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Antigen Presenting Cell Mimetic Lipid Nanoparticles for
Rapid mRNA CAR T Cell Cancer Immunotherapy

Ann E. Metzloff, Marshall S. Padilla, Ningqiang Gong, Margaret M. Billingsley,
Xuexiang Han, Maria Merolle, David Mai, Christian G. Figueroa-Espada, Ajay S. Thatte,
Rebecca M. Haley, Alvin J. Mukalel, Alex G. Hamilton, Mohamad-Gabriel Alameh,
Drew Weissman, Neil C. Sheppard, Carl H. June, and Michael J. Mitchell*

Chimeric antigen receptor (CAR) T cell therapy has achieved remarkable
clinical success in the treatment of hematological malignancies. However,
producing these bespoke cancer-killing cells is a complicated ex vivo process
involving leukapheresis, artificial T cell activation, and CAR construct
introduction. The activation step requires the engagement of CD3/TCR and
CD28 and is vital for T cell transfection and differentiation. Though
antigen-presenting cells (APCs) facilitate activation in vivo, ex vivo activation
relies on antibodies against CD3 and CD28 conjugated to magnetic beads.
While effective, this artificial activation adds to the complexity of CAR T cell
production as the beads must be removed prior to clinical implementation. To
overcome this challenge, this work develops activating lipid nanoparticles
(aLNPs) that mimic APCs to combine the activation of magnetic beads and
the transfection capabilities of LNPs. It is shown that aLNPs enable one-step
activation and transfection of primary human T cells with the resulting mRNA
CAR T cells reducing tumor burden in a murine xenograft model, validating
aLNPs as a promising platform for the rapid production of mRNA CAR T cells.
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1. Introduction

The first chimeric antigen receptor (CAR)
T cell therapy was approved by the US
Food and Drug Administration (FDA) in
2017 for the treatment of relapsed or re-
fractory acute lymphoblastic leukemia.[1]

Since then, five additional CAR T cell ther-
apies have been approved for the treat-
ment of hematological malignancies.[2–6]

This success has spurred the development
of CAR T cell therapies for the treat-
ment of solid tumors and non-malignant
diseases.[7–12] Currently, the FDA-approved
CAR T cells are autologous, meaning that
they are produced from a patient’s own T
cells that have been engineered to express
the CAR construct.[13] This synthetic recep-
tor fuses a monoclonal antibody against a
disease target with intracellular stimulatory
and costimulatory domains to achieve both
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specificity and potency in cancer cell killing, respectively.[13] To
produce CAR T cells, a patient’s T cells are harvested via leuka-
pheresis. The isolated T cells are activated, viral vectors are em-
ployed to incorporate genetic constructs encoding for CAR into
the genomes of the T cells, and the CAR T cells are expanded in
bioreactors before reinfusion into patients.[13]

Although CAR T cells produced in this way can bring about
durable cancer remission, two serious side effects–cytokine re-
lease syndrome and neurotoxicity–are common.[14–16] These tox-
icities generally occur within days of CAR T cell administration
and can be treated with interleukin-6 receptor monoclonal an-
tibodies and corticosteroids.[17,18] Additionally, CAR T cells also
persist in the body for years, exerting their targeting effects long
after a patient’s cancer has been cleared.[19] In the context of CAR
T cells for hematological malignancies, this leads to B cell aplasia
and hypogammaglobulinemia.[14,20] These adverse effects have
led to the exploration of alternative, non-viral methods of CAR T
cell engineering, such as the delivery of CAR-encoding messen-
ger RNA (mRNA) to T cells.[21–31] mRNA does not integrate into
the genome, so it results in only transient CAR expression, which
may aid in preventing the long-term side effects of CAR T cell
therapy.[21,28–31] Additionally, non-viral delivery methods could re-
duce manufacturing costs, increase cargo capacity, and increase
safety.[32] Therefore, mRNA CAR T cell therapy is being explored
for the treatment of a variety of cancers.[21,24,29–31]

In preclinical studies, mRNA CAR T therapy has been found
to be as effective as viral CAR T therapy at lowering short-term
cancer burden with less inherent toxicity,[21,24] which has resulted
in the initiation of several clinical trials.[28,33-36,79] In these clini-
cal trials, CAR mRNA was delivered to patients’ isolated T cells
ex vivo by electroporation, a method where electric pulses are
used to generate transient pores in the cell membrane.[37] How-
ever, electroporation requires specialized equipment and results
in high rates of cell death as well as altered gene expression in
the surviving cell population.[37,38] An alternative approach is to
encapsulate CAR mRNA in lipid or polymer nanoparticles.[24-26]

Nanoparticles do not require specialized equipment for cellu-
lar delivery and can be engineered to stabilize their mRNA
cargo, enhance intracellular delivery, and reduce cytotoxicity
compared to electroporation.[25,26,39,40] Ionizable lipid nanoparti-
cles (LNPs) are one of the most clinically advanced nanoparti-
cle platforms.[39,41,42] Their successful use as the carrier for the
COVID-19 mRNA vaccines validated their potency and safety in
hundreds of millions of patients around the world.[43] Addition-
ally, they can be rapidly produced at large scales. Recent studies
have explored using nanoparticles to produce mRNA CAR T cells
directly in the body.[12,24] While such in situ CAR T cell engineer-
ing has great potential, there are several drawbacks that have not
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yet been overcome, such as off-target CAR delivery and infusion
reactions upon systemic administration of nanoparticles, hinder-
ing the advancement of in situ CAR T cell therapy into the clinic.
Ex vivo CAR T cell therapy is still the current clinical gold stan-
dard.

Aware of this potential, we previously optimized an LNP plat-
form for ex vivo CAR mRNA delivery to primary human T
cells and demonstrated its superiority over electroporation.[25,26]

Still, in order to express LNP-delivered mRNA, T cells must be
activated.[25,26,28] In the body, T cells are activated when they in-
teract with antigen-presenting cells (APCs). A primary activation
signal is provided when major histocompatibility complex pro-
teins, displaying antigens, on an APC interact with CD3/T cell
receptor (TCR) protein complexes on a T cell. However, for full
activation of a T cell, a costimulatory activation signal must also
be provided. This occurs when CD80 or CD86 proteins on the
APC interact with CD28 proteins on the T cell (Figure 1a).[44]

To engineer T cells ex vivo, this process is mimicked with an-
tibodies against CD3 and CD28, which are often attached to
either magnetic beads for easy removal or to APC-mimicking
platforms.[45–52] In a traditional LNP administration workflow,
the activating beads are added to T cells in culture. After wait-
ing 24 h for activation, the beads are removed with a magnet,
and then mRNA LNPs are added (Figure 1b, top).[25,26] Though
this strategy is effective, it increases the time and complexity of
the workflow while decreasing cell yields during bead extraction.
Thus, this work aimed to eliminate the need for beads in the
mRNA CAR T cell engineering workflow, so that mRNA CAR
T cells could be produced in a single, rapid step.

We hypothesized that directly conjugating CD3 and CD28 anti-
body fragments to the surface of our LNPs could bypass the need
for pretreatment with activating beads to engineer mRNA CAR T
cells. In this study, we used a thiol-maleimide reaction to conju-
gate CD3 and CD28 antibody fragments to the surface of our pre-
viously optimized T cell LNPs. We call these activating LNPs (aL-
NPs) as they mimic the activating function of APCs (Figure 1b,
bottom). We first show that aLNPs efficiently transfect primary
human T cells with mRNA in the absence of activating beads
before optimizing the ratio of CD3 to CD28 antibody fragments
conjugated to the aLNP surface. We then demonstrate that anti-
CD19 CAR T cells generated with aLNPs perform potent cancer
cell killing ex vivo, readily proliferate, and express cell-surface ac-
tivation markers at levels comparable to those of bead-activated
T cells. Finally, we demonstrate that the adoptive transfer of anti-
CD19 CAR T cells generated with aLNPs reduces tumor burden
in a xenograft murine model of leukemia, validating aLNPs as
a platform to efficiently produce a functional mRNA CAR T cell
therapy.

2. Results

2.1. Formulation and Characterization of aLNPs

The T cell LNPs we previously developed are composed of four
traditional components: an ionizable lipid which is neutrally
charged at physiological pH but positively charged in acidic pH to
aid in endosomal escape, a helper phospholipid to promote LNP
structure and organization, cholesterol to provide LNP stability,
and lipid-anchored polyethylene glycol (PEG) to encourage LNP
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Figure 1. Antigen presenting cell mimetic activating lipid nanoparticles (aLNPs) rapidly activate primary human T cells and transfect them with CAR
mRNA in a single step. a) In the body, T cells are activated when they engage with antigen presenting cells (APCs). For complete activation, APCs
must provide T cells with a primary and a costimulatory signal. The primary signal occurs when APC peptide-MHC interacts with T cell CD3/TCR. The
costimulatory signal occurs when APC CD80/CD86 interacts with T cell CD28. Once activated, the T cell can carry out its effector function in the body. b)
Top: To engineer chimeric antigen receptor (CAR) T cells outside of the body with lipid nanoparticles (LNPs), T cells must first be activated. Antibodies
against CD3 and CD28, often conjugated to magnetic beads, are used to mimic APC activation before dosing the T cells with mRNA LNPs. Bottom:
Activating LNPs (aLNPs) are developed by conjugating CD3 and CD28 antibody fragments to the surface of the LNPs. aLNPs combine the activating
properties of the beads and the mRNA-delivering capabilities of traditional LNPs, enabling activation of and CAR mRNA delivery to T cells in a single,
rapid step. (a,b) were created with BioRender.com.

self-assembly and reduce LNP aggregation.[41,53] It has been pre-
viously shown that the inclusion of maleimide functional groups
on the LNP surface enables the binding of antibody fragments
that have had their disulfide bonds reduced to thiol groups.[54–56]

We chose to use this conjugation strategy here due to its simplic-
ity, efficiency, and cost-effectiveness. Because it relies on endoge-
nous disulfide bonds that are present in all antibodies, no addi-
tional coupling molecules are required. Furthermore, we wanted
to enzymatically remove Fc regions to prevent possible negative
inflammatory side effects if, in the future, the aLNP platform
were to be systemically administered for the in situ engineering
of cells. This strategy works with antibodies that have had their
Fc regions removed.

