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Antibody-based drugs are a leading class of biologics used to
treat a variety of diseases, including cancer. However, wide anti-
body implementation is hindered by manufacturing challenges
and high production cost. Use of in-vitro-transcribed mRNA
(IVT-mRNA) for endogenous protein expression has the poten-
tial to circumvent many of the shortcomings of antibody pro-
duction and therapeutic application. Here, we describe the
development of an IVT-mRNA system for in vivo delivery of
a humanized anti-HER2 (also known as ERBB2) antibody, tras-
tuzumab, and demonstrate its anticancer activity. We engi-
neered the IVT-mRNA sequence to maximize expression,
then formulated the IVT-mRNA into lipid-based nanoparticles
(LNPs) to protect the mRNA from degradation and enable
efficient in vivo delivery. Systemic delivery of the optimized
IVT-mRNA loaded into LNPs resulted in antibody serum con-
centrations of 45 ± 8.6 mg/mL for 14 days after LNP injection.
Further studies demonstrated an improved pharmacokinetic
profile of the produced protein compared to injection of trastu-
zumab protein. Finally, treatment of tumor-bearing mice with
trastuzumab IVT-mRNA LNPs selectively reduced the volume
of HER2-positive tumors and improved animal survival. Taken
together, the results of our study demonstrate that using IVT-
mRNA LNPs to express full-size therapeutic antibodies in the
liver can provide an effective strategy for cancer treatment
and offers an alternative to protein administration.
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INTRODUCTION
Antibody-based drugs are a leading class of biologics for treatment of
cancer, chronic inflammation, and autoimmune diseases.1 However,
the process of large-scale antibody production has many challenges:
purification protocols are complex and often have to be tailored for
each individual antibody; high frequency of aberrant post-transla-
tional modifications necessitate extensive and costly quality control;
mammalian antibody-producing cell lines are prone to mutations
and expensive to maintain.2–6 Furthermore, antibodies themselves
are susceptible to rapid clearance and degradation by serum enzymes.
In some cases, this rapid elimination requires frequent drug dosing,
which additionally increases treatment cost and can lead to unwanted
side effects, including immune system activation.7
As an alternative approach, antibodies can be produced in vivo by
delivery of in-vitro-transcribed mRNA (IVT-mRNA). IVT-mRNA
has demonstrated the potential to generate high levels of circulating
protein in vivo as compared to DNA plasmids and viral vectors.8,9

IVT-mRNA production protocol is uniform for several antibodies
and does not require mammalian cell culture. Using IVT-mRNA,
antibody production is transferred inside the body, allowing better
control over post-translational modifications. Moreover, the process
of antibody structure optimization can be simplified by using IVT-
mRNA to express protein therapeutics, rather than delivering protein
directly.10 In addition, IVT-mRNA delivery allows therapeutic anti-
body expression within the host cell and can therefore aid in directing
therapeutics toward intracellular targets. Although RNA is very un-
stable, the introduction of base modifications such as 5-methoxyuri-
dine (5 moU) or N1-methyl-pseudouridine (N1J) has recently been
reported to improve IVT-mRNA stability and reduce the associated
immunogenicity.11–14 Finally, because there is no need for IVT-
mRNA to enter the cell nucleus to be functional, the risk of insertional
mutagenesis is minimized, and transfection efficacy is improved in
non-dividing cells.

Currently, lipid-based nanoparticles (LNPs) are the most advanced
non-viral platform for IVT-mRNA delivery to the liver. LNPs
composed of ionizable lipids and lipid-like materials have demon-
strated efficacy for delivery of therapeutic mRNA in both rodents and
non-human primates.15–18 By formulating mRNA into LNPs, IVT-
mRNA is protected from degradation, and its transfer across cell mem-
branes is facilitated. Besides, LNPs enable selective mRNA to the liver
and facilitate the escape of IVT-mRNA fromendosomal compartments
into the cell cytoplasm.19–24 Nanoparticle-formulated IVT-mRNA is
therefore well suited to overcoming many difficulties associated with
the production and administration of antibody-based drugs.
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Figure 1. Optimization of the RNA Construct

(A) Schematic of mRNAs encoding the heavy (HC) and

light (LC) chains of the trastuzumab. sp, signal peptide;

p(A), poly A tail. (B) Trastuzumab levels (mean ± SD) in

medium and lysates 24 h after AML-12 cell transfection

with trastuzumab. IVT-mRNAs containing signal peptide

from human immunoglobulin light chain kappa (hIgLCk),

human immunoglobulin heavy chain G1 and light chain

kappa (hIgG1 HC/hIgLCk) or Gaussia luciferase (GLuc).

