRHTMLCMCCKCEARIKLVVESSADDLRAFQQLFLNTLSFVCPWagPGDTPTLHEYMLDLQPETTDPDR
AHYNIVTFCCKCDSTLRRCVQSTHVDIRTLEDLLMGTLGIVCPIa 
 

HPV-10 
E7-HPV18-E6-HPV18-E7-HPV16-E6-HPV16 
 
MgpKATLQDIVLHLEPQNEIPVDSEEENDEIDGVNHQHLPARRAEPQRHTMLCMCCKCEARIKLVVESSADDLRAFQQLFLNT
LSFVCPgepgrtiPYKLPDLCTELNTSLQDIEITCVYCKTVLELTEVFEFAFKDGFVVYRDSIPHAACHKLEKLTNTGLYNLLIRCLRCQ
KAEKLRHLNEKRRFHNIAGPGDTPTLHEYMLDLQPETTDPDRAHYNIVTFCCKCDSTLRRCVQSTHVDIRTLEDLLMGTLGIVCP
IasqaFQDPQERPRKLPQLCTELQTTIHDIILECVYCKQQLLRREVYDFAFRDGCIVYRNPYAVCDKCLKFYSKISEYRHYCYSLYGT
TLEQQYNKPLCDLLIRCINCQKPLRFHNIRGRWTGRCMSCCRs 
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Nucleic sequences of HPV poly-antigens 

 
ggatcc : restriction enzyme BamHI 
GCCACC : Kozak sequence 
ATG : initiation codon 
TGATAA : Double STOP codon 
ctcgag : restriction enzyme XhoI 

 
Codon optimized HPV-07 (E7-HPV16-E6-HPV16-E7-HPV18-E6-HPV18) sequence： 
 
ggatccGCCACCATGCCCGGAGACACCCCCACCCTGCACGAATACATGCTGGACCTGCAGCCCGAAACCACCGACCCCGAC
CGCGCTCACTACAACATCGTTACATTCTGTTGTAAATGCGACTCCACCCTGAGAAGATGCGTGCAGTCCACCCACGTGGAC
ATCAGGACCCTGGAGGACCTCCTCATGGGAACCCTGGGTATCGTCTGCCCCATCgcctcccaggctTTTCAGGACCCCCAGGA
AAGGCCCAGGAAGTTGCCCCAGCTCTGCACCGAACTGCAGACCACCATTCATGACATCATCCTCGAATGCGTGTACTGCA
AGCAGCAGCTCCTGAGGAGGGAGGTGTACGATTTCGCCTTCAGAGACGGCTGTATCGTCTACAGGAACCCCTATGCCGTC
TGCGACAAATGCCTGAAGTTTTATTCCAAGATCTCCGAGTACAGGCACTATTGCTACAGCCTGTATGGGACCACCCTGGAG
CAGCAGTACAACAAGCCCCTGTGCGACCTCCTGATCAGGTGCATCAACTGCCAGAAGCCCCTGAGGTTCCACAACATCCG
CGGCAGGTGGACCGGAAGGTGCATGTCCTGCTGCAGGtccgccggccccggacctAAAGCCACCCTCCAGGACATCGTTCTCCA
CCTGGAGCCCCAGAACGAGATCCCCGTGGACTCAGAAGAGGAGAACGACGAGATCGACGGCGTCAACCACCAGCACCTG
CCCGCTCGCAGAGCCGAACCCCAGAGACACACCATGCTCTGCATGTGCTGCAAATGCGAAGCCCGGATTAAGTTGGTGGT
GGAAAGCAGCGCCGACGATCTGAGGGCCTTCCAGCAGCTCTTCCTCAACACCCTGTCCTTCGTGTGCCCCTGGgtgggcgag
cccggtagaaccatcCCCTACAAGCTGCCCGATCTGTGCACAGAGCTGAACACCTCCCTGCAGGACATCGAGATCACCTGCGTC
TACTGCAAGACCGTGCTGGAACTGACCGAGGTGTTCGAATTCGCCTTCAAGGACGGCTTCGTGGTGTACAGGGACAGCAT
TCCCCACGCCGCCTGCCATAAGCTGGAGAAACTGACCAACACCGGACTGTATAACCTGCTGATCAGGTGTCTGAGGTGCC
AGAAGGCAGAGAAACTGAGACATCTGAACGAGAAAAGGAGGTTCCACAATATTGCCGGGcacTGATAActcgag 
 