Therefore, for this study, our previously optimized LNPs were
formulated with a fraction of the lipid-anchored PEG replaced by
lipid-anchored PEG-maleimide to form maleimide-LNPs (mal-
LNPs) (Figure 2a). An SN2 reaction was employed to synthe-
size the ionizable lipid C14-4 by reacting a polyamine core
with an excess of 1,2-epoxytetradecane (Figure 2b). Then, C14-
4 was combined with the helper phospholipid dioleoylphos-
phatidylethanolamine (DOPE), cholesterol, lipid-anchored PEG
(14:0 PEG2000 PE), lipid-anchored PEG-maleimide (DSPE-
PEG2000 Maleimide), and mRNA in a microfluidic mixing de-

vice to form mal-LNPs. Separately, human CD3 and CD28 an-
tibodies were enzymatically cleaved with IdeZ into F(ab’)2 and
Fc fragments, and then treated with dithiothreitol (DTT) to re-
duce the disulfide bonds on the F(ab’)2 fragments to thiol groups,
producing a mixture of Fd’, LC, and F(ab’) fragments (Figure
S1, Supporting Information). The cleaved and reduced CD3 and
CD28 antibody fragments were added to the mal-LNPs for sur-
face conjugation via a thiol-maleimide reaction to produce aL-
NPs. Following conjugation, aLNPs were purified by size exclu-
sion chromatography to remove the unbound Fc fragments as
well as any unbound Fd’, LC, or F(ab’) fragments (Figure 2c).

Dynamic light scattering was used to characterize mal-LNPs
before and after antibody fragment conjugation (Figure 2d).
The hydrodynamic diameter, measured as intensity-weighted Z-
average, showed an increase in particle size from 115.5 nm
for mal-LNPs to 189.7 nm for aLNPs. We interpreted the in-
crease in size between the two particles as confirmation that
antibody fragments were successfully bound to the aLNP sur-
face. We also observed that the LNPs maintained their polydis-
persity after antibody conjugation with a polydispersity index
(PDI) of 0.259 for mal-LNPs and 0.263 for aLNPs, which suggests
that the size exclusion chromatography was effective at isolating
the antibody-bound particles. Therefore, we concluded that the
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Figure 2. Formulation and characterization of activating LNPs (aLNPs). a) Molar composition of maleimide-LNPs (mal-LNPs). PEG, polyethylene glycol.
DOPE, dioleoylphosphatidylethanolamine. C14-4, an ionizable lipid. b) SN2 synthesis of the ionizable lipid C14-4 from 1,2-epoxytetradecane (top left)
and a polyamine core (bottom left). c) The formulation of maleimide-LNPs (mal-LNPs) by microfluidic mixing, the cleavage and reduction of antibody
fragments, and the conjugation of antibody fragments onto the mal-LNP surface to generate aLNPs. d) Left, the hydrodynamic diameter (intensity
weighted Z-average) distributions of mal-LNPs and 1:1 anti-CD3:anti-CD28 aLNPs. Right, Z-average and polydispersity index (PDI) measurements,

collected in triplicate. Reported values are average Z-average ± the calculated SD (calculated SD =
√

average PDI × (averageZ-average)2) and average
PDI ± SD of the three PDI measurements. (c) was created with BioRender.com.
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Figure 3. aLNPs efficiently transfect primary human T cells with luciferase mRNA in the absence of activating beads. Luminescence in primary human
T cells dosed with one of five mRNA lipid nanoparticles (LNPs) and exposed to one of three treatment conditions. Each bar represents the mean data
collected for three different donors that are normalized to untreated cells within each donor. On every bar, the mean normalized luminescence for each
donor is plotted as a shape (circle, triangle, or rhombus) to highlight donor-to-donor variability. Differences in LNP means within each treatment were
assessed with a two-way repeated measures ANOVA with post-hoc t-tests using Tukey’s correction for multiple comparisons. Only results of comparisons
to aLNPs are shown. n = 3 donors, with n = 3 replicates per donor. Data are presented as mean ± SD. *p ≤ 0.05, ns = not significant. Created with
BioRender.com.

maleimide-thiol conjugation strategy can be successfully applied
to our T cell LNPs to produce aLNPs.

2.1.1. aLNPs Efficiently Transfect Primary Human T Cells without
Activating Beads Ex Vivo

We next devised an ex vivo screen that would allow us to 1) test
the ability of aLNPs to deliver their mRNA cargo to primary hu-
man T cells in the presence and absence of activating beads, and
2) explore the individual effects of conjugated CD3 and CD28
antibody fragments on LNP-mediated mRNA delivery. For this
screen, LNPs were formulated to encapsulate mRNA encoding
for the established model cargo luciferase, an enzyme that pro-
duces luminescence proportional to its concentration upon the
addition of the luciferin substrate.[57,58]

For the initial screen, five LNP groups were explored: i)
mal-LNPs, ii) mal-LNPs conjugated to CD3 antibody fragments
(𝛼CD3-LNPs), iii) mal-LNPs conjugated to CD28 antibody frag-
ments (𝛼CD28-LNPs), iv) an equal-part mixture of 𝛼CD3-LNPs

and 𝛼CD28-LNPs, and v) mal-LNPs conjugated with a 1:1 ratio of
CD3:CD28 antibody fragments (aLNPs). Each group was added
to primary human T cells according to one of three different treat-
ment schemes that were performed in parallel on cells from the
same donor (Figure 3, and Tables S1 and S2, Supporting Infor-
mation). For treatment 1, activating beads were added to the cells
on the day the cells were received from the donor (day 0) and
LNPs were added 24 h later (day 1). For treatment 2, activating
beads and LNPs were both added on day 1. For treatment 3, LNPs
were added on day 1 and activating beads were not added. In all
three treatments, luciferin was added to the cells and lumines-
cence was assessed on day 2, 24 h after dosing with LNPs. The
full screen was completed on primary human T cells from three
different donors.

The results of the screen highlight that aLNPs alone are a
promising alternative to the traditional activating bead and trans-
fection agent workflow (Figure 3). Compared to the standard
workflow of mal-LNPs in treatment 1, we observed that aL-
NPs and 𝛼CD3-LNPs + 𝛼CD28-LNPs administered in treatment
3 resulted in 6.6-fold and 7.3-fold increases in luminescence,
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respectively, while the mal-LNPs, 𝛼CD3-LNPs, and 𝛼CD28-LNPs
in treatment 3 resulted in decreased luminescence. This indi-
cates that only aLNPs or 𝛼CD3-LNPs+ 𝛼CD28-LNPs can potently
transfect primary human T cells with mRNA in the absence of
activating beads, while LNPs without antibody fragments or with
only CD3 or only CD28 antibody fragments cannot–highlighting
the importance of providing T cells with both primary and cos-
timulatory activation signals. Secondly, we noted that there were
no statistically significant differences in luminescence between
the aLNP group and the 𝛼CD3-LNP + 𝛼CD28-LNP group in any
of the treatment conditions, suggesting that it does not matter
whether CD3 and CD28 antibody fragments are on the same or
separate LNPs as both strategies are similarly effective at facili-
tating LNP uptake and mRNA translation. Surprisingly, we also
noted that the aLNP groups for treatments 2 and 3 both had 2.8-
fold higher luminescence than the aLNP group for treatment 1.
We hypothesize that pre-treatment with activating beads steri-
cally inhibits aLNP uptake resulting in lower luminescence. Fi-
nally, we observed that aLNPs perform just as well in treatment 3
as they do in treatment 2, indicating that activating beads are nei-
ther required for nor do they enhance mRNA delivery by aLNPs,
thus validating aLNPs as a stand-alone T cell transfection reagent.
Due to the simplicity of a single-LNP system, we decided to move
forward with aLNPs as they provide a one-step method to trans-
fect primary human T cells without the need for activating beads.
Furthermore, if added to T cells on day 0 with a readout on day 1,
aLNPs enable the full engineering workflow to be completed in
24 h rather than 48 h.

2.1.2. aLNP CD3 to CD28 Antibody Fragment Ratio Optimization
Enhances CAR mRNA delivery Ex Vivo, and the Resulting CAR T
Cells Effectively Kill Leukemia Cells Ex Vivo

After confirming that aLNPs were able to transfect primary hu-
man T cells with mRNA in the absence of activating beads, we
evaluated whether adjusting the ratio of CD3:CD28 antibody frag-
ments on the aLNP surface would impact transfection. We per-
formed this screen first with mRNA encoding the model car-
goes EGFP and mCherry, and second with mRNA encoding
a second-generation human CD19-targeted CAR. Interestingly,
we observed different trends for EGFP and mCherry (Figures
S2–S4, Supporting Information) compared to CAR, which we hy-
pothesize may be due to the inert nature of the fluorescent re-
porter proteins compared to the biological activity of the CAR.
Understanding the full effect of mRNA transcript on aLNP-
mediated mRNA delivery is a topic of interest and something
that we plan to explore in future studies. However, because CAR
mRNA is our desired aLNP cargo, herein we used the findings
from the CAR screen to inform our aLNP optimization. CD19-
targeted CAR mRNA was synthesized via in vitro transcription
with uridine residues fully replaced by N1-methyl-pseudouridine
(m1𝜓) residues to improve translation and decrease immune
recognition.[59] This mRNA was formulated into aLNPs with
50:1, 10:1, 1:1, 1:10, and 1:50 ratios of CD3:CD28 antibody frag-
ments on their surfaces which were administered to primary hu-
man T cells (Figure 4a,b).