****p % 0.0001 or ***p % 0.001 compared to control, #p

% 0.05 compared to hIgG1 HC/hIgLCk SP and GLuc SP,

n = 3. (C) Trastuzumab levels (mean ± SD) in AML-12 cell

medium 24 h after transfection with IVT-mRNA for

trastuzumab light and heavy chain at 1:1, 1:2, 1:4, or 1:8

ratio, respectively. ****p% 0.0001, ***p% 0.001 or **p%

0.01 compared to control; #p% 0.05 and ###p% 0.001,

n R 3. (D) Trastuzumab levels (mean ± SD) in C57BL/6

mouse serum 24 h after injection of 0.5 mg/kg LNPs with

IVT-mRNA for trastuzumab light and heavy chain in 1:1,

1:2, or 1:4 ratios. *p % 0.05, **p % 0.01, n R 3. (B–D)

One-way ANOVA with Tukey’s post hoc test.
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Here, we describe the development of an LNP-based IVT-mRNA
system for in vivo delivery of an anti-human epidermal growth
factor receptor 2 (HER2, also known as ERBB2) antibody, trastuzu-
mab, and demonstrate functionality of the produced protein. Tras-
tuzumab is an antibody-based cancer drug targeting HER2,25,26

which is overexpressed in approximately 30% of breast cancer
patients.27 The binding of trastuzumab to HER2 prevents both re-
ceptor cleavage and dimerization and results in abrogation of down-
stream proliferative and pro-survival pathways (reviewed by
Hudis28). In addition, trastuzumab-induced, antibody-dependent,
cell-mediated cytotoxicity has been shown to be very important
in the trastuzumab antitumor effect (F. Hotaling et al., 1996,
Proc. Am. Assoc. Cancer Res., abstract; S. Pegram et al., 1997,
Proc. Am. Assoc. Cancer Res., abstract). Knockout of Fc receptors
in mice significantly diminished the ability of trastuzumab to arrest
tumor growth in vivo.29

Based on a publicly available trastuzumab amino acid sequence, we
designed an IVT-mRNA sequence and codon optimized it for
expression in mammalian cells. We used liver-targeting LNPs to
achieve IVT-mRNA in vivo delivery and production of trastuzumab.
We showed that optimization of signal peptide and antibody
heavy-to-light-chain ratio results in an average serum trastuzumab
concentration of �40 mg/mL 24 h after injection. Furthermore, we
1416 Molecular Therapy Vol. 27 No 8 August 2019
performed pharmacodynamic and pharmaco-
kinetic studies and demonstrated the anti-
cancer efficacy of the expressed antibody, using
in vitro assays and a mouse xenograft model.
We showed that using IVT-mRNA LNPs to
express full-size therapeutic antibody trastuzu-
mab in the liver is an effective strategy for
cancer treatment. This approach may offer an
alternative to the administration of a wide range of antibody thera-
peutics in cancer treatment.

RESULTS
Design andOptimization of TrastuzumabmRNA for LNPDelivery

An mRNA molecule consists of a cap, 50 and 30 UTRs, a protein-cod-
ing sequence, and a polyA tail (Figure 1A). It has been shown that
20-O-methylation of naturally occurring Cap 0 (Cap1) significantly
enhances mRNA translation.30 Cap 1 was therefore used for all
IVT-mRNA synthesized in the study. We used a 50 UTR consisting
of a partial sequence of the cytomegalovirus (CMV) immediate early
1 (IE1) gene and 30 UTR consisting of a partial sequence of the human
growth hormone (hGH) gene. These two regions have been shown
to induce efficient protein expression in different tissues in vivo.24,31

A 30 polyA tail was estimated to be approximately 120 nt long. From
this basic sequence we continued RNA construct optimization by
varying the signal peptide sequence and the heavy-to-light-chain ratio
to improve trastuzumab expression.

