
www.manaraa.com

mRNA vaccination with charge-altering releasable
transporters elicits human T cell responses and
cures established tumors in mice
Ole A. W. Haabetha,b,1, Timothy R. Blakec,1, Colin J. McKinlayc,1, Robert M. Waymouthc, Paul A. Wenderc,d,
and Ronald Levya,2

aStanford Cancer Institute, Division of Oncology, Department of Medicine, Stanford University, Stanford, CA 94305; bDepartment of Immunology and
Transfusion Medicine, Oslo University Hospital, 0020 Oslo, Norway; cDepartment of Chemistry, Stanford University, Stanford, CA 94305; and dDepartment of
Chemical and Systems Biology, Stanford University, Stanford, CA 94305

Contributed by Ronald Levy, August 11, 2018 (sent for review June 21, 2018; reviewed by Mac Cheever and Paul M. Sondel)

In vivo delivery of antigen-encoding mRNA is a promising approach
to personalized cancer treatment. The therapeutic efficacy of mRNA
vaccines is contingent on safe and efficient gene delivery, biological
stability of the mRNA, and the immunological properties of the
vaccine. Here we describe the development and evaluation of a ver-
satile and highly efficient mRNA vaccine-delivery system that em-
ploys charge-altering releasable transporters (CARTs) to deliver
antigen-coding mRNA to antigen-presenting cells (APCs). We demon-
strate in human peripheral blood mononuclear cells that CART vac-
cines can activate a robust antigen-specific immune response against
mRNA-encoded viral epitopes. In an established mouse model, we
demonstrate that CARTs preferentially target professional APCs in
secondary lymphoid organs upon i.v. injections and target local APCs
upon s.c. injection. Finally, we show that CARTs coformulated with
mRNA and a Toll-like receptor ligand simultaneously transfect and
activate target cells to generate an immune response that can treat
and cure mice with large, established tumors.

cancer vaccination | mRNA | nanoparticles | T cell responses |
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Immunotherapy has come of age and with it has come an in-
creased understanding of the complex interactions between

cancers and the immune system (1). Emerging therapies rely on
fundamental insights into the mechanisms that suppress immune
cell function and enable tumor cells to evade recognition and
death. To these ends, vast resources have been invested in high-
throughput screening for novel targets, genetic alterations, im-
mune cell characterization, and optimized drug-delivery platforms
(2–6). From these efforts, personalized medicine is emerging as
the promising strategy for cancer treatment.
Vaccination can provide long-term protection against external

pathogens and initiate the clearance of resident diseased cells
(7). For that reason, experimental approaches of cancer vacci-
nation began with prophylactic vaccination against cancer-
associated antigens. Now, new developments have shifted the
focus to the more clinically relevant therapeutic use of cancer
vaccination (3, 7–9). These include vaccination platforms that
target antigen delivery to specialized immune cells, the rapid
identification of immunogenic tumor-specific antigens, and al-
ternative molecular compositions of the antigen (2, 3, 10).
To this end, mRNA-based cancer vaccination has emerged as

a promising approach. The concept of using mRNA as the basis
for a vaccine was first proposed in 1972 (11) and subsequently was
reported in 1993 for antigen-specific influenza vaccination (12) and
then in 1999 for vaccination against cancer-specific antigens (13). In
this strategy, an mRNA coding for specific antigen epitopes is in-
troduced into the immune system, effectively “training” the body’s
natural defenses to recognize and destroy antigen-presenting can-
cerous tissue. Antigen presentation is the fundamental starting
point in all adaptive immune responses. Antigen-specific T cells are
unable to react without proper antigen presentation, and B cell

responses are often inferior without T cell help. mRNA delivery
provides an exquisite strategy to induce intracellular synthesis of
any desired protein or peptide antigen. Notably, because mRNA
produces protein catalytically, a relatively small dose of mRNA is
needed to produce many copies of protein, an advantage over costly
whole-protein vaccination (14). Additionally, mRNA therapy does
not carry with it the same risks of insertional mutagenesis associ-
ated with plasmid DNA-based gene therapy (15). Moreover, the
delivery of specific/customized protein encoding mRNA can be
leveraged to induce the transient expression of exogenous proteins
in antigen-presenting cells (APCs) (3), a flexibility ideal for effective
cancer vaccination against rapidly mutating cancers (due to the
large number of potential mutated antigens).
Notwithstanding this promise, mRNA is a large, polyanionic

molecule that does not readily cross cell membrane barriers and
is generally unstable in circulation due to scission by native nu-
cleases (16). Therefore, a key to enabling this methodology is
development of safe and effective agents that package, protect,
deliver, and intracellularly release mRNA (7, 14, 17, 18). Despite
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these challenges, early reports showed promise for mRNA-
based vaccination for cancer immunotherapy. However, safe
and effective delivery remains a major challenge to enabling
the broader implementation of this approach (19–22). Due to the
critical role of mRNA delivery in therapeutic vaccinations, the
introduction and evaluation of safe, effective, and tunable
mRNA delivery vehicles are required for broader clinical
implementation.
We recently reported the robust in vivo delivery and expres-

sion of mRNA using charge-altering releasable transporters
(CARTs) (10, 23). The mechanism of mRNA release for CARTs
differs from other delivery vehicles as it proceeds dynamically
with a tunable change in physical properties. Unique among
other mRNA delivery systems such as lipid nanoparticles
(LNPs), a key attribute of CARTs is a charge-altering degrada-
tion mechanism which transforms the initial polycationic back-
bone into neutral small-molecule byproducts, thereby assisting
endosomal escape by allowing the electrostatic release and
subsequent translation of mRNA. CARTs represent a com-
pletely new class of transfection agents, and because these
CARTs degrade to well-tolerated neutral small molecules, they
avoid the known toxicity concerns associated with cationic lipids
and materials (24). Herein, we report that mRNA-CART vac-
cines using whole-protein–encoding mRNA not only induce
antigen-specific activation of T cells in human peripheral blood
mononuclear cells (PBMCs) but do so more effectively than the
conventional synthetic viral peptide mixtures. Moreover, our
data demonstrate the potency of these vectors in the therapeutic
treatment of tumor-bearing animals, highlighting that this strat-
egy protects mice against inoculation with cancer cells and cures
mice with established cancers.