We first observed that all aLNP variants resulted in substan-
tial CAR positivity 24 h after aLNP administration, ranging from

33.5% CAR+ for 50:1 aLNPs to 84.1% CAR+ for 1:50 aLNPs,
highlighting the benefit of conjugating CD3 and CD28 antibody
fragments to the LNP surfaces, regardless of ratio. Furthermore,
we noted a clear increase in transfection efficiency with a higher
proportion of CD28 antibody fragments, as 50:1, 10:1, 1:1, 1:10,
and 1:50 aLNPs resulted, respectively, in 33.5%, 39.3%, 62.9%,
82.7%, and 84.1% CAR positivity. The mean fluorescence inten-
sities (MFIs) of the cell populations also exhibited the same up-
ward trend; we observed the lowest MFI of 1620 for 50:1 aL-
NPs and the highest MFI of 14600 for 1:50 aLNPs–a 9-fold in-
crease. When compared to 1:1 aLNPs, 50:1 and 10:1 aLNPs re-
sulted in significantly lower CAR positivity and MFIs, whereas
1:10 and 1:50 aLNPs resulted in significantly higher CAR pos-
itivity and MFIs. Therefore, we concluded that aLNPs with
greater numbers of CD28 than CD3 antibody fragments more
effectively transfect primary human T cells with CD19-directed
CAR mRNA.

Next, we performed a tumor cell co-culture experiment to as-
sess whether there would be differences in the cytotoxic ability
of CAR T cells generated with the various aLNPs (Figure 4c,d).
Twenty-four hours after aLNP administration, CAR T cells pro-
duced with 50:1, 10:1, 1:1, 1:10, and 1:50 aLNPs encapsulat-
ing CAR mRNA were mixed with luciferase-expressing Nalm6
CD19+ human acute lymphoblastic leukemia cells in various
CAR T cell to Nalm6 cell ratios. After 48 h, the percentage of
Nalm6 cells killed was quantified. Robust, dose-dependent killing
was observed for all aLNP-generated CAR T cells, with 67.6–
90.9% killing at the highest CAR T cell to Nalm6 cell ratio, and
24.9–33.9% killing at the lowest CAR T cell to Nalm6 cell ratio
(Figure 4e). Thus, we concluded that all aLNP variants can be
used to produce therapeutically efficacious CAR T cells. How-
ever, we did note that for the three highest CAR T to Nalm6
cell ratios, the 50:1 and 10:1 aLNPs resulted in significantly el-
evated killing compared to 1:1 aLNPs, whereas no significant dif-
ferences were found when 1:10 and 1:50 aLNPs were compared to
1:1 aLNPs. We then investigated whether any of the aLNPs were
toxic when administered to primary human T cells by adding a
reagent that produces luminescence proportional to the amount
of ATP, and therefore to the number of viable, metabolically ac-
tive cells (Figure S5, Supporting Information). Minor toxicity was
observed for 10:1, and 50:1 aLNPs, with viabilities of 97.6%, and
90.2%, respectively. However, no toxicity was observed for 1:50,
1:10, or 1:1 aLNPs.

In all, these ex vivo results informed the selection of an optimal
aLNP for continued investigation. An ideal aLNP platform would
demonstrate a high MFI as previous studies have found that low
CAR expression limits the efficacy of CAR T cells in vivo.[60] It
would also be essential that the chosen aLNP demonstrate a high
transfection efficiency to maximize CAR T cells produced from
the limited resource of isolated patient T cells. Further, the aLNPs
would not be toxic to the T cells, and the resulting CAR T cells
would be highly effective at killing tumor cells. With these param-
eters in mind, we chose to move forward with our 1:10 aLNPs, as
we hypothesized that they would provide the best balance of the
factors above. Once deciding to move forward with 1:10 aLNPs,
we characterized them using two additional methods (Tables S3
and S4, Supporting Information). First, we measured mRNA en-
capsulation efficiency of 83.0% for 1:10 aLNPs.[25,61,62] Although
still high, 83.0% is slightly lower than the 94.3% encapsulation
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Figure 4. The ratio of CD3 to CD28 antibody fragments on the aLNP surface influences the number and mean fluorescence intensity (MFI) of CAR
transfected cells, which effectively kill leukemia cells ex vivo. a) Representative flow cytometry histograms obtained from primary human T cells treated
with CD19-directed CAR mRNA aLNPs containing varying ratios of CD3:CD28 antibody fragments on their surfaces. CAR+ cells are defined as those
to the right of the dashed line. b) Top: Schematic depicting the various aLNP treatments. Bottom, left: Percentage of single cells that are CAR+ after
each aLNP treatment, from the same experiment as the representative histograms. Bottom, right: MFI of single cells after each aLNP treatment, from
the same experiment as the representative histograms. n = 1 donor, with n = 2 replicates. For each bar graph, differences between group means were
assessed by an ordinary one-way ANOVA with post-hoc t-tests using Tukey’s correction for multiple comparisons. Only comparisons to 1:1 aLNPs are
shown. c) Co-culture assay plating setup. d) In vitro transcribed CD19-targeted CAR mRNA. e) Percentage of Nalm6 cancer cells killed when cultured
with CAR T cells generated with aLNPs containing 50:1, 10:1, 1:1, 1:10, and 1:50 ratios of CD3:CD28 antibody fragments on their surfaces. n = 1 donor,
with n = 3 replicates per donor, from the same experiment as (a) and (b). Differences in treatment mean within each CAR T cell:cancer cell ratio were
assessed by a two-way ANOVA with post-hoc t-tests using Tukey’s correction for multiple comparisons. Only significant comparisons to 1:1 aLNPs are
shown. f) Percentage of Nalm6 cancer cells killed when cultured with CAR T cells generated with beads + mal-LNPs or 1:10 aLNPs. n = 3 donors, with
n = 3 replicates per donor. Assay results for a single donor are shown, with results for additional donors included in Figure S6, Supporting Information.
Differences in treatment means within each CAR T cell:cancer cell ratio were assessed by a two-way ANOVA with post-hoc t-tests using Šídák’s correction
for multiple comparisons. Not shown = not significant. For (a,b,e,f) data are presented as mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤
0.0001. (b–d) were created with BioRender.com.

efficiency measured for mal-LNPs, which suggests possible
rupturing of some aLNPs due to shear stress during size ex-
clusion chromatography. Second, we measured CD3 and CD28
antibody fragment concentrations of 12.7 and 109 ng μL−1,
respectively, in a 1:10 aLNP preparation, confirming that the
1:10 ratio in which the antibody fragments are added to
the LNP mixture is maintained upon conjugation. Further-

more, when these concentrations are converted to molari-
ties, they indicate that essentially all mal-PEG molecules are
antibody-bound.

As an additional experiment, 1:10 aLNPs encapsulating CAR
mRNA were administered to primary human T cells with a
control of beads + mal-LNPs. The resulting CAR T cells were
mixed with Nalm6 leukemia cells and, as before, we observed
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robust, dose-dependent Nalm6 killing. Both 1:10 aLNP and bead
+ mal-LNP generated CAR T cells resulted in ≈70% killing at
the highest CAR T cell to Nalm6 cell ratio and ≈35% killing
at the lowest CAR T cell to Nalm6 cell ratio. Within each of
the co-culture ratios, no statistically significant difference was
found between CAR T cells generated with beads + mal-LNPs
and CAR T cells generated with 1:10 aLNPs (Figure 4f). The
co-culture experiment was repeated using primary human T
cells from two additional donors and similar results were ob-
tained (Figure S6, Supporting Information). Therefore, we con-
cluded that CAR T cells produced by 1:10 aLNPs and beads +
mal-LNPs are equivalently effective, validating bead-free mRNA
CAR T cell production using 1:10 aLNPs. Finally, we treated pri-
mary human T cells with escalating doses of 1:10 aLNPs and as-
sessed CAR positivity and viability 24 h after aLNP administra-
tion (Figures S7 and S8, Supporting Information). We observed
a plateau in CAR positivity between 400 and 600 ng mRNA per
60 000 T cells and thus used a 400 ng dose for all subsequent
studies.

2.2. Anti-CD19 CAR T Cells Generated with aLNPs Readily
Proliferate, Maintain Cytotoxicity following Expansion, and have
an Activated Phenotype

In the clinic, activating beads are used not only to activate T cells
but also to expand their population. Therefore, we investigated
whether 1:10 aLNPs and activating beads differ in their capacity
to mediate T cell expansion. Prior to treatment with beads + mal-
LNPs or 1:10 aLNPs, primary human T cells were stained with
a fluorescent dye that binds to cellular amines. Each time the
bead- or aLNP-stimulated cells underwent cellular division, the
dye was diluted–thus distinct proliferative generations appeared
as leftward-shifted peaks on flow cytometry histograms (Figure
5a). Bead- or aLNP-stimulated cultures were analyzed on days
2, 4, and 6 post-treatment. On day 4, beads had driven slightly
more proliferation than aLNPs, with most of the bead-stimulated
cells being third or fourth-generation cells, whereas the aLNP-
stimulated cells were spread across parental, second-, third-, and
fourth-generations. However, by day 6, the aLNPs had mediated
substantially more proliferation than the beads, with most aLNP-
stimulated cells spread over the fifth, sixth, and seventh genera-
tions, while most bead-stimulated cells were only fourth or fifth
generation. Therefore, we concluded that 1:10 aLNPs elicit robust
T cell proliferation.

