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Chimeric antigen receptor (CAR) T cells are programmed with cancer-specific
antigen receptors that direct them to kill cancer cells. Here, we aim to generate CAR T cells in
situ by targeted delivery of CAR encoding messenger RNA (mRNA) with polymeric micelles. The
mRNA-loaded micelles were constructed from novel biocompatible block copolymers and their surface
was modified with anti-CD8 antibody fragments (Fab’ ). The micelles were stable in physiological
conditions and protected mRNA from degradation from nucleases. The micelles also promoted targeted
delivery to CD8+ T cells and increased mRNA translation. The Fab’ -installed micelles were used to
induce anti-CD19 CAR on CD8+ T cells, which allowed them to effectively kill cancer cells in vitro.
After injecting the Fab’ -installed micelles inside tumors, we were able to generate anti-CD19 CAR
on the CD8+ T cells in tumors and in sentinel lymph nodes.
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(1) Chimeric antigen receptor T (CAR T) cell therapy hold tremendous promise as effective anticancer
treatments [1]. CD19-targeted CAR T cell therapies, like Kymriah and Yescarta, have validated the clinical
potential of this approach [2]. However, the high costs and complex personalized procedures involved in
producing targeted T cells continue to present significant challenges for their widespread adoption as
standard-of-care in cancer treatment [3].

(2) In situ generation of CAR T cells inside the body by targeting nucleic acids to T cells could reduce the
burden and cost of manufacturing. The concept had been tested with nanocarriers delivering DNA to T cells
[4]. However, targeted delivery mRNA to T cells would allow more versatile, efficient and safer approaches
for generating CAR T cells than the DNA-based strategies.

(3) Our group has been working on polyion complex (PIC) micelles for delivering mRNA [5]. PIC micelles
can protect mRNA from degradation by nucleases and enhance cellular uptake for promoting protein
translation. The surface of PIC micelles can be modified with ligands for targeting of specific cells [6].

2. HEOHM
Our objective is to develop PIC micelles that can target T cells and deliver cancer-specific CAR-encoding
mRNA, thereby inducing transient expression of CAR proteins on the T cell surfaces for cancer treatment.

3. WHEDTGIA

(1)_Synthesis _and characterization of polymer: We
synthesized azide-poly(ethylene glycol)-poly(glycidol)
(N3-PEG-PG), and modified the hydroxyl groups with
N-fluorenylmethoxycarbonyl (FMOC)-protected — o Y o
amino acid (glycine (Gly), leucine (Leu), tyrosine Fal' additoni%] dameter o) dameter [
(Tyr), tryptophan (Trp) and phenylalanine (Phe)) via

Steglich esterification. The FMOC was deprotected Figure 1. A. Antibody conjugation rate. B. Size of
with 25 % v/v piperidine to get N3-PEG-PGGly, Ns- micelles. C. Size of Fab’-installed micelles
PEG-PGLeu and N3-PEG-PGPhe, which were tested by 'H-NMR.

(2) Construction of anti-CD19-CAR-mRNA: Anti-CD19 CAR-encoding mRNA was produced from a
template DNA consisting of a pSP73.pA vector backbone with the inserted MSGV1-1D3-28Z.1-3 mut gene
after the T7 promoter. Plasmids were linearized via restriction digestion and used for in vitro transcription
(IVT) with T7 polymerase. The RNAs were capped simultaneously and purified by ethanol precipitation.
The mRNA size and integrity were confirmed with capillary gel electrophoresis by a 2100 Bioanalyzer.

(3) Preparation of anti-CD8 antibody fragments (Fab’): Fab’ of anti-mouse-CD8a antibody was prepared
for targeting to T cells. First, anti-mouse-CD8a was fragmented by V8 protease to prepare F(ab”)2, which
was then purified by preparative GPC. The Fab' of anti-mouse-CD8a was then prepared by cleaving the
disulfide bond by Dithiothreitol (DTT) reduction. The recovered Fab’ was evaluated for molecular weight
distribution by SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) and binding affinity to CDS8 by
Western blotting and immunostaining.

(4) Preparation of micelles: Different mRNAs (Gaussia luciferase (GLuc), Firefly luciferase (FLuc), Anti-
CD19 CAR) were mixed with the polymers in 10 mM HEPES at several amine/phosphate ratios (N/P ratio).
After 30 min on ice, dibenzocyclooctyne-Fab’ (DBCO-Fab’) was added at a concentration of different
DBCO-Fab’-to-Ns ratios. The micelles size distribution was measured by dynamic light scattering (DLS).
The stability of the micelles against polyanions was tested by fluorescence correlation spectroscopy (FCS).
The stability of the mRNA in the micelles polyanions was tested in serum by RT-PCR.