Results
Human CMV pp65 mRNA-CARTs Transfect PBMCs and Activate
Antigen-Specific T Cells. We have previously reported that in im-
mortalized cell lines and in living animals mRNA-CART com-
plexes are taken up by endocytosis, escape the endosomes, and
release their mRNA cargo for cytoplasmic translation (Fig. 1A)
(10). To test if CARTs are suitable for gene delivery to primary
human cells, we used a GFP reporter readout in PBMCs from
healthy donors. PBMCs were thawed and rested before treat-
ment with GFP mRNA/CART complexes. The cells were then
stained for surface lineage markers and analyzed for GFP ex-
pression by flow cytometry. Notably, we observed that GFP
mRNA was delivered and translated in ∼50% of the dendritic
cell (DC) population, ∼75% of the monocyte population, and
∼25% of the B cell population (SI Appendix, Fig. S1 A and B).
With DCs, monocytes, and B cells representing the three major
professional APC populations in humans, our data indicate the
translational promise of using CARTs as vaccine-delivery agents
in a clinical setting. Moreover, the observation that CARTs ef-
ficiently transfected ∼10% of the CD4+ T cells, 20% of the
CD8+ T cells, and 20% of lineage-negative cells establishes the
high transfection efficiency of CARTs across the wide pheno-
typic range found in PBMCs.
To investigate if the mRNA delivery capabilities of CARTs

could be leveraged as an effective personalized vaccination strat-
egy, we first sought to test the ability of mRNA-CARTs to evoke
an antigen-specific T cell response in human PBMC cultures. To
that end we tested T cell activation against epitopes within the
human cytomegalovirus (hCMV) pp65 protein. The pp65 protein
sequence contains several HLA-binding epitopes (25). In our ex-
periments we chose two donors that we knew were CMV-positive
and one that was negative by serological testing. All three donors
were HLA*A02:01-positive, enabling us to test for CD8+ T cells
specific to the HLA*A2-restricted pp65 epitope NLVPMVATV
using an HLA-A*02:01 CMV pp65 (NLVPMVATV) tetramer. By
flow cytometry we could detect a substantial tetramer-positive

(tet+) CD8 T cell population in PBMCs from donor no. 30 and
a small tet+ CD8 T cell population from donor no. 34 but no tet+

CD8 T cell population from the CMV-negative donor no. 52 (Fig.
1B). PBMCs from these three donors were then treated with ei-
ther naked hCMV pp65 mRNA (unformulated), alkaline phos-
phatase mRNA-CART (an irrelevant mRNA-CART), a viral
peptide mix that includes several CMV epitopes, or hCMV
pp65 mRNA-CART. CD8 T cell activation was assayed by flow
cytometry. For donor no. 30, we found that tet+ CD8 T cells from
the hCMV pp65 mRNA-CART–treated PBMCs expressed high
levels of early activation markers CD69 and CD137 (Fig. 1C) in
striking contrast to treatment with naked hCMV pp65 mRNA,
irrelevant mRNA-CART, or the viral peptide mix.
Previous studies have shown that the pp65 protein contains

several immunogenic epitopes that are restricted to specific
HLA alleles (25). All three donors had more than one HLA
allele known to bind different epitopes from the pp65 protein (SI
Appendix, Fig. S1C). Thus, we next assayed treatment-induced
responses in whole T cell populations. Comparing CD8 and CD4
T cell expression levels of CD69, CD70, and CD137 in the dif-
ferent treatment groups, we observed robust CD8 and CD4
T cell activation in hCMV pp65 mRNA-CART–treated PBMCs
from donors no. 30 and no. 34 but not from donor no. 52 (Fig.
1D and SI Appendix, Fig. S1E). Notably, CD8 T cell activation
was increased by approximately one order of magnitude if
assayed 72 h after treatment (SI Appendix, Fig. S1D).
Encouraged by the induction of a robust antigen-specific im-

mune response in human PBMCs, we turned to animal models
both to evaluate the therapeutic efficacy of mRNA-CART vac-
cination in vivo and to correlate these effects with specific im-
mune responses in living animals. In an in vitro optical reporter
assay, we previously demonstrated superior transfection effi-
ciency and protein expression using the mRNA-CART delivery
system benchmarked against the commercial transfection re-
agent Lipofectamine 2000 (∼98% versus ∼50%, respectively) (SI
Appendix, Fig. S1F and ref. 10). To demonstrate the relevance of
this superior transfection efficiency to an induced immunother-
apeutic response, we first tested if antigenic epitopes presented
on MHC I molecules could be detected on the surface of murine
DC line DC2.4 cells following mRNA transfection. DC2.4 cells
were transfected with ovalbumin (OVA) mRNA using Lip-
ofectamine or OVA mRNA/CART complexes, and the presence
of the well-known OVA-derived SIINFEKL peptide on MHC
class I molecules was measured. Positive staining was observed
only for OVA mRNA-CART–treated DC2.4 cells (SI Appendix,
Fig. S1F). In an in vivo experiment, we performed s.c. vaccination
of an OVA-specific CD8 T cell receptor transgenic mouse with
5 μg of either unformulated OVAmRNA or OVAmRNA-CART.
Six days post vaccination we measured CD8 T cell activation by
means of CD69, IFNγ, and the proliferation marker Ki-67
expression. Although activated CD8 T cells were observed in
both groups, significantly more CD8 T cells were activated in mice
vaccinated with OVA mRNA-CART (SI Appendix, Fig. S1G).
Prompted by these findings, we decided to characterize the in vivo
biodistribution of mRNA-CARTs and assay the optimal routes of
administration in a murine model, with the eventual goal being
vaccination against OVA-expressing lymphoma cells in wild-type
BALB/c mice.