To assess the therapeutic efficacy of these aLNP-expanded CAR
T cells, we set up another Nalm6 co-culture killing assay, this
time using primary human T cells that had been treated with
1:10 aLNPs 4 days previously, as compared to 1 day previously
in Figure 4. Before setting up the assay, flow cytometry indicated
that 59.8% of the T cells were CAR positive, indicating substantial
residual CAR expression 4 days after aLNP addition (Figure 5b).
These CAR T cells were plated in co-culture with Nalm6 leukemia
cells and Nalm6 killing was quantified 48 h later (Figure 5c). As
before, potent, dose-dependent Nalm6 cell killing was observed
with 96.1% killing at the highest CAR T to Nalm6 cell ratio and
37.9% killing at the lowest. Therefore, we concluded that aLNP-
expanded CAR T cells maintain their cytotoxicity for at least 4
days post aLNP administration.

Next, to better understand the aLNP-generated cell product,
we used flow cytometry to characterize the expression of CCR7
and CD45RA on the surface of primary human T cells 3 days fol-
lowing treatment with either beads + mal-LNPs or 1:10 aLNPs
(Figure 5d,e). Compared to the bead-generated cell product, the
aLNP cell product retains a higher level of CCR7 expression, indi-
cating retention of the less differentiated central memory (CM)
phenotype which is preferable for an infusion product.[63] Fur-
thermore, the bead-generated cell product has a higher popula-
tion of CD45RA-positive terminally differentiated TEMRA cells,
which is undesirable in an infusion product.[63] Thus, we con-
cluded that 1:10 aLNPs can produce a cell infusion product with
a desirable phenotype.

We also explored whether CAR T cells produced by beads +
mal-LNPs versus 1:10 aLNPs differ in their activation states or
in their secretion of effector cytokines prior to exposure to tar-
get cells. To assess activation status, we quantified CD25, CD69,
and CD44 expression on the surface of primary human T cells
24 h after receiving no treatment (NT), LNPs with only CD3 an-
tibody fragments on their surface (𝛼CD3), LNPs with only CD28
antibody fragments on their surface (𝛼CD28), beads + mal-LNPs
(B+L), or 1:10 aLNPs (1:10) (Figure 5f, and Figures S9 and S10,
Supporting Information). Beads + mal-LNPs and aLNPs resulted
in significant upregulation of CD25, CD69, and CD44 compared
to no treatment, indicating T cell activation.[64,65] Overall, we con-
cluded that beads and 1:10 aLNPs are similarly potent activa-
tors of primary human T cells. Additionally, we observed that, in
general, 𝛼CD3-LNPs caused intermediate effects over no treat-
ment and 𝛼CD28-LNPs produced minor effects over no treat-
ment, which highlights the need to provide T cells with both pri-
mary and costimulatory activation signals, whether on beads or
on aLNPs.

We also quantified the concentrations of granzyme B, per-
forin, and soluble FasL–effector cytokines used for T cell-
mediated killing–as well as tumor necrosis factor-alpha (TNF𝛼)
and interferon-gamma (IFNɣ)–pro-inflammatory cytokines se-
creted by activated T cells–in the media of primary human T cells
that received no treatment, 𝛼CD3-LNPs, 𝛼CD28-LNPs, beads +
mal-LNPs, or 1:10 aLNPs (Figure S11, Supporting Information).
Interestingly, we observed differences in the concentrations of
effector cytokines for cells treated with beads + mal-LNPs com-
pared to cells treated with aLNPs. Cells treated with beads +
mal-LNPs produced higher levels of granzyme B, whereas cells
treated with aLNPs produced higher levels of perforin and sol-
uble FasL. We also observed that the cells treated with beads +
mal-LNPs expressed significantly more TNF𝛼 and IFNɣ than the
cells treated with 1:10 aLNPs but, since the two types of CAR T
cells performed equivalent cancer cell killing, this difference may
not be critical to therapeutic efficacy.

Additionally, we performed two experiments to investigate the
mechanism of aLNP uptake. In the first experiment, primary hu-
man T cells were pre-treated with various inhibitors of cellular
uptake pathways prior to dosing with beads + mal-LNPs or 1:10
aLNPs (Figure S12, Supporting Information). For both groups,
pre-treatment with amiloride, an inhibitor of macropinocyto-
sis, resulted in the lowest expression of cargo mRNA, indicat-
ing that macropinocytosis is a predominant mechanism of both
mal-LNP and aLNP uptake. Macropinocytosis is substantially up-
regulated in activated T cells, so this finding is consistent with
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Figure 5. Anti-CD19 CAR T cells generated with aLNPs readily proliferate, maintain cytotoxicity following expansion, and have an activated phenotype.
a) Flow cytometry histograms of primary human T cells stained with CellTrace Far Red at 2, 4, and 6 days post-treatment with beads + mal-LNPs (B+L)
or 1:10 aLNPs (1:10). Each proliferative generation appears as a distinct leftward-shifted peak in the flow cytometry histogram. n = 1 donor, with n =
2 replicates. b) Representative flow cytometry histograms obtained from primary human T cells 4 days after the cells received no treatment (NT) or
1:10 aLNPs. CAR+ cells are defined as those to the right of the dashed line. c) Percentage of Nalm6 cancer cells killed after 48 h when cultured with
the 4-day-post-aLNP CAR T cells shown in (b). n = 1 donor, with n = 3 replicates per donor. d) Representative flow cytometry plots showing CCR7
versus CD45RA expression for primary human T cells 3 days following treatment with beads + mal-LNPs (B+L) or 1:10 aLNPs. n = 1 donor, with n =
3 replicates per donor. e) Quantification of Naïve, central memory (CM), effector memory (EM), and TEMRA population sizes for the cells treated in
(d). Differences in population sizes between B+L and 1:10 aLNPs were assessed by a two-way ANOVA with post-hoc t-tests using Šídák’s correction for
multiple comparisons. f) Percentages of primary human T cells expressing CD25, CD69, and CD44, as assessed via flow cytometry, 24 h after receiving
no treatment (NT), LNPs with only CD3 antibody fragments on their surface (𝛼CD3), LNPs with only CD28 antibody fragments on their surface (𝛼CD28),
beads + mal-LNPs (B+L), or 1:10 aLNPs (1:10). n = 1 donor, with n = 4 replicates. For each graph, differences between all group means were assessed
by an ordinary one-way ANOVA with post-hoc t-tests using Tukey’s correction for multiple comparisons. Only results of comparisons to 1:10 aLNPs are
shown. For (b,c,e,f) data are presented as mean ± SD. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns = not significant.

expectation.[66,67] In the second experiment, primary human T
cells were pre-treated with CD3 and CD28 antibody Fabs to block
the binding of beads or aLNPs to CD3/CD28 on the T cell surface,
preventing activation (Figure S13, Supporting Information). Fabs
were used rather than full divalent antibodies to preclude T cell
activation due to antibody-mediated receptor crosslinking. After

blocking, cells were treated with beads + DiR-labeled mal-LNPs
or aLNPs. For both beads + mal-LNPs and aLNPs, it was found
that Fab blocking only slightly reduced LNP uptake, indicating
that LNPs can still enter blocked cells. Interestingly, however,
Fab blocking drastically decreased cargo EGFP mRNA expres-
sion in the bead + mal-LNP group whereas it did not decrease
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EGFP expression in the aLNP group. New evidence suggests that
internalized TCR complexes can signal from the endosome,[68]

and it is known that activated T cells have increased levels of
translation.[69] Therefore, the elevated EGFP mRNA expression
in blocked cells treated with aLNPs indicates that aLNPs may be
able to facilitate activation signaling from the endosome. This
could be an advantage of having the activation signal coupled to
the aLNP, as opposed to separately on the bead.

2.3. Adoptive Transfer of Anti-CD19 CAR T Cells Generated with
aLNPs Reduces Tumor Burden In Vivo

We then tested the efficacy of 1:10 aLNP-generated CAR
T cells in a murine xenograft model of leukemia. Due to
its transience, mRNA CAR T cell therapy is indicated in
cases where tumor burden is low. Therefore, we employed a
mouse model that mimics low leukemic burden. We inoculated
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) immunodeficient mice
with luciferase-expressing CD19+ Nalm6 cells. Four days later,
2×106 anti-CD19 CAR T cells generated with aLNPs, untrans-
fected T cells, or PBS were administered to each mouse. To coun-
teract the transience of mRNA expression, the treatments were
re-administered 3 and 6 days following the initial administration
(Figure 6a, and Figures S14 and S15, Supporting Information).

Periodically throughout the treatment, mice were imaged for
bioluminescence corresponding to tumor burden and the aver-
age total flux per mouse was recorded at each imaging time point.
From day 2 onward, mice treated with aLNP-generated CAR T
cells had the lowest tumor burden of the three groups. From day
5 onward, mice treated with aLNP-generated CAR T cells had sig-
nificantly lower tumor burden than mice treated with PBS, and,
from day 6 and onward, mice treated with untransfected T cells
and mice treated with PBS had no significant difference in tumor
burden. On day 14, the final day of the experiment, the lumines-
cent signal corresponding to tumor burden in mice treated with
aLNP-generated CAR T cells was 2.09-fold lower than in mice
that received PBS, and 1.84-fold lower than in mice that received
untransfected T cells (Figure 6b,c). It was also observed that treat-
ment with aLNP-generated CAR T cells extended survival by 6
days compared to treatment with PBS or untransfected T cells, a
statistically significant improvement, and administration of un-
transfected T cells did not significantly extend survival compared
to PBS (Figure 6d). Therefore, we conclude that CAR T cells gen-
erated with 1:10 aLNPs effectively reduce tumor burden and ex-
tend survival in a mouse model of leukemia.

