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Chimeric adenoviral (Ad5.F35) and listeria vector prime-boost
immunization is safe and effective for cancer immunotherapy
John C. Flickinger Jr 1, Ross E. Staudt 1, Jagmohan Singh 1, Robert D. Carlson 1, Joshua R. Barton 1, Trevor R. Baybutt1,
Jeffrey A. Rappaport1, Alicja Zalewski1,2, Amanda Pattison1, Scott A. Waldman 1,3 and Adam E. Snook 1,3✉

Strategies to augment immunity to self/neoantigens expressed by cancers are urgently needed to expand the proportion of
patients benefiting from immunotherapy, particularly for GI cancers where only a fraction of patients respond to immunotherapies.
However, current vaccine strategies are limited by poor immunogenicity, pre-existing vector-specific immunity, and vaccine-
induced vector-specific immunity. Here, we examined a prime-boost strategy using a chimeric adenoviral vector (Ad5.F35) that
resists pre-existing immunity followed by recombinant Listeria monocytogenes (Lm) to amplify immunity to the GI cancer antigen
GUCY2C. This previously unexplored combination enhanced the quantity, avidity, polyfunctionality, and antitumor efficacy of
GUCY2C-specific effector CD8+ T cells, without toxicity in any tissue, including GUCY2C-expressing intestines and brain.
Importantly, this combination was partially resistant to pre-existing immunity to Ad5 which is endemic in human populations and
vector-specific immunity did not limit the ability of multiple Lm administrations to repeatedly enhance GUCY2C-specific responses.
Broadly, these findings suggest that cancer patient immunizations targeting self/neoantigens, as well as immunizations for difficult
infectious diseases (HIV, malaria, etc), may be most successful using a combination of Ad5.F35-based priming, followed by Lm-
based boosting. More specifically, Lm-GUCY2C may be utilized to amplify GUCY2C-specific immunity in patients receiving
adenovirus-based GUCY2C vaccines currently in clinical trials to prevent or treat recurrent GI cancer.
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INTRODUCTION
Immune checkpoint blocking (ICB) therapy has revolutionized
cancer treatment and established immunotherapy as a pillar of
cancer management. However, success with ICB therapy is
predicated upon a high tumor-mutational burden (TMB) and the
presence of immune cell infiltration1–3. Thus, ICB therapy is largely
ineffective for the vast majority of immunologically ‘cold’ tumors
that lack targetable tumor-specific mutations and/or sufficient
levels of tumor-infiltrating lymphocytes. Indeed, a recent estimate
suggests that ICB therapy is effective for only 12.5% of patients4.
Thus, more effective immunotherapeutic strategies to treat
immunologically ‘cold’ tumors are urgently needed.
Recently, vaccines have re-emerged as a viable option to treat

or prevent recurrent cancer. In the context of an immunologically
‘cold’ tumor, cancer vaccines can prime de novo tumor-reactive
T cells and expand existing tumor-specific responses leading to
enhanced tumor immune cell infiltration5 conferring antitumor
immunity alone6 or promoting ICB responsiveness7. While
promising, the success of cancer vaccines has, in part, been
hindered by a lack of suitable methods to produce high quality
tumor-specific immunity in patients. Despite the creation of
numerous vaccination platforms (bacterial, viral, nucleic acid, etc.),
each method carries distinct limitations and there is no consensus
as to an optimal cancer vaccination method8. Bacterial and viral
vectors are often popular strategies due to their ability to potently
stimulate numerous inflammatory pathways. However, the effi-
cacy of bacterial-based vaccines in clinical trials to date has been
disappointing9 and some platforms only weakly prime tumor-
specific CD8+ T-cell responses10,11. While viral vectors are often
effective at priming responses, their efficacy is reduced in patients

with pre-existing vector-specific immunity7 and by the induction
of vaccine-induced vector-specific antibodies that limit repeated
immunizations12. In contrast, DNA-based and peptide-based
strategies, while not limited by vector-specific immunity, have
historically demonstrated poor immunogenicity in clinical trials13–
15. While RNA vaccines have recently demonstrated success in
vaccinating against infectious diseases16, their effectiveness in the
context of cancer is unclear17,18.
Recently, we demonstrated that the chimeric adenoviral vector,

Ad5.F35, is not limited by endemic Ad5-specific immunity and
may produce immune responses in ~90% of the human
population19. While effective at priming tumor-specific CD8+

T-cell responses, optimal immunity towards an antigen often
requires multiple antigenic encounters20 and Ad5.F35 is expected
to induce vector-specific antibodies upon vaccination, limiting the
efficacy of repeated immunization. In contrast to Ad5.F35 which is
limited to a single injection, the Gram-positive bacterium Listeria
monocytogenes (Lm) is a cancer vaccine platform that is not
neutralized by vector-specific antibodies, permitting repeated
immunization21,22. Moreover, Lm activates numerous aspects of
the innate and adaptive immune system23 and can remodel
immunosuppressive tumor microenvironments24,25. While Lm
vaccines have demonstrated poor CD8+ T-cell priming for some
tumor antigens10,11, we hypothesized that its resistance to vector-
specific immunity may make it an ideal platform for prime-boost
strategies following Ad5.F35-based vaccines.
This strategy could overcome the limitations of ICB in colorectal

cancer (CRC) to treat or prevent disease recurrence following
conventional therapies. Indeed, ICB therapy is approved for only a
small subset (~15%) of CRC patients whose tumors have high
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TMB26. Thus, effective immunotherapeutics to treat the remaining
(~85%) CRC patients are lacking. In this context, the intestinal
receptor and tumor-associated antigen guanylyl cyclase C
(GUCY2C) is an emerging immunotherapeutic target in CRC. In
contrast to neoantigens which may be unpredictable and lacking
across TMB-low tumors27, GUCY2C protein is present across nearly
all CRC tumors28,29, and expression among endogenous tissues is
limited30,31. GUCY2C-directed vaccines are being developed as a
secondary preventive measure to protect against metastatic CRC
in high-risk patients following conventional surgical and/or
chemo/targeted therapies32. Recently, a phase I trial testing a
GUCY2C vaccine safely generated GUCY2C-specific immune
responses in patients33, and an ongoing phase IIa trial is testing
a chimeric Ad5.F35-based GUCY2C vaccine (NCT04111172). Thus,
we explore here an Ad5.F35-based GUCY2C vaccine in combina-
tion with a recombinant strain of Lm secreting GUCY2C (Lm-
GUCY2C). We evaluated the immunogenicity of Ad5.F35+ Lm
vaccination regimens and demonstrate that optimal GUCY2C-
specific immunity (T-cell quantity, avidity, and polyfunctionality) is
achieved using a heterologous prime-boost strategy in which Ad5.
F35 is used to ‘prime’ responses for boosting with Lm. Moreover,
this strategy enhances long-term memory responses and is only
partially limited by pre-existing immunity to Ad5 or Lm. Finally, we
demonstrate that this strategy does not elicit toxicity and may be
rapidly translated to future clinical trials.

RESULTS
Lm-GUCY2C vaccine design
The extracellular domain of mouse GUCY2C (GUCY2C23-429) was
codon-optimized for Listeria monocytogenes using Java Codon
Adaptation Tool34 and synthesized downstream of the actA
promoter, a modified version of the first 100 amino acids of ActA
(ActAN100*)35, and an enhancer sequence (Fig. 1a). The resulting
sequence was cloned into the pPL236 integration vector and stably
integrated into the genome of the live attenuated double-deleted
Lm strain ΔactAΔinlB37. Secretion of the ActA-GUCY2C fusion
protein was confirmed in the J774A.1 macrophage cell line 6 h
after infection with Lm-GUCY2C or control Lm strain by western
blot (Fig. 1b) and immunofluorescence (Fig. 1c) staining with a
GUCY2C-specific antibody.

