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Ionizable Lipid Nanoparticles with Integrated Immune
Checkpoint Inhibition for mRNA CAR T Cell Engineering

Alex G. Hamilton, Kelsey L. Swingle, Ryann A. Joseph, David Mai, Ningqiang Gong,
Margaret M. Billingsley, Mohamad-Gabriel Alameh, Drew Weissman, Neil C. Sheppard,
Carl H. June, and Michael J. Mitchell*

The programmed cell death protein 1 (PD-1) signaling pathway is a major
source of dampened T cell activity in the tumor microenvironment. While
clinical approaches to inhibiting the PD-1 pathway using antibody blockade
have been broadly successful, these approaches lead to widespread PD-1
suppression, increasing the risk of autoimmune reactions. This study reports
the development of an ionizable lipid nanoparticle (LNP) platform for
simultaneous therapeutic gene expression and RNA interference
(RNAi)-mediated transient gene knockdown in T cells. In developing this
platform, interesting interactions are observed between the two RNA cargoes
when co-encapsulated, leading to improved expression and knockdown
characteristics compared to delivering either cargo alone. This messenger
RNA (mRNA)/small interfering RNA (siRNA) co-delivery platform is adopted
to deliver chimeric antigen receptor (CAR) mRNA and siRNA targeting PD-1 to
primary human T cells ex vivo and strong CAR expression and PD-1
knockdown are observed without apparent changes to overall T cell activation
state. This delivery platform shows great promise for transient immune gene
modulation for a number of immunoengineering applications, including the
development of improved cancer immunotherapies.
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1. Introduction

Chimeric antigen receptor (CAR) T cell
therapy has continued to gain traction in
recent years as a powerful tool in the
clinical arsenal against cancer and other
diseases.[1,2 ] CAR T-based therapies have
been approved for the treatment of acute
lymphoblastic leukemia (ALL),[3 ] B cell
lymphoma,[4 ] andmultiple myeloma,[5 ] and
are being investigated for use in non-small
cell lung cancer,[6 ] glioblastoma,[7 ] human
immunodeficiency virus (HIV),[8,9 ] cardiac
injury,[10 ] and others. A major source of the
potency of CAR T therapies is the ability of
these therapies to harness the patient’s own
immune system to mount a sophisticated
offensive against cancer cells.[11 ] However,
the nature of CAR T therapies as an ex-
tension of the immune system means that
engineered CAR T cells are susceptible to
immunosuppressive signaling in the tumor
microenvironment (TME), which hinders
the efficacy of CAR T therapies.[12,13 ]
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The programmed cell death protein 1 (PD-1) signaling path-
way has been established as a major dampener of T cell activ-
ity in the TME, including in adoptive CAR T cell therapies.[14,15 ]

PD-1 (CD279), an immune checkpoint receptor, is expressed on
the surface of activated T cells.[16 ] Upon engaging with either of
its ligands — programmed cell death ligand 1 (PD-L1) or pro-
grammed cell death ligand 2 (PD-L2) — PD-1 initiates an im-
munosuppressive response, curbing inflammatory T cell activity
by promoting apoptosis of effector T cells and inhibiting apopto-
sis of regulatory T cells.[17,18 ] While PD-L2 expression is relatively
restricted, PD-L1 is overexpressed in a wide variety of cancers and
is thought to play a major role in immune evasion generally and
in decreased CAR T cell efficacy specifically.[15,17 ] Inhibition of
interactions between PD-1 and PD-L1 is therefore of great inter-
est as a potential means to rescue CAR T efficacy in PD-L1-rich
TMEs.[19 ]

Blockade of PD-1 and/or its ligands using blocking antibodies
is a widely used clinical strategy for overcoming the immuno-
suppressive PD-1 pathway.[20 ] While combining blocking anti-
bodies with CAR T cell therapy is a useful approach, adminis-
tration of free antibody leads to widespread suppression of PD-
1 signaling, with the potential for autoimmune responses.[19,21 ]

As CAR T therapy already requires the engineering of auto-
genic T cells to express the exogenous CAR, there is the po-
tential to incorporate targeted PD-1 inhibition to produce CAR
T cells with inhibited PD-1 signaling while leaving the PD-1
pathway intact elsewhere. This approach of disrupting the PD-1
pathway concomitantly with CAR engineering has been investi-
gated with promising results using several approaches, including
CRISPR-Cas9-mediated knockout of PD-1,[22–24 ] integration of
an engineered soluble anti-PD-1 single-chain variable fragment
(scFv),[25 ] and expression of short hairpin RNA (shRNA) target-
ing PD-1.[15 ] However,most of these approaches rely on alteration
of the genome through viral gene delivery and/or CRISPR-Cas9
genome editing. Thismeans that these PD-1 inhibitionmeasures
are permanent, creating T cells that are permanently desensitized
to this anti-inflammatory signaling pathway, opening the door to
autoimmune reactions.However, T cells are equippedwith an en-
dogenous mechanism for transient suppression of genetic tran-
scripts using the RNA-induced silencing complex (RISC). Tran-
sient disruption of the PD-1 signaling pathway at the transcrip-
tome level using RNA interference (RNAi) therefore provides an
attractive and underexplored alternative to current approaches.

