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ABSTRACT: Molecular vaccines comprising antigen peptides
and inflammatory cues make up a class of therapeutics that
promote immunity against cancer and pathogenic diseases but
often exhibit limited efficacy. Here, we engineered an antigen
peptide delivery system to enhance vaccine efficacy by targeting
dendritic cells and mediating cytosolic delivery. The delivery
system consists of the nontoxic anthrax protein, protective antigen
(PA), and a single-chain variable fragment (scFv) that recognizes
the XCR1 receptor on dendritic cells (DCs). Combining these
proteins enabled selective delivery of the N-terminus of lethal
factor (LFN) into XCR1-positive cross-presenting DCs. Incorpo-
rating immunogenic epitope sequences into LFN showed selective
protein translocation in vitro and enhanced the priming of antigen-specific T cells in vivo. Administering DC-targeted constructs
with tumor antigens (Trp1/gp100) into mice bearing aggressive B16−F10 melanomas improved mouse outcomes when compared
to free antigen, including suppressed tumor growth up to 58% at 16 days post tumor induction (P < 0.0001) and increased survival
(P = 0.03). These studies demonstrate that harnessing DC-targeting anthrax proteins for cytosolic antigen delivery significantly
enhances the immunogenicity and antitumor efficacy of cancer vaccines.

■ INTRODUCTION
Immunotherapies have gained significant traction over the past
two decades for the treatment of cancer and infectious
diseases.1 Cancer vaccines are a particularly interesting class of
immunotherapy, with the potential to provide either
prophylactic or therapeutic effects through the stimulation of
a patient’s adaptive immune system.2 After considerable efforts
to develop anticancer immunizations, one therapeutic cancer
vaccine is now FDA approved for treating refractory prostate
cancer (Sipuleucel-T, Provenge). The advent of new cancer
vaccine platforms, particularly when combined with immune-
checkpoint blockade (ICB), not only offer the promise of
treating additional cancer types but also provide long-term
remission through immune-memory responses.3 Nonetheless,
successful elicitation of potent antitumor T cell responses after
vaccination in humans, especially cytotoxic T cell responses,
has thus far been challenging.4 Vaccine platforms comprising
proteins, peptides, nucleic acids (DNA or RNA), viral vectors,
or immune cells offer new avenues to overcome these
challenges and to provide more effective vaccines against
cancer.2,5,6

Delivering target antigens into specific cell targets has
emerged as a promising way to boost vaccine immunogenicity.
Antigen presenting cells (APCs) provide ideal targets because
these cells specialize in proteolytic processing and loading of

antigens onto the peptide-binding groove of human leukocyte
antigen (HLA) molecules (or major histocompatibility
complex (MHC) molecules) for priming of T cells.
Populations of APCs include dendritic cells (DCs), macro-
phages, and B cells, but DCs that participate in cross-
presentation are considered the most efficient APCs for
priming cytotoxic and immune-memory T cell responses.7−11

Developing immunotherapies that target cross-presenting DCs
is challenging because closely related DC populations can
exhibit opposing activity.12 For example, CD8+ DCs exhibit
antigen cross-presentation and favor cytotoxic T lymphocyte
(CTL) responses, while CD8− DCs favor non-CTL
responses.13,14

Conventional type 1 dendritic cells (cDC1) efficient at
antigen cross presentation are further identified by several
unique receptors, including DEC-205, XCR1, and Clec9A.15 In
particular, expression of the chemokine XCR1 receptor was
observed in CD8+ DCs, but not in T cells, B cells, NK cells, or
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plasmacytoid DCs (pDCs).16 cDC1s are located in non-
lymphoid tissues and in the marginal zone of the spleen and
possess the ability to migrate in lymph nodes. While cDC2s
activate CD4+ T cells, the cDC1 subset is the most effective for
CD8+ T cell priming and for driving cell-mediated response via
the cross presentation of exogenous and endogenous antigens
to T cells.17,18 In cancer patients, the presence of cDC1s in the
tumor microenvironment was correlated to a better survival
and a higher response to anti-PD1 checkpoint blockade.19,20