Heterologous Ad-GUCY2C+Lm-GUCY2C immunization
enhances GUCY2C-specific CD8+ T-cell responses and
antitumor immunity
Following in vitro confirmation of GUCY2C fusion protein
expression by Lm-GUCY2C, we next sought to identify an

optimal GUCY2C immunization regimen. Thus, Lm-GUCY2C
vaccine was tested in combination with the chimeric
adenovirus-based (Ad5.F35) vaccine against GUCY2C (“Ad-
GUCY2C”) currently in phase II clinical testing (NCT04111172).
GUCY2C immunogenicity and antitumor immunity were eval-
uated utilizing a prime-boost strategy in which vaccines were
administered 21 days apart as homologous or heterologous
vaccinations. Notably, the heterologous immunization regimen
utilizing Ad-GUCY2C to ‘prime’ GUCY2C-specific immune
responses followed by Lm-GUCY2C to ‘boost’ those responses
generated significantly higher GUCY2C-specific effector CD8+

T-cell responses quantified by IFNγ ELISpot compared to all
other immunization regimens (Fig. 2a). Similarly, in a model of
recurrent colorectal cancer metastases, Ad-GUCY2C followed by
Lm-GUCY2C immunization significantly reduced metastatic
tumor burden (Fig. 2b–c) and increased survival (Fig. 2d) over
other combinations. Importantly, the order of immunization
was essential for optimal GUCY2C immunity, with Ad-GUCY2C
+ Lm-GUCY2C inducing a >15-fold increase in GUCY2C-specific
CD8+ T-cells and maximally extending median survival (71 vs.
38 days) compared to Lm-GUCY2C+ Ad-GUCY2C vaccination.
However, in a therapeutic model, an abbreviated Ad-GUCY2C+
Lm-GUCY2C prime-boost regimen (7-day interval) failed to stop
disease progression (Supplementary Fig. S1), highlighting the
need for more aggressive immunotherapeutic strategies in that
setting, such as CAR-T cell therapy38,39. Next, since memory
T-cells are expected to be vital for long-term protection against
recurrent cancer, the ability of Lm-GUCY2C to produce long-
lasting immunity following adenovirus-based vaccination was
determined (Supplementary Fig. S2A). Sixty-three days after
completing immunizations, GUCY2C-specific CD8+ T-cell mem-
ory assessed by ELISpot or tumor challenge demonstrated that
boosting with Lm-GUCY2C substantially enhanced GUCY2C-
specific CD8+ T-cell counts (Supplementary Fig. S2B), reduced
metastatic tumor burden (Supplementary Fig. S2C), and
improved overall survival (25 vs >90 days; Supplementary Fig.
S2D) compared to mice that received only adenovirus-based
priming. Finally, to determine the ability of Lm-GUCY2C to
boost GUCY2C-specific memory responses long after an initial
priming vaccination, mice were boosted with control or
GUCY2C Lm >100 days after initial priming with Ad-GUCY2C
(Supplementary Fig. S3). As expected, mice boosted with Lm-
GUCY2C exhibited robust secondary expansion of GUCY2C-
specific memory CD8+ T cells, suggesting that Lm-GUCY2C
could be utilized long after an initial priming vaccination
(Supplementary Fig. S3).

Fig. 1 Construction of Lm-GUCY2C. a Lm-GUCY2C secretes a fusion protein comprised of ActAN100*, an enhancer sequence, and mouse
GUCY2C23-429 under the control of the actA promoter. b, c J774A.1 macrophages were uninfected or infected with Lm-Control or Lm-GUCY2C
at a 10:1 MOI for 6 h at 37 °C. GUCY2C fusion protein was detected by (b) western blot and (c) immunofluorescence. Scale bars in (c) are 25 μm.
Full western plots are shown in Supplementary Fig. S7.
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Prior Ad5, but not Lm, exposure limits Ad5.F35+Lm
immunization regimens
A known limitation of viral-based vaccines is the ability of vector-
specific immunity to interfere with the induction of responses to
the target transgene. Specifically, neutralizing antibodies (NAbs)
against the common adenovirus serotype, Ad5, are detectable in
>70% of healthy donors and blunt the efficacy of Ad5-based
vaccines40–42. Although chimeric adenoviruses, such as Ad5.F35,
are less susceptible to neutralization associated with Ad5-specific
NAbs, Ad5.F35-induced GUCY2C-specific immune responses are
partially reduced in the context of prior Ad5 exposure19, which
may extend to prime-boost regimens based on Ad5.F35 and Lm.
In contrast to adenovirus, Lm infection in humans does not result
in NAbs against Lm and prior exposure does not limit immune
responses to the target antigen21,22. Consistent with these
observations, we found that prior Lm exposure did not diminish
boosting with Lm-GUCY2C (Supplementary Fig. S4A–B). Moreover,
Lm-GUCY2C could be administered repeatedly to enhance
GUCY2C-specific CD8+ T-cell responses (Supplementary Fig.
S4C). Thus, we focused on the impact of prior Ad5 exposure on
the Ad5.F35+ Lm vaccination approach. First, Lm-GUCY2C

boosted responses following low priming doses of Ad5.F35, which
could result from antibody-mediated neutralization (Fig. 3A).
Indeed, Lm-GUCY2C boosted GUCY2C-specific CD8+ T-cell
responses even at priming doses of 109 vp, 10-fold lower than
the standard priming dose of 1010 vp (Fig. 3A). Next, to mimic pre-
existing immunity to Ad5 in vivo, mice were exposed intranasally
to PBS (naive) or 1010 vp of Ad5-GFP prior to the start of an Ad5.
F35+ Lm prime-boost. One pre-exposure to Ad5 induces low Ad5
NAbs (titer of 20), while two pre-exposures induce high Ad5 NAbs
(titer >200)19. As expected, one or two Ad5 exposures induced
NAb titers of 20 and >200, respectively, in mice at the time of Ad5.
F35+ Lm vaccination (Fig. 3b). GUCY2C-specific CD8+ T-cell
responses were equivalent following Ad5.F35+ Lm immunization
of naive and Ad5 NAblo mice, however, responses were reduced
~10-fold in Ad5 NAbhi animals (Fig. 3c). For context, that level of
response is comparable to a single immunization of naive mice
with Ad5.F35-GUCY2C (Fig. 2a). Despite the reduced magnitude of
the CD8+ T-cell response in Ad5 NAbhi animals, they retained
some antitumor efficacy (Fig. 3d). Using the recurrence model
employed in Fig. 2, tumor burden in naive and NAblo mice
immunized with Ad5.F35+ Lm was equivalent and low; however,

Fig. 2 Heterologous Ad5.F35+Lm immunization enhances GUCY2C-specific CD8+ T-cell responses and antitumor immunity. a–d BALB/cJ
mice (n= 3–9/group) were immunized with a ‘priming’ immunization on day 0 and a ‘boosting’ immunization on day 21 utilizing homologous
or heterologous combinations of GUCY2C-expressing and control vaccines. GUCY2C or control adenovirus vaccines were administered
intramuscularly (i.m.) at 1010 vp and GUCY2C or control Lm vaccines were administered intravenously (i.v.) at 5 × 106 CFU. Six days after the
final immunization, spleens were collected and splenocytes were stimulated with GUCY2C254-262 peptide to quantify GUCY2C-specific CD8+

T cells by IFNγ ELISpot (a) or mice were challenged i.v. with 5 × 105 CT26 colorectal cancer cells expressing GUCY2C and firefly luciferase (b–d).
b On days 7 and 14 post-tumor challenge, mice were injected with D-luciferin substrate and imaged. c Day 7 tumor burden was quantified by
imaging. d Survival was monitored throughout the experiment. GUCY2C-specific CD8+ T-cell counts (a) and tumor-burden (c) were analyzed
by one-way ANOVA compared to control immunization with Dunnett’s test to correct for multiple comparisons. Survival was analyzed by the
Mantel-Cox log-rank test with all immunized groups compared to control immunization using the Bonferroni method to correct for multiple
comparisons (d). Error bars indicate mean+/− SEM.
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while tumor burden was lower in NAbhi mice than controls, it was
higher than Ad5-naive animals (Fig. 3d). There was a similar
impact on survival. Naive and NAblo animals had comparable
survival times (Fig. 3e). While NAbhi animals immunized with Ad5.
F35+ Lm were protected compared to control animals, their
survival was reduced compared to naive mice that received Ad5.
F35+ Lm (Fig. 3e). Thus, these data suggest that high levels of
Ad5 immunity indeed impact Ad5.F35+ Lm efficacy. However,
given (1) the partial efficacy of Ad5.F35+ Lm despite high Ad5
immunity (Fig. 3d–e) and (2) the ability of repeated Lm exposures
to amplify responses (Supplementary Fig. S4C), even long after
initial Ad5.F35 priming (Supplementary Fig. S3), this may be
overcome in patients by repeated Lm-GUCY2C boosts, as is
typically done with Lm-based vaccines in patients21,23,43.

