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ABSTRACT
Infection with human papillomavirus (HPV) is associated with a variety of cancer types and limited therapy 
options. Therapeutic cancer vaccines targeting the HPV16 oncoproteins E6 and E7 have recently been 
extensively explored as a promising immunotherapy approach to drive durable antitumor T cell immunity 
and induce effective tumor control. With the goal to achieve potent and lasting antitumor T cell responses, 
we generated a novel lymphocytic choriomeningitis virus (LCMV)-based vaccine, TT1-E7E6, targeting HPV16 
E6 and E7. This replication-competent vector was stably attenuated using a three-segmented viral genome 
packaging strategy. Compared to wild-type LCMV, TT1-E7E6 demonstrated significantly reduced viremia and 
CNS immunopathology. Intravenous vaccination of mice with TT1-E7E6 induced robust expansion of HPV16- 
specific CD8+ T cells producing IFN-γ, TNF-α and IL-2. In the HPV16 E6 and E7-expressing TC-1 tumor model, 
mice immunized with TT1-E7E6 showed significantly delayed tumor growth or complete tumor clearance 
accompanied with prolonged survival. Tumor control by TT1-E7E6 was also achieved in established large- 
sized tumors in this model. Furthermore, a combination of TT1-E7E6 with anti-PD-1 therapy led to enhanced 
antitumor efficacy with complete tumor regression in the majority of tumor-bearing mice that were resistant 
to anti-PD-1 treatment alone. TT1-E7E6 vector itself did not exhibit oncolytic properties in TC-1 cells, while 
the antitumor effect was associated with the accumulation of HPV16-specific CD8+ T cells with reduced PD-1 
expression in the tumor tissues. Together, our results suggest that TT1-E7E6 is a promising therapeutic 
vaccine for HPV-positive cancers.
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Introduction

Infection with high-risk human papillomavirus (HPV) types is 
a major cause of head and neck squamous cell carcinoma 
(HNSCC), cervical and anogenital cancers. HPV16, the most pre-
valent HPV type, accounts for the majority of these cancers,1,2 in 
which surgery, chemotherapy and radiotherapy are the traditional 
standard of care. Recent advances in alternative therapies, such as 
epidermal growth factor receptor (EGFR) antagonists, tyrosine 
kinase inhibitors and immune checkpoint inhibitors (ICI), have 
offered varying degrees of success in clinical trials for HPV- 
associated cancers.3 However, the standard of care treatment 
options are limited and often fall short in long-term clinical 
benefits for patients with HPV-positive, advanced, recurrent, or 
metastatic HNSCC and other HPV16-positive cancers.

CD8+ cytotoxic T cell (CTL) responses play a pivotal role in 
antitumor immunity. Several clinical studies have demon-
strated that tumor infiltration by CD8+ T cells correlates with 
improved disease outcome in various cancer types including 
HPV16-positive HNSCC.4-6 In recent years, ICI targeting pro-
grammed cell death 1 (PD-1) or its ligand PD-L1 have been 
approved for the treatment of recurrent or metastatic HNSCC 
as well as advanced cervical cancers.7-9

Therapeutic HPV vaccines aiming to induce antitumor CTL 
responses are emerging as a promising strategy to treat HPV- 
positive cancers, especially when combined with ICI.10 The 
HPV oncoproteins E6 and E7 commonly targeted by these 
therapeutic vaccines are expressed in all HPV-infected cells; 
persist throughout the viral life cycle and drive the transforma-
tion of healthy cells into cancer cells.11,12 In clinical trials and 
animal studies, HPV E7 and/or E6 vaccine-induced CD8+ 

T cells not only suppress HPV-positive tumor growth, but 
also mediate clearance of virus-infected cells.13-15

To date, active immunization has not induced consistent effi-
cacy as cancer immunotherapy in clinical Phase III trials.16-18 The 
goal of immunotherapy by cancer vaccines is to achieve large 
numbers of CTLs infiltrating and targeting tumor tissues and to 
establish memory cells for lasting tumor control. From this per-
spective, replicating viral vaccines, which can deliver tumor- 
associated antigens in the context of viral infection, are well suited 
to fulfill this task. Previously, we have demonstrated the potential 
of this strategy by generating a stably attenuated, replicating lym-
phocytic choriomeningitis virus (LCMV)-based vector.19 LCMV, 
the prototype member of the arenavirus family, was chosen pri-
marily for its ability to elicit potent effector CTL responses, life- 
long CTL immunity and because LCMV-based vectors have 
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demonstrated the capacity to induce tumor regression in a CD8+ 

T cell-dependent manner.19,20 In addition, LCMV has low sero-
prevalence in humans21,22 and the glycosylation of its surface 
protein renders the host neutralizing Ab response inefficient, 
which allows for re-administrations of the vector.19,23 The replica-
tion-competent, stably attenuated LCMV vector can deliver 
tumor-associated antigens to professional antigen-presenting 
cells to induce potent CTL responses and triggers the release of 
alarmin IL-33 from lymphoid stroma cells resulting in a superior 
effector CTL response than that induced by replication-deficient 
LCMV vectors.19

Based on this replicating, attenuated LCMV platform, here, we 
generated a novel vaccine encoding a non-oncogenic version of 
the HPV16 oncoproteins E7 and E6 (TT1-E7E6), for which other 
platforms such as adenovirus vectors have previously been 
evaluated.24 We evaluated our vector’s potential immunotherapy 
efficacy in a mouse model of HPV16-positive tumor. We demon-
strated vector clearance, HPV 16-specific CD8+ T cell response 
and tumor control following TT1-E7E6 immunization, which was 
associated with the accumulation of HPV16-specific CD8 T cells 
with reduced PD-1 expression in the tumor tissues. Furthermore, 
TT1-E7E6 synergized with PD-1 checkpoint inhibition to sup-
press tumor growth. These findings warrant further exploration of 
this vaccine as immunotherapy for HPV16-positive cancers.