In Vivo Gene Delivery with CARTs. To demonstrate that the mRNA
delivery by CARTs translates to an effective vaccination strategy,
the in vivo biodistribution following delivery of mRNA encoding
the firefly luciferase (Fluc) reporter gene via two common vac-
cinations routes—i.v., and s.c.—was quantified by biolumines-
cence imaging (BLI). CARTs successfully delivered mRNA in
vivo through both routes of administration (Fig. 2A). Signal in-
tensity increased over the first hours after injection and peaked
after 4 and 8 h for s.c.- and i.v.-injected mice, respectively
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(Fig. 2A). Notably, we observed an almost exclusive expression of
Fluc mRNA in the spleen and lymph nodes of i.v.-injected mice
(SI Appendix, Fig. S2A) while the signal remained localized at the
site of s.c. injection (Fig. 2A). To observe in vivo transfection at
very early time points after i.v. injection, blood samples and
spleens were taken at 2, 5, and 10 min and were incubated for 2 h
to allow protein translation. Even the earliest sample (2 min)
showed detectable expression, consistent with literature reports
that in mice the blood takes ∼30 s to circulate (26). This signal
increased over the course of the first 10 min after injection with a
preferential expression in circulating cells over spleen cells (SI
Appendix, Fig. S2B).

Prior work has demonstrated that in vivo expression levels
using reporter genes such as GFP or mCherry are below de-
tection limits for flow cytometric analysis (9). Therefore, to
further evaluate the cellular distribution of CART/mRNA
complexes within the transfected organs, we developed a CART
functionalized with a difluoroboron-β-diketonate fluorophore
(BDK-CART) (23, 27). This fluorophore has a high fluorescence
quantum yield (28) and was easily installed on every CART
molecule by using it as an initiator for ring-opening polymeri-
zation (SI Appendix, Fig. S2C), resulting in ∼1,000 fluorophores
per mRNA molecule in the CART complex based on formula-
tion stoichiometry. The BDK fluorophore shares excitation and
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emission properties with the well-known Pacific Blue fluoro-
chrome and is easily detected by flow cytometry. In vitro flow
cytometry analysis of HeLa cells transfected with complexes of a
BDK-CART with a labeled Cy5-mRNA demonstrates a linear
correlation between BDK-CART fluorescence and both the
uptake of a Cy5-labeled mRNA and the resulting expressed GFP

fluorescence, confirming this as a robust method for determining
CART/mRNA complex biodistribution in vivo (SI Appendix, Fig.
S2 C and D).
Using this BDK-CART/mRNA complex, we were able to

identify transfected cells in the circulating blood, spleen, and skin
isolated 1 h after injection. Flow cytometric analysis of isolated
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Agneg target cells in a 1:1 ratio for 24 h. As positive control, cells were activated in the presence of CD3/CD28 monoclonal antibodies to mimic T cell receptor
engagement.
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cells from the spleen, circulation, and skin of i.v.- and s.c.-injected
animals revealed that BDK-CARTs are primarily taken up by
monocytes and DCs but also are taken up to a substantial degree
by B cells (Fig. 2B and SI Appendix, Fig. S2E). Transfected T cells
were observed only in the spleen and skin and not in the circu-
lation, which suggests that BDK-CART uptake happens both in
the circulation and in the secondary lymphoid organs simulta-
neously (Fig. 2B and SI Appendix, Fig. S2 B and E). Notably, we
were able to detect eGFP-transfected monocytes and DCs in the
lymph nodes draining the site of s.c. injection 24 h after admin-
istration (SI Appendix, Fig. S2F), indicating either that these cells
have migrated to the lymph nodes or that the mRNA/BDK-
CART complex has entered circulation to transfect APCs at a
different anatomical site. Thus, for the rest of the study s.c. in-
jection/vaccination was the preferred route of administration due
to the ease of injections and the control of potential local side
effects. In short, the striking preferential mRNA delivery to pro-
fessional APCs bodes well for the use of CARTs to deliver antigen
mRNA for cancer vaccination.

Therapeutic Anticancer mRNA Vaccination Is CART Dependent and
Augmented by Adjuvant Coformulation. The clinical relevance of
cancer vaccination strategies depends on the vaccine’s ability to
induce therapeutic effects against established tumors. This re-
quires the induction of robust antigen-specific immune re-
sponses. The induction of such responses often requires the use
of an adjuvant (29). Based on our electrostatic complexation
strategy, we envisioned being able to coformulate the poly-
anionic mRNA and short oligoanionic nucleic acid adjuvant
CpG into the same CART nanoparticles (referred to as “mRNA-
CART vaccine”). This strategy ensures that each cell is transfected
with both the antigen mRNA and the adjuvant (SI Appendix, Fig.
S2G). Importantly, formulating CpG into CARTs ensured that
significantly more CpG was delivered to the transfected cells and
was retained there compared with cells treated with FITC-CpG
alone (SI Appendix, Fig. S2G). This coformulation maneuver al-
lows the use of much lower CpG doses than would be required if
relying on unassisted uptake alone.
In a series of same-day vaccination and tumor inoculation