Therefore, cDC1s are considered to play a critical role in
antitumor immunity and represent a particularly attractive
target for the development of cancer vaccines. Only one ligand
is known to bind the XCR1 receptor of cDC1s, which is the
chemokine XCL1 that induces CD8+ DC migration and
maturation.16 Previous efforts to develop vaccines based on
targeting XCR1+ DCs include fusing antigens to XCL1 or a
monoclonal XCR1-specific IgG, which have been shown to
enhance priming of CTL responses.21−23 Nonetheless, simply
targeting the XCR1 receptor does not ensure uptake by
intracellular compartments, which limits loading onto class I
MHC molecules and reduces cross-presentation to T cells.24,25

Engineered bacterial toxins are an emergent delivery
platform for shuttling therapeutic proteins into mammalian
cells26 and may offer an effective approach to maximize the
cytosolic delivery of vaccine antigens.27,28 In particular, the two
nontoxic components of the anthrax delivery system,
protective antigen (PA) and the N-terminus of lethal factor
(LFN), have been shown to efficiently transport non-native
cargo into the cytosol of cells, including more than 30 different
peptides, proteins, and even small molecules.29 Delivery
through binding of the native anthrax receptor is readily
achieved by coadministering PA and LFN fused to the desired
cargo. Changing the receptor specificity of PA can enable
targeted, PA-mediated delivery into specific cell types.30−34

Achieving targeted delivery with the PA/LFN system through
non-native receptors requires development of fusion proteins
with PA and a receptor-targeting protein while maintaining the
function of both components. Developing a receptor-targeting
PA fusion protein is a work-intensive process that has typically
proved challenging. As a result, only a few receptor-targeting
PA variants have been developed to date.
We recently introduced a generalizable workflow for

incorporating receptor-targeting proteins into PA with a
defined chemical bond.35 Essential to this workflow is a triple
mutant PA, called mPAC, which contains two mutations that
ablate binding to native anthrax receptors and a third mutation
that provides a single cysteine residue for bioconjugation.
Bioconjugation has allowed facile incorporation of mPAC onto
targeting proteins, including antibodies, from diverse ex-
pression systems without hindering the preparation and native
function of the conjugated components. The bioconjugation
workflow has accelerated the development of new receptor-
targeting PA variants in our laboratory and is enabling in-depth
preclinical studies on their therapeutic efficacy. Over time, we
anticipate that the PA conjugates will be further developed as
fusion proteins or used directly as conjugates in clinical
settings.
Here, we combined mPAC with a single-chain variable

fragment (scFv) that recognizes the XCR1 receptor (Figure
1A).14 A peptide linker connects the two domains, enabling
protein translocation with full-length mPAC (mPAC83). The
resulting scFv-mPAC (scFv-mPAC83) translocates antigenic
cargo fused with LFN, in which the scFv targets XCR1-positive

cells and the mPAC exerts the conventional PA-mediated
translocation mechanism (Figure 1B). This mechanism
includes (1) scFv-mPAC83 binding to the XCR1 receptor;
(2) proteolytic cleavage of scFv-mPAC83 into two components,
scFv-mPAC63 and mPAC20; (3) scFv-mPAC63 oligomerization
into a heptameric prepore; (4) binding of three or four LFN
molecules to the scFv-mPAC63 prepore; (5) endocytosis of the
prepore complex, followed by the formation of an active
transmembrane pore upon acidification of the endosome; and
(6) PA-mediated translocation of the LFN molecules into the
cytosol. We anticipated that targeting XCR1 with the scFv
would mimic functions of the native XCL1, by supporting
induction of CD8+ DC migration and maturation.16 Moreover,
we anticipated that facilitating cytosolic antigen delivery into
XCR1+ DCs would enhance the potency of the antigen cargo
by providing access to the class I MHC antigen loading
pathway.24,25 Also, we envisioned that this approach would
limit off-target delivery into other cell types, requiring lower
antigen amounts to achieve effective CTL responses.
Our studies show that anti-XCR1 scFv-mPAC selectively

targets and delivers protein cargo into XCR1-positive cells. In
vitro studies demonstrate that the translocation mechanism