The majority of secretory proteins contain a short amino acid
sequence (16–30 amino acids long) at the N terminus called the signal
peptide (SP) sequence. The SP is important for secretory protein
translocation into the endoplasmic reticulum and the subsequent
secretion of proteins from the cell. Despite substantial variation in
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Figure 2. In Vivo Validation of Trastuzumab mRNA

(A) Trastuzumab concentrations in C57BL/6mouse serum

24 h after injection of cKK-E12 LNPs with trastuzumab

mRNA via the tail vein in different doses. Mean ± SD.

****p % 0.0001 compared with control, ###p % 0.001

compared to 1 mg/kg. (B) Pharmacokinetics of trastuzu-

mab in C57BL/6 mouse serum after a single i.v. dose of

8 mg/kg Herceptin (Genentech) or of 2 mg/kg cKK-E12

LNPs with trastuzumab mRNA. Mean ± SD. Two-way

repeated-measures ANOVA with the Sidak multiple-

comparisons test was used to compare trastuzumab

serum levels on day 1, 7, 14, and 30, after administration

of trastuzumab mRNA versus Herceptin. ****p % 0.0001,

ns, p % 0.05, n = 5.
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SP sequences between different proteins and species, they are often
functionally interchangeable. For example, in human endostatin,
the replacement of native SP with Gaussia luciferase (GLuc) SP
enhanced protein expression and secretion. Interestingly, in that
study, GLuc SP increased protein production more than SP from hu-
man albumin or interleukin-2, which are both well-known proteins
secreted at high levels in the serum.32 Similarly, replacement of the
original SP in cytokine-like 1 (CYTL1) protein with human immuno-
globulin light chain kappa (hIgLCk) SP significantly increased the
expression of this protein.33 Moreover, using a bioinformatics
approach based on analysis and clustering of existing human IgG1
heavy and light chain SP sequences, an H5/L1 SP combination has
previously been identified and validated as the most optimal synthetic
SP combination for trastuzumab production.34

Protein sequences for the majority of recombinant therapeutic anti-
bodies can be found in public databases; however, these sequences
often do not include an SP. To identify the most efficient SP for tras-
tuzumab expression, we compared IVT-mRNA synthesized with
GLuc, H5/L1, or hIgLCk SP (SP sequences are listed in Table S1).
We used a protein sequence available at DrugBank to synthesize
IVT-mRNA for trastuzumab’s (trastuzumab mRNA) heavy and light
chains. The protein sequence was converted into an mRNA sequence
optimized for expression in mammalian cells. Trastuzumab mRNA
with different SPs was then transfected into mouse hepatocytes
(AML-12 cells), and trastuzumab concentrations were measured by
ELISA in cell lysates and conditioned media. Although intracellular
levels of trastuzumab were not affected by the SP sequence, we found
that the mRNA containing hIgLCk SP resulted in higher levels of
trastuzumab in the cell medium compared to GLuc and H5/L1 SPs
(Figure 1B). TrastuzumabmRNAwith hIgLCk SP was used in all sub-
sequent studies.

It has been reported that protein translation rates decrease as mRNA
length increases.35,36 Since the heavy chain (HC) of human IgG1
is two times longer than the light chain (LC), we hypothesized
that slower expression rates of the HC compared to the LC were
limiting IgG1 assembly and secretion. We next investigated whether
increasing the HC-to-LC ratio could enhance protein synthesis. We
transfected AML-12 cells with trastuzumab’s heavy and LC mRNA
in different ratios (wt:wt): 1:1, 1:2, 1:4, and 1:8. We found that trans-
fection using constructs containing 1:2 LC:HC resulted in signifi-
cantly higher expression of trastuzumab compared to the other ratios
(Figure 1C). We also observed that further increasing the LC-to-HC
mRNA ratio decreased protein production, possibly because of the
stoichiometric limit of LC molecules required to form a complete
antibody. Surprisingly, in vivo we did not find a significant difference
between the different ratios, although average protein expression was
highest in animals injected with the 1:2 LC:HC ratio compared to the
1:1 or 1:4 ratios (Figure 1D). We chose to use an LC:HC ratio of 1:2 in
all subsequent studies. The full trastuzumab sequence used in the
study is presented in Figure S1.