Results

Construction of a replicating LCMV-based vector to 
target HPV16-positive cancers

A replication-attenuated, therapeutic vaccine vector based on 
LCMV was engineered as described previously.19 In the natural 

context, wild-type (wt) LCMV encodes four essential viral proteins 
on two genomic segments: glycoprotein (GP), nucleoprotein (NP), 
RNA-directed RNA polymerase (L) and RING finger protein 
Z (Z). The small (S) genome segment encodes GP and NP, while 
the large (L) genome segment encodes L and Z (Figure 1(a)). 
Replicating vectors were generated based on LCMV strain clone 
13 (Cl13) with the GP from LCMV strain WE [LCMV (Cl13/WE- 
GP)] by segregating the viral GP and NP into two artificially 
duplicated S-segments. Thus, each replication-competent vector 
contains three genome segments, including one L-segment and 
two S-segments, which encode either GP or NP but not both. To 
target HPV16-associated tumors, an inactivated fusion protein of 
HPV16 antigens E7 and E6, which has been described before, 25 

was introduced into both S-segments, yielding the vaccine vector 
TT1-E7E6 (Figure 1(b)).

Co-packaging of the L-Segment and the two different 
S-Segments is an inefficient process and results in a lower abun-
dance of the replication-competent three-segmented TT1-E7E6 
particles (~10%) compared to the two-segmented particles (~90%) 
(Supplemental Figure S1(a)). Hence, replication of these vaccine 
vectors was attenuated when compared with parental wt virus. 
Importantly, two-segmented vector particles, which are formed 
during vector replication and contained only one S-segment 
encoding NP and the L-Segment (rLCMV) (Supplemental 
Figure S1(a)), are active and immunogenic.26 These rLCMV par-
ticles can initiate mRNA transcription and genome replication in 
the target cells, resulting in antigen expression and induction of 
CTLs, therefore further contributing to immune responses with-
out forming new infectious vector progeny.19

The insertion of E7E6 in the TT1-E7E6 vector genome was 
verified by PCR and the antigen expression was confirmed by 
immunoblot of HEK293 cells infected with TT1-E7E6 
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Figure 1. Construction of TT1-E7E6. Schematic view of (a) a LCMV wt particle (left) and its genome (right). The ambisense RNA genome encodes 4 viral proteins: GP 
(glycoprotein), NP (nucleoprotein), L (RNA-directed RNA polymerase) and Z (RING finger protein Z). (b) The engineered TT1-E7E6 vectors contain artificially duplicated 
S-segments, encoding either GP or NP but not both, and a fusion protein of HPV16 E7E6, with 5 implemented amino acid mutations as indicated by the asterisks (*), as 
well as the L-segment.
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(Supplemental Figure S1(b and c)). Analysis of vector growth in 
human cells (HEK293) confirmed that replication of TT1-E7E6 
was substantially attenuated in vitro compared to the parental 
LCMV (Cl13/WE-GP) herein referred to as LCMV wt 
(Supplemental Figure S1d).

TT1-E7E6 exhibits reduced in vivo replicative capacity 
and neurovirulence

To examine the replicative capacity of TT1-E7E6 in vivo, immu-
nocompetent mice were treated i.v. with a high dose of replica-
tion-competent TT1-E7E6 [2x106 replication-competent virus 
(RCV) focus forming units (FFU)] or the corresponding paren-
tal LCMV wt. Viral load was quantified in the blood post- 
administration. On Day 4 post-infection, four out of five mice 
showed low but detectable titers of TT1-E7E6 in the blood, 
which rapidly decreased below the limit of quantification 
(LOQ) by Day 8 and remained undetectable at all later time 
points. In contrast, mice receiving LCMV wt had substantially 
higher levels of circulating virus early on, and virus persisted in 
blood throughout the observation period of 20 days (Figure 2 
(a)). These data recapitulated our previous findings using analo-
gous vectors19 and confirmed that replication of TT1-E7E6 is 
significantly attenuated compared to LCMV wt in vivo.

Although the vast majority of humans accidentally infected 
with wt LCMV remain completely asymptomatic or develop an 

unspecific flu-like illness, an estimated 1% to 2% of infected 
individuals may progress to the second phase of disease, which 
can manifest as self-limiting aseptic meningitis.27 To assess the 
potential risk of CNS manifestation post-TT1-E7E6 treatment, 
neurovirulence was analyzed by injecting the vectors intracra-
nially (i.c.) into mice. Mice receiving LCMV wt rapidly devel-
oped progressive lethal choriomeningitis between Day 6 and 
Day 9, such that all mice in all dose groups (10 and 100 RCV 
FFU) had to be euthanized by Day 9. In contrast, in the TT1- 
E7E6 treatment groups, by Day 21, 67%, 33% and 50% of mice 
survived a challenge dose of 10, 100 and 1000 RCV FFU, 
respectively (Figure 2(b)). In addition, because the minimal 
dose required for invariably lethal disease was ≤10 RCV FFU 
for LCMV wt and ≥1000 RCV FFU for TT1-E7E6, these results 
suggest that TT1-E7E6 is attenuated several log-fold compared 
to LCMV wt in terms of neurovirulence.

Immunogenicity of TT1-E7E6

We next investigated the HPV16 E7-specific CD8+ T cell 
response induced by TT1-E7E6 in doses ranging from 104 to 
106 RCV FFU/dose in peripheral blood from mice. TT1-E7E6 
was administered i.v. on Day 0 (prime) and Day 21 (boost). 
While all doses of TT1-E7E6 elicited comparably increased 
frequencies of E7-specific CD8+ T cells compared to buffer 
controls on Day 9 post-prime administration, a booster 
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Figure 2. TT1-E7E6 exhibits reduced in vivo replicative capacity and neurovirulence. (a) Immunocompetent mice were i.v. infected with 2 × 106 RCV FFU of TT1- 
E7E6 or the corresponding LCMV wt. Viral loads in the blood were measured by immunofocus assay on Day 4, 8, 11, 15 and 20 post-administration. Data shown are 
means ± SD. The dotted line indicates the limit of quantification (LOQ, log10 2.3 RCV FFU). N=5 mice per group. (b) Survival curve of mice inoculated intracranially (i.c.) 
with TT1-E7E6 or LCMV wt. A tail-spin test was performed on all surviving animals for detection of choriomeningitis, which was defined as the humane endpoint for 
survival analysis. N=6 mice per group. Mantel-Cox test. Ns, not significant, * p<.05, ** p<.01, *** p<.001.
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administration augmented the response on Day 30, primarily 
in mice receiving 105 or 106 RCV FFU (Figure 3(a)). Induction 
of CD8+ T cells was further analyzed in a kinetic study, in 

which the prime dose of TT1-E7E6 induced a peak of E7- 
specific CD8+ T cells on Day 7 and the boost injection led to 
another peak on Day 26. The peaks were reached 7 and 5 days 