Figure 1. Engineered anthrax proteins for targeted vaccine delivery
into cross-presenting dendritic cells. (A) Designs of the engineered
components: triple mutant protective antigen (mPAC), which enables
side-chain bioconjugation and ablates binding to native anthrax
receptors; single-chain variable fragment (scFv), which recognizes the
XCR1 receptor; and a linker peptide (dotted line), which connects
the scFv and mPAC. (B) Envisioned mechanism of translocation for
scFv-mPAC (scFv-mPAC83), which exhibits recognition of the XCR1
receptor, proteolytic cleavage (scFv-mPAC63), oligomerization (scFv-
mPAC)7, and cytosolic delivery of the N-terminus of lethal factor
(LFN) with an appended antigen peptide (red).
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operates in a receptor-dependent and PA-mediated fashion. In
vivo biodistribution studies highlight that scFv-mPAC
accumulates in the lymph nodes and spleen and is taken up
by antigen-presenting cells. In vivo vaccination studies show
that antigen delivery utilizing LFN/scFv-mPAC enhances
antigen-specific immunogenicity, inhibits tumor growth in
tumor-bearing mice, and improves survival. These studies show
promise for further therapeutic development, particularly for
cancer immunotherapy.

■ RESULTS
Design and Preparation of a DC-Targeting Single-

Chain Variable Fragment (scFv). Previously, we introduced
a targeted protein delivery platform that contains anthrax
protective antigen (PA83) combined with a receptor-binding
protein, including a full-length antibody or an scFv.34,35 These
constructs selectively target cancer cells and translocate toxic
payloads fused to the N-terminus of lethal factor (LFN).

34,35

Here, we aimed to engineer the anthrax proteins as a nontoxic
delivery platform for cancer immunotherapy, enabled by
targeting DCs and facilitating cytosolic delivery of antigen
peptides. We developed a recombinant scFv fragment that
recognizes the XCR1 receptor of DCs, which encodes the
variable heavy (VH) and light (VL) chains from a parent anti-
XCR1 monoclonal antibody (MARX10) (Figure 2A,B).14,36

We incorporated a (G4S)4 spacer sequence between the VH
and VL chains and a sortase-recognition tag to enable
enzymatic ligation at the C-terminus (Figure 2B,C; Table
S1). The scFv was prepared using recombinant expression in E.
coli, followed by purification (Figure 2C) and characterization
by LC-MS (Figure S1). We also synthesized two peptides for
the ligation called linker peptides 1 (Figure 2D). The peptides
each contained three Gly residues for sortase ligation and two
D-Leu residues to impart proteolytic stability. We varied the
peptides at the Nε-lysine position to contain an acetyl bromide
(peptide 1a) and an AlexaFluor-647 (AF647) fluorophore
(peptide 1b), followed by purification using RP-HPLC and
characterization by LC-MS (Figure S2).
Conjugating scFv to Protective Antigen. We con-

jugated the scFv to two previously reported PA mutants: (1)
mPAC, which is a triple mutant PA[N682A, D683A, K563C]
that permits bioconjugation but does not bind to native
anthrax receptors; and (2) mPAC[F427A], which is a
translocation-deficient homologue of mPAC that provides a
negative control.35,37,38 The mPAC and mPAC[F427A] were
produced through recombinant expression in E. coli, followed
by purification using anion-exchange (AEX) chromatography
and characterization by LC-MS (Figure S3).39 Each protein
was combined with anti-XCR1 scFv by a two-step
bioconjugation procedure. Figure 3A illustrates the procedure
for mPAC (mPAC[F427A] is not shown). First, mPAC was
incubated with peptide 1a (60 min, pH 8.5) to conjugate the
peptide onto the Cys563 residue, which gave G3-mPAC (Figure
S4). Second, sortase-mediated ligation with the anti-XCR1
scFv-LPSTG2-H6 afforded the corresponding scFv-mPAC
construct (Figure S5).35 SDS-PAGE analysis showed purified
fractions of scFv-mPAC after size-exclusion chromatography
(SEC), followed by AEX chromatography (Figure 3B,C). The
scFv-mPAC[F427A] was prepared in a similar fashion, which
provided a translocation-deficient homologue as a negative
control. We also prepared a AF647-labeled scFv to enable cell-
binding studies. We used sortase-mediated ligation to combine
scFv with peptide 1b, which was purified by SEC (Figure 3D).

Successful preparation of the scFv-AF647 construct was
confirmed by LC-MS analysis (Figure S6).
Selective Protein Delivery into XCR1-Positive Cells.