Qualitative changes in the CD8+ T-cell pool following prime-
boost vaccination
In addition to expanding the quantity of antigen-specific T cells,
previous studies have demonstrated that various prime-boost
immunizations impact the quality of antigen-specific T cells44–46.
Thus, the impact of Ad5.F35+ Lm on the GUCY2C-specific CD8+

T-cell pool was determined by comparing the avidity and
polyfunctionality of GUCY2C-specific CD8+ T cells at the peak
effector response following prime-only and prime-boost vaccina-
tion. The avidity of the GUCY2C-specific CD8+ T-cell pool was
determined by pulsing splenocytes from immunized mice with
decreasing concentrations of GUCY2C254-262 peptide to define the
EC50 of this response. Compared to mice immunized with a
priming immunization alone, the EC50 of mice immunized with
prime-boost was shifted ~2.5-fold (4.6 vs. 1.8 ng/mL, P < 0.0001),
suggesting an enrichment of high-avidity GUCY2C-specific T cells
in these mice (Fig. 4a). Flow cytometry was employed to assess the
polyfunctionality of GUCY2C-specific CD8+ T cells after prime-only
and prime-boost vaccination. Consistent with ELISpot experi-
ments, prime-boost immunization significantly enhanced the
proportion of CD8+ T cells with GUCY2C-specificity compared to
priming alone indicated by an increased percentage of CD8+

T cells producing IFNγ (Fig. 4b), as well as the effector cytokines
TNFα and MIP1α after stimulation with GUCY2C254-262 peptide
(Fig. 4b). Among cytokine-producing GUCY2C-specific CD8+

T cells, the percentage of cells simultaneously displaying two or
three effector functions was significantly enriched in the prime-

Fig. 3 High levels of pre-existing Ad5 immunity limits Ad5.F35+Lm efficacy. a BALB/cJ (n= 4/group) mice were immunized with
decreasing doses (1011 vp - 107 vp) of Ad5.F35-based GUCY2C (Ad-GUCY2C) vaccine on day 0 and boosted with 5 × 106 CFU of Lm-GUCY2C on
day 21. Six days after the final vaccination, GUCY2C-specific CD8+ T-cell responses were quantified by IFNγ ELISpot. b–e BALB/cJ mice were
intranasally infected once or twice (28-day interval) with 1010 vp of Ad5-GFP or PBS as a control. b Twenty-eight days following Ad5 exposure
(s), Ad5-specific NAbs were confirmed in sera (n= 5–20/group) prior to GUCY2C vaccination in (c–e). c–e Naive or Ad5-exposed mice were
then immunized with 1010 vp Ad-GUCY2C and boosted with 5 × 106 CFU Lm-GUCY2C as in Fig. 2 (controls received control Ad and Lm). Six
days after the final vaccination, 10–15 mice/group were euthanized to evaluate GUCY2C-specific CD8+ T-cell responses (c), and the remaining
6–10 mice/group were challenged with 5 × 105 CT26 colorectal cancer cells expressing GUCY2C and firefly luciferase (d–e). d On day 11 (NAbhi

groups) or 14 (NAblo groups) following tumor challenge, tumor burden was quantified. e Survival was monitored throughout the experiment.
GUCY2C-specific CD8+ T-cell counts in (a) and tumor burden (d) were analyzed by one-way ANOVA compared to control immunization (a) or
all groups (d) with Dunnett’s test to correct for multiple comparisons. GUCY2C-specific CD8+ T-cell counts in (c) were compared by a two-
sided T-test. Survival was analyzed by the Mantel-Cox log-rank test with indicated comparisons using the Bonferroni method to correct for
multiple comparisons (e). Error bars indicate mean+/− SEM.
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boost group compared to the priming-only group (Fig. 4c).
Priming alone induced GUCY2C-specific CD8+ T cells with a
predominantly single effector function (81 ± 4%; Fig. 4d). In
contrast, prime-boost immunization predominately generated
GUCY2C-specific CD8+ T cells displaying multiple effector func-
tions with only a minority of these cells exhibiting a single effector
function (45 ± 8%; Fig. 4d). Evaluation of plasma cytokines
revealed only minor differences between animals receiving
control Ad5.F35+ Lm prime-boost and those receiving GUCY2C
Ad5.F35+ Lm prime-boost (Supplementary Fig. S5). Thus, in
addition to amplifying the quantity of GUCY2C-specific CD8+

T cells, Lm-GUCY2C boosting induced qualitative enhancements in
the avidity and polyfunctionality of the GUCY2C-specific CD8+

T-cell pool.

Heterologous prime-boost immunization does not elicit
toxicity
Previously, GUCY2C-specific vaccines induced systemic anti-tumor
immunity without invoking autoimmunity towards endogenous
GUCY2C-expressing tissues19,47–52. Given increases in the quantity,
avidity, and polyfunctionality of the GUCY2C-specific CD8+ T-cell
pool following Lm-GUCY2C-boosting, we wanted to characterize
the safety of this immunization regimen. Thus, we employed two
vaccination and assessment schedules to elucidate potential
toxicity. Mice were primed with 1010 vp Ad5.F35-GUCY2C on
day 0, followed by two boosts of 5 × 106 CFU Lm-GUCY2C on days
21 and 42 (Fig. 5a). Seven and thirty days following final

immunization (days 49 and 72 overall), mice were euthanized,
and tissues were analyzed by histopathology for assessment of
acute and chronic toxicity, respectively. An additional control
cohort received PBS on all immunization days. No signs of toxicity
in acute or chronic cohorts were detected by in-life observations,
survival (Fig. 5b), or body weight (Fig. 5c) compared to the control
group receiving saline only. Similarly, histopathological scoring by
a blinded pathologist revealed no differences in inflammation or
tissue damage (Fig. 5d) in GUCY2C-expressing tissues (small
intestine, colon, brain) and GUCY2C-devoid tissues (salivary gland,
stomach, heart, lung, kidney, and liver). Moreover, plasma cytokine
(Supplementary Fig. S5) and clinical chemistry profiles (Supple-
mentary Fig. S6) revealed no vector-induced or GUCY2C-specific
cytokine-release syndrome (CRS) or toxicity, respectively. Collec-
tively, these data suggest that a GUCY2C-targeted vaccination
strategy employing Ad5.F35+ Lm prime-boost substantially
enhances GUCY2C-specific immunity and antitumor efficacy (Figs.
2–4) without collateral autoimmunity targeting endogenous
GUCY2C-expressing tissues (Fig. 5).