We then set up a second experiment to compare the efficacy
of repeated administration of 1:10 aLNP CAR T cells to a sin-
gle administration of lentiviral CAR T cells expressing the same
anti-CD19 CAR (Figure S16, Supporting Information). Because
lentiviral CAR T cells permanently express CARs whereas aLNP
mRNA CAR T cells transiently express CARs, we carefully con-
sidered what dose of lentiviral CAR T cells to administer. Since
mRNA expression wanes, the initial number of 2 × 106 mRNA
CAR T cells decreases with time post-administration, whereas
the number of lentiviral CAR T cells will stay the same or in-
crease due to CAR T cell expansion upon antigen recognition.[70]

Therefore, we decided to inject mice with a single dose of 1 × 106

lentiviral CAR T cells.

Throughout the treatment, mice were imaged and the aver-
age total flux per mouse corresponding to tumor burden was
recorded. On days 2, 3, and 6, mice treated with lentiviral CAR T
cells had the lowest average tumor burden. However, by day 9, the
lowest average tumor burden was observed in mice treated with
aLNP CAR T cells, and this trend was maintained throughout the
remainder of the study (Figure 6e,f). On day 17, the final day that
all study mice were alive, mice treated with aLNP CAR T cells and
mice treated with lentiviral CAR T cells had tumor burdens that
were both significantly lower than mice treated with PBS and not
significantly different from each other. We also noted that treat-
ment with lentiviral CAR T cells extended survival over PBS by
8 days, and treatment with 1:10 aLNP CAR T cells extended sur-
vival over PBS by 17 days, both significant extensions in survival
(Figure 6g), thus solidifying the therapeutic potential of repeated
administration of CAR T cells generated with 1:10 aLNPs.

3. Discussion

Using mRNA LNPs to produce transient yet potent CAR T cells
ex vivo is an active area of investigation. However, T cells must be
activated in order to express LNP-delivered mRNA. In the body, T
cells are activated when they engage with APCs. For complete ac-
tivation, T cells must receive primary and costimulatory signals
via APC engagement with the T cell surface molecules CD3/TCR
and CD28, respectively. To engineer CAR T cells ex vivo, this pro-
cess is mimicked with antibodies against CD3 and CD28 often
conjugated to magnetic beads or to other APC mimicking plat-
forms. While effective, this increases the complexity of CAR T cell
production because the beads must be removed prior to clinical
administration. We hypothesized that directly conjugating CD3
and CD28 antibody fragments to the LNP surface could eliminate
the need for activating beads in the mRNA CAR T cell engineer-
ing process, enabling rapid, one-step production of mRNA CAR
T cells.

Thus, in this work, we developed aLNPs–T cell activating lipid
nanoparticles with surface-conjugated human CD3 and CD28 an-
tibody fragments (Figure 2). We demonstrated that aLNPs effi-
ciently transfect primary human T cells with luciferase mRNA in
the absence of activating beads (Figure 3). We optimized the ra-
tio of CD3 to CD28 antibody fragments on the aLNP surface for
CD19-directed CAR mRNA delivery and demonstrated that the
resulting aLNP-generated CAR T cells perform potent cancer cell
killing ex vivo (Figure 4). We then demonstrated that anti-CD19
CAR T cells generated with aLNPs readily proliferate, maintain
cytotoxicity following expansion, and have an activated pheno-
type (Figure 5). Finally, we determined that the adoptive transfer
of anti-CD19 CAR T cells generated with aLNPs reduces tumor
burden in a xenograft mouse model of leukemia, validating aL-
NPs as a platform to produce functional mRNA CAR T cell ther-
apy (Figure 6). aLNPs have the potential to shorten the complex
mRNA CAR T cell engineering process. By eliminating the time
required for pre-activation, aLNPs reduce the cell culture time
required to generate mRNA CAR T cells by a factor of 2, from
48 to 24 h, which could help mRNA CAR T therapies to reach
patients faster. Furthermore, the reduction in cell culture time–
as well as the elimination of the need for activating beads–could
result in considerable decreases in mRNA CAR T cell manufac-
turing costs.
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Figure 6. Adoptive transfer of anti-CD19 CAR T cells generated with aLNPs reduces tumor burden in a xenograft mouse model of leukemia. a) Schedule
used to establish a low-leukemic burden in NSG mice followed by repeated treatments with CAR T cells generated with 1:10 aLNPs. b) Time-course IVIS
images of Nalm6 (luciferase-expressing human leukemia) tumor-bearing NSG mice treated with three injections of PBS, untransfected T cells, or 1:10
aLNP generated CAR T cells. c) Time-course of quantification of average total flux per mouse for the images shown in panel (b). Data are presented
as mean ± SD. Differences between all treatment means within each day were assessed by a two-way repeated measures ANOVA with post-hoc t-tests
using Tukey’s correction for multiple comparisons. Only comparisons for day 14 (the final imaging timepoint) are shown. *p ≤ 0.05, ns = not significant.
d) Kaplan–Meier survival curves of the mice following treatment. Differences between survival profiles were assessed using pairwise log-rank tests with
Bonferroni corrections for multiple comparisons. To determine significance, the p-values shown (all one-tail) were compared to the Bonferroni-corrected
𝛼 value of 0.0167. * indicates significance, ns = not significant. (b–d) represent data from a single experiment, for which n = 5 mice per group. e)
Time-course IVIS images of Nalm6 tumor-bearing NSG mice treated with three injections of 1:10 aLNP generated CAR T cells or PBS, compared to mice
treated with a single injection of lentiviral CAR T cells on day 0 (D0). f) Time-course of quantification of average total flux per mouse for the images
shown in panel (e). Data are presented as mean ± SD. Differences between all treatment means within each day were assessed by a two-way repeated
measures ANOVA with post-hoc t-tests using Tukey’s correction for multiple comparisons. Only comparisons for day 17 (the last day all mice were alive)
are shown. *p ≤ 0.05, ns = not significant. g) Kaplan–Meier survival curves of the mice following treatment. Differences between survival profiles were
assessed using pairwise log-rank tests with Bonferroni corrections for multiple comparisons. To determine significance, the p-values shown (one-tail for
PBS vs aLNP and PBS vs lentiviral; two-tail for aLNP vs lentiviral) were compared to the Bonferroni-corrected 𝛼 value of 0.0167. * indicates significance,
ns = not significant. (e–g) represents data from a single experiment, for which n = 3 mice per group. (a) was created with BioRender.com.
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In the future, aLNPs could be explored for additional therapeu-
tic uses or further engineered to increase their capabilities. While
this study used aLNPs to deliver CAR mRNA to human T cells
ex vivo, aLNPs could be investigated for the in situ generation of
mRNA CAR T cells. Moreover, because aLNPs activate T cells,
they may have the potential to turn “cold” immune-suppressing
tumors into “hot” immune-responsive tumors. aLNPs could also
be used to deliver mRNA encoding proteins other than CARs,
such as cytokines or growth factors to further promote T cell ac-
tivation. Combination immunotherapies of checkpoint blockade
antibodies and aLNPs delivering immune stimulatory cytokines
may provide advantageous and synergistic anti-cancer immune
activation. Furthermore, mRNA CAR T cells generated by aL-
NPs may have applications beyond cancer. For example, they
may be useful for the treatment of autoimmune conditions such
as systemic lupus erythematosus and myasthenia gravis, where
risk tolerance is lower and prolonged B cell aplasia is likely not
needed.

Moving forward, the aLNP platform is well-situated to support
additional engineering development. As one example, aLNPs
could be reformulated to encapsulate different cargoes, perhaps
transposon systems for the generation of permanent lentiviral-
like CAR T cells, or CRISPR-Cas9 systems for the production
of MHC knockout “off-the-shelf” CAR T cells or PD-1 knock-
out checkpoint blockade resistant CAR T cells. Furthermore, it
has been previously reported that driving T cell expansion with a
greater proportion of CD3 than CD28 antibodies results in faster
T cell differentiation and less memory formation.[71] For many
applications, it may therefore be preferable to use high CD28 an-
tibody ratios to achieve more memory formation. While our 1:10
aLNP does provide high CD28 stimulation, additional investiga-
tion into the optimal level of high CD28 stimulation may allow us
to leverage T cell memory to use RNA to knock in a permanent
CAR, effectively combining the benefits of mRNA CAR T cell
therapy with the potency of viral CAR T cell therapy. Last, we note
that, while we advanced aLNPs with a 1:10 ratio of CD3 to CD28
antibody fragments to our murine xenograft model (Figure 6),
aLNPs with different ratios may be useful for additional goals in
T cell engineering.

In summary, aLNPs–LNPs with surface-conjugated human
CD3 and CD28 antibody fragments–combine the APC-mimetic
nature of activating beads with the mRNA transfecting capabil-
ities of LNPs. We show that aLNPs facilitate rapid, one-step ac-
tivation and transfection of primary human T cells with mRNA
and that the resulting CAR T cells decrease tumor burden in a
murine xenograft model. aLNPs have the potential to reduce the
complexity, cost, and time of mRNA CAR T cell production, and
the platform is well-poised to support additional immunotherapy
applications.