To establish scFv binding activity, we evaluated the recognition
of the XCR1 receptor and the dependence on protein
translocation. These experiments used two CHO cell lines:
XCR1+ and XCR1−. We performed an initial recognition study
by incubating the AF647-labeled scFv with CHO cells,
followed by flow cytometry analysis. The plots show
preferential recognition of the XCR1+ but not XCR1− cells
(Figure S7).
Protein translocation studies were enabled by the fusion of

LFN to the A-chain of diphtheria toxin (LFN-DTA), which
provided a reporter protein to measure the translocation
efficiency based on cell viability. DTA internalization into the
cytosol inhibits the elongation factor 2 protein and, in turn,
mRNA translation, which leads to cell death. However, DTA
cannot internalize in the absence of the B-subunit and,
therefore, is not toxic when administered alone. For establish-
ing mechanisms of protein translocation, CHO cells are

Figure 2. Development of an anti-XCR1 scFv. (A, B) Design of the
anti-XCR1 scFv, which encodes variable heavy (VH) and light (VL)
chains from a parent anti-XCR1 IgG (MARX10). The scFv also
contains a hydrophilic region (G4S)4 between the VH and VL chains
and a sortase recognition tag (LPSTG2H6) that enables protein
ligation. (C) Coomassie-visualized SDS-PAGE gel of the recombinant
scFv throughout the bacterial expression and purification steps: (1)
whole cell lysate; (2) Ni NTA purification; (3) treatment with SUMO
protease; and (4) ion-exchange (HiTrap Q HP) chromatography.
(D) Linker peptide 1, which included 1a (R = α-bromoacetyl group)
and 1b (R = Alexa Fluor 647 (AF647)).
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conventionally treated with 20 nM PA and 10-fold serial
dilutions of LFN-DTA.

40

Here, we established that scFv-mPAC exerts translocation
by a mechanism that is dependent on the scFv recognition of
XCR1 receptors. These experiments also used XCR1+ and
XCR1− CHO cells (Figure 4). The treatment conditions were
based on conventional concentrations, in which cells were
treated with 20 nM PA, scFv-mPAC, or scFv-mPAC[F427A]
and with 10-fold serial dilutions of LFN-DTA. After 72 h,
native PA decreased viability for both XCR1− (EC50 = 1.4 fM)
and XCR1+ (EC50 = 1.3 fM) cell lines; scFv-mPAC decreased
viability only for the XCR1+ (EC50 = 9.9 pM) but not the
XCR1− cells; and scFv-mPAC[F427A] did not decrease
viability. Furthermore, treatment with LFN-DTA alone,
without translocation, did not decrease viability (Figure S8).
The absence of toxicity from LFN-DTA administered alone and
when coadministered with scFv-mPAC[F427A] demonstrates
that only translocated LFN-DTA decreases viability, rather than
the individual PA components.
The viability data from scFv-mPAC are consistent with an

XCR1-dependent, PA-mediated translocation mechanism

(Figure 4A). This mechanism is dependent on CHO
expression of XCR1 receptors, in which the potency is
influenced by receptor expression and binding affinity.
Although the potency for the XCR1-targeting PA is lower
than that of native PA, this decrease in potency may reflect
differences in receptor expression or binding affinity. We
postulate that the plateau in viability is due to the presence of
CHO cell populations that do not contain XCR1 and are
therefore not susceptible to scFv binding. Moreover, the scFv-
mPAC does not decrease the viability of the XCR1− cells,
which further infers that the absence of XCR1 precludes
protein translocation (Figure 4B). These observations
corroborate the scFv-mPAC proposed mechanisms of XCR1-
targeting and receptor-mediated cytosolic delivery into XCR1-
positive cells.
Biodistribution of XCR1-Targeting Constructs in

Whole Mice. Anti-XCR1 scFv-mPAC trafficking and bio-
distribution were evaluated in healthy mice using whole-organ
ex vivo near-infrared fluorescence (NIRF) imaging. The
mPAC, scFv, and scFv-mPAC constructs were conjugated to
commercial Alexa-Fluor 647 (AF647) dyes to give mPAC-
AF647, scFv-AF647, and scFv-mPAC-AF647, respectively.
AF647 (absorption: 650 nm, emission: 665 nm) is a well-
characterized fluorochrome used for preclinical NIRF imaging
in mice.41−43 NIRF imaging was performed at 2, 24, and 48 h

Figure 3. Engineering a DC-targeting anthrax protective antigen. (A)
Schematics for the protein ligation of mPAC83 and an anti-XCR1
scFv: thiol-conjugation reaction with peptide 1a, followed by sortase-
mediated ligation with the scFv (scFv-LPSTG2-H6). (B, C)
Coomassie-visualized SDS-PAGE gels of fractions obtained from
size-exclusion (HiLoad 16/600 Superdex 200) and anion-exchange
(HiTrap Q HP) chromatography. (D) Schematic of the sortase-
mediated ligation reaction for scFv and peptide 1b.