Our group has recently reported the development of a non-viral
platform for the production of transient CAR T cells through the
delivery of CAR-encoding messenger RNA (mRNA) using ion-
izable lipid nanoparticles (LNPs).[26,27 ] In the present work, we
augment this platform to enable simultaneous expression of ex-
ogenous mRNA and transient disruption of arbitrary endogenes
using RNAi. We use the engineered LNP platform to deliver CAR
mRNA and small interfering RNA (siRNA) targeting PD-1 to
T cells ex vivo, generating human T cells with potent but tran-
sient CAR expression and temporary cell-intrinsic PD-1 disrup-
tion. These “super” CAR T cells, after performing their function,
can return to function as normal patient T cells, greatly limiting
the scope of off-target effects due to both CAR expression and
PD-1 inhibition. We further report results showing interesting
interplay between mRNA and siRNA cargoes resulting from co-
encapsulation, suggesting that incorporation of siRNA may be

beneficial for LNP-mediated mRNA delivery even in applications
not requiring gene silencing.

2. Results and Discussion

2.1. Ionizable Lipid Synthesis and LNP Formulation

To develop LNPs for co-delivery of mRNA and siRNA to T
cells, we formulated LNPs with four main lipid components
(Figure 1b). These components are an ionizable lipid, essen-
tial for endosomal escape and the release of cargo into the cy-
tosol; “helper” phospholipid, which aids in encapsulation and
LNP membrane formation; cholesterol, which lends to mem-
brane stability and fusion; and lipid-anchored poly(ethylene gly-
col) (PEG), which prolongs circulation and limits interactions
with the innate immune system.[28–31 ] We used the novel ion-
izable lipid C14-494, previously referred to as “C14-4,” for all
LNP formulations in the present study, as LNPs using this
lipid have previously demonstrated potent mRNA delivery to T
cells in vitro and ex vivo.[26,27 ] To produce the C14-494 ioniz-
able lipid, we reacted the 494 polaymine core with excess 14-
carbon alkyl epoxide tails, with product identity and purity con-
firmed by liquid chromatography-mass spectrometry (LC-MS)
(Figure 1a; Figure S1, Supporting Information).[26,32 ] We inves-
tigated two “helper” lipids in this study: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), which is commonly used in LNP
formulations for mRNA delivery; and 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC), which has historically been used for
siRNA encapsulation.[28,32 ] To formulate LNPs, we combined all
lipid components in ethanol and mixed them with an aqueous
phase containing mRNA and/or siRNA using a microfluidic de-
vice fabricated with staggered herringbone mixers as described
previously (Figure 1b).[33,34 ] Following formulation, we character-
ized LNP hydrodynamic size, polydispersity, zeta potential, ion-
izability, and RNA entrapment using standard methods. We ob-
served apparent LNP pKavalues between five and seven, sug-
gesting ionizability in the late endosome (Figure 1c). LNPs were
generally monodisperse, with diameters generally below 100 nm
(Figure 1d).

2.2. Screening Excipient Compositions for Dual RNA Delivery In
Vitro

To develop LNPs for dual RNA delivery to T cells, we first turned
our attention to tuning the composition of LNPs to accommodate
a mixed cargo of mRNA and siRNA. To this end, we designed a
library of LNPs with excipient combinations varying along a con-
tinuum from “siRNA-like” to “mRNA-like” based on a previous
study (Table 1).[35 ] While this prior study identified excipient com-
positions for co-delivery of mRNA and siRNA, we reasoned that
delivery optima might vary based on cell type and ionizable lipid
structure, as ionizable lipid structure has been shown to have
dramatic effects on transfection characteristics of LNPs and the
novel ionizable lipid C14-494 possesses a substantially different
chemical structure than previously-investigated ionizable lipids
for dual RNA delivery.[35–37 ]

To probe the effects of excipient makeup on in vitro RNA co-
delivery to T cells, we co-encapsulated mRNA encoding mCherry
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Figure 1. a) SN2 reaction scheme used to produce the ionizable lipid C14-494 used in this study. b) Overview of LNP fabrication via microfluidic mixing,
showing the four commonly used lipid components: ionizable lipid, “helper” phospholipid, cholesterol, and lipid-anchored PEG. LNPs were formulated
by placing mRNA and/or siRNA in an aqueous buffer and mixing organic and aqueous phases to promote LNP self-assembly. c) Representative TNS
plot from co-encapsulating LNPs demonstrating their ionizability (5 < pKa < 7). d) Representative DLS plot from co-encapsulating LNPs.

Table 1. Excipient compositions screened in Jurkat cells in vitro for dual
RNA delivery. The W1 formulation is representative of typical LNP formu-
lations for siRNA delivery, whereas the W5 formulation is representative
of typical mRNA LNP formulations. Excipients were varied to probe the
design space between these two extremes (formulations W2–W4).