Figure 3. TT1-E7E6 is highly immunogenic and mediates potent antitumor activity. (a) HPV16 E7 responses after immunization. Mice were immunized i.v. with 
increasing doses of TT1-E7E6 or buffer control on Day 0 and 21. HPV16 E7-specific CD8 (CD8+B220−) T cell frequencies were determined in the blood on Day 9 (prime) 
and Day 30 (boost). Each dot represents one animal. Shown are means ± SEM. N=8 mice per treatment group; n=4 mice per buffer group. Statistical analysis by 
unpaired Welch`s t-test. (b) Kinetics study of immunogenicity. Mice were immunized i.v. with 105 RCV FFU of TT1-E7E6 or buffer control on Day 0 and 21. HPV16 E7- 
specific CD8+ (CD8+B220−) T cell frequencies were determined in the blood up to 42 days. Pooled data from 6 mice per group are shown. (c) Polyfunctional CD8+ T cell 
responses in immunized mice. Mice were immunized i.v. with 105 RCV FFU of TT1-E7E6. Non-vaccinated naïve mice were used as controls. Frequencies of splenic CD8 
T cells producing different combinations of IFN-γ, TNF-α and IL-2 in response to E7 or E6 peptide re-stimulation were determined on Day 9 post-immunization as 
indicated in the chart. Only cytokine combinations exceeding 0.1% on average are shown. The right-hand bar (Total cyt+) depicts the combined frequency of the three 
populations of cytokine-secreting cells as depicted on the left. Symbols represent individual mice. N=5 per TT1-E7E6 group, n=3 per no vaccine control group. Bars 
show means ± SD. Mann Whitney test, ns, not significant, * p<.05. (d) Antitumor efficacy by TT1-E7E6 immunization. Mice were inoculated with 105 TC-1 cells on Day −5. 
On Day 0 upon appearance of palpable tumors, mice were randomized and immunized i.v. with increasing doses of TT1-E7E6 (prime) or buffer followed by a boost 
injection on Day 14, as indicated by the syringe symbols. Means ± SEM. N=12 mice per group. Two-way ANOVA was performed for statistical analysis. ns: 102 vs. 103, 104 

vs. 105 and 105 vs. 106. p<.01: 104 vs. 106. p<.0001: 102/103 vs. 104/105/106. In the figure, **** p<.0001. (e) Kaplan-Meier survival curves of TC-1 tumor-bearing mice 
receiving TT1-E7E6 treatment. Mantel-Cox test. ns, not significant, * p<.05, ** p<.01, *** p<.001, **** p<.0001.
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after the prime and boost injection, respectively, and were 
followed by a contraction phase after which CD8+ T cell levels 
evened out at substantially higher levels compared to the levels 
before administration (Figure 3(b)).

To assess whether TT1-E7E6 induced polyfunctional HPV 
antigen-specific CD8+ T cells, we analyzed cytokine production 
by these cells using intracellular cytokine staining (ICS). To this 
end, mice were vaccinated with 105 RCV FFU of TT1-E7E6 i.v. 
or left untreated (naïve). On Day 9, splenocytes were isolated and 
re-stimulated with either E6 or E7 peptides ex vivo. As shown in 
Figure 3(c), HPV16-reactive CD8+ T cells from TT1-E7E6 
immunized mice mainly co-produced IFN-γ, TNF-α with or 
without IL-2, and only a minor population produced IFN-γ 
alone. CD8+ T cells responding to E6 were less abundant than 
those specific for E7, but their polyfunctional cytokine produc-
tion profile was similar to that of E7-specific cells.

Together, these findings suggest that TT1-E7E6 vaccination 
elicits functional CD8+ T cell responses against the two HPV 
antigens E7 and E6 in mice.

Therapeutic TT1-E7E6 vaccination mediates potent 
antitumor activity in a syngeneic TC-1 tumor model

Next, we examined the antitumor efficacy of TT1-E7E6 in vivo. 
To this end, we employed a syngeneic, HPV16 E7- and E6- 
expressing TC-1 mouse tumor model.28 In order to establish 
tumors prior to therapeutic vaccination, mice were engrafted 
subcutaneously with TC-1 tumor cells (Day −5). Five days later 
(Day 0), upon the appearance of palpable TC-1 tumors, mice 
were randomized and immunized i.v. with increasing doses of 
TT1-E7E6 (102, 103, 104, 105 and 106 RCV FFU) or buffer 
control. A second immunization with identical doses was 
administered two weeks post-prime (Day 14).