Figure 4. ScFv-directed PA mediates selective protein translocation
into XCR1-positive cells. Relative cell viability from the translocated
A-chain of diphtheria toxin (DTA) into (A) XCR1+ and (B) XCR1−

CHO cells. Cells were incubated (72 h) with 10-fold serial dilutions
of LFN-DTA in the presence of 20 nM PA, scFv-mPAC, or scFv-
mPAC[F427A]. Relative viability (% viable cells) was determined by
measuring luminescence from a Cell Titer-Glo assay; the viability was
normalized to untreated cells. Data represent the mean of three
replicate wells ± the standard deviation (s.d.). Data are representative
of two independent experiments.
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post subcutaneous (s.c.) injection with 1 nmol of scFv-AF647,
mPAC-AF647, scFv-mPAC-AF647 in C57Bl/6J mice (Figure
5A, B). ScFv-AF647 distributed in a few hours with residual
signal remaining after 24 h, accumulating mainly in the
inguinal and axillary lymph nodes and spleen. mPAC-AF647
cleared mainly through the liver and was detected for up to 48
h in the inguinal and axillary lymph nodes. The scFv-mPAC-
AF647 showed lower uptake in the liver, indicating reduced
off-target uptake compared to mPAC-AF647 administered
alone and significantly higher trafficking to the inguinal lymph
nodes at 2 h postinjection. Furthermore, the uptake of scFv-
mPAC-AF647 in the spleen was higher at 24 and 48 h
compared to mPAC-AF647 and scFv-AF647 administered
alone. Toxicity is a major concern for drug development and
these findings suggest that scFv-mPAC has a more favorable
pharmacokinetic profile than mPAC alone, with a lower
potential for adverse toxicity in the liver.
We also evaluated the single-cell fluorescence of AF647-

positive splenocytes at 2 h post s.c. injection using flow
cytometry (Figure 5C). These studies showed that a significant
fraction of AF647-positive cDC1s were detected after the s.c.
injection of scFv (28 ± 1.5%) and scFv-mPAC (24 ± 2.1%)
compared to the control vehicles (3 ± 1.4%). In addition, the
AF647-positive macrophages were also significantly higher
after scFv (37 ± 1.2%) and scFv-mPAC (16 ± 1.7%) injections
compared to the controls (6 ± 1.1%). Nonetheless, the AF647-
positive T and B cells remained similar in all groups. These
findings confirm that anti-XCR1 scFv distributes through
mouse lymph nodes and spleen and promotes uptake by CD8+
DC.
The specificity of anti-XCR1 scFv was further evaluated with

murine splenocytes ex vivo. Single-cell suspensions of murine
splenocytes (C57BL/6) were incubated with the scFv,
followed by antibody staining and flow cytometry analysis
(Figures S9−S11). The data show that the scFv preferentially
recognizes CD8+ DCs; the data also show nonspecific uptake
by medullary macrophages, which are known for phagocytosis
of protein antigens.44

Cytosolic Delivery of Antigens into Dendritic Cells
Enhances Antigen Immunogenicity. PA/LFN-mediated
antigen delivery confers antigen-specific immunity by a
mechanism consistent with MHC class I presentation and
the priming of CD8+ T cells. We evaluated this immune
response in mice using the established epitope of ovalbumin:
SIINFEKL (OVA257−264).