DISCUSSION
Effective cancer immunotherapeutics to date rely on their ability
to enhance endogenous tumor-reactive T cells (ICB) or deliver
exogenously engineered T cells (CAR-T cell therapies)53. While ICB
therapy can accomplish this in some malignancies, its efficacy is
dependent on a high TMB and pre-existing immune cell
infiltration into the tumor1–3. Thus, ICB therapy has largely been

Fig. 4 Ad5.F35+Lm enhances the avidity and polyfunctionality of the GUCY2C-specific CD8+ T-cell pool. BALB/cJ mice (n= 5–8/group)
were immunized using Ad-GUCY2C (prime) or Ad-GUCY2C+ Lm-GUCY2C (prime-boost) vaccination regimens. At the peak effector response,
(14 days following prime and 6 days following prime-boost vaccination), splenocytes were collected and stimulated with GUCY2C254-262
peptide to assess GUCY2C-specific CD8+ T-cell avidity quantified by IFNγ ELISpot (a) and polyfunctionality quantified by flow cytometry (b–d).
a Non-linear regression (solid line) of GUCY2C-specific CD8+ T cell avidity is depicted with 95% confidence intervals (dashed lines). b The
proportion of live CD8+ T cells staining positive for IFNγ, TNFα, or MIP1α cytokines after stimulation with GUCY2C254-262 peptide is shown. c,
d Of cytokine+ CD8+ T cells, the percentage of cells staining positive for two and three cytokine-markers (c) as well as overall polyfunctionality
(d) are shown. Polyfunctionality comparisons were made using two-sided T-tests comparing prime vs prime-boost with Holm-Sidak correction
for multiple comparisons. Error bars indicate mean+/− SEM. Representative FACS plots are shown in Supplementary Fig. S8.

J.C. FlickingerJr et al.

5

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2022)    61 



ineffective in treating TMB-low and immunologically “cold”
tumors, such as microsatellite-stable (MSS) colorectal and
pancreatic cancers2. In this context, cancer vaccines have re-
emerged as an attractive method to stimulate tumor-reactive
T cells alone or in combination with ICB7. However, the success of
cancer vaccines has been impeded, in part, by a lack of
vaccination methods to reliably produce robust T-cell responses
to tumor-associated antigens. Here, we identified a highly
effective prime-boost immunization regimen utilizing the chimeric
adenovirus, Ad5.F35, and the bacterium, Lm. Indeed, this regimen
is highly immunogenic and produces potent antitumor immunity
towards the colorectal tumor-associated antigen GUCY2C, without
toxicity.
The induction of protective cellular immune responses often

requires multiple antigenic encounters20. However, repeated
vaccination utilizing the same vector to deliver a vaccine antigen
is often limited by vector-specific immunity. Specifically, for virus-
based vaccines such as Ad5, efficacy is reduced in individuals
carrying Ad5-specific NAbs which are induced by prior natural
infection with Ad5 or previous vaccination with Ad5-based
vectors40,41. While, chimeric adenoviruses utilizing rare adenoviral
serotypes, such as Ad5.F35, may partially overcome this limitation
to induce immune responses in a high proportion of the
population (~90%)19, they cannot overcome the limitations of
vector-induced immunity following vaccination. In contrast, the
bacterium Lm is not neutralized by Lm-specific antibodies and is
immunogenic in the context of prior Lm exposure21,22. Despite
this, the majority of Lm vaccines poorly prime CD8+ T-cell

responses towards tumor-associated antigens10,11. Thus, we
hypothesized that a novel combination of vectors in which Ad5.
F35 is utilized to prime immune responses against a tumor
antigen followed by Lm to boost these responses could produce a
highly effective vaccination regimen—while regimens composed
of Lm priming and adenovirus boosting have been described54,55,
no literature exists exploring any regimens composed of
adenovirus priming and Lm boosting. Indeed, in the context of
GUCY2C-targeted vaccines, heterologous prime-boost immuniza-
tion (Ad5.F35+ Lm) elicited superior antitumor immunity com-
pared to homologous immunization with either vector (Fig. 2).
Importantly, while Ad5 has limited activity in >50% of the human
population33, this immunization regimen likely could be useful
across human populations, since Ad5.F35+ Lm vaccination was
effective in not only naive mice, but also in mice previously
exposed to Ad5 or Lm (Fig. 3 and Supplementary Fig. S4), though
high Ad5-specific immunity did have a negative impact on Ad5.
F35+ Lm efficacy. Moreover, due to the minimal impact of Lm-
specific immunity on Lm vaccine-induced responses21,22, our
studies (Supplementary Fig. S4) suggest that Lm-based vaccines
can be utilized repeatedly as a booster to regularly elevate
immunity to therapeutic levels in patients with high pre-existing
immunity to Ad5 or at-risk patients.
Heterologous prime-boost vaccination (Ad5.F35+ Lm) against

GUCY2C was associated with substantial changes in the GUCY2C-
specific T-cell population. Notably, this Ad5.F35+ Lm combina-
tion generated significantly higher quantities of GUCY2C-specific
effector CD8+ T-cells compared to other combinations (Fig. 2a).

Fig. 5 Heterologous prime-boost immunization does not induce toxicity. a–d BALB/cJ mice (n= 10/group) were separated into three
different cohorts to assess toxicity. A control group received PBS on day 0, 21, and 42 and was sacrificed on day 72. “Acute” and “chronic”
cohorts received Ad-GUCY2C (Ad5.F35) on day 0 and Lm-GUCY2C on days 21 and 42 and were sacrificed on days 49 and 72, respectively.
Survival (b) and body weight (c) were monitored throughout the study and demonstrated no change from control. d Organs from mice were
collected, fixed in formalin, and paraffin embedded. Slides were cut, H&E stained, and scored by a blinded pathologist. Survival (b) was
analyzed by the Mantel-Cox log rank. Body weights (c) were analyzed by two-way ANOVA (no significant difference between groups).
Histology (d) was analyzed by one-way ANOVA. Error bars indicate mean+/− SEM.
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Further, qualitative differences in T-cell responses also may
impact vaccine efficacy. Indeed, T cells with high avidity or
multiple effector cytokine functions more effectively eliminate
cancer cells and viral infections56–58. Here, we found that Ad5.
F35+ Lm vaccination produced GUCY2C-specific CD8+ T cells
with increased avidity (Fig. 4a). Moreover, boosting with Lm-
GUCY2C impacted the polyfunctionality of the GUCY2C-specific
CD8+ T-cell pool, shifting it from a predominately unifunctional (1
cytokine) T-cell population to a population in which multi-
functional T cells predominated (Fig. 4b–d). Based on these
experiments, it is unclear to what extent the high-avidity T-cell
population overlaps with the polyfunctional T-cell population.
Thus, it is unknown whether Lm-GUCY2C directly converts
unifunctional T cells into polyfunctional T cells or if it selectively
induces secondary expansion of high avidity T cells that already
display polyfunctionality. The avidity of cancer-specific CD8+

T cells may be coupled to their polyfunctionality59, supporting the
possibility that Lm-GUCY2C induces selective secondary expan-
sion of high-avidity T cells with enhanced functionality and
antitumor efficacy. Further studies are required to delineate
between these mechanisms.
While GUCY2C-expressing Lm stimulated robust expansion of

GUCY2C-specific CD8+ T cells following priming with an
established adenoviral vector19, Lm-GUCY2C alone was ineffective
as single-agent therapy. Indeed, homologous Lm-GUCY2C vacci-
nation failed to generate GUCY2C-specific CD8+ T cells by ELISpot
(Fig. 2a) or antitumor efficacy (Fig. 2b–d). Interestingly, studies
exploring Lm vaccines as single-agent therapies have reported
mixed success. Lm vaccines against the tumor antigens HER260

and PSA (prostate-specific antigen)61 generate potent antitumor
immunity, while Lm vaccines against other tumor antigens
including PAP (prostatic acid phosphatase)10 and mesothelin43

exhibited limited immunogenicity. Anti-GITR62 and anti-PD-163,64

antibodies enhanced the antitumor efficacy of Lm vaccines,
suggesting that tolerance or immunosuppressive mechanism may
impede Lm vaccine efficacy. Here, immunodominance mechan-
isms appear to be the limiting factor for Lm-GUCY2C priming65.
The GUCY2C254-262 epitope has a low affinity for H-2Kd and high-
affinity Lm epitopes outcompete GUCY2C254-262, resulting in no
priming of GUCY2C-specific responses65. Additional studies may
better define mechanisms underlying the poor efficacy of Lm
vaccines targeting GUCY2C and other cancer antigens, to enhance
their effectiveness.
In the context of an ongoing clinical trial testing the first Ad5.