Codon optimized HPV-08 (E6-HPV16-E6-HPV18-E7-HPV16-E7-HPV18) sequence： 
 
ggatccGCCACCATGTTCCAGGACCCCCAGGAGAGGCCCCGGAAGTTGCCCCAGCTGTGCACCGAGCTGCAGACCACCATC
CACGACATCATCCTCGAATGCGTGTACTGCAAGCAGCAGCTGCTGAGGAGGGAGGTGTATGACTTTGCCTTCAGAGACG
GATGCATTGTCTACAGGAACCCCTACGCCGTGTGCGACAAATGCCTGAAGTTCTACTCCAAGATCAGCGAGTACAGGCAC
TACTGCTACTCCCTGTACGGCACCACCCTCGAACAGCAGTACAACAAACCCCTGTGCGACCTCCTGATTAGGTGCATCAAC
TGCCAGAAGCCCCTCAGGTTCCACAACATCCGCGGCCGCTGGACCGGCCGATGCATGTCTTGCTGCAGGggccccgacgacC
CCTACAAGCTCCCCGACCTGTGCACCGAACTCAACACCTCCCTGCAGGACATCGAGATCACCTGCGTGTATTGCAAGACCG
TGCTGGAGCTGACCGAGGTTTTCGAATTTGCCTTTAAGGACGGCTTCGTCGTGTATAGGGACTCCATCCCCCACGCCGCCT
GCCATAAGCTGGAGAAGCTCACCAACACCGGACTGTATAATCTGCTGATCAGGTGCCTCAGGTGCCAGAAGGCAGAAAA
GCTGAGGCATCTCAACGAGAAGCGCCGGTTCCACAATATTGCCGGCCCCGGAGACACCCCCACACTCCATGAGTACATGC
TCGACCTGCAGCCCGAAACCACCGACCCCGACAGAGCCCACTACAACATCGTGACCTTCTGCTGCAAGTGCGACTCCACCC
TGAGAAGATGCGTGCAGTCCACCCACGTGGACATCCGCACACTCGAAGACCTGCTGATGGGAACCCTGGGCATCGTGTG
CCCCATCggccccgatgacAAGGCCACCTTGCAGGACATCGTGCTGCACCTGGAACCACAGAACGAGATCCCCGTCGACTCCG
AAGAAGAAAACGACGAAATCGACGGAGTGAATCACCAGCACCTGCCCGCCAGAAGGGCCGAGCCTCAGAGACACACCA
TGCTCTGCATGTGCTGCAAATGCGAAGCCAGGATTAAGCTGGTGGTGGAGAGCAGCGCCGACGACCTGAGGGCCTTCCA
GCAGCTCTTCCTGAACACACTGTCCTTCGTGTGCCCCTGGgccTGATAActcgag 
 