45,46 The vaccine comprised a
synthetic long epitope peptide: OVA257−270. This peptide was
incorporated into LFN to give LFN-OVA257−270 (Table S2;
Figure S12) and was s.c. administered to mice with mPAC, PA,
or scFv-mPAC (Figure 6A). The c-di-GMP adjuvant, an
activator of the STING signaling pathway, was coadministered
with the vaccine to enhance the immune response.47−49 Mice
were sacrificed 7 days after receiving the boost to evaluate IFN-
γ release from splenocyte cells, enabling quantitation of
antigen-specific CTL priming (Figure 6B).50,51 Enzyme-linked
immunosorbent spot analysis (ELISpot), after stimulation with
the SIINFEKL epitope (Table S3; Figure S13), showed that
LFN-OVA252−270 induced a release of proinflammatory IFN-γ
cytokines in all groups. When the LFN-OVA252−270 vaccine was
injected with the anti-XCR1 scFv-mPAC, the immunogenicity
increased by ∼32% (436 ± 49 colonies) compared to PA (299
± 53 colonies) and ∼67% to mPAC (147 ± 38 colonies). This
study highlights that targeting XCR1 significantly enhances
CTL response in immunocompetent mice.

We also evaluated the mechanism of immunity with
additional experiments. MHC class I presentation was
evaluated by the treatment of murine DC2.4 cells with PA/

Figure 5. Targeting XCR1 facilitates trafficking to lymph nodes and
antigen-presenting cells. (A,C) Time-course analysis of AF647 signal
in mouse organs: two mice per time point for mPAC and scFv; one
mouse per time point for scFv-mPAC. Mice were treated with 1 nmol
of an AF647-labeled construct: mPAC, anti-XCR1 scFv, or anti-XCR1
scFv-mPAC. The constructs were subcutaneously (sc) administered
over two equal volume injections, one on each side of the tail base (n
= 5 mice per group for mPAC and scFv; n = 3 mice for scFv-mPAC).
(A) Representative images obtained after 2 h using an in vivo imaging
system (IVIS), showing AF647 signal from resected lymph nodes
(inguinal and axillary), spleen, and liver. Data represent the mean of
whole-organ radiant efficiency ± s.d. (B) Quantification of the AF647
signal after 2, 24, and 48 h. (C) Flow cytometry analysis of the AF647
signal after 2 h in single-cell splenocyte populations, including CD8+
dendritic cells (CD11c+CD8+), medullary macrophages (CD11b+F4/
80+), and T and B cells (CD3+B220+). Data represent the mean of
AF647+ cells ± s.d. All data are representative of two independent
experiments.
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LFN-OVA257−264 (Table S2), followed by flow cytometry
analysis of the presented epitope.52 The data show prominent
MHC class I presentation of the SIINFEKL peptide after 6 h,
which decreases after 24 h (Figure S14). Antigen-specific CTL
responses were evaluated by MHC tetramer and intracellular
cytokine staining (ICS). The data show priming of OVA-
specific T cells from the combined treatment with c-di-GMP
and PA/LFN-OVA257−264 but not from the monotherapies with
PA or LFN-OVA257−264 alone (Figure S15). The data show a
measurable persistence of this CTL response after four
vaccinations (Figure S16), which steadily decreases after
each dose due to potential neutralizing antibodies responses
that disable the carrier proteins (i.e., PA and LFN). These
studies further establish that the CTL response is antigen-
specific and persists after repeat injections.
LFN-Trp1-gp100/scFv-mPAC Vaccine Is Effective in

Mice Bearing B16−F10 Tumors. B16−F10 is a highly
aggressive murine cancer model and is widely used for either
subcutaneous or metastatic models of melanoma.53−55 B16
tumors are known to downregulate class I MHC to limit
recognition by cytotoxic T cells.56,57 We chose to target two
cell-studied tumor associated antigens expressed by B16
tumors, Trp1 and gp100.58−60

In the present study, we aimed to evaluate the peptide
antigen Trp1-gp100 (Table S2; Figure S17) when conjugated
to LFN (Figure S18), followed by translocation into DCs. We
envisioned that the anti-XCR1 scFv-mPAC would facilitate DC
maturation and recruit CD8+ T cells when compared with the
unconjugated antigens (Table S3; Figures S19, S20). We
hypothesized the dual activity of the melanoma antigens would
increase the immunogenic response against B16−F10 tumors.
Given the aggressive nature of the B16 model, we combined
vaccination with anti-PD-1 checkpoint blockade to further
amplify antitumor activity. The efficacy of the LFN-Trp1-
gp100/scFv-mPAC vaccine was assessed in C57Bl/6J
immunocompetent mice bearing subcutaneous B16−F10
tumors (Figure 7A). Tumor growth was monitored over the
entire experiment (Figure 7B). On days 13 and 16 post-tumor
induction, significant inhibition of tumor growth was observed
in the LFN-Trp1-gp100/scFv-mPAC group but not in the
naıv̈e group or the Trp1 + gp100 group. After day 16, the mice
vaccinated with LFN-Trp1-gp100/scFv-mPAC showed in-
hibited tumor growth, compared to the controls, until the
end of the experiment (p < 0.0001).
Tumor growth curves upon treatment with LFN-Trp1-