In Vivo Validation of Trastuzumab Production

Next, we explored delivery of the optimized trastuzumab mRNA
in vivo. For this study we used cKK-E12 (also known as MD-1)
lipid-like nanoparticles that have demonstrated potent and selective
small interfering RNA (siRNA) delivery to parenchymal liver cells
in non-human primates37 and high expression of EPO IVT-mRNA
in rodents.38

To evaluate whether the optimized trastuzumab mRNA is capable of
producing protein in vivo, we measured trastuzumab levels in mouse
serum after intravenous administration of a single-dose of trastuzu-
mab mRNA encapsulated in cKK-E12 nanoparticles. C57BL/6 mice
were injected with 0.5, 1, or 2 mg/kg (based on encapsulated
mRNA) of trastuzumab mRNA. All doses were well tolerated, and
no adverse events were observed. As shown in Figure 2A, we found
a dose-dependent increase in trastuzumab protein levels in mouse
serum 24 h after administration. Upon injection with 2 mg/kg of the
mRNA, approximately 40 mg trastuzumab/mL serum was produced
(Figure 2A). Further monitoring revealed that trastuzumab serum
concentration continued to increase during the following 7 days and
reached 57.5 ± 7.6 mg/mL at 7 days after the injection (Figure 2B).

To compare the pharmacokinetic profiles of our endogenously ex-
pressed trastuzumab with the current standard of treatment (trastu-
zumab protein [Herceptin]), we administered a single injection of
8 mg/kg Herceptin (Genentech) to C57BL6 mice and monitored tras-
tuzumab serum levels for 1 month. We used 8 mg/kg because it is the
Molecular Therapy Vol. 27 No 8 August 2019 1417
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Table 1. Analysis of TrastuzumabPharmacokinetics inMouse Serumafter a

Single i.v. Dose of Herceptin or Trastuzumab mRNA-LNPs

Parameter Unit
Trastuzumab
mRNA (2 mg/kg) Herceptin (8 mg/kg)

t1/2 h 241 251

AUC0–t mg/mL*h 28,608 17,422.7

Cl_obs (mg/kg)/(mg/mL)/h 6.991E-05 0.0003549

Vss_obs (mg/kg)/(mg/mL) 0.0275 0.151

Calculations were performed using PKSolver 2.0. Cl, plasma clearance; Vss, steady-state
volume of distribution; t1/2, half-life; AUC0–t, the area under the curve; obs, observed.
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Figure 3. The ADCC Assay

Survival (mean ± SD) of HER2-positive breast cancer cells (BT-474 and SK-BR-3)

after incubation with trastuzumab isolated from the serum of mice injected with

2mg/kg trastuzumabmRNA in combination with human PBMCs. The ratio of breast

cancer cells to PBMCs, 1:5. Two-way ANOVA with Tukey’s post hoc test, *p %

0.05, ****p % 0.0001, n = 3.
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highest Herceptin dose used in patients.39,40 As shown in Figure 2B,
30 min after administration, 120.5 ± 12 mg/mL Herceptin antibody
was detected in the serum. These levels dramatically decreased within
the next few hours and reached 64 ± 4 mg/mL at 6 h after administra-
tion. One day after injection, the trastuzumab serum concentration
was measured at 59 ± 4 mg/mL and continued to decrease slowly
over the next few weeks. Analysis of these trastuzumab pharmacoki-
netics (Table 1) revealed a comparable half-life for both mRNA-LNPs
and Herceptin treatment. The mRNA-based delivery resulted in a
64% higher antibody serum concentration over the course of
30 days, as reflected by the area under the curve (AUC0–t). The serum
clearance (Cl) and steady-state volume of distribution (Vss) were
approximately 5-fold higher after injection with Herceptin than after
injection of trastuzumab mRNA-LNPs.

Overall, a single dose of LNPs with IVT-mRNA encoding trastuzu-
mab at 2 mg/kg showed favorable serum pharmacokinetics of the
antibody over the course of 1 month, as compared to a single injection
of Herceptin at 8 mg/kg.

Functional In Vitro Validation of the Optimized Trastuzumab

RNA Construct

To verify the primary sequence of the protein produced upon delivery
of trastuzumab mRNA-loaded LNPs, we performed mass spectrom-
etry analysis of the IgG isolated from the mouse serum. Liquid
chromatography-tandem mass spectometry (LC-MS/MS) confirmed
that the primary sequence of the produced protein matched trastuzu-
mab’s amino acid sequence (Figure S2; Table S2).