Formulation W1 W2 W3 W4 W5

Ionizable lipid:nucleic acid weight ratio 5:1 6.25:1 7.5:1 8.75:1 10:1

Ionizable lipid (%mol) 50.0 46.3 42.5 38.8 35.0

DSPC (%mol) 10.0 8.6 6.5 3.6 0.0

DOPE (%mol) 0.0 2.9 6.5 10.9 16.0

Cholesterol (%mol) 38.5 40.5 42.5 44.5 46.5

C14-PEG2000 (%mol) 1.5 1.75 2.0 2.25 2.5

and siRNA targeting enhanced green fluorescent protein (EGFP)
in LNPs of varying excipient composition (Table 1). Characteri-
zation revealed that LNP hydrodynamic diameter was generally
higher in “siRNA-like” formulations than in “mRNA-like” for-
mulations (Figure 2a). All observed z-average diameters were be-
low 150 nm, and nearly all polydispersity indices (PdIs) were

below 0.3, with a single exception (Figure S2, Supporting Infor-
mation). Notably, RNA entrapment was much higher in formu-
lations containing DOPE — formulation W1, containing only
DSPC as its phospholipid, displayed 63.8% ± 1.0% entrapment
efficiency, while all other formulations demonstrated mean en-
trapment efficiencies of at least 88% (Figure 2d). Of particular
note, formulations W4 and W5, the most “mRNA-like” formula-
tions, achieved mean entrapment efficiencies up to 97% and ap-
proximately 6× greater mean encapsulated RNA concentrations
than formulationW1 (Figure 2c,d). Zeta potential wasmoderately
negative for formulationW1 (mean−13.9mV), perhaps due to its
relatively poor encapsulation of RNA, but became steadily more
positive with increasing entrapment efficiency, reaching a slight
positive (mean 6.35mV) in formulation W5 (Figure 2b).

For convenience, we began our investigation into T cell nu-
cleic acid co-delivery using Jurkat cells — a well-established im-
mortalized human T cell line commonly used in immunological
models.[38 ] We treated Jurkat cells stably expressing EGFP with
LNPs containing mCherry mRNA and EGFP siRNA at a dose of
50 ng of encapsulatedmRNAper 100,000 cells. 1 d later, we quan-
tified mCherry and EGFP fluorescence as measures of mRNA
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Figure 2. a) z-average diameter, b) zeta potential, c) encapsulated RNA
content, and d) RNA entrapment efficiency of LNPs formulated with vary-
ing excipient compositions. Data are presented as mean ± standard devi-
ation (n ⩾ 3 observations). Representative histograms of e) mCherry and
f) EGFP expression measured by flow cytometry following treatment with
W5 LNPs co-encapsulatingmCherrymRNA and EGFP siRNA, withmedian
fluorescent intensities indicated. g) mCherry expression and h) relative
EGFP expression of EGFP+ Jurkat cells treatedwith LNPs co-encapsulating
mCherrymRNA and EGFP siRNA at a dose of 50 ng of encapsulatedmRNA
per 100,000 cells (6 ng of encapsulated siRNA per 100,000 cells). *: p <
0.05, ****: p < 0.0001. Statistical annotations without brackets represent
comparisons to untreated cells; annotations with brackets indicate com-
parisons to formulation W5, which was selected as the lead formulation.
Data are presented as mean ± standard deviation (n = 12 observations).

Table 2. Nucleic acid combinations tested in vitro in Jurkat cells for dual
RNA delivery. Formulation X1 served as an mRNA control, while formula-
tion X6 acted as an siRNA control. The excipients used for all formulations
in library X were based on formulation W5.

Formulation X1 X2 X3 X4 X5 X6

mRNA mass (µg) 25 25 25 25 25 0

siRNA mass (µg) 0 1.5 3 5 10 20

delivery and siRNA delivery, respectively, using flow cytome-
try, with secondary confirmation using fluorescence microscopy
(Figure 2e–h; Figures S4 and S5, Supporting Information). We
quantified EGFP knockdown through comparison to untreated
EGFP+ Jurkat cells and untreated wild-type (EGFP-) Jurkat cells;
we assessed mCherry expression as positivity rate through com-
parison to untreated wild-type Jurkat cells. This screen identified
formulationsW4 andW5 asmediating the greatest functional de-
livery of both mRNA and siRNA in vitro, with mCherry positiv-
ity rates of 91.4% ± 5.1% and 90.5% ± 5.0% and apparent EGFP
knockdown amounts of 26.3%± 2.8%and 30.1%± 3.9%, respec-
tively. Importantly, proteomic measurements of EGFP knock-
down may underestimate the actual transcriptomic effects of
siRNA delivery; however, this only affects attempts at absolute
quantification and does not diminish the use of proteomic mea-
surements as a proxy for relative siRNA delivery. Because of the
superior knockdown characteristics of formulationW5, the indis-
tinguishable mRNA delivery between the two lead formulations,
and the relative simplicity of formulationW5—comprising only
four excipients as opposed to W4’s five excipients — we selected
the excipient composition of formulation W5 for further opti-
mization.