F35-based vaccine in the adjuvant setting for GUCY2C-expressing
gastrointestinal cancers (NCT04111172), results presented here are
poised for translation to patients to determine the safety and
activity of this combination (Ad5.F35+ Lm) targeting GUCY2C.
Reflecting the superior quantity, quality, persistence, and anti-
tumor efficacy of vaccine-induced CD8+ T-cell responses, all of
which are important factors to protect colorectal cancer patients
from recurrent and/or metastatic disease, this combination may
produce significantly better clinical efficacy in patients than either
single agent. Finally, this novel combination significantly
enhanced antitumor efficacy, without toxicity towards normal
GUCY2C-expressing tissues. Thus, this regimen may have superior
GUCY2C-targeted efficacy without collateral safety risks to prevent
recurrence in patients with colorectal cancer. Similarly, it may be
efficacious in patients with gastric, esophageal, and pancreatic
cancers, which often ectopically express GUCY2C32. Moreover, this
may be an ideal vaccine strategy targeting other self or neo-
antigens in cancers or chronic infectious diseases, such as HIV and
tuberculosis, all settings for which there is a paucity of safe and
effective vaccine platforms.

METHODS
Vaccines
Replication-deficient chimeric serotype 5 adenovirus (Ad5.F35) expressing
mouse GUCY2C1-429 fused to the influenza HA107-119 CD4+ T-cell epitope
known as site 1 (S1) was previously described (indicated as “Ad-GUCY2C”
throughout for simplicity)19. Viral vectors (control and GUCY2C-expressing
Ad5.F35) were manufactured under Good Laboratory Practice (GLP) by the
Baylor College of Medicine in the Cell and Gene Therapy Vector
Development Lab and certified to be negative for replication-competent
adenovirus, mycoplasma, and host cell DNA contamination.
The attenuated Lm strain containing deletions in virulence factors

internalin B and actA, ΔactAΔinlB Lm, was obtained from ATCC [Listeria
monocytogenes (Murray et al.) Pirie (ATCC PTA-5562)] and served as the
parental strain for all Lm vaccines utilized in this study. Recombinant Lm-
GUCY2C65 and Lm-LacZ were generated by synthesizing DNA encoding
mouse GUCY2C extracellular domain (GUCY2C23-429) or β-galactosidase
(amino acids 618-1024), respectively, in-frame with a modified version of
the first 100 amino acids of ActA protein (ActAN100*) and the Syn18x5
enhancer sequence under the control of the actA promoter66. The resulting
sequence was cloned into the pPL2 integration vector and integrated into
the Lm chromosome by direct conjugation from electroporated E. coli
strain SM1036. Lm strains were grown in brain-heart infusion broth (Fisher
Scientific) to an OD600 ~1, aliquoted, and stored at −80 °C67. On the day of
experiments, aliquots were thawed, incubated at 37 °C for 60min, washed
2× in PBS, and diluted to the desired concentration in PBS for vaccination.

In vitro infections
The mouse macrophage cell line J774A.1 (ATCC) was cultured in DMEM
supplemented with 10% FBS. J774A.1 cells were infected at a 10:1
multiplicity of infection with control or GUCY2C Lm. After a 1 h incubation
at 37 °C, cells were washed 2× in PBS, resuspended in media containing
10 μg/mL gentamicin to eliminate free extracellular bacteria, and
incubated an additional 5 h at 37 °C. For immunofluorescence studies,
Lm was labeled prior to infection by incubation with 2mM CellTracker Red
CMPTPX dye for 10min at 37 °C and GUCY2C protein was stained using the
anti-GUCY2C monoclonal antibody MS2068 (2 μg/mL) followed by incuba-
tion with a peroxidase-conjugated 2° antibody (1:1000 Jackson ImmunoR-
esearch # 115-035-062) for subsequent tyramide-FITC amplification. For
western blot studies, the protein was extracted from cells using M-PER
reagent (Pierce) supplemented with protease inhibitors. GUCY2C protein
was stained using MS2068 (2 μg/mL) and p60 was stained using 1:5000
anti-p60 monoclonal antibody p6017 (AdipoGen #AG-20A-0023). Anti-
bodies were detected with 1:25,000 2° antibody (Jackson ImmunoResearch
# 115-035-062). Full blots are shown in Supplementary Fig. S7).

Mice and immunizations
Eight-week-old male and female BALB/cJ mice were purchased from the
Jackson Laboratory for experiments. Animal protocols were approved by
the Thomas Jefferson University Institutional Animal Care and Use
Committee (Protocol 01956). For adenovirus immunizations, mice received
1010 vp intramuscularly (i.m.) split into two 50 μL injections, one in each
hind limb (unless otherwise indicated). For Lm immunizations, 5 × 106

colony-forming units (CFU) were administered intravenously (i.v.) in a
100 μL suspension in PBS. For ELISpot experiments, empty Lm was used as
the control vaccine and for tumor experiments, Lm-LacZ was used as
control due to the ability of ActA protein to act as an adjuvant and
augment anti-tumor responses69. For prime-boost immunizations, vaccines
were delivered 21 days apart.

Ad5-neutralizing immunity studies
Ad5 immunity was induced in BALB/cJ mice by intranasal exposure to 1010

vp Ad5-GFP once (to produce Ad5 NAblo titers) or twice (to produce Ad5
NAbhi titers)19. Twenty-eight days after exposure(s), mice were bled, sera
were collected, and mice were immunized with 1011 vp of Ad-GUCY2C
(Ad5.F35-GUCY2C-S1) followed 21 days later by 5 × 106 CFU of Lm-GUCY2C
(control animals received Ad5.F35-Control and Lm-Control). Ad5 neutraliz-
ing antibody titers were quantified using neutralization of Ad5-GFP
reporter vector infection of A549 cells with at least duplicate analyses per
animal19. Dilutions of heat-inactivated serum samples were added to 96-
well plates containing 105 A549 cells (ATCC) and infected with 108 vp of
Ad5-CMV-eGFP (Baylor Vector Development Lab). Following a 41-hour
incubation at 37 °C, eGFP fluorescence (490 nm excitation, 510 nm
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emission) was quantified using a POLARstar Optimate plate reader (BMG
Labtech). Sample fluorescence was normalized to control wells containing
cells and virus (0% neutralization) or wells containing cells alone (100%
neutralization). Titers were quantified using non-linear regression as the
serum dilution producing 50% neutralization (Prism v8, GraphPad
Software).

IFNγ ELISpot assay
ELISpot assays were performed using a mouse interferon-γ (IFNγ) single-
color ELISpot kit (Cellular Technology Limited) according to the
manufacturer’s protocol. Briefly, 96-well plates were coated with IFNγ
capture antibody at 4 °C. After overnight incubation, plates were washed
with PBS and splenocytes from immunized mice were plated in a 0.1%
DMSO solution in CTL-TEST medium (Cellular Technology Limited) with or
without 10 μg/mL GUCY2C254-262 peptide and incubated at 37 °C for 24 h in
at least duplicate for each animal. For T-cell avidity studies, splenocytes
were similarly analyzed using various concentrations of GUCY2C254-262
peptide (10 μg/mL to 3 pg/mL). Following overnight incubations, cells were
removed, and development reagents were added to detect IFNγ-
producing spot-forming cells (SFCs). The number of SFCs/well was
calculated using the SmartCount and Autogate functions of an Immuno-
Spot S6 Universal Analyzer (Cellular Technology Limited). GUCY2C-specific
CD8+ T-cell responses were calculated by subtracting mean spot counts of
0.1% DMSO wells from peptide-pulsed wells.