experiments, we tested whether CARTs are needed for efficient
antigen delivery and the need for and effectiveness of different
adjuvants in eliciting therapeutic immune responses. To test the
need for CARTs and adjuvant in these studies, we compared our
mRNA-CART(+CpG) vaccine formulation to mRNA-CART
without added CpG and to naked mRNA+CpG. To control
for the possible anticancer effect of CARTs alone, we excluded
mRNA from two groups, one with CARTs alone and one with
CARTs+CpG (Fig. 2C). Furthermore, to explore the therapeutic
efficacy of adjuvants other than CpG, we compared the mRNA-
CART vaccine (CpG as adjuvant) with mRNA-CART vaccine in
which CpG was replaced with the TLR7 agonist resiquimod, the
STING agonist DMXAA, or an agonistic CD40 antibody. No-
tably, these alternative adjuvants do not harbor the oligoanionic
properties of CpG and thus are not complexed into CARTs.
Instead, they were administered immediately following injection
of the mRNA-CART complexes. As an additional comparison,
we included complexed mRNAs encoding the costimulatory
molecules CD80 and CD86 with OVA antigen mRNA into our
CART formulation to mimic APC costimulation (SI Appendix,
Fig. S2 I and J). As a positive control we compared the efficacy of
the mRNA-CART vaccine to the established OVA protein +
LPS vaccine strategy (SI Appendix, Fig. S2J). BALB/c mice were
inoculated with 107 A20-OVA cells and were vaccinated the
same day s.c. at a distant anatomical site with the indicated
vaccine formulations. The efficacy of the different treatments
was measured by means of tumor growth and overall survival.
Compared with the mRNA-CART vaccine, we observed inferior
responses in all other treatment groups (Fig. 2C and SI Appendix,

Fig. S2 I and J). These data establish that CARTs are needed for
efficient antigen mRNA delivery and that an adjuvant is needed
for the induction of robust anticancer immunity (Fig. 2C).
Moreover, CpG was superior to the other adjuvants tested, with
agonistic CD40 antibody as the best alternative (Fig. 2C and SI
Appendix, Fig. S2 I and J). The efficacy of CpG was not limited to
one specific class of CpGs. In a side-by-side test we observed no
significant difference in efficacy between class B and class C
CpGs (SI Appendix, Fig. S2K). Importantly, induction of anti-
tumor immunity was significantly better in mice vaccinated with
the mRNA-CART vaccine than in mice vaccinated with the
OVA protein+LPS. In addition, we were able to activate human
DCs from PBMCs via high expression of HLA-DR when we
coformulated CpG into the GFP mRNA-containing CARTs (SI
Appendix, Fig. S2H). Thus, our strategy of using gene/antigen
delivery with adjuvant (CpG) in the same particles is effective on
human as well as mouse DCs.

mRNA-CART Vaccines Primarily Induce Antigen-Specific T Cell
Responses. Vaccination could induce antigen-specific B and/or
T cell responses. To assess the functional response to our mRNA-
CART vaccine, we immunized normal, non–tumor-bearing mice
three times over the course of 14 d with 3 μg of OVA mRNA and
analyzed antigen-specific T cell and Ig responses 7 d after the last
immunization (Fig. 2 D–F). As a positive control for antigen-
specific Ig responses, we vaccinated mice with OVA protein +
LPS. Consistent with existing literature (30), we observed high
titers of antigen-specific Ig in the sera of mice immunized with
OVA protein + LPS (SI Appendix, Fig. S2L). However, only trace
amounts of OVA-specific Ig were detected in the sera of mice
immunized with mRNA-CART vaccine. Notwithstanding, we
were able to detect robust OVA-specific T cell responses from
these mice immunized with mRNA-CART vaccine. Both CD4+

and CD8+ T cells responded by proliferation and up-regulation of
the activation marker CD69 when cocultured with mitomycin C-fixed
antigen-expressing target cells (AgPos) but not with antigen-
negative (AgNeg) target cells (Fig. 2 D–F). Hence, the mRNA-
CART vaccine primarily induces antigen-specific T cell responses.

mRNA-CART Vaccines Induce Long-Lasting, Cytotoxic, Antigen-
Specific T Cell Responses. We tested the antigen-specific reac-
tivation and cytotoxic activity of explanted T cells from vaccinated
mice. Mice were vaccinated and challenged with 107 A20-OVA
cells on the same day. Tumor growth and survival were monitored,
and mice that had successfully rejected the tumors were rechal-
lenged on day +30 to test the protective recall responses against a
second challenge with the same tumor (Fig. 3 A–C). The rechal-
lenged group was then divided in two. The first group was mon-
itored for tumor growth over the next 40 d. As control for
establishing new tumors, we included a group of naive mice that
received the same amount of tumor cells but no prior treatment.
The rechallenged mice completely rejected the second challenge,
while the previously unchallenged and untreated mice developed
tumors. T cells were isolated from the spleen of a parallel set of
mice 7 d after tumor challenge and were tested in vitro for cyto-
toxicity and antigen-specific reactivation. We included T cells
isolated from the spleens of tumor-bearing CpG-treated mice and
naive mice as negative controls and supraphysiological activation
with CD3 and CD28 antibodies as a positive control. Isolated
CD4 and CD8 T cells were either cocultured in a 1:1 ratio with
mitomycin-fixed AgPos target cells to assay antigen-specific reac-
tivation or were cocultured with AgNeg cells or an irrelevant target
(CT26 colon carcinoma) in a 10:1 effector:target ratio to test
antigen-specific cell cytotoxicity. Reactivation was measured by
means of IFNγ up-regulation (SI Appendix, Fig. S3C). Cytotoxicity
was also measured in the target population. By means of IFNγ
production, we observed a profound up-regulation in both CD4
and CD8 T cells from vaccinated mice when cocultured with AgPos
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target cells but not in T cells from CpG-treated mice (SI Appendix,
Fig. S3C). Moreover, both CD4+ and CD8+ T cells explanted
from vaccinated and protected mice were able to kill target cells
efficiently in vitro (Fig. 3D). CD4+ T cell cytotoxicity was antigen-
restricted (Fig. 3D and SI Appendix, Fig. S3B). Significantly, CD8+