2.3. Influence of Nucleic Acid Cargo Composition on Dual RNA
Delivery In Vitro

A previous investigation of co-transfection with mRNA and
siRNA has suggested that the presence and relative amount
of each type of nucleic acid may influence the delivery of the
other.[35 ] To characterize the effects of cargo composition on deliv-
ery, we designed and fabricated LNPs containing a fixed amount
of mCherry mRNA but variable amounts of EGFP siRNA, along
with an siRNA control containing only EGFP siRNA (Table 2).
Characterization revealed generally favorable physicochemical
characteristics for these LNPs, with all mean z-average diame-
ters observed below 100 nm and generally slightly positive zeta
potentials (Figure S3, Supporting Information). We then used
these LNPs to transfect Jurkat cells stably expressing EGFP. To
probe the effects of relativemRNA amount on siRNA delivery, we
treated cells at a fixed dose of 2 ng of siRNA per 100,000 cells. To
investigate the effects of relative siRNA amount on mRNA deliv-
ery, we separately treated cells at a fixed dose of 33.3 ng of mRNA
per 100,000 cells. 24 h later, we measured mCherry and EGFP
fluorescence using flow cytometry, determining positivity rates
and knockdown amounts by comparison to untreated EGFP+

and wild-type Jurkat cells and confirming transfection with flu-
orescence microscopy (Figure 3; Figures S6 and S7, Supporting
Information). Interestingly, mRNA content seemed to modestly
influence siRNA-mediated knockdown, with a moderate amount
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Figure 3. Representative histograms of a) mCherry and b) EGFP expression in EGFP+ Jurkat cells treated with LNPs co-encapsulating mCherry mRNA
and EGFP siRNA (X3), only mCherry mRNA (X1), or only EGFP siRNA (X6). Listed values indicate median fluorescent intensities. c,e) mCherry and d,f)
EGFP expression in EGFP+ Jurkat cells treated with LNPs co-encapsulating varying ratios of mCherry mRNA and EGFP siRNA c,d) at a fixed amount of
mRNA or e,f) at a fixed amount of siRNA. *: p < 0.05, **: p < 0.01, ****: p < 0.0001. Statistical annotations without brackets represent comparisons to
untreated cells; annotations with brackets indicate comparisons to formulation X3, which was selected as the lead formulation. Data are presented as
mean ± standard deviation (n = 12 observations).
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Figure 4. a) Representative histogram showing degree of EGFP expression 1 d after transfection with LNPs co-encapsulating EGFP mRNA and PD-1
siRNA, with median fluorescent intensities indicated. b) EGFP expression over time in primary human T cells treated with dual-encapsulating LNPs. c)
Representative histogram showing degree of PD-1 knockdown 1 d after transfection with LNPs co-encapsulating EGFP mRNA and PD-1 siRNA, with
median fluorescent intensities indicated. d) Relative PD-1 expression over time in primary human T cells treated with dual-encapsulating LNPs. Cells
were treated at a dose of 300 ng of mRNA per 100,000 cells. *: p < 0.05, **: p < 0.01, ****: p < 0.0001. Statistical annotations indicate comparisons to
untreated T cells on the corresponding day of the study. Data are presented as mean ± standard deviation (n = 4 observations).

of additional mRNA bolstering the inhibitory effect of LNPs com-
pared to the siRNA control LNP X6 (Figure 3b,f). Specifically, the
siRNA control formulation X6 demonstrated EGFP knockdown
of 15.4% ± 7.9%, while the mRNA-containing formulation X3
displayed EGFP knockdown of 29.2% ± 5.4% at a fixed siRNA
dose of 2 ng per 100,000 cells. Similarly, increasing siRNA con-
tent substantially improvedmRNAdelivery to a point, after which
additional siRNA had little effect on mRNA expression, consis-
tent with a previous report (Figure 3a,c).[35 ] The mRNA control
formulation X1 achieved 39.9% ± 12.7% mCherry transfection,
while the siRNA-containing formulation X3 attained a remark-
able 92.4% ± 7.5% transfection at a fixed mRNA dose of 33.3 ng
per 100,000 cells. Formulation X3, which was formulated using
an mRNA:siRNA weight ratio of 25:3 and demonstrated both the
greatest knockdown and the greatest mRNA expression of all for-
mulations tested, emerged from this study as the lead LNP for-
mulation for T cell co-delivery and was consequently used as the
basis for LNPs encapsulating therapeutic RNAs.

2.4. Kinetics of Ex Vivo PD-1 Knockdown in Primary Human T
Cells

To verify PD-1 knockdown in primary human cells following
treatment with PD-1 siRNA and identify conditions suitable for
subsequent studies, we performed an ex vivo PD-1 knockdown ki-
netics study.We used readily-available EGFPmRNA as a stand-in
for CAR mRNA for kinetics studies. We co-encapsulated EGFP
mRNA with siRNA targeting human PD-1 in LNPs using the
excipient composition and nucleic acid ratio identified through
in vitro screening (formulation X3). We activated primary hu-
man T cells overnight, then treated them at an mRNA dose of
300 ng of encapsulated mRNA per 100,000 cells. Immediately
following transfection and daily for the following 8 d, we quanti-
fied EGFP and PD-1 expression using flow cytometry (Figure 4).
EGFP expression data revealed strongmRNA expression starting
1 d post-transfection, with maximal expression— corresponding
to nearly 99% transfection— occuring 2 d following transfection
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Figure 5. Representative images from confocal laser scanning microscopy of primary human T cells treated with LNPs encapsulating CAR mRNA, CAR
mRNA and PD-1 siRNA, or CAR mRNA and scrambled siRNA at a dose of 500 ng of encapsulated CAR mRNA per 100,000 cells. Images were acquired
with a 20× objective. Scale bar: 10 µm.