Intracellular cytokine staining
Splenocytes from immunized mice were plated in a 96-well plate at 106/
well in the presence of DMSO or 10 μg/mL GUCY2C 254-262 peptide. Cells
were incubated at 37 °C for 1 h, a protein transport inhibitor cocktail
(eBioscience) was added, and splenocytes were incubated for an additional
5 h at 37 °C. Cells were then stained with LIVE/DEAD Fixable Aqua Dead
Cell Stain Kit (Invitrogen), anti-CD8-PerCP-Cy5.5 (clone 53-6.7; BD
Biosciences # 551162; 1:200 dilution), and anti-CD19-BV510 (clone 6D5;
Biolegend # 115545; 1:200 dilution). A BD Cytofix/Cytoperm Kit (BD
Biosciences) was used for permeabilization and intracellular cytokine
staining using anti-IFNγ-PE-CF594 (clone XMG1.2; BD Biosciences # 562333;
1:200 dilution), anti-TNFα-PE-Cy7 (clone MP6-XT22, BD Biosciences #
561041; 1:200 dilution), and anti-MIP1α-APC (clone 39624; R&D Systems #
IC450A; 1:200 dilution). Cells were fixed in 2% paraformaldehyde and
analyzed on a BD LSR II flow cytometer. Analyses were performed using
FlowJo software (TreeStar).

Tumor studies
The BALB/cJ CT26 colorectal cancer cell line expressing GUCY2C and
luciferase19 was used for in vivo tumor studies. For most studies, six days
after final immunizations, mice received 5 × 105 CT26 cells via intravenous
(i.v.) tail vein injection. However, for memory studies, tumor challenges
occurred 63 days after the final immunization. Tumor burden was
quantified by subcutaneous injection of 3.75mg of D-luciferin potassium
salt (Gold Biotechnologies) in PBS followed by an eight-minute incubation
and imaging with a ten-second exposure using a Caliper IVIS Lumina XR
imaging station (PerkinElmer). Total radiance (photons/second) was
measured using Living Image In Vivo Imaging Software (PerkinElmer).

Safety studies
Survival, body weight, and histopathology assessment (Fig. 5). BALB/cJ
mice were primed with 1010 vp of Ad5.F35-GUCY2C-S1 i.m. split into two
50 μL injections, one in each hind limb, on day 0. Mice were then boosted
with 2 i.v. administrations of 5 × 106 CFU of Lm-GUCY2C in a 100 μL
suspension in PBS at 21-day intervals (i.e., boosted on days 21 and 42).
Control animals received PBS instead of Ad or Lm immunizations. Animals
were monitored for adverse events and body weight and on days 49 and
72, designated animals were sacrificed and indicated tissues were
harvested for histopathological analysis by a blinded pathologist
(pathology evaluation was performed by IDEXX BioAnalytics).

Blood chemistry and cytokine analyses (Supplementary Figs. S5 and
S6). BALB/cJ mice were primed with 1010 vp of Ad5.F35-GUCY2C-S1 or
Ad5.F35-Control and boosted with i.v. administration of 5 × 106 CFU of Lm-
GUCY2C or Lm-Control in a 100 μL suspension in PBS at a 21-day interval.
Clinical chemistry analyses included an additional cohort of animals that
received only PBS for all administrations. Animals were euthanized 6 days

after Lm administration and plasma was collected for multiplex cytokine
quantification by Eve Technologies and clinical chemistry profiling by
Charles River Laboratories.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
Statistical analyses were carried out using GraphPad Prism v9. The datasets
generated and analyzed during this study are available from the corresponding
author. Biological materials are available following the Material Transfer Agreement
execution from the corresponding author.

Received: 7 June 2021; Accepted: 16 May 2022;

REFERENCES
1. Tumeh, P. C. et al. PD-1 blockade induces responses by inhibiting adaptive

immune resistance. Nature 515, 568–571 (2014).
2. Yarchoan, M., Hopkins, A. & Jaffee, E. M. Tumor mutational burden and response

rate to PD-1 inhibition. N. Engl. J. Med. 377, 2500–2501 (2017).
3. Subudhi, S. K. et al. Neoantigen responses, immune correlates, and favorable

outcomes after ipilimumab treatment of patients with prostate cancer. Sci. Transl.
Med. 12, eaaz3577 (2020).

4. Haslam, A. & Prasad, V. Estimation of the percentage of US patients with cancer
who are eligible for and respond to checkpoint inhibitor immunotherapy drugs.
JAMA Netw. Open 2, e192535 (2019).

5. Zheng, L. et al. Vaccine-induced intratumoral lymphoid aggregates correlate with
survival following treatment with a neoadjuvant and adjuvant vaccine in patients
with resectable pancreatic adenocarcinoma. Clin. Cancer Res. 27, 1278–1286 (2021).

6. Kantoff, P. W. et al. Sipuleucel-T immunotherapy for castration-resistant prostate
cancer. N. Engl. J. Med. 363, 411–422 (2010).

7. Maeng, H. M. & Berzofsky, J. A. Strategies for developing and optimizing cancer
vaccines. F1000Res. 8, 654 (2019).

8. Shemesh, C. S. et al. Personalized cancer vaccines: clinical landscape, challenges,
and opportunities. Mol. Ther. 29, 555–570 (2021).

9. Toso, J. F. et al. Phase I study of the intravenous administration of attenuated
Salmonella typhimurium to patients with metastatic melanoma. J. Clin. Oncol. 20,
142–152 (2002).

10. Johnson, L. E. et al. Heterologous vaccination targeting prostatic acid phospha-
tase (PAP) using DNA and Listeria vaccines elicits superior anti-tumor immunity
dependent on CD4+ T cells elicited by DNA priming. Oncoimmunology 7,
e1456603 (2018).

11. Brahmer, J. R. et al. JNJ-64041757 (JNJ-757), a live, attenuated, double-deleted
listeria monocytogenes-based immunotherapy, in patients with non-small cell
lung cancer: results from 2 phase 1 studies. JTO Clin. Res. Rep. https://doi.org/
10.1016/j.jtocrr.2020.100103 (2020).

12. Larocca, C. & Schlom, J. Viral vector-based therapeutic cancer vaccines. Cancer J.
17, 359–371 (2011).

13. Hobernik, D. & Bros, M. DNA vaccines-how far from clinical use? Int. J. Mol. Sci. 19,
3605 (2018).

14. Lopes, A., Vandermeulen, G. & Préat, V. Cancer DNA vaccines: current preclinical
and clinical developments and future perspectives. J. Exp. Clin. Cancer Res. 38,
146 (2019).

15. Zhang, L. et al. Peptide-based materials for cancer immunotherapy. Theranostics
9, 7807–7825 (2019).

16. Polack, F. P. et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N.
Engl. J. Med. 383, 2603–2615 (2020).

17. Pardi, N., Hogan, M. J., Porter, F. W. & Weissman, D. mRNA vaccines - a new era in
vaccinology. Nat. Rev. Drug Discov. 17, 261–279 (2018).

18. Miao, L., Zhang, Y. & Huang, L. mRNA vaccine for cancer immunotherapy. Mol.
Cancer 20, 41 (2021).

19. Flickinger, J. C. et al. Chimeric Ad5.F35 vector evades anti-adenovirus serotype 5
neutralization opposing GUCY2C-targeted antitumor immunity. J. Immunother.
Cancer 8, e001046 (2020).

20. Lu, S. Heterologous prime-boost vaccination. Curr. Opin. Immunol. 21, 346–351
(2009).

21. Leong, M. L. et al. Impact of preexisting vector-specific immunity on vaccine
potency: characterization of listeria monocytogenes-specific humoral and cellular

J.C. FlickingerJr et al.