To investigate whether trastuzumab produced using optimized
mRNA could retain its anticancer activity, we studied its effects on
breast cancer cell survival and antibody-dependent cellular cytotox-
icity (ADCC). We used two HER2-positive cell lines: SKBR3 and
BT-474.41,42 Trastuzumab was isolated from the serum of mice in-
jected with trastuzumab mRNA on a Protein A column. To control
for mouse IgG binding to the column along with trastuzumab, the
process was also performed on serum isolated from control mice
that did not receive trastuzumab mRNA. The isolate from control
mice was used as a control for the ADCC assay. Cell survival was
measured using a Cell Titer Glo assay. Analysis of breast cancer cell
survival after treatment with the isolated trastuzumab revealed a
1418 Molecular Therapy Vol. 27 No 8 August 2019
decrease in SK-BR-3 cell survival, as compared to the untreated con-
trol (Figure 3, black bars). We did not observe a decrease in BT-474
cell survival, which may have been due to the reduced sensitivity of
BT-474 cells to the cell growth inhibitory effects of trastuzumab.

Trastuzumab-mediated ADCC has been shown to be crucial for
trastuzumab’s antitumor effects. ADCC is triggered by the interac-
tion between the antibody constant region (Fc) and the Fc-receptor
present on the effector cells or on the components of the comple-
ment system. The binding of trastuzumab to HER2 receptors on
the surface of target cells (HER2-positive breast cancer cells) and
the subsequent recognition of the antibody Fc by effector cells re-
sults in target cell lysis. To test if mRNA-produced trastuzumab
preserves its potency to induce ADCC, human peripheral blood
mononuclear cells (PBMCs) were used as effector cells. We
measured BT-474 and SK-BR-3 cell survival after treatment with
trastuzumab isolated from mouse serum in combination with
PBMCs. As shown in Figure 3 (gray bars), incubation with trastu-
zumab in the presence of PBMCs significantly decreased breast can-
cer cell survival compared with cells incubated only with PBMCs.
SK-BR-3 cells were more sensitive to the treatment, most likely
because of higher levels of HER2 expression.43,44 Taken together,
these data demonstrate the ability of trastuzumab produced using
mRNA to induce HER2-positive breast cancer cell death via both
interactions with the HER2-receptor and activation of the ADCC
pathway in the presence of PBMCs.

Functional In Vivo Validation of the Optimized Trastuzumab

mRNA Construct

To study whether trastuzumab produced using the optimized mRNA
could retain its anticancer activity in vivo, we assessed its effects
on tumor growth and animal survival in a mouse model using
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mors, n = 5. (B) Kaplan-Meier analysis of animal survival

after treatment with trastuzumab mRNA. Log-rank test,

p = 0.0169, n = 4.
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HER2-positive and -negative human breast cancer xenografts. The
MDA-MB-231 cell line is HER2-negative and therefore is insensitive
to trastuzumab. We transduced MDA-MB-231 cells with a human
HER2-expressing plasmid to create an MDA-MB-231-HER2 cell
line sensitive to trastuzumab. HER2 expression was confirmed by
qPCR (Figure S3). The HER2-negative cell line was used to control
for non-specific side effects associated with RNA, such as production
of inflammatory cytokines (TNFa, IL-12, IL-8, and type I interferons)
after RNA recognition by innate immune receptors (TLR3, TLR7,
TLR8, RIG-I, MDA5, and others) and triggering of antitumor
immune response via mechanisms independent of the RNA
sequence.11,45,46 In addition, these two cell lines allow us to assess
HER2-specific efficacy of trastuzumab mRNA.

We have previously demonstrated that IVT-mRNA from cKK-E12
LNPs is predominantly translated in the liver with minimal transla-
tion in the spleen.38 However, tumors often have abnormal blood
supply because of high vascular permeability and ineffective
lymphatic drainage. This phenomenon can lead to nanoparticle accu-
mulation and retention (reviewed in Nagy et al.47 and Kanasty
et al.48). To evaluate whether cKK-E12 LNPs deliver IVT-mRNA to
xenografts, we injected xenograft-bearing mice with 2 mg/kg firefly
luciferase (FLuc) IVT-mRNA formulated into cKK-E12 LNPs and
measured bioluminescence levels, using IVIS (Figure S4). Whole-
body IVIS showed that 6 h after the injection, LNPs accumulated
mainly in the liver (Figure S4A). Analysis of organs excised from
athymic nude mice xenografted with MDA-MB-231-HER2 cells
revealed that a bioluminescent signal was also present in tumors
(Figure S4B and S4C).