(Figure 4a,b). Remarkably, this expression was quite durable,
with fluorescence detection lasting for the entirety of the 8-d
study. However, due to the relatively long cytosolic half-life of
EGFP— on the order of 1 d— it is difficult to determine for pre-
cisely how long mRNA translation occurred.[39 ] Moreover, PD-1
expression data showed strong and persistent siRNA-mediated
PD-1 knockdown, with the maximal reduction — roughly 60%
— occurring 1 d post-transfection (Figure 4c,d). We observed
a brief return to baseline levels of PD-1 expression 4 d post-
transfection, which may warrant further exploration to improve
understanding of checkpoint receptor expression in CAR Tman-
ufacturing. Nonetheless, we noted PD-1 knockdown up to 7 d
post-transfection, in close accordance with our mRNA expres-
sion duration. This synchronization of CAR expression and PD-
1 suppression is desirable to achieve immune checkpoint de-
sensitization during the critical window of CAR efficacy while
minimizing risks of off-tumor autoimmunity after CAR expres-
sion fades through the restoration of immune checkpoint inter-
actions. Based on the observed translation and knockdown char-
acteristics 1 d post-transfection, we selected this time point for
subsequent experiments.

2.5. Ex Vivo Engineering of PD-1lo Human CAR T Cells

With dose and time parameters for primary cell experiments es-
tablished, we next performed therapeutic gene expression assays.

We activated primary human T cells overnight and treated them
with LNPs (formulation X3) encapsulating nucleoside-modified
cap 1 CAR mRNA and PD-1 siRNA at a dose of 500 ng of encap-
sulated mRNA per 100,000 cells. We also included LNPs encap-
sulating only CAR mRNA and LNPs encapsulating CAR mRNA
and scrambled siRNA as controls. The following day, to confirm
CAR expression, we prepared samples for fluorescence imaging,
staining for cell nuclei andmembranes and surface CAR and PD-
1 expression and acquiring images using confocal laser scanning
microscopy (CLSM). CAR expression was detected in all treated
samples (Figure 5), with an apparent qualitative increase in CAR
expression in groups treated with dual-encapsulating LNPs.

Following confirmation of CAR expression, we again acti-
vated cells overnight and treated them with LNPs encapsulat-
ing CAR mRNA, CAR mRNA and PD-1 siRNA, or CAR mRNA
and scrambled siRNA. The following day, we assessed CAR
and PD-1 expression via flow cytometry. We simultaneously
measured the expression of activation markers CD25, CD62L
(L-selectin), and CD69, as well as T cell markers CD3, CD4,
and CD8 (Figure 6). Strikingly, we observed very strong CAR
expression — up to nearly 71% transfection — which in all
cases appeared bolstered by the inclusion of siRNA, consistent
with results from reporter gene experiments and observations
from microscopy and representing a substantial improvement
in CAR-T engineering efficiency compared to previous reports
(Figure 6a,b).[26,27 ] T cells treated with LNPs encapsulating CAR
mRNA alone demonstrated 49.4% ± 5.7% transfection among
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Figure 6. Representative histograms and bar plots demonstrating a,b) potent LNP-mediated CAR expression and c,d) LNP-mediated PD-1 knockdown
following overnight activation and treatment with LNPs encapsulating CAR mRNA alone or CAR mRNA and either PD-1-targeting or scrambled siRNA
at a dose of 500 ng of encapsulated mRNA per 100,000 cells. Representative histograms showing expression of activation markers e) CD25, f) CD62L
(L-selectin), and g) CD69 in primary human T cells following activation and treatment with LNPs. ****: p < 0.0001. Statistical annotations without
brackets represent comparisons to untreated T cells (b) or T cells treated only with CAR mRNA (d). Data are presented as mean ± standard deviation
(data from n = 4 independent donors).