As shown in Figure 3(d), compared to the buffer control, 
treatment with TT1-E7E6 significantly suppressed tumor 
growth at all dose levels, as measured on Day 21, a time point 
by which all animals in the TT1-E7E6 treatment groups were still 
alive. Suppression of tumor growth correlated with increasing 
doses of TT1-E7E6 from 102 to 104 RCV FFU and reached 
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Figure 4. Combination therapy with TT1-E7E6 and PD-1 checkpoint inhibitor eliminates tumors. (a) Schematic design of experiment. All mice were inoculated s. 
c. with 105 TC-1 tumor cells on Day −5. After tumors became measurable, mice were randomized and treated with 106 RCV FFU of TT1-E7E6 or buffer On Day 0, 21 and 
42. Anti-PD-1 antibody (αPD1) or isotype control (IgG ctrl) was administered i.p at a dose of 200 µg/mouse on the same days of TT1-E7E6/buffer treatment, followed by 
3 additional doses every 3 days. Tumor growth was monitored. The study was terminated 73 days after start of treatment. (b) Kinetics of tumor growth in individual 
mice. Numbers in parentheses indicate number of mice with tumor regression/total number of mice in each group. (c) Kaplan-Meier curves showing percentage of TC- 
1 tumor-bearing mice. Buffer/IgG control, n=6 mice; TT1-E7E6/IgG, n=10 mice; buffer/anti-PD-1, n=10 mice; TT1-E7E6/anti-PD-1, n=9 mice. Mantel-Cox test. ns, not 
significant, * p<.05, *** p<.001. (d) HPV16 E7-specific CD8+ T cells in tumor-bearing mice were measured 9 days after individual treatment time point (prime, boost 
and 2nd boost). Means ± SEM. Unpaired Welch`s t-test. * p<.05, ** p<.01, *** p<.001.
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a plateau from 104 to 106 RCV FFU (Figure 3(d)), suggesting that 
a dose of 104 RCV FFU does induce a maximum effect on tumor 
suppression in this model with relatively small tumor size. The 
kinetics of tumor growth in individual animals prior to study 
termination on Day 59 are shown in Supplemental Figure S2(a). 
Consistently, survival was significantly prolonged in all TT1- 

E7E6 dose groups except for the 103 RCV FFU group (Figure 3 
(e)). Of note, the median survival time (MST) of mice vaccinated 
with high doses of TT1-E7E6 was >59 d (duration of the study) 
compared to a 24-d MST in the buffer control group, indicating 
a significant therapeutic benefit of TT1-E7E6 treatment 
(Supplemental Figure S2(b)).

Figure 5. Analysis of tumor-infiltrating immune cells in tumor-bearing mice treated with TT1-E7E6 alone or in combination with anti-PD-1. TC-1 tumor- 
bearing mice were treated with TT1-E7E6 (1x106 RCV FFU i.v.) on Day 9, with or without anti-PD-1 (clone 29F.1A12, 200 µg/dose i.p.) on Day 9, 12 and 15 after tumor cell 
implantation. Tumors were extracted on Day 16 and analyzed by flow cytometry. (a) Absolute numbers of HPV16 E7-specific CD8+ T cells (live, 
CD45+B220−NKp46−CD11b−CD3+CD8+E7+), conventional dendritic cells (cDC) (live, CD45+CD64−F4/80−Lin−I-A/I-E+CD11c+CD26+) and tumor cells (live, CD45−) per 
gram (g) of tumor tissue. (b) Percentage of PD-1+ E7-specific CD8+ T cells, PD-L1+ cDCs and PD-L1+ tumor cells. (c) Expression of PD-1 (stained with clone RMP1-30) on 
E7-specific CD8+ T cells and of PD-L1 on cDCs and tumor cells. Geometric mean fluorescence intensity (GMFI). N=4 mice per group for buffer control and TT1-E7E6 
groups, N=3 mice for TT1-E7E6/anti-PD1 group. Means ± SEM. One-way ANOVA to compare treatment to buffer groups and unpaired Welch`s t-test to compare both 
treatment groups. * p<.05, ** p<.01, *** p<.001, **** p<.0001.
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We next tested if TT1-E7E6 can treat established tumors of 
larger size. To this end, TT1-E7E6 treatment was initiated 
10 days after TC-1 tumor cell inoculation, a time when tumors 
reached >300 mm3. Consistent with our findings in the small 
tumor setting, treatment with a medium dose (105 RCV FFU) 
of TT1-E7E6 significantly inhibited the growth of these larger 
tumors and prolonged survival (Supplemental Figure S2(c-d)).

To assess whether TT1-E7E6 treated mice that have cleared 
their tumors are long term protected from tumor recurrence by 
established antitumor immune memory, we rechallenged two 
groups of these mice with TC-1 cells on study Day 143 and 198, 
respectively. We found that these mice remained tumor-free 
throughout the follow-up period for over 200 days 
(Supplemental Figure S3).

Taken together, these results suggest that TT1-E7E6 treat-
ment confers a potent antitumor effect for both small and large 
tumors in the HPV16 TC-1 tumor model and in mice that 
succeed in clearing their tumor, affords long-term protection 
from tumor rechallenge.

TT1-E7E6 in combination with PD-1 checkpoint 
inhibitor therapy eliminates tumors

PD-1 blockade therapy has recently been approved for the 
treatment of recurrent or metastatic HNSCC and advanced 
cervical cancers.7-9 Using an OVA-expressing tumor model, 
it has previously been demonstrated that the antitumor effect 
by replicating LCMV vectors, from which TT1-E7E6 is 
designed, is dependent on CD8+ T cells.19 Here, we sought to 
evaluate whether the antitumor efficacy of TT1-E7E6 can be 
enhanced with concomitant anti-PD-1 therapy. To this end, 
mice were engrafted with TC-1 tumor cells (Day −5) and 
treated with 106 RCV FFU of TT1-E7E6 on Day 0, 21 and 42. 
Four doses of anti-PD-1 Abs or isotype control were adminis-
tered following each TT1-E7E6 immunization (experimental 
setup see schematic Figure 4(a)).

Consistent with previous reports, 29,30 anti-PD-1 antibody 
monotherapy failed to suppress tumor growth in this HPV16- 
positive TC-1 tumor model with 0 out of 10 mice clearing 
tumors. TT1-E7E6 alone (with IgG isotype control) led to 
significant tumor suppression with complete tumor regression 
in 4 out of 10 animals (40%) by Day 42 with 2 mice staying 
tumor-free till study termination on Day 73. Strikingly, com-
bined treatment of TT1-E7E6 and anti-PD-1 conferred super-
ior tumor control compared to either of the therapy alone, with 
complete tumor regression observed in 7 out of 9 animals 
(78%), all of which stayed tumor-free till study termination. 
In the two remaining mice of this group, tumor control was 
comparable to those receiving TT1-E7E6 and isotype control. 
Moreover, tumor regression was achieved after the first treat-
ment cycle and maintained till the end of the study (Figure 4 
(b), 4(c) and Supplemental Figure S4).