cells killed both A20-OVA cells and wild-type A20 cells with
similar efficiency but did not kill unrelated CT26 colon carcinoma
cells (Fig. 3D and SI Appendix, Fig. S3B). This striking result in-
dicates preferential CD8+ recognition of antigens shared between
wild-type A20 and A20-OVA. Notably, T cells from naive mice
and mice treated only with CpG were not able to kill any target
efficiently, regardless of antigen expression (Fig. 3D). The OVA-
independent cytotoxicity of CD8+ T cells and the lack of cyto-
toxicity of CD8+ T cells from the unprotected control indicates
that a robust OVA-specific CD4+ T cell response is needed to
bolster the CD8+ T cell response. In sum, these data show that the
therapeutic mRNA-CART vaccine primarily induces cytotoxic
T cell responses.

mRNA-CART Vaccines Cure Established Tumors.We tested the efficacy
of the mRNA-CART vaccine on established tumors in mice that
had either medium (<100 mm3) or large (>100 mm3) tumor volume
at the start of the treatment. BALB/c mice were inoculated s.c. with
107 A20-OVA lymphoma cells. After tumors were established, we
started our treatment regimen with s.c. injections of either

CART-formulated mRNA-CART vaccine (3 μg OVA-mRNA+5
μg CpG) or 5 μg of CpG alone. Mice were treated every 4 d for
a total of three treatments. Tumor growth and overall survival
were monitored over the course of 30 and 75 d, respectively (Fig. 4
A and B). In mice with medium tumor volume, we observed com-
plete regression of tumors in 8 of 10 mice and a significant pro-
longed survival exceeding 75 d compared with no survival in the
animals treated only with CpG. In the second group with estab-
lished tumor volume >100 mm3, we observed a significant delay in
tumor growth and the complete cure of 40% of the treated ani-
mals (Fig. 4 A and B). Notably, this profound therapeutic effect of
the mRNA-CART vaccine on established tumors was not limited to
the s.c. route of administration but could be reproduced when
treatments were given i.v. (Fig. 4 C and D).

Discussion
The efficient delivery of mRNA to APCs in vivo will enable the
clinical advancement of personalized therapeutic cancer vacci-
nation. An essential and unsolved obstacle to achieving this goal
is safe and effective mRNA delivery. While the majority of work
in the field has focused on a single delivery strategy using LNPs
(14, 17, 18), we have shown that CARTs are remarkably effective
in delivering customized functional mRNAs to APCs of the
immune system. These studies have resulted in the striking
demonstration of an mRNA-CART vaccine for the induction of
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Fig. 3. mRNA-CART vaccine induces long-lasting cytotoxic antigen-specific T cell responses. In vitro cytotoxic activity of T cells explanted from vaccinated and
protected mice against antigen-expressing tumor cells. (A) BALB/c mice were inoculated with 107 A20-OVA cells. On day 0, mice were treated with mRNA-
CART vaccine (CART + 7.5 μg OVA mRNA + 5 μg CpG; blue; n = 10), 5 μg CpG alone (n = 10), or saline (n = 5). On day +30, all mice in the mRNA-CART vaccine
group had completely rejected the tumor; these mice were then rechallenged with 107 A20-OVA cells s.c. On day 37, T cells were isolated from the spleens of 5
out of 10 of the rechallenged mice. (B) Tumor growth (Left) and percent survival (Right) were monitored every 2–4 d for the first 30 d after tumor inoculation.
(C) On day +30, mice in the mRNA-CART vaccine group (red trace; n = 5) were rechallenged with 107 A20-OVA cells s.c. and compared with naive mice (blue
trace; n = 5). (D, Left) Isolated CD4+ and CD8+ T cells from naive and CpG- and mRNA-CART–treated mice (n = 2 each) show in vitro cytotoxicity against A20-
OVA cells. (Right) CD4+ and CD8+ T cells from mRNA-CART–vaccinated, protected, and rechallenged mice, CpG-treated mice, and naive mice were cocultured
for 18 h with OVA-expressing A20 cells in a 10:1 effector-to-target ratio. Cytotoxicity was measured by the percentage of 7-AAD+ cells in the target pop-
ulation. Data represent the mean ± SD of two or three individual experiments. *P > 0.05, nonparametric Mann–Whitney U test.
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polyclonal antigen-specific human T cells in vitro and the safe
and therapeutic eradication of large, established tumors in vivo.
In our studies, we have investigated the mechanisms un-

derlying this curative vaccination strategy. Using fluorescently
labeled CARTs and reporter systems, we have demonstrated that
CARTs are able to package both mRNA molecules and the
synthetic TLR9 agonist CpG into a nanoparticle complex which
can be administered through both i.v. and s.c. routes. mRNA-
CART vaccines efficiently transfect human APCs in vitro and
mouse APCs in the spleen and lymphatic system, providing the
enabling foundation for mRNA vaccination. Upon delivery,
mRNA is efficiently translated, processed, and presented by
MHCs. Codelivery of a strong TLR9 agonist ensures the bona
fide activation of the APCs and the concurrent up-regulation of
costimulatory molecules. The versatility of the CART platform
to deliver multiple components to achieve a powerful synergistic
effect grants the ability to fine-tune and amplify the immuno-
genicity of the vaccine.
In a lymphoma model, we have investigated the power of