viable T cells, while cells treated with LNPs co-encapsulating
CAR mRNA with PD-1 siRNA or scrambled siRNA displayed
64.0% ± 4.7% or 67.8% ± 1.9% transfection, respectively. We
did not observe differential CAR expression in helper T cells
versus cytotoxic T cells, suggesting uniform transfection of T
cell subsets (Figure S11, Supporting Information). We also ob-
served moderate PD-1 knockdown (Figure 6c–d). Interestingly,
we saw a decrease in PD-1 expression relative to untreated cells
for some donors when treating cells with LNPs containing only
CAR mRNA. We observed a further decrease in PD-1 expres-
sion of 23.6% ± 0.7% when co-encapsulating CAR mRNA with
PD-1 siRNA (Figure 6d). We did not observe any significant dif-
ference in PD-1 expression when treating cells with LNPs co-
encapsulating CAR mRNA and scrambled siRNA compared to
cells treated with CAR mRNA alone, suggesting that this knock-
down is dependent on the sequence of the encapsulated siRNA,
as expected. Moreover, expression levels of the activation mark-
ers CD25, CD62L, and CD69 appeared similar regardless of treat-
ment, suggesting that inhibiting PD-1 expression did not cause
changes to the activation state of CAR T cells during the CAR T
generation process (Figure 6e–g). All told, these results demon-
strate the utility of co-encapsulating siRNA alongside therapeu-
tic mRNA and the ability to effectively deliver both cargoes in
primary human T cells, enabling the ex vivo generation of ther-

apeutically relevant “super” CAR T cells with transient immune
checkpoint inhibition.

3. Conclusion

In this work, we developed an LNP platform for simultaneous
gene expression and specific gene disruption in T cells. Co-
encapsulating mRNA and siRNA in a single LNP formulation
provedmore potent for T cell delivery than encapsulating and de-
livering the cargoes separately. We selected a lead LNP candidate
for its potent mRNA and siRNA delivery to Jurkat cells in vitro
and employed this formulation to suppress PD-1 expression in
primary human T cells, observing potent and fairly durable —
but transient — knockdown alongside long-lived, strong exoge-
nous mRNA expression, each detectable for at least one week.
We then adapted our lead formulation to generate human CAR
T cells with integrated immune checkpoint inhibition from pri-
mary cells ex vivo, noting improved CAR expression compared
to mRNA-only LNPs and successful sequence-dependent PD-1
knockdown without changes to the overall activation state of the
generated CAR T cells. We observed improved mRNA transfec-
tion even when using a scrambled siRNA sequence, consistent
with a previous report and suggesting that the addition of siRNA
—even in applications not strictly requiring RNAi—may benefit
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mRNA LNP-based therapeutics broadly.[35 ] Potential future di-
rections of this work include the silencing of other genes —
including other immune checkpoint receptors like cytotoxic T-
lymphocyte associated protein 4 (CTLA-4), lymphocyte activation
gene 3 (LAG-3), and adenosine A2A receptor (A2AR) but also
other therapeutically relevant genes,[40 ] either alone or in com-
bination — and extension to other therapeutic mRNAs such as
engineered T cell receptors (TCRs) and cytokines, as well as other
immune cell types.[41–43 ]

4. Eperimental Section
Ionizable Lipid Synthesis: C14-494 lipid was produced via a simple

SN2 addition chemistry as described previously.[32 ] Briefly, polyamine core
494 (Enamine, Monmouth Junction, NJ) was combined with excess 1,2-
epoxytetradecane (MilliporeSigma, Burlington, MA) and ethanol in a glass
scintillation vial under gentle stirring with a magnetic stir bar for 2 d at
80 °C. The resulting reaction mixture was dried using a Rotovap R-300
(Buchi, New Castle, DE), stored at 4 °C, and used for LNP formulation.
Ionizable lipid identity and purity were confirmed using LC-MS.

Production of Reporter Gene mRNA Via IVT: Codon-optimized DNA
sequences encoding either mCherry or EGFP were cloned into a pro-
prietary mRNA production plasmid between a promoter for T7 RNA
polymerase and a 101 nt poly(A) tail. RNA was transcribed using
MegaScript T7 RNA polymerase (Thermo Fisher Scientific, Waltham,
MA) with co-transcriptional capping using the CleanCap trinucleotide
cap 1 analog (TriLink Biotechnologies, San Diego, CA), precipitated us-
ing lithium chloride, and purified using cellulose chromatography as
described previously.[44 ] Uridine residues were fully substituted with
N1-methylpseudouridine (m1Ψ) by using N1-methylpsuedouridine-5’-
triphosphate (m1ΨTP) (TriLink Biotechnologies) in the place of uridine-5’-
triphosphate (UTP) in the reactionmixture. ResultantmRNAwas analyzed
by gel electrophoresis, sequenced, checked for dsRNA contaminants us-
ing a J2 dot blot, and stored frozen at−80 °C until use in LNP formulation.

LNP Formulation: All LNPs were formulated using microfluidic
ethanol dilution as described previously.[33,34 ] Briefly, an ethanol
phase was prepared containing ionizable lipid, helper lipid (DOPE
and/or DSPC) (Avanti Polar Lipids, Birmingham, AL), cholesterol (Mil-
liporeSigma), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (C14-PEG2000) (Avanti Polar Lipids).
An aqueous phase containing siRNA and/or mRNA in 10 mM citrate
buffer at pH 3 (Thermo Fisher Scientific) was prepared separately. Ethanol
and aqueous phases were then combined at a 1:3 volume ratio via mi-
crofluidic mixing in a device containing a staggered herringbone mixer ar-
chitecture to produce LNPs. LNPs were dialyzed against 1× phosphate-
buffered saline (PBS) (Thermo Fisher Scientific) for 2 h, filter sterilized
using 0.22 µm filters (Genesee Scientific, San Diego, CA), and stored at
4 °C for later use.