To study the effects of trastuzumab mRNA on tumor growth, mice
with established MDA-MB-231 or MDA-MB-231-HER2 xenografts
were treated with weekly injections of 2 mg/kg trastuzumab mRNA
LNPs for 4 weeks and xenograft growth was monitored (Figure 4A).
At the beginning of treatment, tumor volume in both groups was
�150 mm3 (Figure 4A, day 11). We found a significant delay in
HER2-positive tumor growth compared to HER2-negative tumors
(Figure 4A). One week after the final injection the average volume
of HER2-positive tumors was �100 mm3, whereas HER2-negative
xenografts were, on average, four times larger (Figure 4A, day 38).
Calculation of survival fractions using the Kaplan-Meier method
revealed that the treated mice with HER2-positive tumors had signif-
icantly longer morbidity-free survival (p = 0.0169, log-rank test)
compared to the treated mice with HER2-negative tumors. One
mouse in each group gnawed their tumors, and they were removed
from the survival study.

In addition, we studied whether the trastuzumab mRNA injections,
per se, can contribute to the tumor growth reduction. Mice with
HER2-negative tumors were treated with saline, and the tumor
growth was monitored (Figure S6A). When we compared those
mice with those treated with the trastuzumab mRNA, we observed
no difference in tumor growth between the two groups. Finally,
to compare the antitumor effects of the trastuzumab mRNA and
Herceptin, mice with HER2-positive tumors received one injection
of 8 mg/kg Herceptin or saline per week for 4 weeks (Figure S6B).
Although we did not observe a significant difference, the average
tumor volume in mice treated with Herceptin was lower than in
mice treated with saline. The low efficacy of Herceptin in our study
may have been the result of infrequent injections, as we administered
Herceptin only once a week instead of the standard two times per
week. Importantly, when compared to mice treated with the trastuzu-
mabmRNA, we still observed a significant reduction in tumor growth
compared to saline. In addition, the average tumor volume in mice
treated with the mRNA was lower than in mice treated with
Herceptin.

Toxicity was evaluated 1 week after the final injection by analyzing
blood and organs. Blood count revealed an approximately 2-fold
decrease in lymphocyte levels in all tumor-bearing mice, which may
have been associated with tumor formation (Table S3). We also
observed slight variations in several serum chemistry parameters,
but the changes were less than 2-fold (Table S4). Importantly, no
significant changes in liver enzymes were found after 4 weeks of treat-
ment with the LNPs, as compared to the untreated tumor-bearing
mice. Histological analysis did not reveal any morphological changes
in the liver and spleen of treated mice (Figure S5). Together, the data
suggest that treatment with trastuzumab mRNA LNPs significantly
delayed the growth of HER2-positive breast cancer in athymic nude
mice, with no apparent toxicity.
Molecular Therapy Vol. 27 No 8 August 2019 1419
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DISCUSSION
In recent years, RNA therapeutics have been broadly used in a variety
of clinical applications, including vaccines, protein replacement ther-
apies, and gene editing technologies. Therapeutic anticancer vaccines
designed to target tumor-associated antigens and mobilize T cell
responses are being currently evaluated in the clinic (reviewed in
Pastor et al.,49 Sahn and Türeci,50 and Kowalski et al.51). The use of
IVT-mRNA for the initiation of endogenous antibody expression
can overcome the challenges associated with the manufacture and de-
livery of highly demanded monoclonal-antibody-based drugs.52,53

Specifically, the use of LNP-formulated IVT-mRNA, rather than pro-
tein, can address the limitations found with bi-specific antibodies,
such as short serum half-life, manufacturing challenges, and the
requirement for repeated administration.52 In addition, using host
translational machinery for continuous expression of high levels of
properly folded and modified proteins makes mRNA-based antibody
production simple and cost effective compared to protein-based ther-
apeutics.53 Furthermore, the use of IVT-mRNA simplifies the process
of antibody structure optimization and enables localized antibody
expression that is unavailable for conventional therapeutics.10

Prior efforts to use monoclonal mRNA for endogenous antibody
expression have been mainly situated at the level of passive antiviral
immunization.10,53,54 In our study, we broaden application of
mRNA-based delivery for monoclonal antibody production to treat-
ment of solid tumors. We designed and optimized an IVT-mRNA
delivery system for potent in vitro and in vivo expression of trastuzu-
mab. Trastuzumab is a widely used and successful anticancer mono-
clonal antibody, with a well-understood mechanism of action. We
developed a strategy for the rational design of an IVT-mRNA structure
to maximize antibody production. Further, we demonstrated that this
optimization can significantly improve in vivo trastuzumab protein
expression, maintain both HER2 specificity and ADCC functionality,
and extend survival of animals with HER2-positive breast cancer.