therapeutic vaccination for both large (>100 mm3) and medium-
sized (50–100 mm3) tumors using only three doses of 3 μg of
OVA-mRNA coformulated with 5 μg of CpG. Others have
shown therapeutic efficacy with mRNA-based vaccines, but few
are able to cure mice with medium to large established tumors
(8, 9). In addition, compared with existing mRNA vaccination
platforms, we have developed an efficient strategy that uses
relatively small amounts of mRNA and few treatments. We
provide evidence that our delivery vehicle combines high trans-
fection efficacy, biocompatibility, selectivity, and specificity with

minimal toxicity (10). We believe that our delivery system and
vaccination methodology represent an attractive alternative to
existing LNP vaccination platforms (1, 14, 17, 18).
We have sought to establish a fundamental understanding of

the immunological mechanisms behind these mRNA-CART
vaccines. Notably, we have demonstrated a robust and long-
lasting antigen-specific T cell response both in vitro and in vivo
as a result of vaccination. Our CART construct on its own has
relatively low systemic immunogenicity, and its coformulation
with CpG enhances the maturation and priming capability of
professional APCs (29). Thus, the ability to codeliver antigen
and adjuvant represents a strategy to manipulate and optimize
the immune response.
We have shown that mRNA-CART vaccines are effective

through multiple routes of administration. We have shown that
CARTs are primarily taken up by professional APCs and that the
majority of transfected cells reside in the secondary lymphoid
tissues upon i.v. injection. Moreover, i.v. injection of antigen-
mRNA CART+CpG mediates robust induction of long-lived
antigen-specific T cells. However, s.c. or intracutaneous injec-
tions are still the preferred route of administration for most vac-
cines. The availability of APCs in skin is limited compared with the
secondary lymphoid organs and circulation. Vaccinations at these
sites must attract APCs to the site of injection (31), enter circu-
lation, or deliver antigen to skin-resident APCs able transport the
injected antigen to the secondary lymphoid organs (32). As mRNA
is short lived in vivo, the time from the delivery of antigen to its
presentation on MHC class I and II molecules to antigen-specific
T cells is of essence. We have shown that CARTs are taken up
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Fig. 4. Low-dose mRNA-CART vaccines cure large, established experimental tumors. (A) Established tumor vaccination schedule and outcomes for BALB/c mice
containing either medium-sized or large A20-OVA tumors. (Upper) Experiment setup for s.c. treatments. Mice received a total of three treatments on day 7 (day
10 for large tumors), 11 (day 13), and 14 (day 17) after tumor inoculation. Tumor size was measured every 2–4 d for the first 35 d after inoculation. Survival was
monitored for >30 d. Mice that developed tumors >15 mm in the largest diameter were killed. (Lower) Tumor volumes and survival curves for mice that de-
veloped medium-sized tumors (50–100mm3) and were treated with either 3 μg OVAmRNA CART coformulated with 5 μg CpG (mRNA-CART vaccine) (blue traces;
n = 10), received 5 μg CpG only (red traces; n = 10), or a saline solution (black traces; n = 5). Results are representative of two individual experiments. (B) Tumor
volumes and Kaplan–Meier survival curves for mice that developed tumors <100 mm3 (Left) or large tumors >100 mm3 (Right) and were treated with mRNA-
CART vaccine (blue traces; n = 5) or received 5 μg CpG only (red traces; n = 5) or a saline solution (black traces; n = 5). All treatments were administered s.c. on the
anatomical site opposite the tumors (on the back near the root of the tail). (C) Tumor volumes (Left) and survival curves (Right) for mice that developed medium-
sized tumors (50–100 mm3) and were treated with either 3 μg OVA mRNA CART coformulated with 5 μg CpG (mRNA-CART vaccine) (blue traces; n = 5) or
received 5 μg CpG only (red traces; n = 5). (D) Tumor volumes (Left) and Kaplan–Meier survival curves (Right) for mice that developed large tumors (>100 mm3)
and were treated with either mRNA-CART vaccine (blue traces; n = 5) or received 5 μg CpG only (red traces; n = 5). All treatments were administered i.v. *P >
0.05, **P > 0.005, ***P > 0.0005, Kaplan–Meier log-rank test. Data are shown as mean ± SD. All data are representative of two or three individual experiments.
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locally by APCs that are either recruited or resident in the skin and
that APCs that have taken up the CART can be found in the
draining lymph nodes as early as 24 h after injection. Thus, we have
indications that CARTs could be suitable for both s.c./intradermal
and i.v. vaccination, making CARTs extremely versatile.
Treating “cold tumors,” i.e., tumors with limited immune in-

filtrate, is emerging as one of the largest challenges in immu-
notherapy. As these tumors do not respond to conventional
checkpoint inhibitors, there is an expressed need for innovative
approaches. Combined with emerging advances in sequencing,
mRNA modifications and synthesis, and antigen identification, the
potential of mRNA drugs has come to the forefront of novel
therapeutics. These next-generation applications will be aided by
the development of new delivery vehicle platforms that may enable
preferential targeting to DCs, different expression profiles, and
altered immunogenicity and cytotoxicity. CARTs are a unique class
of tunable, nontoxic, and dynamic delivery agents for mRNA
vaccines that address the limitations of existing approaches and
have clinical promise for the treatment of established tumors.

Materials and Methods
CpG. FITC-conjugated CpG 1826 with sequence 5′-TCCATGACGTTCCTGACGTT
was purchased from InvivoGen. Type C CpG-C SD-101 was provided by
Dynavax Technologies Corporation. For in vivo applications, CpG was ad-
ministered alone or was coformulated with CARTs at a final concentration of
5 μg per dose.