Size and Zeta Potential: The size and polydispersity of each LNP for-
mulation was measured using dynamic light scattering (DLS). Briefly,
10 µL of LNP suspension was diluted 100× in 1× PBS in disposable cu-
vettes (Fisher Scientific, Pittsburgh, PA). z-average diameter and PdI were
then measured in triplicate using a ZetaSizer Nano (Malvern Panalyti-
cal, Malvern, Worcestershire, UK). Zeta potential was similarly measured
in quintuplicate on a ZetaSizer Nano (Malvern Panalytical) after diluting
LNPs 20× in deionized water in disposable cuvettes (VWR International,
Radnor, PA). Data are reported as mean ± standard deviation (n ⩾ 3mea-
surements).

Surface Ionization and pKa: LNP apparent pKa was determined as de-
scribed previously.[45 ] Briefly, a buffered solution consisting of 150 mM
sodium chloride, 20mM sodium phosphate, 20mM ammonium acetate,
and 25mM ammonium citrate was adjusted to pH values ranging from 2
to 12 in increments of 0.5. 125 µL of each pH-adjusted solution and 5 µL
of LNP formulation were plated in quadruplicate in a flat-bottom, black-
walled 96-well plate. 2-(p-toluidino napthalene-6-sulfonic acid (TNS) was

then added to each well to a final TNS concentration of 6 µM and fluo-
rescence was read immediately on an Infinite 200 Pro microplate reader
(Tecan Group, Männedorf, CH) at an excitation wavelength of 322 nm and
an emission wavelength of 431 nm. The pKa was taken as the pH corre-
sponding to half-maximum fluorescence intensity (50% protonation).

RNA Entrapment and Concentration: Entrapment of RNA was as-
sessed using a modified Quant-iT RiboGreen assay as described
previously.[46 ] Briefly, LNP stocks were diluted 100× in tris-EDTA (TE)
buffer or in 0.1% (v/v) Triton X-100 (MilliporeSigma) in TE buffer. 100 µL
of diluted LNP was plated in quadruplicate in a flat-bottom, black-walled
96-well plate. 100 µL of working RiboGreen solution (Thermo Fisher Sci-
entific) was added to each well. Fluorescence intensity was then read im-
mediately on an Infinite 200 Pro microplate reader (Tecan Group) at an
excitation wavelength of 480 nm and an emission wavelength of 520 nm.

Entrapment was calculated as 1 − Cf
Ct
, where Cf was the RNA concentra-

tion in TE buffer (free RNA content in intact LNPs) and Ct was the RNA
concentration with surfactant present (total RNA content in lysed sample).
Resultant data are presented as mean ± standard deviation (n = 4 obser-
vations per LNP formulation). Total RNA content of LNPs was estimated
using absorbance measurements at a wavelength of 260 nm on an Infi-
nite 200 Pro (Tecan Group) or by inclusion of a standard curve produced
by dilution of ribosomal RNA provided by the manufacturer in RiboGreen
assays. siRNA and mRNA content were estimated by applying the ratios
used for LNP formulation to total RNA content.

In Vitro RNADelivery to Jurkat Cells: Jurkat immortalized human T cells
stably expressing EGFP were a generous gift from Saar Gill at the Univer-
sity of Pennsylvania. Cells were cultured in Roswell Park Memorial Insti-
tute 1640 medium with L-glutamine supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (RPMI). Cells
were plated at 250,000 cells/well in 24-well plates in a volume of 500 µL.
For excipient screens, cells were treated at a dose of 50 ng of mRNA per
100,000 cells. For cargo composition screens, cells were treated at doses
of 2 ng of siRNA per 100,000 cells or 33.3 ng of mRNA per 100,000 cells.
Flow cytometry experiments were conducted 24 h post-transfection.

Ex Vivo RNA Delivery to Primary Human T Cells — PD-1 Knockdown Ki-
netics Study: Primary human T cells from healthy volunteer donors were
procured via the University of Pennsylvania Human Immunology Core
(RRID:SCR_022380). CD4+ and CD8+ T cells were combined at a 1:1 ra-
tio, plated at 100,000 cells/well in 100 µL of RPMI, and activated overnight
using Dynabeads CD3/CD28 Human T-activator beads (Thermo Fisher
Scientific) at a 1:1 bead:cell ratio. Following activation, cells were treated
with LNPs at a dose of 300 ng of encapsulated mRNA per well. Immedi-
ately after treatment with LNPs and daily for 8 d thereafter, EGFP and PD-1
expression were measured via flow cytometry.