4. Experimental Section
Ionizable Lipid Synthesis: The C14-4 ionizable lipid was synthesized

as previously described.[25,26] Seven equivalents of 1,2-epoxytetradecane
(MilliporeSigma, Burlington, MA) were reacted with one equiva-
lent of 2-{2-[4-(2-{[2-(2-aminoethoxy)ethyl] amino}ethyl)piperazin-1-
yl]ethoxy}ethan-1-amine (Enamine, Kyiv, Ukraine) in ethanol for 2 days
with vigorous stirring at 80 °C. Afterward, the product was concen-
trated using a Rotovap R-300 (Buchi, New Castle, DE) and resuspended

in ethanol before being used to formulate the lipid nanoparticles
(LNPs).

mRNA Synthesis: Firefly luciferase, mCherry, and EGFP mRNAs were
synthesized via in vitro transcription as previously described.[59] Briefly,
linearized plasmids encoding the codon-optimized protein sequences
were used as templates for T7 RNA polymerase (Megascript, Ambion).
In the transcription reactions, N1-methyl-pseudouridine-5′-triphosphate
(m1Ψ, #N-1081, TriLink BioTechnologies, San Diego, CA) was substituted
for uridine triphosphate and mRNAs were given 130 nucleotide-long 3′
poly(A) tails. Following transcription, RNAs were given 5′ Cap-1 with the
m7G capping kit and 2′-O-methyltransferase (ScriptCap, CellScript). mR-
NAs were then purified via fast protein liquid chromatography (FPLC) with
an Akta Purifier (GE Healthcare). The correct synthesis of mRNAs was con-
firmed by denaturing or native agarose gel electrophoresis before storage
at −80 °C.

CAR mRNA was also synthesized via in vitro transcription. A lin-
earized plasmid encoding a second-generation, human CD19-targeted
CAR with a CD3𝜁 domain and a 4-1BB costimulatory domain followed
by a 64 nucleotide-long 3′ poly(A) tail was used as the template for T7
RNA polymerase (New England Biolabs, Ipswich, MA, #E2040S). In the
transcription reactions, N1-methyl-pseudouridine-5′-triphosphate (m1Ψ,
#N-1081, TriLink BioTechnologies, San Diego, CA) was substituted for
uridine triphosphate. Murine RNAse inhibitor (New England Biolabs,
#M0314S) was added to prevent RNA degradation. Following transcrip-
tion, the plasmid template was digested with DNase I (New England Bio-
labs, #M0303S), and RNA was purified using the Monarch RNA Cleanup
Kit (500 μg) (New England Biolabs, #T2050L). Then, RNA was given 5′
Cap-1 using the vaccinia capping system (New England Biolabs #M2080S)
and 2′-O-methyltransferase (New England Biolabs, #M0366) followed by
a second purification using the Monarch RNA Cleanup Kit (500 μg) (New
England Biolabs, #T2050L).

Maleimide-Lipid Nanoparticle (mal-LNP) Formulation: mal-LNPs were
formulated by mixing an aqueous mRNA solution with an ethanol lipid so-
lution in a microfluidic device. The microfluidic device uses groove struc-
tures to induce chaotic mixing which results in the formation of homoge-
nous LNPs.[72,73] To form the aqueous phase, mRNA was resuspended
in a 10 mM citrate buffer (pH = 3) at 1 mg mL−1. To form the ethanol
phase, C14-4, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE,
Avanti Polar Lipids, Alabaster, AL), cholesterol (MilliporeSigma), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt) (14:0 PEG2000 PE, Avanti Polar
Lipids), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000
Maleimide, Avanti Polar Lipids) were combined at molar percentages of
41% C14-4, 30.8% DOPE, 25.6% cholesterol, 2.1% C14-PEG2000, and
0.4% DSPE-PEG(2000) Maleimide. The aqueous and ethanol phases
flowed into the microfluidic device at a 1:3 volume ratio (10:1 weight
ratio of ionizable lipid:mRNA) using pump33DS syringe pumps (Harvard
Apparatus, Holliston, MA). Upon exiting the device, mal-LNPs were
dialyzed against PBS for 2 h at 20 kDa molecular weight cutoff. Care
was taken to keep all materials ribonuclease (RNase) free. Dialysis was
performed inside a biosafety cabinet for LNPs that were used to treat T
cells administered to mice.

Antibody Cleavage and Disulfide Bond Reduction: Anti-human CD3 an-
tibodies (BioXCell, InVivoMAb anti-human CD3, clone OKT-3, #BE0001-
2) and anti-human CD28 antibodies (BioXCell, InVivoMAb anti-human
CD28, clone 9.3, #BE0248) were cleaved with IdeZ protease (New Eng-
land Biolabs, #P0770S) for 2 h at 37 °C with gentle shaking at 300 rpm.
Following cleavage, dithiothreitol (DTT) was added directly to the cleavage
reaction at a volume ratio of 1 μL 20 mM DTT per 40 μL reaction mixture to
reduce disulfide bonds. The resulting mixture was incubated for 30 min at
room temperature with gentle shaking at 300 rpm. Following incubation,
reduced and cleaved antibody mixtures were diluted in PBS and concen-
trated on pre-wet 10 kDa spin columns (abcam, #ab93349) to remove DTT.
Antibody cleavage was confirmed by denaturing gel electrophoresis.

aLNP Formulation: The cleaved, reduced, and concentrated CD3 and
CD28 antibody mixtures were directly added to dialyzed mal-LNPs at
a stoichiometric equivalent of one antibody fragment per 1 maleimide
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binding site (≈3.5 fragments were assumed per whole antibody). Suspen-
sions were mixed via pipetting and then were incubated for 1 h at room
temperature with gentle shaking at 300 rpm. After incubation at room tem-
perature, aLNPs were moved to 4 °C to finish reacting overnight with no
shaking. The next day, aLNPs were purified by size exclusion chromatog-
raphy with PBS as a running buffer (Sephadex G-75 beads, Sigma-Aldrich,
St. Louis, MO, #G7550) to remove the unbound Fc fragments and any
unbound Fd’, LC, or F(ab’) fragments.

LNP Characterization: LNPs were diluted 100X in 1X PBS. Dynamic
light scattering was obtained using a Zetasizer Nano (Malvern Instru-
ments, Malvern, UK) to measure polydispersity index (PDI) and hydrody-
namic diameter (intensity-weighted Z-average) in triplicate. SD of the PDI
was reported as the SD of the three measurements. SD of hydrodynamic
diameter was calculated as SD = √(average PDI × (average Z-average)2).
An Infinite 200 Pro M Plex plate reader with a NanoQuant plate (Tecan,
Morrisville, NC) was used to ascertain the mRNA concentration of the
LNPs by measuring absorbance at 260 nm.

RiboGreen Assay for Encapsulation Efficiency: A sample of each particle
to be analyzed was diluted into either TE buffer or TE buffer containing
0.1% Triton X-100 (MilliporeSigma). After a 10-min incubation to allow
the Triton X-100 to lyse the particles, the samples were transferred into a
black 96-well plate in triplicate along with RNA standards. The Quant-iT
RiboGreen reagent (Invitrogen #R11490) was added to all wells according
to manufacturer protocol and fluorescence was analyzed using an Infinite
200 Pro M Plex plate reader (Tecan). A standard curve was generated to
determine mRNA concentration in the lysed and non-lysed samples, and
encapsulation efficiency was calculated as EE = (mRNA concentration in
lysed sample − mRNA concentration in non-lysed sample)/mRNA con-
centration in lysed sample × 100.

Measurement of CD3 and CD28 Antibody Fragment Concentrations in
1:10 aLNP Preparation: Before conjugation to the mal-LNP surface,
cleaved and reduced 𝛼CD3 and 𝛼CD28 antibody fragments were fluores-
cently labeled using DyLight Antibody Labeling Kits according to manufac-
turer protocols. 𝛼CD3 fragments were labeled with DyLight 550 (Thermo
Scientific #84530) and 𝛼CD28 fragments were labeled with DyLight 755
(Thermo Scientific #84538). These spectrally distinct dyes were chosen to
avoid spectral overlap. After overnight incubation with the dyed antibody
fragments and size exclusion chromatography, dyed aLNPs were plated in
triplicate in black 96 well plates alongside standards generated with free
dyed 𝛼CD3 and 𝛼CD28 antibody fragments. Fluorescence was analyzed
using an Infinite 200 Pro M Plex plate reader (Tecan) and standard curves
were generated to determine 𝛼CD3 and 𝛼CD28 fragment concentrations.
Undyed aLNPs were included as a negative control, with no background
fluorescence detected.

Primary Human T Cell Culture: The Human Immunology Core (HIC)
at the University of Pennsylvania obtained PBMCs from de-identified con-
senting healthy human donors by leukapheresis (under an Institutional
Review Board-approved protocol) and used a negative selection process
to sort the cells into subcategories. For this work, CD4+ and CD8+ T
cells were obtained from the HIC and mixed in a 1:1 ratio in RPMI-1640
medium supplemented with L-glutamine (Gibco), 10% (v/v) FBS (Gibco),
and 1% (v/v) penicillin-streptomycin (Gibco) and maintained in a 37 °C,
5% CO2 humidified incubator. Control groups were activated with Dyn-
abeads Human T-Activator CD3/CD28 (ThermoFisher, #11132D) using a
1:1 bead:cell ratio.

Nalm6 Cell Culture: The Nalm6 acute lymphoblastic leukemia human
cells used in this study were kindly provided by Prof. Carl H. June at the Uni-
versity of Pennsylvania, who obtained the cells from ATCC (ATCC #CRL-
3273) and transduced them to stably express click beetle green luciferase
and GFP. Nalm6 cells were cultured in RPMI-1640 medium supplemented
with L-glutamine (Gibco), 10% (v/v) FBS (Gibco), and 1% (v/v) penicillin-
streptomycin (Gibco) and maintained in a 37 °C, 5% CO2 humidified incu-
bator. Cells were confirmed to be mycoplasma negative by the Cell Center
Core at the University of Pennsylvania, which used the Cambrex MycoAlert
Mycoplasma Detection Assay.