CART. CART D13:A11 was prepared as previously described using benzyl al-
cohol as an initiator and matched reported characterization. Fluorescent
BDK-CART was also prepared as previously described using the difluoroboron
dibenzoylmethane initiator prepared according to a procedure described by
Fraser and coworkers (33). End group analysis of the protected polymer
showed block lengths of 12 dodecyl carbonate monomers and 14 cationic
aminoester monomers.

Flow Cytometry. The following fluorochrome-conjugated rat anti-mouse
mAbs were used for flow cytometry: CD4-PE, B220-FITC, CD8-FITC, CD11c-
PerCP-Cy5.5, CD11b-APC, IFNγ-PE, CD3 Alexa Fluor 700, 7AAD-APC, and rat
isotype controls for the listed fluorochromes. The fluorochrome-conjugated
hamster anti-mouse mAb CD69-PE was used. The rat anti-mouse un-
conjugated antibody anti-CD16/32 was used. The following mouse anti-
human mAbs were used: CD11c-PE, CD14-APC, CD19-BV711, HLA-DR-V450,
CD4-BV605, CD8-PErCP-Cy5.5, CD8-APC-H7, CD69-FITC, CD137-APC, and
CD70-PE. Tetramer staining was done with HLA-A*02:01 CMV pp65
(NLVPMVATV) (MBL International). Staining using two Brilliant Violet fluo-
rochromes was performed in Brilliant stain buffer according to the manu-
facturer’s protocol (BD Biosciences). For intracellular staining, cells were
treated with GolgiStop (BD Biosciences) for 5 h before staining. Cells were
fixed and permeabilized according to the manufacturer’s protocol (BD bio-
sciences). Cell proliferation was measured by dilution of CellTrace Violet dye
(VTD). Cells were labeled with VTD according to the manufacturer’s protocol
(Thermo Fisher Scientific). Antibodies were purchased from BD Biosciences,
Invitrogen, or eBioscience. All surface marker staining was done for 20 min
at room temperature in PBS (Gibco) containing 0.01% sodium azide (Sigma
Aldrich) and 0.5% BSA (Sigma). Stained cells either were fixed in 2% para-
formaldehyde or were run fresh and were analyzed by flow cytometry on a
FACSCalibur or LSR II system (BD Biosciences). Data were analyzed using
either Cytobank (Cytobank Inc.) or FlowJo version 10.0 (FlowJo).

Mice and Cell Lines. Eight- to twelve-week-old female BALB/c mice and C57BL/
6-Tg(TcraTcrb)1100Mjb/J mice were purchased from The Jackson Laboratory
and housed in the Laboratory Animal Facility of the Stanford University
Medical Center. All experimentswere approved by the StanfordAdministrative
Panel on Laboratory Animal Care and were conducted in accordance with
Stanford University Animal Facility and NIH guidelines. The A20 cell line was
obtained from ATCC (ATCC no. TIB-208). It is a BALB/c B cell lymphoma line
derived from a spontaneous neoplasm found in an old BALB/cAnN mouse,
expressing MHC class I and class II H-2d molecules. A20 wild-type tumor was
transfectedwith an expression plasmid DNA encoding a fusion of chickenOVA
with the transmembrane and cytoplasmic domains of the transferrin receptor
(“membrane OVA”) under hygromycin selection. Both MHC I and II OVA
epitopes are presented by the transfectant (34, 35). It was grown in complete

medium containing 200 μg/mL hygromycin (Invitrogen). CT26 colon carcinoma
cells, the DC2.4 murine DC line, and human cervix carcinoma HeLa cells were
purchased from ATCC. Tumor cells were cultured at 37 °C in 5% CO2 in RPMI
medium 1640 with L-glutamine (cellgro; Corning) supplemented with 10%
heat-inactivated FCS (HyClone), 100 international units/mL penicillin (Gibco),
100 μg/mL streptomycin (Gibco), and 50 μM 2-mercaptoethanol (Gibco), as
complete medium.

In Vivo Bioluminescence. For bioluminescence assessment, mice were anes-
thetized with isoflurane gas (2% isoflurane in oxygen, 1 L/min) during injection
and imaging procedures. The i.p. injections of D-Luciferin (Biosynth AG) were
done at a dose of 150 mg/kg, providing a saturating substrate concentration for
the Fluc enzyme (luciferin crosses the blood–brain barrier). Mice were imaged in
a light-tight chamber using an in vivo optical imaging system (IVIS 100; Xenogen
Corp.) equipped with a cooled charge-coupled device camera. During image
recording, mice inhaled isofluorane delivered via a nose cone, and their body
temperature was maintained at 37 °C in the dark box of the camera system.
Bioluminescence images were acquired between 10 and 20 min after luciferin
administration. Mice usually recovered from anesthesia within 2 min of imaging.

Tumor Transplantations and Assessment.A20-OVAB lymphoma cells (107) were
implanted into mice while in the exponential growth phase (<1.5 × 106 cells/
mL). The s.c. injections were done with tumor cells washed twice in PBS me-
dium and resuspended in 100 μL PBS. The s.c. tumors were implanted on the
left flanks. Tumor size was monitored with a digital caliper (Mitutoyo) every
2–3 d and was expressed as volume (length × width × height). Mice were
killed when tumor size reached 1.5 cm in the largest diameter, per guidelines.

General CART Formulation Methods. For all experiments, CARTs were for-
mulated with mRNA at a 10:1 cation:anion ratio assuming full protonation of
the CART and full deprotonation of the oligonucleotide. Formulations were
carried out in acidic PBS (pH adjusted to 5.5 by the addition of 0.1 M HCl)
before injection (in vivo) or to treatment wells (in vitro). In experiments in
which CpG was used, CpG and mRNA were first premixed in acidic PBS, and
the amount of CART used was adjusted to maintain a 10:1 cation:anion ratio
considering the additional charges on the CpG. For all formulations, cargo
(mRNA and/or CpG) was first premixed in PBS (pH 5.5), and then CART was
added, followed by 20 s of mixing and immediate injection. In experiments in
which Lipofectamine 2000 was used, it was formulated in Opti-MEM (Gibco)
according to the manufacturer’s suggested protocol.