8

npj Vaccines (2022)    61 Published in partnership with the Sealy Institute for Vaccine Sciences

https://doi.org/10.1016/j.jtocrr.2020.100103
https://doi.org/10.1016/j.jtocrr.2020.100103


immunity in humans and modeling studies using recombinant vaccines in mice.
Infect. Immun. 77, 3958–3968 (2009).

22. Starks, H. et al. Listeria monocytogenes as a vaccine vector: virulence attenuation
or existing antivector immunity does not diminish therapeutic efficacy. J.
Immunol. 173, 420–427 (2004).

23. Flickinger, J. C., Rodeck, U. & Snook, A. E. Listeria monocytogenes as a vector for
cancer immunotherapy: current understanding and progress. Vaccines 6, 48 (2018).

24. Hassan, R. et al. Clinical response of live-attenuated, listeria monocytogenes
expressing mesothelin (CRS-207) with chemotherapy in patients with malignant
pleural mesothelioma. Clin. Cancer Res. 25, 5787–5798 (2019).

25. Deng, W. et al. Recombinant listeria promotes tumor rejection by CD8+ T cell-
dependent remodeling of the tumor microenvironment. Proc. Natl Acad. Sci. USA
115, 8179–8184 (2018).

26. Ganesh, K. et al. Immunotherapy in colorectal cancer: rationale, challenges and
potential. Nat. Rev. Gastroenterol. Hepatol. 16, 361–375 (2019).

27. Newey, A. et al. Immunopeptidomics of colorectal cancer organoids reveals a
sparse HLA class I neoantigen landscape and no increase in neoantigens with
interferon or MEK-inhibitor treatment. J. Immunother. Cancer 7, 309 (2019).

28. Danaee, H. et al. Consistent expression of guanylyl cyclase-C in primary and
metastatic gastrointestinal cancers. PLoS ONE 12, e0189953 (2017).

29. Rappaport, J. A. & Waldman, S. A. An update on guanylyl cyclase C in the diag-
nosis, chemoprevention, and treatment of colorectal cancer. Expert Rev. Clin.
Pharm. 13, 1125–1137 (2020).

30. Carrithers, S. L. et al. Guanylyl cyclase C is a selective marker for metastatic
colorectal tumors in human extraintestinal tissues. Proc. Natl Acad. Sci. USA 93,
14827–14832 (1996).

31. Swenson, E. S., Mann, E. A., Jump, M. L., Witte, D. P. & Giannella, R. A. The
guanylin/STa receptor is expressed in crypts and apical epithelium throughout
the mouse intestine. Biochem. Biophys. Res. Commun. 225, 1009–1014 (1996).

32. Flickinger, J. C. et al. Guanylyl cyclase C as a biomarker for immunotherapies for
the treatment of gastrointestinal malignancies. Biomark. Med. 15, 201–217 (2021).

33. Snook, A. E. et al. Split tolerance permits safe Ad5-GUCY2C-PADRE vaccine-
induced T-cell responses in colon cancer patients. J. Immunother. Cancer 7, 104
(2019).

34. Grote, A. et al. JCat: a novel tool to adapt codon usage of a target gene to its
potential expression host. Nucleic Acids Res. 33, W526–W531 (2005).

35. Bahjat, K. S. et al. Suppression of cell-mediated immunity following recognition of
phagosome-confined bacteria. PLoS Pathog. 5, e1000568 (2009).

36. Lauer, P., Chow, M. Y. N., Loessner, M. J., Portnoy, D. A. & Calendar, R. Con-
struction, characterization, and use of two listeria monocytogenes site-specific
phage integration vectors. J. Bacteriol. 184, 4177–4186 (2002).

37. Brockstedt, D. G. et al. Listeria-based cancer vaccines that segregate immuno-
genicity from toxicity. Proc. Natl Acad. Sci. USA 101, 13832–13837 (2004).

38. Magee, M. S. et al. GUCY2C-directed CAR-T cells oppose colorectal cancer
metastases without autoimmunity. Oncoimmunology 5, e1227897 (2016).

39. Magee, M. S. et al. Human GUCY2C-targeted chimeric antigen receptor (CAR)-
expressing T cells eliminate colorectal cancer metastases. Cancer Immunol. Res. 6,
509–516 (2018).

40. Barouch, D. H. et al. International seroepidemiology of adenovirus serotypes 5,
26, 35, and 48 in pediatric and adult populations. Vaccine 29, 5203–5209 (2011).

41. McElrath, M. J. et al. HIV-1 vaccine-induced immunity in the test-of-concept Step
Study: a case-cohort analysis. Lancet 372, 1894–1905 (2008).

42. Zak, D. E. et al. Merck Ad5/HIV induces broad innate immune activation that
predicts CD8+ T-cell responses but is attenuated by preexisting Ad5 immunity.
Proc. Natl. Acad. Sci. USA 109, E3503–12 (2012).

43. Le, D. T. et al. Safety and survival with GVAX pancreas prime and listeria
monocytogenes-expressing mesothelin (CRS-207) boost vaccines for metastatic
pancreatic cancer. J. Clin. Oncol. 33, 1325–1333 (2015).

44. Reyes-Sandoval, A. et al. Prime-boost immunization with adenoviral and modified
vaccinia virus Ankara vectors enhances the durability and polyfunctionality of
protective malaria CD8+ T-cell responses. Infect. Immun. 78, 145–153 (2010).

45. Ranasinghe, C. et al. Mucosal HIV-1 pox virus prime-boost immunization induces
high-avidity CD8+ T cells with regime-dependent cytokine/granzyme B profiles.
J. Immunol. 178, 2370–2379 (2007).

46. Sanchez Alberti, A. et al. Mucosal heterologous prime/boost vaccination induces
polyfunctional systemic immunity, improving protection against Trypanosoma
cruzi. Front. Immunol. 11, 128 (2020).

47. Snook, A. E. et al. Guanylyl cyclase C-induced immunotherapeutic responses
opposing tumor metastases without autoimmunity. J. Natl Cancer Inst. 100,
950–961 (2008).

48. Xiang, B. et al. Prime-boost immunization eliminates metastatic colorectal cancer
by producing high-avidity effector CD8+ T cells. J. Immunol. 198, 3507–3514
(2017).

49. Snook, A. E., Baybutt, T. R., Hyslop, T. & Waldman, S. A. Preclinical evaluation of a
replication-deficient recombinant adenovirus serotype 5 vaccine expressing

guanylate cyclase C and the PADRE T-helper epitope. Hum. Gene Ther. Methods
27, 238–250 (2016).

50. Snook, A. E. et al. Lineage-specific T-cell responses to cancer mucosa antigen
oppose systemic metastases without mucosal inflammatory disease. Cancer Res.
69, 3537–3544 (2009).

51. Xiang, B. et al. Synergistic DNA-adenovirus prime-boost immunization eliminates
metastatic colorectal cancer by inducing high avidity effector CD8+ T cells. J.
Immunother. Cancer 2, P66 (2014).

52. Snook, A. E., Magee, M. S., Schulz, S. & Waldman, S. A. Selective antigen-specific
CD4(+) T-cell, but not CD8(+) T- or B-cell, tolerance corrupts cancer immu-
notherapy. Eur. J. Immunol. 44, 1956–1966 (2014).

53. Waldman, A. D., Fritz, J. M. & Lenardo, M. J. A guide to cancer immunotherapy:
from T cell basic science to clinical practice. Nat. Rev. Immunol. 20, 651–668
(2020).

54. Im, E.-J. et al. An attenuated listeria monocytogenes vector primes more potent
simian immunodeficiency virus-specific mucosal immunity than DNA vaccines in
mice. J. Virol. 87, 4751–4755 (2013).