gp100/scFv-mPAC show a plateau from day 10 to 20, with
tumor growth returning to a similar rate as the control groups
approximately after day 20 (Figure 7C). No significant vaccine-
related toxicity was noticed after the four rounds of
vaccination, as neither loss of appetite, loss of weight,
reduction of socialization, nor change in behavior was observed
(Figure 7D). Kaplan−Meier analysis indicates that the LFN-
Trp1-gp100/scFv-mPAC vaccine significantly prolongs the
survival of mice, with a median survival of 26 days, versus 18
days for the naive (P < 0.0001) and 20 days for the Trp1 +
gp100 (P = 0.03) groups (Figure 7E). Both tumor growth and
survival data highlight that B16−F10 cancer progression was
significantly delayed from about a week after vaccination with
LFN-Trp1-gp100/scFv-mPAC.
Nonetheless, treatment with LFN-Trp1-gp100/scFv-mPAC

showed wide variation in tumor growth and relapse after day
20, indicating an incomplete response. Potential resistance to
the PA/LFN carrier proteins may explain the tumor relapse
after the third vaccine injection. Similar observations have been
made in a recent study, following vaccination of mice bearing
B16−F10 tumors with TTR-Trp1-gp100 peptides.61 Although
anti-PD1 antibodies were administered concomitantly with the
vaccine, these treatments may have been insufficient to obtain
complete inhibition of ICB as some animals may have become
unresponsive due to potential mutations occurring in the IFN-
γ-JAK-STAT signaling pathway.62−64 While the coadministra-
tion of the STING analog adjuvant c-di-GMP should increase
the sensitivity for anti-PD-1 antibodies,47−49 melanoma-
bearing mice can undertake adaptive ICB resistance. Indeed,
B16−F10 tumors are described to have genetic or acquired
resistance mechanisms to vaccines and drugs, and are therefore
challenging to treat, thereby explaining that no animal was
cured during the therapy study.65

After day 10, tumors in the control groups showed
hyperpigmentation, followed by necrosis, due to postinflam-
matory overaccumulation of eumelanin. However, in the LFN-
Trp1-gp100/scFv-mPAC group, we observed that, even after
day 20, the tumors were non- or little-pigmented, and, after the
fourth vaccine injection, there was a loss of pigmentation and
change in tumor phenotype (Figure S21). Melanogenesis is
regulated by an array of inflammation signals, including

Figure 6. XCR1-targeted intracellular delivery outperforms non-
targeted constructs. (A) Mice were s.c. vaccinated with LFN-OVA (30
pmol, OVA252−270) and c-di-GMP (25 μg), which were coadminis-
tered with mPAC, PA, or scFv-mPAC (6 pmol). (B) IFN-γ enzyme-
linked immunosorbent spot (ELISpot) data are shown from 7 days
after the boost (mean ± SEM; n = 10 mice per group). Statistical
significance was calculated using a one-way ANOVA with the Fisher’s
Least Significant Difference test. Data are compiled from two
independent experiments.
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cytokines, interleukins, tumor necrosis factor (TNF), or
prostaglandin E2, among others.66 In B16−F10 tumors, the
production of melanin can be inhibited by IFN-γ which blocks
the maturation of the melanosome and upregulates the
phosphorylation of the STAT1 signaling pathway, both
resulting in cell apoptosis.67,68 The hypopigmentation of
tumors in the vaccine group is thereby consistent with the
abrogation of tumor growth and improvement of survival.
These outcomes suggest that the dual translocation of Trp1/
gp100 into DCs using the LFN/scFv-mPAC vaccine induced
overexpression of IFN-γ and therefore induced a strong
reduction in tumor growth.