We identified hIgLCk as the most efficient signal peptide and
optimized the antibody light-to-heavy-chain ratio to obtain maximal
trastuzumab expression upon liver delivery in mice. We also demon-
strated improved trastuzumab pharmacokinetics when produced
using IVT-mRNA compared to Herceptin and confirmed that trastu-
zumab isolated from mouse serum maintained both HER2 specificity
and ADCC functionality.

Mice injected with 2 mg/kg (40 mg per animal) of trastuzumabmRNA
demonstrated serum levels comparable with injection of the highest
clinically relevant protein dose (8 mg/kg, 160 mg per animal).39,40

Notably, in our study, we observed potent protein expression and
longer antibody persistence in mouse serum after delivery of trastu-
zumab mRNA, compared to previously published studies.52–54 After
delivery of 40 mg mRNA-LNPs or 160 mg protein, we demonstrated
that the serum concentration of endogenously produced trastuzumab
is at 24 h, comparable with the levels of the injected antibody. More-
over, trastuzumab levels in mice that received Herceptin continued to
decline, while trastuzumab levels in mice injected with mRNA-LNP
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remained within 45 ± 8.6 mg/mL for 14 days. In fact, 2 weeks
after mRNA injection, trastuzumab serum levels were still above
10 mg/mL, which is considered the minimum therapeutic plasma
concentration needed for antiproliferative effects.40 These data also
support findings from previous studies,52,53 where administration of
mRNA-based drugs resulted in similar or higher antibody plasma
levels compared to the corresponding purified antibody. The differ-
ences in peak concentrations may be a result of differences in the
antibody sequence and delivery method. In general, plasma levels
of the endogenously translated antibodies tend to be sustained longer
than levels of the protein. Extended plasma circulation time in our
study compared to the previously published studies using the
mRNA-based approach52,53 can be a result of differences in antibody
sequence or mechanism of action. The standard administration
protocol for trastuzumab in mice requires injections of 1–10 mg/kg
of the protein twice a week. We showed that a prolonged presence
of the endogenously expressed therapeutic antibody in the plasma
has the potential to reduce administration frequency, dosing, and,
subsequently, treatment cost.

Finally, our study is the first demonstration of the inhibition of solid
tumor growth by a full-size antibody produced in the liver upon
delivery of IVT-mRNA formulated into LNPs. We did not observe
any toxic effects during our treatment regimen. In vivo validation
of anticancer activity showed that weekly intravenous (i.v.) adminis-
tration of 2 mg/kg of trastuzumab mRNA LNPs for 4 weeks inhibited
breast cancer growth in athymic nude mice and improved animal
survival, thus outperforming the standard of treatment, Herceptin.
Importantly, we demonstrated that the inhibition of tumor growth
was specific to HER2 receptor presence in the tumor cells by using
MDA-MB-231 and MDA-MB-231-HER2 xenografts. Interestingly,
we found that LNPs can deliver IVT-mRNA directly to the tumor.
Expression of therapeutic antibodies within the tumor microenviron-
ment or directly in tumor cells can potentially enhance therapeutic
efficacy and reduce off-target effects.

In summary, our study demonstrates that using IVT-mRNA loaded
into LNPs to express full-size therapeutic antibodies, such as trastu-
zumab, in the liver can provide an effective strategy for cancer treat-
ment and offers an alternative to protein administration. This study
also provides a guideline for the optimization of an IVT-mRNA
construct, which can be used for the development of other mono-
clonal antibody mRNA therapies.