Ex Vivo RNA Delivery to Primary Human T Cells — Production of CAR
mRNA via IVT: The gene sequence for a second-generation CAR target-
ing human CD19 was cloned into an in vitro transcription (IVT) plasmid
between a T7 RNA polymerase promoter and a 64 nt poly(A) tail. CAR IVT
plasmid was linearized immediately 3’ of the poly(A) tail and transcrip-
tion was performed using a HiScribe T7 High Yield RNA Synthesis Kit
(New England Biolabs, Ipswich, MA) with full m1Ψ substitution accom-
plished by replacing the manufacturer-provided UTP with m1ΨTP (TriLink
Biotechnologies). Transcripts were cleaned up using AMPure RNAClean
XP beads (Beckman Coulter Life Sciences, Brea, CA), then capped using
the Vaccinia capping system (New England Biolabs), withmRNA cap 2’-O-
methyltransferase (New England Biolabs) used to generate a cap 1 struc-
ture. After a final bead cleanup, integrity of capped mRNA was verified via
electrophoresis and mRNA was stored at −80 °C for later use.

Ex Vivo RNA Delivery to Primary Human T Cells — CAR-T Cell Gen-
eration and Fluorescence Microscopy: Primary human T cells were acti-
vated overnight in a well plate and treated with LNPs encapsulating CAR
mRNA (either alone or with siRNA) at a dose of 500 ng of encapsulated
mRNA per 100,000 cells. 24 h later, cells were rinsed with and resus-
pended in 1× PBS. 1 µg each of PD-1 primary antibody and biotinylated
human CD19 (Sino Biological, Beijing, CN) was added to each sample
and allowed to incubate at 4 °C for 15 min. Samples were rinsed and

Adv. Healthcare Mater. 2023, 2301515 © 2023Wiley-VCH GmbH2301515 (9 of 11)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202301515 by U
niversity O

f Pennsylvania, W
iley O

nline Library on [01/09/2023]. See the Term
s and C

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

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.advhealthmat.de

resuspended in fresh PBS. 1 µg each of R-phycoerythrin (PE)-streptavidin
conjugate (Sino Biological, Beijing, CN) and Alexa Fluor 488-conjugated
secondary antibody was added to each sample and allowed to incubate at
4 °C for 15min. After rinsing, cells were seeded on a chamber culture slide
(Thermo Fisher Scientific) coated with poly-L-lysine (MilliporeSigma),
fixed using 4% paraformaldehyde (MilliporeSigma), and counterstained
with CellMask Deep Red (Thermo Fisher Scientific) and 4’,6-diamidino-2-
phenylindole (DAPI) (MilliporeSigma). ProLong Diamond antifade moun-
tant (Thermo Fisher Scientific) was used to mount cover slips to prepared
slides, which were then stored in the dark until imaging. Slides were im-
aged using a Leica Stellaris 5microscope with a 20× objective. Image pro-
cessing was performed using the Fiji image analysis software.[47 ]

Flow Cytometry: All flow cytometry was performed on an LSR II flow
cytometer (BD, Franklin Lakes, NJ) equipped with violet, blue, green, and
red lasers (RRID:SCR_022376). Clones and fluorophores used are listed
in Table S1 (Supporting Information). For CAR staining, cells were in-
cubated with 1 µg of biotinylated recombinant human CD19 (Sino Bio-
logical), then with 1 µg of streptavidin conjugated to Brilliant Violet 421
(BV421). For reporter gene assays and PD-1 knockdown kinetics studies,
SYTOX Blue (Thermo Fisher Scientific) was used as a viability stain; for
CAR/PD-1/activation studies, an annexin V conjugate was used instead
to reduce spectral overlap (BioLegend). Compensation matrices for all
experiments were obtained through the use of singly-stained compensa-
tion controls. Fluorescence-minus-one (FMO) controls were employed as
necessary to establish background fluorescence levels for analysis. Stan-
dard gating methods were used with exclusion of doublets and nonvi-
able cells. Representative gating schemes for all analyses are available in
the Supporting Information (Figures S8,S9,S10). For expression of exoge-
nous mRNA, gene expression was assessed as positivity rate; for siRNA-
mediated knockdown, relative expression was assessed by comparing me-
dian fluorescence intensity (MFI) to appropriate controls in each experi-
ment.

Statistical Analysis and Data Visualization: All statistical analysis and
production of bar plots and characterization curves were performed in the
R statistical programming language with a number of packages from the
Comprehensive R Archive Network (CRAN).[48–58 ] The Nix package man-
ager (with pinned nixpkgs revision b7ce17b1e) was used to manage all
dependencies to maximize reproducibility.[59 ] Flow cytometry plots were
produced using FlowJo 10 (BD, Franklin Lakes, NJ). Unless otherwise spec-
ified, statistical analysis was performed as a one-way analysis of variance
(ANOVA) using post hoc two-tailed t tests with the Bonferroni-Holm cor-
rection for multiple comparisons. To control for potential changes in PD-1
expression following LNP treatment in CAR/PD-1/activation studies, PD-
1 expression was normalized to cells treated with LNPs containing only
CARmRNA for each biological replicate. Consequently, one-sample t tests
with the alternative hypothesisHa: �휇 ≠ 1 were used to test for PD-1 knock-
down, with the Bonferroni-Holm correction for multiple comparisons. All
data are presented as mean ± standard deviation.

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