It is also noted that there was also a synergistic effect by anti- 
PD-1 antibodies and TT1-E7E6 on the frequencies of E7- 
specific CD8+ T cells in the tumor-bearing mice (Figure 4(d))

Together, these results demonstrate that TT1-E7E6 is effec-
tive in anti-PD-1 refractory tumors and that anti-PD-1 therapy 
can become effective provided TT1-E7E6 is administered.

Analysis of TT1-E7E6-mediated antitumor effect

To investigate the events underlying antitumor effect mediated 
by TT1-E7E6 as well as by TT1-E7E6/anti-PD-1 combination 
therapy, we analyzed immune cells infiltrating tumor tissues in 
TC-1 tumor-bearing mice by flow cytometry (Figure 5). On 
Day 16 post-tumor cell inoculation, mice receiving either TT1- 
E7E6 or TT1-E7E6/anti-PD-1 both showed significant accu-
mulation of HPV16 E7-specific CD8+ T cells in the tumor 
tissues as compared to the buffer control group, whereas 
there was no detectable difference between mice treated with 
TT1-E7E6 and those treated with TT1-E7E6/anti-PD1 (Figure 
5(a)). The percentages of PD-1-expressing E7-specific CD8+ 

T cells were slightly (statistically not significant) decreased 
upon TT1-E7E6 treatment and were significantly decreased 
with TT1-E7E6/anti-PD1 treatment compared to the buffer 
control group (Figure 5(b)). However, PD-1 expression levels 
on E7-specific CD8+ T cells were significantly lower in mice 
treated with TT1-E7E6 and were further decreased in the TT1- 
E7E6/anti-PD1 combination therapy group compared to the 
buffer control group (Figure 5(c)). In association with this 
finding, the percentage of PD-L1+ tumor cells as well as their 
PD-L1 expression levels were substantially and similarly upre-
gulated by both TT1-E7E6 and TT1-E7E6/anti-PD1 treatment, 
with >90% PD-L1+ tumor cells as compared to 20–30% PD-L1+ 

cells in the control group (Figure 5(b) and (c), right panels). As 
for conventional dendritic cells (cDCs), no statistically signifi-
cant change was detected for the total cell numbers, percentage 
of PD-L1+ cDCs or the expression levels of PD-L1 among the 
three groups (Figure 5, middle panels).

Furthermore, to assess whether any antitumor effect was 
mediated by the vector itself besides the tumor-specific CD8+ 

T cell response induced by the vectors, we treated TC-1 tumor- 
bearing mice with an irrelevant TT1-GFP control vector, which 
devoid of any tumor antigenicity. In comparison with TT1- 
E7E6, mice treated with TT1-GFP showed a similar increase in 
total CD8+ T cell levels but no measurable levels of E7-specific 
CD8+ T cells in the blood (Supplemental Figure S5(a and b)). 
Accordingly, we observed a minor delay in tumor growth, but 
no survival benefit in mice treated with TT1-GFP 
(Supplemental Figure S5(c and d)). These results indicate that 
induction of HPV-specific immunity by TT1-E7E6 plays 
a pivotal role in its antitumor effect.

Lastly, we examined the potential oncolytic effect of TT1 
vectors by infecting TC-1 tumor cells with TT1-GFP in culture 
(Supplemental Figure S6(a)). No significant difference in cell 
viability was observed between cells inoculated with TT1-GFP 
and control medium up to 72 h (Supplemental Figure S6(b)), 
with >90% TC-1 tumor cells being infected, as determined by 
GFP expression after 48 h of incubation (Supplemental Figure 
S6(c)). These data are in line with the well-document non- 
cytolytic behavior of LCMV, 31 indicating that the TT1 vectors 
do not induce lytic cell death of TC-1 tumor cells upon 
infection.

Discussion

HPV-associated cancers, especially head and neck cancers, 
remain a significant health concern, as no curative therapies 
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are currently available. With HPV16 being the primary onco-
genic virus and causative agent, 1,2 a variety of vaccine plat-
forms including peptide, cell, DNA, RNA and viral vector- 
based vaccines targeting HPV16 antigens have been explored 
for HPV-associated cancer therapy.14,15,30,32-36 Here, we 
describe the generation of a novel replication-attenuated 
LCMV vector-based vaccine, TT1-E7E6, expressing non- 
oncogenic variants of the HPV16 oncogenes E7 and E6, for 
treatment of HPV-associated cancers. We demonstrated that 
immunization with TT1-E7E6 induced HPV-specific CTL 
responses and efficiently controlled tumor growth in 
a murine TC-1 tumor model for HPV16-induced cancers. In 
addition, combining TT1-E7E6 with anti-PD-1 therapy signif-
icantly enhanced its antitumor efficacy. The antitumor effect of 
TT1-E7E6 was associated with the accumulation of HPV16 E7- 
specific CD8+ T cells with reduced PD-1 expression in the 
tumor tissues.

Construction of TT1-E7E6 was based on a previously 
described replicating, attenuated vector platform based on 
LCMV.19 Although most wt LCMV infections are asympto-
matic, subclinical infections, flu-like illnesses and self-limiting 
aseptic meningitis have been reported from occasional acci-
dental laboratory infections with wt LCMV.20,37 Interestingly, 
high doses of unmodified wt LCMV had been administered 
intravenously to treat patients with advanced cancer in the 
1970s, with no evidence of CNS disease (e.g., meningitis or 
encephalitis) reported.38 To minimize any CNS damaging 
potential of TT1-E7E6, we applied molecularly defined, robust 
and stable attenuation mechanism based on an artificial, tri- 
segmented genome design. As arenaviruses naturally exhibit 
a bi-segmented genome design, packaging of all three genome 
segments needed to form replication-competent vector parti-
cles is inefficient.19 In the current study, we demonstrated that 
TT1-E7E6, unlike its parental LCMV wt virus, was unable to 
establish protracted/chronic infection and was rapidly elimi-
nated from the circulation after systemic administration to 
mice. Moreover, we showed that the capacity of TT1-E7E6 to 
cause CNS complications was significantly reduced, as evi-
denced by several log-fold attenuations in neurovirulence com-
pared to the parental wt LCMV.