MATERIALS AND METHODS
Cell Culture

The mouse hepatocytes AML-12 and the human HER-positive breast
carcinoma cells BT-474 and MDA-MB-231 were obtained from
ATCC. SK-BR-3 cell line was a gift from the Hammond Lab (MIT).
MDA-MB-231 cells expressing human HER2 (MDA-MB-231-HER2)
were created in our lab. AML-12 cells were grown in a 1:1 mixture of
DMEM and Ham’s F12 with Insulin-Transferrin-Selenium (ITS-G)
medium supplement, 100 U/mL penicillin-streptomycin (Pen/Strep),
and 10% fetal bovine serum (FBS) (Gibco). The BT-474 cells were
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cultured in ATCC Hybri-Care Medium supplemented with 1.5 g/L
sodium bicarbonate, 100 U/mL Pen/Strep, and 10% FBS. MDA-MB-
231, MDA-MB-231-HER2, and SK-BR-3 cells were grown in DMEM
with 100 U/mL Pen/Strep and 10% FBS. All cell lines were cultured
at 37�C in 5% CO2. When the cells reached 70%–80% monolayer,
they were detached from the flask using 0.25% Trypsin-EDTA solution
and split 1:5.

Mice

All animal studies were approved by the MIT Institutional Animal
Care and Use Committee and were consistent with local, state, and
federal regulations, as applicable. RNA/LNPs (0.5–2 mg/kg) were
administered to female C57BL/6 mice (20–25 g; Charles River
Laboratories) or to female athymic nude mice (20–22 g Charles River
Laboratories) intravenously via tail vein injection. Mouse blood was
collected from the lateral tail vein or the submandibular vein in a ster-
ile 1.5 mL microcentrifuge tube, incubated on ice for 10 min, and
centrifuged at 2,000 g for 20 min at 4�C. Supernatants (serum)
were collected and used for ELISA or protein isolation.

Mouse Xenograft Models

Athymic nude mice (female, aged 7–8 weeks) received subcutaneous
implants in the right flank of 4 � 106 MDA-MB-231 or MDA-MB-
231-HER2 cells in Dulbecco’s PBS (DPBS)-Matrigel (v/v, 1:1). Treat-
ment was started 11 days later, when xenografts reached 100–
200 mm3. Both groups of mice received one i.v. injection of 2 mg/kg
trastuzumab mRNA per week for 4 weeks, formulated into cKK-E12
nanoparticles. Tumors were measured with a digital caliper, and vol-
umes were calculated by the formula tumor volume (mm3) = length
(mm) � (width [mm])2/2. Termination criteria were a tumor volume
of 1,000 mm3 or weight loss of 20%.

Protein Isolation

Trastuzumab was isolated frommouse blood using the Pierce Protein
A IgG Purification Kit according to the manufacturer’s instructions.
Briefly, mouse serum was diluted with the Protein A Binding Buffer
1:1 and applied to the equilibrated Protein A column. Then, the
column was washed by adding 10–15 mL of Binding Buffer. The
bound IgG was eluted with 5 mL of the IgG Elution Buffer. Ultra-
cel-10K centrifugal filters (Millipore) were used to substitute the
Binding Buffer with PBS and concentrate the eluent. Trastuzumab
concentration in the eluent was measured using ELISA.

In Vitro ADCC Assay

Buffy coats collected from human peripheral blood were purchased
from Research Blood Components, LLC (Brighton, MA, USA) and
PBMCs were isolated by density gradient centrifugation. Briefly, buffy
coats were diluted 1:1 in RPMI-1640 and carefully layered over a ster-
ile, endotoxin tested (<0.12 EU/mL) solution of Ficoll Paque Plus
(density 1.007 g/mL; GE Healthcare). Layered solutions were centri-
fuged at 500 g for 40 m at room temperature to sediment unwanted
cells, and the interfacial layer of PBMCs was manually isolated.
PMBCs were then washed twice in RPMI-1640 before further use.
After they were washed with the RPMI-1640 cell culture medium
(Gibco), the cells were immediately subjected to ADCC or frozen,
using Gibco Recovery Cell Culture Freezing Medium. BT-474 and
SK-BR-3 cells were seeded in a 96-well plate at 15,000 cells per well
and incubated overnight. The next day, 50 mL trastuzumab was added
to the plates and incubated for 30 min to allow opsonization. After
incubation, 50 mL of PBMCs were added to each well in 1:2, 1:5, or
1:10 ratio. The PBMCs were removed from the wells 72 h later by
washing with 100 mL DPBS (Gibco). The number of survived breast
cancer cells was measured by using the Cell Titer Glo assay.

Statistical Analysis

One-way ANOVA followed by Tukey’s post hoc test was used for
multiple-comparisons analysis. Two-way ANOVA followed by the
Sidak multiple-comparisons test was used for analysis of repeated
measures. The GraphPad Prism 7 package was used.
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