Luciferase mRNA Delivery to Primary Human T Cells Ex Vivo: Primary
human T cells (bead-activated and non-activated) were plated in triplicate
in clear-bottomed 96 well plates at 60 000 cells per 60 μL per well. LNPs

(mal-LNPs, 𝛼CD3-LNPs, 𝛼CD28-LNPs, 𝛼CD3-LNPs + 𝛼CD28-LNPs, and
aLNPs) were used to administer 200 ng of luciferase mRNA to each well.
After 24 h, plates were centrifuged at 300 g for 7 min. Media was aspirated
and cells were resuspended in 50 μL of 1X Reporter Lysis Buffer (Promega,
Madison, WI, #E3971). 100 μL of Luciferase Assay Substrate (Promega,
#E4550) was added in minimal light, and suspensions were mixed via
pipette. After a 10-min dark incubation, an Infinite 200 Pro M Plex plate
reader (Tecan) was used to measure the luminescent signal. For each pri-
mary cell donor, luminescence was normalized to that donor’s untreated
cells.

mCherry and EGFP mRNA Delivery to Primary Human T Cells Ex Vivo:
Primary human T cells (bead-activated and non-activated) were plated
in triplicate or quadruplicate in clear-bottomed 96 well plates at 60 000
cells per 60 μL per well. LNPs (mal-LNPs and 1:50, 1:10, 1:3, 1:1, 3:1, 10:1,
and 50:1 aLNPs) were used to administer 200 ng of mCherry or EGFP
mRNA to each well. After 24 h, plates were centrifuged at 300 g for 7 min.
Media was aspirated and cells were washed and resuspended in PBS. Ex-
pression of mCherry or EGFP was assessed relative to an untreated control
using a BD LSRII flow cytometer. Data were analyzed using FlowJo 10.5.3
software. Standard gating was applied with doublet exclusion.

Viability Assays: Primary human T cells (bead-activated and non-
activated) were plated in triplicate in clear-bottomed 96 well plates at
60 000 cells per 60 μL per well. aLNPs were used to administer a fixed
amount of mRNA to each well. After 24 h, 60 μL of CellTiter-Glo Lumines-
cent Cell Viability Assay Reagent (Promega, #G7572) was added per well
in minimal light, and suspensions were mixed via pipette. After a 10-min
dark incubation, an Infinite 200 Pro M Plex plate reader (Tecan) was used
to measure the luminescent signal. For each primary cell donor, lumines-
cence (proportional to the amount of ATP–and therefore, to the number
of cells–in the culture) was normalized to that donor’s untreated cells.

Co-Culture of aLNP Generated CAR T Cells with Nalm6 Cells: Primary
human T cells (bead-activated and non-activated) were plated in 6 well
plates at a density of 1 × 106 cells per mL. LNPs (mal-LNPs and various
aLNPs) were used to administer CD19-directed CAR mRNA at a dose of
400 ng mRNA per 60 000 cells in Figures 4e and 5c, or 600 ng mRNA per
60 000 cells in Figure 4f and Figure S6, Supporting Information. Media
was supplemented with recombinant human IL-2 at 50 U μL−1 (Corning,
#BD354043). After 24 h for Figure 4e,f, and Figure S6, Supporting Informa-
tion, or after 4 days for Figure 5c, a sample of cells was removed from each
group and centrifuged at 300 g for 7 min. Media was aspirated, cells were
resuspended in PBS, and stained with a rabbit anti-mouse FMC63 scFv
monoclonal antibody conjugated to PE (Cytoart, Tucson, AZ, #200105)
which binds to the specific CAR we used. After staining, cells were washed
and resuspended in PBS. CAR surface expression was assessed relative to
an untreated control using a BD LSRII flow cytometer. Data were analyzed
using FlowJo 10.5.3 software. Standard gating was applied with doublet
exclusion.

After confirming cell-surface expression of CAR, CAR T cells (bead +
mal-LNP generated or aLNP generated) were plated in co-culture with
25 000 Nalm6 (luciferase-expressing CD19+ human acute lymphoblastic
leukemia) cells at various CAR T cell:Nalm6 cell ratios (1:1, 1:2, 1:4, 1:8,
1:16, 0:1) in triplicate in clear-bottomed 96-well plates; CAR+ cells were
not sorted from total T cells, instead a number of total T cells scaled by
the CAR positivity rate was plated.[21,25,26,74] After 48 h, plates were cen-
trifuged at 300 g for 7 min. Media was aspirated and cells were resus-
pended in 50 μL of 1× Reporter Lysis Buffer (Promega, #E3971). 100 μL
of Luciferase Assay Substrate (Promega, #E4550) was added in minimal
light, and suspensions were mixed via pipette. After a 10-min dark incuba-
tion, an Infinite 200 Pro M Plex plate reader (Tecan) was used to measure
the luminescent signal. The percent of Nalm6 cells killed per co-culture
well was calculated as % = (luminescence of 0:1 well − luminescence of
co-culture well)/luminescence of 0:1 well × 100.

CellTrace Far Red Proliferation Assay: Primary human T cells were
stained with CellTrace Far Red (ThermoFisher, #C34564) according to
manufacturer protocol. Immediately following staining, cells were plated
in 6 well plates at a density of 1 × 106 cells per mL. A portion of
the cells were activated with Dynabeads Human T-Activator CD3/CD28
(ThermoFisher, #11132D) using a 1:1 bead:cell ratio. mal-LNPs or
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1:10 aLNPs were used to administer 400 ng of CAR mRNA per 60 000 cells
to the bead-activated or non-activated cells, respectively. Media was sup-
plemented with recombinant human IL-2 at 50 U μL−1 (Corning, Corning,
NY, #BD354043) for all groups except the no treatment (NT) control. On
days 2, 4, and 6 post-LNP administration, portions of the cultures were re-
moved and centrifuged at 300 g for 7 min. Media was aspirated and cells
were resuspended in PBS for analysis in duplicate relative to the NT control
on a BD LSRII flow cytometer using a low flow rate to ensure separation
of generational peaks. Data were analyzed using FlowJo 10.5.3 software.
Standard gating was applied with doublet exclusion.

Analysis of Cell-Surface Activation Markers: Primary human T cells
(bead-activated and non-activated) were plated in 6 well plates at a den-
sity of 1 × 106 cells per mL. mal-LNPs were used to administer 400 ng
of CAR mRNA per 60 000 bead-activated cells (B+L). LNPs with only CD3
antibody fragments on their surface (𝛼CD3), LNPs with only CD28 anti-
body fragments on their surface (𝛼CD28), or 1:10 aLNPs (1:10) were used
to administer 400 ng of CAR mRNA per 60 000 non-activated cells. Media
was supplemented with recombinant human IL-2 at 50 U μL−1 (Corning,
#BD354043) for all groups except the no treatment (NT) control. After 24
h, cells were centrifuged at 300 g for 7 min. Media was aspirated, cells were
resuspended in PBS, and stained with PE anti-human CD25 (BioLegend,
San Diego, CA, #302606), FITC anti-human CD44 (BioLegend, #397518),
APC anti-human CD45RA (BioLegend, #304112), AF700 anti-human CCR7
(BioLegend, #353244), and APC-Cyanine7 anti-Human CD69 (BioLegend,
#310914) according to manufacturer protocols. After staining, cells were
washed, resuspended in PBS, and further stained with SYTOX Blue Dead
Cell Stain (ThermoFisher, #S34857) according to manufacturer protocol.
Surface expression of CD25, CD69, CD44, CCR7, and CD45RA was as-
sessed in quadruplicate using a BD LSRII flow cytometer. Unstained and
single stain controls were used for compensation; fluorescence minus one
controls were used to accurately define the positive populations. Data were
analyzed using FlowJo 10.5.3 software. Standard gating was applied with
the exclusion of doublets and dead (SYTOX positive) cells.

To further investigate CCR7 and CD45RA expression at a later time
point, primary human T cells (bead-activated and non-activated) were
plated in 12 well plates at a density of 1 × 106 cells per mL. mal-LNPs
were used to administer 400 ng of CAR mRNA per 60 000 bead-activated
cells (B+L) and 1:10 aLNPs were used to administer 400 ng of CAR mRNA
per 60 000 non-activated cells. Media was supplemented with recombi-
nant human IL-2 at 50 U μL−1 (Corning, #BD354043). After 3 days, cells
were centrifuged at 300 g for 7 min. Media was aspirated, cells were resus-
pended in PBS and stained with APC/Cyanine7 anti-human CCR7 (BioLe-
gend, #353212) and Brilliant Violet 421 anti-human CD45RA (BioLegend,
#304130) according to manufacturer protocols. After staining, cells were
washed, resuspended in PBS, and further stained with ViaKrome 808 Fix-
able Viability Dye (Beckman Coulter, #C36628) according to manufacturer
protocol. Surface expression of CCR7 and CD45RA was analyzed in tripli-
cate using a BD LSRII flow cytometer. Unstained and single-stain controls
were used for compensation. Data were analyzed using FlowJo 10.5.3 soft-
ware. Standard gating was applied with the exclusion of doublets and dead
cells.