Codon optimized HPV-09 (E6-HPV18-E6-HPV16-E7-HPV18-E7-HPV16) sequence： 
 
ggatccGCCACCATGaggcggCCCTACAAGCTGCCCGACCTGTGCACCGAGCTGAACACCTCCCTGCAGGACATCGAGATCAC
CTGCGTGTACTGCAAGACCGTGCTGGAGCTGACCGAGGTGTTCGAATTCGCATTCAAGGACGGATTCGTCGTGTATAGG
GACAGCATTCCACACGCCGCCTGCCACAAGCTGGAGAAATTGACTAACACCGGACTGTATAATCTGCTGATCCGGTGCCT
GAGGTGTCAGAAGGCCGAGAAGCTGAGGCATCTGAACGAGAAAAGGAGATTCCACAATATCGCCGGAcacTTCCAGGAC
CCCCAGGAGAGGCCCAGGAAACTGCCCCAGTTGTGCACCGAGCTCCAGACAACCATCCACGACATCATCCTGGAGTGCGT
GTACTGTAAGCAGCAGTTGCTGAGGAGAGAGGTGTATGACTTCGCCTTCAGAGACGGATGCATTGTCTATAGGAACCCCT
ACGCCGTGTGCGACAAGTGCCTGAAGTTCTACTCCAAGATCAGTGAGTACAGGCATTACTGCTACAGCCTGTATGGAACC
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ACACTGGAACAGCAGTACAACAAGCCCCTGTGCGACCTCCTGATTAGGTGCATCAACTGCCAGAAGCCCCTCAGGTTCCA
CAACATCCGGGGCAGGTGGACCGGAAGGTGCATGTCCTGCTGCAGGtccgccggccccggacctAAAGCCACCCTCCAGGACA
TCGTGCTGCACCTGGAGCCCCAGAACGAGATCCCCGTCGACTCAGAGGAGGAGAACGACGAAATTGACGGCGTCAACCA
CCAGCACCTGCCCGCTCGCAGAGCCGAACCCCAGAGACACACCATGCTCTGCATGTGCTGCAAATGCGAGGCCCGGATTA
AGCTGGTGGTGGAGAGCTCCGCCGACGATCTGAGAGCCTTCCAGCAGCTCTTCCTGAACACCCTGTCCTTCGTGTGCCCCT
GGgccggtCCCGGTGACACACCTACCCTGCACGAGTACATGCTCGATCTGCAGCCCGAGACCACCGACCCCGATCGCGCAC
ACTACAACATCGTGACCTTCTGCTGCAAATGTGACAGCACCCTGAGACGGTGCGTCCAGTCCACCCACGTTGACATCCGCA
CCCTCGAAGACCTGCTCATGGGAACCCTGGGCATCGTGTGCCCCATCgccTGATAActcgag 
 
Codon optimized HPV-10 (E7-HPV18-E6-HPV18-E7-HPV16-E6-HPV16) sequence： 
 
ggatccGCCACCATGggccctAAGGCCACCCTGCAGGACATCGTGCTGCACTTGGAGCCCCAGAACGAGATCCCCGTGGACA
GCGAGGAGGAGAACGACGAAATCGACGGCGTGAACCACCAGCACCTGCCCGCAAGAAGGGCCGAACCCCAGAGGCACA
CCATGCTCTGCATGTGCTGCAAATGCGAGGCCAGGATCAAGCTGGTGGTGGAAAGCAGCGCCGACGATCTGAGGGCATT
CCAGCAGCTGTTCCTGAACACCCTCTCCTTCGTGTGCCCTggggaacccggcaggaccatcCCCTATAAACTGCCCGACCTCTGCA
CCGAGCTGAACACCTCCCTGCAGGACATTGAGATCACCTGCGTCTACTGCAAAACCGTCCTGGAACTGACCGAGGTGTTC
GAGTTCGCCTTCAAAGACGGCTTCGTCGTGTACAGGGACAGCATCCCCCACGCCGCCTGCCATAAGCTGGAGAAACTGAC
CAACACCGGCCTGTACAACCTGCTGATCCGGTGCCTGAGATGTCAGAAGGCCGAGAAACTGAGGCACCTCAACGAGAAA
AGGAGATTCCACAATATTGCCGGGCCCGGCGACACCCCAACCCTGCACGAATACATGCTCGACCTGCAGCCCGAAACCAC
CGACCCCGACAGAGCCCACTACAACATCGTGACCTTCTGCTGCAAGTGCGACTCCACCCTGAGAAGATGCGTGCAGTCCA
CCCACGTGGACATCCGCACACTCGAAGACCTGCTGATGGGAACCCTGGGCATCGTGTGCCCCATCgcttcccaggccTTTCAG
GACCCCCAGGAACGGCCAAGAAAGCTGCCCCAGCTCTGCACCGAACTGCAGACCACCATCCACGACATCATCCTGGAATG
CGTCTACTGTAAGCAGCAGTTGCTGAGGAGGGAGGTGTATGATTTCGCCTTCAGAGACGGCTGCATCGTCTACAGGAACC
CCTACGCCGTGTGCGACAAATGCCTGAAGTTCTACTCCAAGATCTCCGAATACAGACACTATTGCTACAGCCTGTACGGCA
CCACCCTCGAACAGCAGTACAACAAACCCCTGTGCGACCTCCTGATCAGGTGCATCAACTGCCAGAAGCCCCTCCGGTTCC
ACAACATCCGAGGAAGATGGACCGGCCGGTGCATGTCCTGCTGCAGGtccTGATAActcgag 
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