(5) In vitro performance: The cell uptake and transfection efficiency of the micelles loading Gluc mRNA
was tested in vitro using HEK-293 cells and mouse CD8+ T cells extracted from mouse spleen. The ability
of the micelles to target T cells was evaluated by confocal laser scanning microscopy (CLSM). The anti-
CD19 CAR expression on T cells was studied by CLSM after staining the cells with anti-CAR antibodies.
The cytotoxicity of the CAR T cells was tested in A20 lymphoma cells expressing CD19 by CCKS assay.
(6) In vivo performance: Transfection of the micelles in vivo was investigated in tumor-bearing BALB/c
mice. The mice were subcutaneously inoculated with A20 cells and 7 days later the micelles and micelles
loading 5 ng FLuc or anti-CD19 CAR encoding mRNA were administered intratumorally, subcutaneously
or intravenously. The luciferase expression was measured by IVIS imaging system 24 h after injection. The
T cell modification with anti-CD19 CAR was by flow cytometry after extracting the CD8+ T cells from
tumors, sentinel lymph nodes and spleen. The antitumor activity was tested in the same tumor model after
intratumorally injecting micelles with 10 pg of anti-CD19 CAR encoding mRNA.
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4. BFITAR
(1) Preparation of anti-CD8 Fab -installed polymeric micelles: When mixed with mRNAs, the block
copolymers formed narrowly distributed micelles of approximately 60 nm with high stability. Particularly,




the micelles based on Trp, Tyr and Phe-modified polymers displayed highest stability against polyanions
and promoted mRNA integrity in serum by forming PIC and n—n stacking with mRNA [7]. The surface of
the micelles was modified with Fab’-DBCO at different feeding ratios by click chemistry. The conjugation
reached a plateau at 10% feeding ratio, with 2 Fab’ conjugated ~ , ss B
to the micelles as determined by FCS, while the size remain
the same (Figure 1A-C).

(2) In vitro performance: The micelles increased the cellular
uptake and promoted the endosomal escape in HEK-293 cells,
promoting high protein expression. The micelles prepared
with Trp, Tyr and Phe-modified polymers showed highest
intracellular delivery and translation. Thus, the micelles made
from Phe-modified polymers were selected for testing the cell
uptake and the translation in CD8+ T cells. The micelles o
installed with anti-CD8 Fab’ showed higher cell uptake in the
CD8+ T cells than the micelles without ligand (Figure 2A).
Moreover, the addition of Fab’ inhibited the cell uptake,
supporting the ligand-mediated mechanism of the internalization. By using micelles loading mRNA
expressing GLuc, we observed that the anti-CD8 Fab’-installed micelles achieved higher bioluminescent
signal than the micelles without Fab’, which indicates the increase protein translation for the ligand-
installed micelles. Also, the anti-CD8 Fab’-installed micelles loading anti-CD19 CAR mRNA increased the
expression of the anti-CD19 CAR on the surface of T cells by 10-fold compared to the micelles. The co-
incubation of the anti-CD19 CAR-expressing CD8+ T cells with A20 cells showed the ability of T cells to
effectively kill cancer cells (Figure 2B).

(3) In vivo performance: The in vivo activity of the micelles was first tested by using FLuc mRNA as a
surrogate marker. Free mRNA and the micelles with and without Fab were injected to A20 tumor bearing
mice. The samples injected intravenously did not resulted in the expression of FLuc in tumors, lymph nodes
and spleen. The micelles injected subcutaneously gave high FLuc translation in lymph nodes, but not in
tumor nor spleen. The micelles injected intratumorally resulted in high FLuc expression in tumors and
sentinel lymph nodes. By extracting the CD8+ T cells in tumors and lymph nodes, we found that the Fab-
installed micelles were able to induce higher protein expression than the micelles without Fab’. Therefore,
we selected the intratumoral injection for administering the micelles loading the anti-CD19 CAR mRNA.
Twenty-four hours after intratumoral injection of the anti-CD19 CAR mRNA-loaded micelles, the tumors
and the lymph nodes were collected. The CD8+ cells were
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Figure 2. A. Cell uptake. B. Ability of anti-
CD19 CAR T cells to kill cancer cells.

isolated and the expression of the anti-CD19 CAR was . Tumor __Lymph node
detected by flow cytometry using fluorescent labeled o g
antibodies. The results showed that approximately 30% of the Micelle °J & ":'i o
CD8+ T cells presented the CAR construct on their surface _ : j

after treatment with the Fab’ micelles (Figure 3). Motivated 3>. '} 34 B i« o 2Rl B A1
by these findings, we studied the antitumor activity of the anti- v

CD19 CAR mRNA-loaded micelles. Thus, after intratumoral S 1of] 1ol
injection of the micelles, the tumor growth was followed. Fab’ Z‘ - j;
While the treatment was safe, without any change in the body Micelle|,: o°

weight of the animals, the antitumor effects of the treatment jgf-’ jgff

were not significant. Our results indicate the ability of the 0 0 0 T 10002 10° 10 10
Fab’-installed micelles to generate CAR T cells in vivo. CD8+ (FITC)

Further optimization of the mRNA dosage, the administration
route and synergism with other therapies would allow
increasing the antitumor effects.

Figure 3. In vivo expression of CAR on CD&+
T cells after intratumoral injection of micelles or
Fab’-installed micelles.
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