ELISA Quantification of Granzyme B, Perforin, Soluble FasL, TNF𝛼, and
IFNɣ: Primary human T cells (bead-activated and non-activated) were
plated in 6 well plates at a density of 1 × 106 cells per mL. mal-LNPs were
used to administer 400 ng of CAR mRNA per 60 000 bead-activated cells
(B+L). LNPs with only CD3 antibody fragments on their surface (𝛼CD3),
LNPs with only CD28 antibody fragments on their surface (𝛼CD28), or 1:10
aLNPs (1:10) were used to administer 400 ng of CAR mRNA per 60 000
non-activated cells. Media was supplemented with recombinant human
IL-2 at 50 U μL−1 (Corning, #BD354043) for all groups except the NT con-
trol. After 24 h, supernatants were collected and stored at −80 °C until the
time of analysis. Invitrogen ELISA kits were used to quantify granzyme
B, perforin, soluble FasL, TNF𝛼, and IFNɣ concentrations (Invitrogen
#BMS2027-2, #BMS2306, #BMS260-2, #KHC3011, and #KHC4021, re-
spectively) following manufacturer protocols with an Infinite 200 Pro M
Plex plate reader (Tecan).

Small Molecule Mechanism of Uptake Study: Before LNP treatment,
primary human T cells (1:1 mixture of CD4+ and CD8+) were incubated

for 30 min with 100 μM Dynasore (inhibitor of dynamic endocytosis,
i.e., both clathrin-mediated and caveolae-mediated endocytosis), 5 mM
methyl-𝛽-cyclodextrin (M𝛽CD, inhibitor of lipid raft-mediated endocyto-
sis), 200 μM genistein (inhibitor of caveolae-mediated endocytosis), 20
μM chlorpromazine (CMZ, inhibitor of clathrin-mediated endocytosis), or
2 mM amiloride (inhibitor of macropinocytosis).[75,76] Following incuba-
tion, cells were pelleted and resuspended in a fresh RPMI-1640 medium. A
portion of the cells was activated with beads before cells were plated in trip-
licate in a clear-bottomed 96-well plate at 100 000 cells per 100 μL per well.
mal-LNPs and 1:10 aLNPs were used, respectively, to administer 670 ng
of luciferase mRNA to each well of bead-activated or non-activated cells.
After 24 h, Luciferase Assay Substrate (Promega, #E4550) was added and
the luminescent signal was measured.

Fab Blocking Study: Fluorescently labeled mal-LNPs and 1:10 aLNPs
encapsulating EGFP mRNA were prepared by mixing the lipid-like fluores-
cent dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide
(DiR) at 1 mol % of total lipids with LNPs prior to dialysis. Separately,
anti-human CD3 antibodies (BioXCell, #BE0001-2) and anti-human CD28
antibodies (BioXCell, #BE0248) were cleaved into Fabs and purified with
the Pierce Fab Micro Preparation Kit (ThermoFisher, #44685) following
the manufacturer’s protocol. Primary human T cells (1:1 mixture of CD4+
and CD8+) were incubated for 1 h with 250 ng 𝛼CD3 Fabs and 250 ng
𝛼CD28 Fabs per million cells per mL to block binding of beads or aLNPs
to CD3/CD28 on the T cell surface. Following Fab incubation, a portion
of the cells was treated with activating beads before cells were plated in a
6-well plate at a density of 1 × 106 cells per mL. DiR mal-LNPs or DiR 1:10
aLNPs were used, respectively, to administer 400 ng of EGFP mRNA per
60 000 cells to bead-treated or untreated cells. Non-Fab blocked groups
were included as controls. After 24 h, DiR (LNP uptake) and EGFP (cargo
mRNA expression) fluorescence were analyzed via flow cytometry relative
to an unblocked untreated control (with standard gating and doublet ex-
clusion).

In Vivo Leukemia Xenograft Model: In order to obtain enough T cells
for this experiment, primary female human T cells procured from the HIC
at Penn were expanded: on day −5, a 1:1 mixture of CD4+:CD8+ T cells
was plated at a density of 1 × 106 cells per mL with recombinant human
IL-2 at 50 U/μL (Corning, #BD354043) and Dynabeads Human T-Activator
CD3/CD28 at a 1:1 bead:cell ratio. On day −1 (after 4 days of expansion),
beads were removed with a MojoSort magnet and 1:10 aLNPs were used
to administer 400 ng of CAR mRNA per 60 000 cells to a portion of the
cells. After 24 h (day 0), samples of aLNP-treated and aLNP-untreated
cells were removed and centrifuged at 300 g for 7 min. Media was aspi-
rated, cells were resuspended in PBS, and stained with a rabbit anti-mouse
FMC63 scFv monoclonal antibody conjugated to PE (Cytoart, #200105).
After staining, cells were washed and resuspended in PBS. CAR surface
expression was assessed relative to an untreated control using a BD LSRII
flow cytometer in triplicate. Data were analyzed using FlowJo 10.5.3 soft-
ware. Standard gating was applied with doublet exclusion.

Concurrently, on day −4, 250 000 luciferase-expressing CD19+ Nalm6
cells were injected in 100 μL sterile PBS into the tail veins of female 8−10-
week-old NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. On day 0, after
confirming the establishment of similar tumor burden in all mice and ran-
domly allocating them into groups, 2× 106 CAR T cells generated with 1:10
aLNPs were administered in 100 μL sterile PBS via tail vein injection to five
mice; CAR+ cells were not sorted from total T cells, instead, a number of
total T cells scaled by the CAR positivity rate was administered. Further-
more, prior to infusion, CAR T cells that were generated with aLNPs were
centrifuged at 300 g, washed, and resuspended in 1× PBS. Therefore, the
authors did not expect that any appreciable amount of aLNPs was trans-
ferred along with the CAR T cells into the mice. As control groups, five mice
received tail vein injections of untransfected T cells, and five mice received
tail vein injections of PBS. On days 2 and 5, 1:10 aLNPs were used to trans-
fect fresh CAR T cells (from the original culture of primary human T cells).
On days 3 and 6, after confirming CAR expression by flow cytometry, aLNP
CAR T cells, untransfected T cells, and PBS were re-injected.

Periodically throughout the treatment, mice were intraperitoneally in-
jected with 200 μL of D-luciferin potassium salt (Biotium, Fremont, CA)
in PBS at 15 mg mL−1. After 10 min, mice were anesthetized with 2.5%

Adv. Mater. 2024, 2313226 2313226 (14 of 17) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202313226, W
iley O

nline L
ibrary on [15/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

isoflurane and a Lumina S3 in vivo imaging system (IVIS, PerkinElmer,
Waltham, MA) was used to capture bioluminescence images. Living Im-
age 4.7.3 Software (PerkinElmer) was used to quantify the total flux for
each mouse at each imaging time point. After day 14, mice were moni-
tored for survival and euthanized with CO2 at the first sign of illness. The
mice were bred and housed, and all animal work was done at the Stem
Cell and Xenograft Core (RRID:SCR_010035) at the University of Pennsyl-
vania to maintain a sterile environment, under a protocol approved by the
University of Pennsylvania’s Institutional Animal Care and Use Committee
(IACUC protocol #806540). The animal housing facility was maintained at
22 ± 2 °C, 12-h dark/light cycle, and 40–70% air humidity.

The second leukemia xenograft experiment (Figure 6e–g) was con-
ducted in a similar manner, using n = 3 mice, with no changes in method-
ology for the PBS and 1:10 aLNP CAR T cell treated groups. For the lentivi-
ral CAR T cell group, on day −1, cryopreserved lentiviral CAR T cells were
thawed into RPMI medium at a density of 1 × 106 cells per mL. After 24
h (day 0), a portion of the thawed cells was removed and centrifuged at
300 g for 7 min. Media was aspirated, cells were resuspended in PBS, and
stained with a rabbit anti-mouse FMC63 scFv monoclonal antibody con-
jugated to PE (Cytoart, #200105). After staining, cells were washed and
resuspended in PBS. CAR surface expression was assessed relative to an
untransfected control using a BD LSRII flow cytometer. Data were analyzed
using FlowJo 10.5.3 software. Standard gating was applied with doublet
exclusion. After confirming CAR expression, each mouse received a single
injection of 1 × 106 lentiviral CAR T cells in 100 μL sterile PBS via tail vein
injection. CAR+ cells were not sorted from total T cells, instead, a quantity
of total T cells scaled by the CAR positivity rate was administered.

Lentiviral CAR T Cell Production: Lentiviral vector production was per-
formed as previously described.[77,78] HEK293T cells were transfected with
the 4-1BB-based CD19-targeting CAR and lentiviral packaging plasmids
using Lipofectamine 2000 (Invitrogen) following the manufacturer’s pro-
tocol. Lentiviral supernatants were collected at 24 and 48 h after transfec-
tion and concentrated using high-speed ultracentrifugation. To generate
lentiviral stocks, the resulting concentrated lentivirus batches were resus-
pended in cold R10 media and stored at −80 °C.

Primary human CD4+ and CD8+ T cells were combined at a 1:1 ra-
tio and activated with CTS Dynabeads CD3/CD28 (ThermoFisher) at a 3:1
bead-to-cell ratio at 1 × 106 cells per mL. After 24 h, T cells were trans-
duced at a multiplicity of infection (MOI) of 3 lentivirus particles per cell.
After 5 days, beads were removed from cultures. T cell cultures were main-
tained at 6 × 105 cells per mL. Cell number and volume were monitored
daily using a Multisizer 3 Coulter Counter (Beckman). Transduced T cells
were cryopreserved when they reached a rested state, as determined by
cell volume.

Statistical Analysis: Data were presented as mean ± SD. Differences
between means were assessed by ordinary or repeated measures of one-
way or two-way analyses of variance (ANOVAs) with post-hoc t-tests us-
ing Tukey’s, Šídák’s, or Dunnett’s correction for multiple comparisons.
Differences between survival profiles were assessed using pairwise log-
rank tests with Bonferroni corrections for multiple comparisons. Statisti-
cal analyses were completed using GraphPad Prism 9.5.1 with significance
level 𝛼 = 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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