Immunization with TT1-E7E6 induced a durable dose- 
dependent expansion of total and antigen-specific CD8+ T cells, 
along with potent cytokine (IFN-γ/TNF-α/IL-2) production. 
These findings are in accordance with previous reports by 
Kallert and colleagues demonstrating robust CTL responses and 
generation of long-term CTL immunity by an analogous vaccine 
based on the same replication-competent LCMV platform.19 The 
increased frequencies of E7-specific CD8+ T cells after the booster 
administration of TT1-E7E6 are suggestive of effector T cells 
generated from the memory pool.

Intravenous TT1-E7E6 therapy significantly inhibited 
tumor growth and prolonged survival in a TC-1 mouse 
tumor model. The potent tumor control capacity of TT1- 
E7E6 was further supported by its efficacy in established 
tumors with large volumes, where one single dose was suffi-
cient to delay the tumor growth. TT1-E7E6 treated, tumor-free 
mice rechallenged with TC-1 tumor cells remained tumor-free 
for over 200 days, suggestive of efficacy in both controlling 
primary tumors and preventing tumor recurrence39-42.

Analysis of tumor tissue revealed a significant tumor infiltra-
tion and accumulation of E7-specific CD8+ T cells in mice 
treated with TT1-E7E6. These tumor-infiltrating E7-specific 
CD8+ T cells showed reduced PD-1 expression compared to 
their counterparts in buffer-treated animals, suggesting recruit-
ment of functional CD8+ T cells from the expanded peripheral 
T cell pool into the tumor microenvironment. In response to the 
infiltration of tumor-specific CD8+ T cells upon TT1-E7E6 treat-
ment, the strong upregulation of PD-L1 on tumor cells reflects 
an adaptive immune resistance mechanism.43

While anti-PD-1 therapy prolonged survival of patients 
with recurrent/metastatic HNSCC, its efficacy is limited by PD- 
L1 positivity.44 Multiple studies have shown that when com-
bined with therapeutic HPV vaccines, the efficacy of PD-1 
checkpoint inhibitors can be significantly improved.29,30,45-48 

In the current study, combined treatment of TT1-E7E6 with 
anti-PD-1 antibody led to complete tumor regression in 78% of 
the mice bearing TC-1 tumors, a model known to be resistant 
to anti-PD-1 treatment.29,30 This superior effect is probably 
due to the sustained functionality of the CTLs associated with 
the combination therapy.

Furthermore, using a non-E7E6-expressing control vector, 
TT1-GFP, we showed that the TT1 vector backbone conferred 
only marginal tumor control despite a similar increase in total 
CD8+ T cells in tumor-bearing mice. Failure to induce HPV 16- 
specific CD8+ T cells by TT1-GFP is likely the reason for its lack 
of durable antitumor efficacy. In addition, the observation that 
TT1-GFP did not cause direct cell death of TC-1 cells in vitro 
indicates that these LCMV-based vectors are non-oncolytic, 
a mechanism observed for some other viral vectors.49

In conclusion, we demonstrated that a novel cancer therapy 
targeting HPV16 E7 and E6 based on the replication- 
attenuated LCMV vector platform was highly immunogenic 
with robust antitumor efficacy in a murine model of HPV16- 
positive cancer. The tumor suppression efficacy by TT1-E7E6 
is probably attributable primarily, but not exclusively, to the 
potent tumor antigen-specific CTL response and accumulation 
of tumor-infiltrating HPV16-specific CD8+ T cells induced by 
TT1-E7E6. Finally, the addition of a PD-1 checkpoint inhibitor 
significantly increased the antitumor efficacy of TT1-E7E6, 
supporting the further investigation into combination immu-
notherapy for patients with HPV-associated HNSCC, espe-
cially those refractory to anti-PD-1 therapy. Based on these 
preclinical findings, a phase I/II clinical trial of TT1-E7E6 for 
the treatment of HPV16+ cancer patients has been initiated 
(ClinicalTrial.gov #NCT04180215).

Materials and methods

Animal studies

Animal studies were carried out at various laboratories. Studies 
on viremia and cytokine-secreting CD8 T cell responses (ICS) 
were conducted at the University of Basel, Switzerland, in 
accordance with the Swiss law for animal protection and with 
authorizations from the Veterinäramt Basel-Stadt. C57BL/6 J 
mice were obtained from the laboratory animal service center 
(LASC) of the University of Zurich, Schlieren, Switzerland. The 
neurovirulence study (i.c. challenge) was conducted at Meditox 
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(Czech Republic) and was approved by the Institutional 
Animal Care and Use Committee (IACUC) and the 
Committee for Animal Protection of the Ministry of Health 
of the Czech Republic (30/2017). C57BL/6 J mice were 
obtained from Velaz s.r.o.

For the dose-response study of immunogenicity performed 
at Preclin Biosystems, Switzerland, female C57BL/6 J mice were 
obtained from Charles River Laboratories. For tumor studies 
performed at WuXi Apptec, Shanghai, China, female C57BL/6 J 
mice were purchased from Shanghai SLAC Laboratory Animal 
Co., LTD. All the procedures related to animal handling, care 
and the treatment in the study were performed according to the 
guidelines approved by the Institutional Animal Care and Use 
Committee (IACUC) of WuXi AppTec following the guidance 
of the Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC).

For tumor studies performed at Hookipa Pharma, C57BL/6 N 
mice were purchased from Charles River, Sulzfeld, Germany. 
Studies were approved by the Austrian authorities (Magistrat 58) 
and were carried out in accordance with the approved guidelines 
for animal experiments at Hookipa Biotech GmbH. All mice were 
maintained in specific pathogen-free (SPF) conditions.