CART in Vitro Transfection. For in vitro transfections, HeLa cells were seeded at
40,000 cells per well in 24-well plates or PBMCs were seeded at 50,000 cells per
well in 96-well plates. Immediately before treatment, cells were washed and
resuspended in serum-free medium. CART formulations were made using the
general method described above. In a standard in vitro experiment, 0.42 μg of
mRNA (2.1 μL of a 0.2-mg/mL stock) was added to 5.71 μL of PBS (pH 5.5). To
this was added 0.59 μL of CART (from a 2-mM stock), and this was mixed for
20 s. Then 2.5 μL of this formulation was added to each of three wells,
resulting in a final mRNA dose of 125 ng per well. This was incubated for 8 h,
after which gene expression was determined by antibody staining or direct
flow cytometric analysis.

Vaccinations/Immunizations. CART formulations were made according to the
general procedure described above. For a standard vaccination, 7.5 μg of OVA-
mRNA (37.5 μL of a 0.2-mg/mL stock) and 5 μg CpG (6.25 μL of a 0.8-mg/mL
stock) were added to 38.7 μL of PBS (pH 5.5). To this was added CART (17.56 μL
of a 2-mM stock), and the mixture was mixed for 20 s before injection. Four
hundred micrograms of the STING agonist DMXAA (Sigma Aldrich) was given
in a separate syringe. Five micrograms of the TLR7 agonist resiquimod (Invi-
vogen) was given in a separate syringe. Thirty micrograms of agonistic α-CD40
Ab (FGK45; BioXcell) was given i.p. CD80 and CD86 mRNA was coformulated
with OVA-mRNA into CARTs and administered as one dose. Fifty micrograms
of VacciGrade Ova protein (Sigma Aldrich) was combined with 25 μg of
VacciGrade LPS (Sigma Aldrich) and was given as one dose. All antigen (OVA)
immunizations were administered s.c. near the root of the tail. The i.v. in-
jections were done in the tail vein after mice had been warmed for 2 min
under a heating lamp.

mRNA. Fluc, OVA, eGFP, and secreted alkaline phosphatase (SEAP) mRNA
were purchased from TriLink BioTechnologies. All purchased mRNAs were
capped and polyadenylated and contained 5-methoxyuridine modification.

hCMV pp65, CD80, and CD86 mRNA were produced in-house by cloning
the CD80 and CD86 genes into pcDNA3.1(+) plasmids. Plasmids were
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linearized using the DraIII restriction enzyme (New England BioLabs) and
extracted using phenol:chloroform extraction with subsequent alcohol pre-
cipitation. mRNA was then transcribed from the linearized plasmids using
the mMESSAGE mMACHINE T7 Transcription Kit (Thermo Scientific).

CART Transfection of Human PBMCs. PBMCs from healthy donors were isolated
by density-gradient centrifugation using the Ficoll-Hypaque technique
(Amersham Biosciences). Cells were rested for 1 h after thawing and were
transfected with 125 ng of CART formulated with eGFP ± CpG. All specimens
were obtained with informed consent in accordance with the Declaration of
Helsinki, and this study was approved by Stanford University’s Administra-
tive Panels on Human Subjects in Medical Research. Samples were collected
from patients by peripheral blood leukapheresis and were cryopreserved.

Mitomycin C Treatment. Cells (1 million/mL) were treated with 50 μg of mi-
tomycin C for 30 min in a rotator at 37 °C in the dark and then were washed
out three times with HBSS supplemented with 5% FCS.

Immune Cell Processing, T Cell Isolation, and Effector Function. Lymph nodes
and spleens were turned into single-cell suspensions by processing them
through a 70-μm cell strainer (BD Biosciences). Skin samples were prepared
by isolating and treating the mouse dermis with 1 mg/mL collagenase IV
(Sigma Aldrich) and 0.3 mg/mL DNase I (Sigma Aldrich) for 30 min at 37 °C
before single-cell suspensions were prepared as described above. Untouched
CD4+ and CD8+ T cells were obtained by negative selection from splenocytes
(Miltenyi Biotech). T cells were mixed with autologous A20-OVA lymphoma
cells, WT A20 lymphoma cells, or CT26 colon carcinoma cells at an effector-to-
target ratio of 10:1. Autologous tumor cells were labeled with CellTrace Violet
(Thermo Fisher). After 18 h, cells were stained with 7-aminoactinomycin D

(7-AAD) to determine cell death. Target tumor cells were gated by CellTrace
Violet labeling.

ELISA. Plasma levels of αOVA antibodies were measured by ELISA. Plasma was
collected from immunized mice on day 21 after completion of three im-
munizations with mRNA-CART vaccine with CpG, mRNA-CART vaccine
without CpG, or 50 μg OVA protein with 25 μg LPS and was added to 96-well
MaxiSorp plates (Nunc) coated with OVA protein (Sigma Aldrich). Bound
antibodies were detected using HRP-conjugated goat anti-mouse IgG1,
IgG2a, IgG2b, or IgG2c (IgG3) (R&D Systems). Samples were diluted from
1:10 to 1:10,000, and absorbance was determined at 650 nm using a VMax
Microplate Reader (Molecular Devices).

Statistical Analysis. Prism software (GraphPad) was used to analyze tumor
growth and to determine the statistical significance of differences between
groups by applying a nonparametric Mann–Whitney U test. P values<0.05 were
considered significant. The Kaplan–Meier method was employed for survival
analysis.
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