55. Li, Z. et al. Novel vaccination protocol with two live mucosal vectors elicits strong
cell-mediated immunity in the vagina and protects against vaginal virus chal-
lenge. J. Immunol. 180, 2504–2513 (2008).

56. Wimmers, F. et al. Long-lasting multifunctional CD8+ T cell responses in end-
stage melanoma patients can be induced by dendritic cell vaccination.
Oncoimmunology 5, e1067745 (2016).

57. De Groot, R. et al. Polyfunctional tumor-reactive T cells are effectively expanded
from non-small cell lung cancers, and correlate with an immune-engaged T cell
profile. Oncoimmunology https://doi.org/10.1080/2162402X.2019.1648170 (2019).

58. Berger, C. T. et al. High-functional-avidity cytotoxic T lymphocyte responses to
HLA-B-restricted Gag-derived epitopes associated with relative HIV control. J.
Virol. 85, 9334–9345 (2011).

59. Tan, M. P. et al. T cell receptor binding affinity governs the functional profile of
cancer-specific CD8+ T cells. Clin. Exp. Immunol. 180, 255–270 (2015).

60. Shahabi, V., Seavey, M. M., Maciag, P. C., Rivera, S. & Wallecha, A. Development of
a live and highly attenuated listeria monocytogenes-based vaccine for the
treatment of Her2/neu-overexpressing cancers in human. Cancer Gene Ther. 18,
53–62 (2011).

61. Shahabi, V. et al. Development of a listeria monocytogenes based vaccine against
prostate cancer. Cancer Immunol. Immunother. 57, 1301–1313 (2008).

62. Shrimali, R. et al. Agonist anti-GITR antibody significantly enhances the ther-
apeutic efficacy of listeria monocytogenes-based immunotherapy. J. Immunother.
Cancer 5, 64 (2017).

63. Mkrtichyan, M. et al. Anti-PD-1 antibody significantly increases therapeutic effi-
cacy of listeria monocytogenes (Lm)-LLO immunotherapy. J. Immunother. Cancer
1, 15 (2013).

64. Xu, G. et al. Listeria-based hepatocellular carcinoma vaccine facilitates anti-PD-1
therapy by regulating macrophage polarization. Oncogene https://doi.org/
10.1038/s41388-019-1072-3 (2019).

65. Flickinger, J. C. et al. T-cell responses to immunodominant listeria epitopes limit
vaccine-directed responses to the colorectal cancer antigen, guanylyl cyclase C.
Front. Immunol. 13, 855759 (2022).

66. Lauer, P. M. & Hanson, W. G. Protein expression enhancer sequences and use
thereof. https://patents.google.com/patent/US10526609B2 (2020).

67. Jones, G. S. & D’Orazio, S. E. F. Listeria monocytogenes: cultivation and laboratory
maintenance. Curr. Protoc. Microbiol. 31, 9B.2.1–9B.2.7 (2013).

68. Marszalowicz, G. P. et al. GUCY2C lysosomotropic endocytosis delivers immu-
notoxin therapy to metastatic colorectal cancer. Oncotarget 5, 9460–9471 (2014).

69. Wood, L. M., Pan, Z.-K., Shahabi, V. & Paterson, Y. Listeria-derived ActA is an
effective adjuvant for primary and metastatic tumor immunotherapy. Cancer
Immunol. Immunother. 59, 1049–1058 (2010).

ACKNOWLEDGEMENTS
This work was supported by the Defense Congressionally Directed Medical Research
Programs (#W81XWH-17-1-0299, #W81XWH-19-1-0263, and #W81XWH-19-1-0067 to
A.E.S.; W81XWH-17-PRCRP-TTSA to SAW), the DeGregorio Family Foundation (to A.E.
S.), the National Institutes of Health (1R01 CA204881 and 1R01 CA206026 to S.A.W.)
and Targeted Diagnostic and Therapeutics Inc. (to S.A.W.). S.A.W. and A.E.S. were also
supported by grants from The Courtney Ann Diacont Memorial Foundation and
Lorraine and David Swoyer. J.C.F. was supported by the Alfred W. and Mignon Dubbs
Fellowship Fund and a PhRMA Foundation Pre-Doctoral Fellowship In Pharmacology/
Toxicology. J.R.B. was supported by a PhRMA Foundation Pre-Doctoral Fellowship in
Pharmacology/Toxicology and an NIH Ruth Kirschstein Individual Predoctoral MD/
PhD Fellowship (F30 DK127639). R.D.C. was supported by the institutional Training
Program in Cancer Biology (T32 CA236736). A.Z. was supported by NIH institutional
award T32 GM008562 for Postdoctoral Training in Clinical Pharmacology. A.P. was
supported by a Ruth Kirschstein Individual Research Fellowship Award (F31

J.C. FlickingerJr et al.

9

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2022)    61 

https://doi.org/10.1080/2162402X.2019.1648170
https://doi.org/10.1038/s41388-019-1072-3
https://doi.org/10.1038/s41388-019-1072-3
https://patents.google.com/patent/US10526609B2


CA225123). J.A.R. was supported by a PhRMA Predoctoral Fellowship Award in
Pharmacology/Toxicology and an NIH Ruth Kirschstein Individual Predoctoral MD/
PhD Fellowship (F30 CA232469). S.A.W. is the Samuel M.V. Hamilton Professor of
Thomas Jefferson University. Research reported in this publication utilized the Flow
Cytometry Shared Resource of the Sidney Kimmel Cancer Center at Jefferson Health
and was supported by the National Cancer Institute of the National Institutes of
Health under Award Number 5P30CA056036-20. The content is solely the
responsibility of the authors and does not necessarily represent the official views
of the NIH.

AUTHOR CONTRIBUTIONS
Conception and design: J.C.F., R.E.S., S.A.W., and A.E.S. Development of methodology: J.C.
F. and A.E.S. Acquisition of the data: J.C.F., R.E.S., J.S., R.D.C., J.R.B., T.R.B., J.A.R., A.Z., and A.
P. Analysis and interpretation of the data: J.C.F., R.E.S., and A.E.S. Writing, review, and/or
revision of the paper: J.C.F., R.E.S., J.S., R.D.C., J.R.B., T.R.B., J.A.R., A.Z., A.P., S.A.W., and A.E.S.
Study supervision: A.E.S.

COMPETING INTERESTS
S.A.W. is the Chair of the Scientific Advisory Board and member of the Board of
Directors (both uncompensated) of, and A.E.S. is a consultant (compensated) for,
Targeted Diagnostics and Therapeutics, Inc. which provided research funding that, in
part, supported this work and has a license to commercialize inventions related to
this work.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41541-022-00483-z.

Correspondence and requests for materials should be addressed to Adam E. Snook.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

J.C. FlickingerJr et al.

10

npj Vaccines (2022)    61 Published in partnership with the Sealy Institute for Vaccine Sciences

https://doi.org/10.1038/s41541-022-00483-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Chimeric adenoviral (Ad5.F35) and listeria vector prime-boost immunization is safe and effective for cancer immunotherapy
	Introduction
	Results
	Lm-GUCY2C vaccine design
	Heterologous Ad-GUCY2C&#x0002B;Lm-GUCY2C immunization enhances GUCY2C-specific CD8&#x0002B; T-nobreakcell responses and antitumor immunity
	Prior Ad5, but not Lm, exposure limits Ad5.F35&#x0002B;Lm immunization regimens
	Qualitative changes in the CD8&#x0002B; T-nobreakcell pool following prime-boost vaccination
	Heterologous prime-boost immunization does not elicit toxicity

	Discussion
	Methods
	Vaccines
	In vitro infections
	Mice and immunizations
	Ad5-neutralizing immunity studies
	IFN&#x003B3; ELISpot assay
	Intracellular cytokine staining
	Tumor studies
	Safety studies
	Survival, body weight, and histopathology assessment (Fig. 5)
	Blood chemistry and cytokine analyses (Supplementary Figs. S5 and S6)

	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