■ DISCUSSION
Therapeutic cancer vaccines rely on administering large
amounts of specific tumor antigens to activate DCs and
induce a durable CTL response.2 Despite considerable efforts,
the first generations of therapeutic cancer vaccines failed to
elicit sufficient T cell activation and long-lasting immunity,
mainly due to insufficient delivery and/or the choice of tumor-
specific antigens.69−71 Subsequent cancer vaccine research has
focused on improving the nature and selection of target
antigens, including through the identification of immunogenic
tumor mutations and the assessment of epitope binding affinity
to HLA alleles.72−74 Tumor antigens that are unique to each
patient, called neoantigens, have also motivated the develop-
ment of personalized cancer vaccines.75 A major challenge for
developing next-generation therapeutic vaccines is engineering
more specific and effective delivery platforms of these tumor
antigens.
In previous studies, we engineered cancer-targeting mPAC

constructs to translocate cytotoxic payloads.34,76 Here, we

developed a DC-targeting delivery system for immunogenic
epitopes. The delivery system comprises an anti-XCR1 scFv
conjugated to mPAC, which is a nontoxic triple mutant anthrax
protective antigen protein. Administering the scFv-mPAC with
an antigen-conjugated LFN activated in vivo immune responses
through the recruitment of CD8+ T cells and demonstrates
that the scFv-mPAC/LFN system targets DCs with tumor-
specific antigens. In mice, s.c. administration of the DC-
targeting platform showed trafficking through the lymphatic
system and a significant activation of CD8+ T cells in the
spleen. Moreover, the administration of scFv-mPAC with an
LFN-conjugated antigen OVA252−270 increased the immunoge-
nicity in splenocytes by 32% compared to the nontargeting of
XCR1 antigen.
Recently, a T cell engager medication comprising a bispecific

fusion anti-CD3 protein targeting gp100 membrane antigen
(Tebentafusp) has shown potent antitumor response with
significant improvement of overall survival at 1 year in patients
with metastatic refractory melanoma60,77 and HLA-A*02:01-
positive uveal melanoma patients78 for which it gained FDA
approval in 2022. We have therefore selected gp100, but also
Trp1 tumor-specific antigens, for the construction of a dual
LFN conjugate and assessed DCs targeting efficacy in an
aggressive melanoma model. Administering scFv-mPAC in
combination with LFN-Trp1-gp100 in B16−F10 murine
melanoma demonstrated a significant abrogation of tumor
growth and tumor depigmentation, which was accompanied by
a significant extension of survival (26 days compared to 18 and
20 days for the controls).

Figure 7. Vaccine efficacy for cancer immunotherapy. (A) Immunization timeline. Mice (F, C57Bl/6, n = 10 per group) were s.c. inoculated with 3
× 105 B16−F10 cells (day 0). On days 4, 10, 16, and 22, all mice were intraperitoneally (i.p.) injected with anti-PD1 antibody (200 μg) and were
s.c. vaccinated (vacc) with c-di-GMP (25 μg) combined with either Trp1 + gp100 peptides (50 pmol each) or LFN-Trp1-gp100 (50 pmol) + scFv-
mPAC (10 pmol). (B) Mean tumor growth (mm2) per group. Data represent the mean tumor growth ± SEM. Statistical significance was calculated
using two-way ANOVA with Tukey test (main effect only model) with multiple mean comparisons on the entire curves, * P < 0.05; ** P < 0.005;
*** P < 0.001; and **** P < 0.0001. (C) Tumor growth plots for the individual mice over the entire experiment. (D) Body weight. Data represent
the mean + SEM (E) Kaplan−Meier percent of survival curves. Statistical significance was calculated using the log-rank Mantel−Cox test. Median
survival: 18 days in the naıv̈e group, 20 days in the Trp1 + gp100 group, and 26 days in the LFN-Trp1-gp100 + scFv-mPAC group.
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■ CONCLUSION
The studies described in this paper embody a proof-of-concept
cancer vaccine that utilizes the anthrax PA/LFN translocation
mechanism for targeting and loading cDC1s with tumor
antigens to prime CD8+ T cells. Our studies show that PA/
LFN can be engineered to target XCR1+ DCs, translocate
antigenic cargo, and enhance priming of antigen-specific CTL
responses. The scFv-mPAC/LFN-Trp1-gp100 vaccination
against B16−F10 melanoma demonstrates that this platform
inhibits tumor cell growth, even of aggressive cancers. Our
results validate the importance of developing cancer
immunotherapies that target DCs. We are currently investigat-
ing additional immunotherapy platforms that target DCs and
will report our findings in due course.
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