Cells and cell lines

TC-1 cells expressing HPV16 E6 and E7 were purchased from 
Johns Hopkins University.28 Cells were cultured in complete 
tumor medium containing RPMI 1640 medium (Thermo 
Fisher) supplemented with 10% heat-inactivated fetal bovine 
serum (FBS; Corning), Non-essential Amino Acids, 2 mM 
Glutamine, 1 mM Sodium Pyruvate (all Thermo Fisher), 
50 U/ml Penicillin/Streptomycin (Millipore) and 0.4 mg/ml 
G418 (Thermo Fisher). Cells were maintained as a monolayer 
culture and were sub-cultured twice weekly by trypsin-EDTA 
treatment. Cells growing in an exponential growth phase were 
harvested and resuspended in PBS for tumor inoculation. 
BHK21 cells constitutively expressing LCMV-GP, and 
HEK293 cells were obtained from the Institute of 
Experimental Immunology, University of Zurich. BHK21 
cells were cultivated in DMEM (Thermo Fisher) containing 
10% FBS, 4 mM Glutamax, 10 mM HEPES (both from Thermo 
Fisher) and Puromycin (Sigma Aldrich) for selection of cells 
containing the GP expression cassette encoding the puromycin 
resistance. HEK293 cells were maintained in CDM4HEK293 
medium (GE Healthcare) containing 4 mM Glutamax. All cell 
lines were kept at 37°C and 5% CO2 in humidified incubators 
and regularly examined for mycoplasma contamination.

Vector design, propagation and characterization

TT1-E7E6 vectors were generated and titrated as described 
previously.19,50 Briefly, the coding sequence (cDNA) of the 
HPV16 vaccine antigen, fusion protein of E7 and E6 (Genbank 
accession # K02718 with five mutations [three mutations for E7 
and 2 mutations for E6] introduced to abrogate oncogenic poten-
tial), 25 was synthesized by Genscript and inserted into two plas-
mids, both encoding the S-Segment of LCMV (based on clone 13), 
with S-Segment #1 encoding LCMV NP and S-Segment #2 encod-
ing LCMV GP (derived from LCMV strain WE). Vectors were 

generated by transient transfection of BHK21 cells stably expres-
sing the LCMV GP.26 Briefly, cells were transfected with five 
plasmids encoding: S-Segment #1, S-Segment #2, L-Segment and 
two expression plasmids encoding LCMV NP and L, respectively. 
Three days post-transfection, cells were propagated. On Day 6 
post-transfection, virus-containing supernatant was harvested and 
subsequently titrated by Focus Forming Assays (FFA) on either 
LCMV GP-complementing cells (FFU) or non-complementing 
HEK293 cells (RCV FFU) as described before.51 Briefly, mono-
layers of adherent HEK293-GP or HEK293 seeded in 24-well 
plates were infected with serial dilutions of the virus, incubated 
for 48 h, and subsequently fixed and stained with anti-NP antibody 
(VL-4; Bio X Cell, Lebanon, NH). The number of foci (clusters of 
infected cells) was determined, and the virus titer was calculated.

To generate fetal calf serum (FCS)-free vector stock, suspen-
sion HEK293 cells were infected with TT1-E7E6 at a defined 
MOI of 0.001 and incubated for 4 days with shaking. Nascent 
viruses were harvested after low-speed centrifugation and fro-
zen below −65°C. Vector stocks were titrated by FFA and 
characterized for transgene insertion.

For protein expression, HEK293 cells were infected with 
TT1-E7E6, followed by proteasome inhibitor treatment with 
10 µM MG132 (Selleckchem) or DMSO (solvent control) over-
night. Whole-cell lysates were analyzed by western blot. For 
detection of E7, membranes were stained using a mouse-anti 
E7 mAb at (Santa Cruz; 1:500) followed by an HRP-coupled 
anti-mouse Ab (Jackson Immunoresearch; 1:10000). ERK2 
(1:2000; Santa Cruz) served as the loading control. The inser-
tion of the transgene (E7E6) on both S-segments was verified 
by two-step RT-PCR. After viral RNA was isolated from vector 
containing cell culture supernatant using QIAamp Viral RNA 
Mini Kit (Qiagen), cDNA from each S-segment was generated 
by reverse transcription using NP- or GP-specific primers 
(Superscript III First-Strand Synthesis, Invitrogen). In 
a second step, transgene-specific fragments were amplified by 
PCR using transgene-flanking primers. The sizes of the PCR 
fragments were verified by gel electrophoresis.

For analysis of vector growth kinetics, 3 × 105 HEK293 cells/ 
ml were seeded and subsequently infected with TT1-E7E6 or 
LCMV wt at an MOI of 0.001. After 2, 24, 48, 72 and 96 h, 
samples were drawn and subjected to FFU analysis.

Neurovirulence study

Intracranial injection of C57BL/6 mice was performed as 
described before.19 Briefly, mice were first anesthetized with iso-
flurane inhalation for approximately 5 min. The inoculum of 30 μl 
was administered to the immobilized mouse with the needle 
positioned over the vertex and slightly caudal of the eyes yet cranial 
of the ears and inserted across the skull into the brain. The needle 
was prepared to limit and standardize the depth of insertion to 
approximately 2–3 mm. Mice were challenged with buffer control 
or increasing doses of TT1-E7E6 (101, 102, 103, 104 and 105 RCV 
FFU) or the corresponding LCMV wt (101 and 102 RCV FFU). 
Between Day 5 to 10, animals were monitored twice daily and 
a tail-spin test was performed to determine the disease condition 
of the infected mice. Briefly, mice were lifted and spun by the tail, 
which provoked spasms in diseased animals or convulsions in 
terminal stages of the infection. Observation of convulsions was 
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defined as the criterion for euthanasia. The study was terminated 
on day 21 after virus inoculation.

Syngeneic TC-1 tumor model

For all tumor studies, 6–8 week old female C57BL/6 mice were 
subcutaneously inoculated with 1 × 105 TC-1 cells into their right 
flank. In each study, clinical signs, body weight, survival and tumor 
volumes were evaluated. Tumor size was measured at least twice 
weekly in two dimensions using a caliper, and the tumor volume 
was expressed in mm3 using the formula: V = 0.5 x a x b2 where 
a and b are the long and short diameters of the tumor in mm, 
respectively. Before the start of treatment, mice were assigned to 
the respective groups by randomized block design based on the 
tumor volume. For the treatment of small, established tumors, 
mice were vaccinated i.v. with indicated doses of TT1-E7E6 for-
mulated in PSB-buffer supplemented with 10% D-sorbitol (Fluka 
analytical, Italy) or buffer as control (PSB, 10 mM HEPES, 
150 mM NaCl, 20 mM Glycine, pH 7.4; GE Healthcare) 5 and 
19 days post tumor challenge. The two-week prime-boost interval 
was applied to evaluate antitumor efficacy by different dose levels 
of TT1-E7E6 (102, 103, 104, 105 and 106 RCV FFU) in the TC-1 
tumor model in order to cover possible efficacy by all dose levels 
given the rapid tumor growth in this model. The study was 
terminated 60 days after the start of treatment.

For the treatment of large tumors (average 350 mm3), mice 
were immunized with TT1-E7E6 10 and 31 days after TC-1 tumor 
inoculation. This study was terminated on Day 40 post tumor 
transplantation. For combination treatment, mice were i.p. 
injected with 200 µg of anti-PD-1 antibody (clone 29 F.1A12, 
BioXcell) or a rat IgG2a isotype control antibody (BioXcell) diluted 
in 200 µl PBS on each day of the TT1-E7E6 vaccination followed 
by 3 additional doses every 3 days. The study was terminated 
78 days after tumor cell inoculation. One animal receiving TT1- 
E7E6 and anti-PD-1 Ab died for unknown reasons early in the 
study (Day 20) with a tumor size of 456 mm3 on the day of death 
and was excluded from the analysis. The three-week prime-boost 
interval was used for the treatment of large tumors (105 RCV FFU 
of TT1-E7E6) as well as in the combination treatment experiments 
(106 RCV FFU of TT1-E7E6), in which the relatively high doses of 
TT1-E7E6 were used.

Flow-cytometry

For MHC multimer staining of antigen-specific CD8 T cells, 
50–70 µl of blood were collected into BD Falcon tubes with the 
addition of 1 ml of FACS buffer (PBS supplemented with 2.5% 
FCS, 10 mM EDTA and sodium azide). Cells were centrifuged at 
room temperature (RT) and resuspended in FACS buffer contain-
ing appropriate fluorescent-conjugated antibodies: anti-B220- 
FITC, anti-CD8a-PE-Cy7 (both from BD Biosciences) and the 
MHC Dextramer for HPV16 E7 (H-2 Db/RAHYNIVTF/PE, 
Immudex, Denmark) for 30 minutes of incubation. After wash, 
red blood cells were lysed with FACS Lysing solution buffer (BD 
Biosciences). Finally, cells were washed and resuspended in FACS 
buffer for analysis on flow-cytometer.

ICS was performed as described before.52 Briefly, mice were 
sacrificed on Day 9 post-immunization. Single cell suspension was 

prepared from spleen. Splenocytes were re-stimulated in vitro 
using overlapping peptide sets for HPV16 E6 and E7 (from JPT). 
As control, splenocytes were incubated with medium only. These 
background frequencies were subtracted from those of peptide- 
stimulated cultures to obtain peptide-specific responses as 
reported herein. Cells were incubated first with the respective 
peptide set for 1 h, and then Brefeldin A (Sigma Aldrich) was 
added for an additional 4 h of incubation. Cells were then stained 
with anti-mouse anti-CD8a-BV421 (Biolegend) and anti-B220- 
PerCPCy5.5 (eBioscience) antibodies. Subsequently, cells were 
fixed using 4% paraformaldehyde and then permeabilized with 
0.1% Saponin (Sigma Aldrich). Intracellular staining was per-
formed with anti-mouse IL-2-PE (clone JES6-5H4), anti-mouse 
TNF-PECy7 (clone MP6-XT22) and anti-mouse IFN-γ-APC 
(clone XMG1.2) antibodies (all from Biolegend).

For analysis of tumor-infiltrating immune cells, tumors were 
collected, weighed and cut into small pieces of 2–4 mm. Tumor 
pieces were transferred into gentleMACS C tubes (Miltenyi 
Biotec) and 2.5 mL enzyme mix (Miltenyi Biotec) was added. 
After dissociation on the gentleMACS Dissociator (Miltenyi 
Biotec), cells were passed through a 70 µm MACS Smart 
Strainer. After washing cells were passed through a 30 µm 
MACS Smart Strainer and counted before resuspension in 
0.5% MACS BSA Solution. Cells were separated on the 
autoMACS® Pro Separator using CD45 magnetic beads 
(Miltenyi Biotec). Positive and negative fractions were counted. 
CD45+ cells were divided into two parts for staining either CD8+ 

T cells (live, CD45+B220−NKp46−CD11b−CD3+CD8+E7+) or 
conventional dendritic cells (cDC) (live, CD45+CD64−F4/80−-
Lin−I-A/I-E+CD11c+CD26+). The cells were further stained for 
PD-1 and PD-L1. Fluorochrome conjugated antibodies used for 
flow cytometry were summarized in the Supplemental Materials 
and Methods. Staining of PD-1 (clone RMP1-30) was confirmed 
not being interfered by the anti-PD1 antibody (clone 29 F.1A12) 
used for i.p. treatment in combination with TT1-E7E6.

Samples were analyzed on BD LSR Fortessa or BD Canto II 
(Beckton Dickinson, USA). Analysis of flow cytometry data was 
performed using the FlowJo software (TreeStar, Version 10). For 
ICS data analysis, background values (medium only) were sub-
tracted. Gating strategy is provided in Supplemental Figure S7.

Statistical analysis

GraphPad Prism 8 was used for data visualization and statistical 
analysis. If not stated otherwise, graphs show means ± SD or SEM. 
When comparing differences between two groups, unpaired two- 
tailed t-tests with Welch’s correction or Mann Whitney test were 
applied. Single values of multiple groups were compared by two- 
way analysis of variance (ANOVA). Kaplan–Meier survival curves 
were assessed using log-rank (Mantel–Cox) test. Results were 
considered statistically significant if p < .05.
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