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mRNA vaccines have recently proved to be highly effective
against SARS-CoV-2. Key to their success is the lipid-based
nanoparticle (LNP), which enables efficient mRNA expression
and endows the vaccine with adjuvant properties that drive
potent antibody responses. Effective cancer vaccines require
long-lived, qualitative CD8 T cell responses instead of antibody
responses. Systemic vaccination appears to be themost effective
route, but necessitates adaptation of LNP composition to
deliver mRNA to antigen-presenting cells. Using a design-of-
experiments methodology, we tailored mRNA-LNP composi-
tions to achieve high-magnitude tumor-specific CD8 T cell
responses within a single round of optimization. Optimized
LNP compositions resulted in enhancedmRNA uptake by mul-
tiple splenic immune cell populations. Type I interferon and
phagocytes were found to be essential for the T cell response.
Surprisingly, we also discovered a yet unidentified role of
B cells in stimulating the vaccine-elicited CD8 T cell response.
Optimized LNPs displayed a similar, spleen-centered bio-
distribution profile in non-human primates and did not trigger
histopathological changes in liver and spleen, warranting their
further assessment in clinical studies. Taken together, our
study clarifies the relationship between nanoparticle composi-
tion and their T cell stimulatory capacity and provides novel
insights into the underlying mechanisms of effective mRNA-
LNP-based antitumor immunotherapy.

INTRODUCTION
Messenger RNA (mRNA) vaccines are extremely versatile, as mRNA
sequences can be easily tailored to encode any antigen of interest,
enabling both rapid and mass-scale vaccine development against
emerging pathogens as well as personalized vaccine design against
cancers. Key to the success of the currently approved SARS-CoV2
mRNA vaccines and of many mRNA-based prophylactic vaccines
3078 Molecular Therapy Vol. 30 No 9 September 2022 ª 2022 The Au
This is an open access article under the CC BY-NC-ND license (ht
in clinical development are lipid-based nanoparticles (LNPs), delivery
vehicles that mediate efficient mRNA expression in situ and endow
the vaccine with intrinsic adjuvant properties.1 LNPs are composed
of an ionizable lipid, a phospholipid, cholesterol, and a PEGylated
lipid, with the ionizable lipid being considered the most important
driver of mRNA expression. In contrast to their predecessors having
a cationic charge across a wide variety of pH ranges, ionizable lipids
are pH-sensitive lipids that endow the LNPs with a positive, mem-
brane fusion-promoting charge at endosomal pH while having a
neutral charge at physiological pH.2 The ionizable lipid is required
to encapsulate the mRNA and drives endosomal escape. The PEGy-
lated lipid improves LNP stability and controls the interaction of
the LNPs with blood proteins and cells. Cholesterol and the phospho-
lipid contribute to LNP stability and endosomal membrane destabili-
zation.2 Intramuscular3 or subcutaneous4 administration of mRNA-
LNPs has been reported to elicit CD8 T cell responses against the
mRNA encoded antigen. In these strategies, mRNA is delivered to
local antigen-presenting cells (APCs), resulting in low to moderate
antigen-specific CD8 T cell levels in the circulation. However, to
effectively combat tumors (especially at distant locations) potent,
long-lasting, and systemic CD8 T cell responses are required. Intrave-
nous (i.v.) delivery of mRNA vaccines has been described to confer
enhanced T cell responses and antitumor immunity,5–7 which is likely
related to its capacity to mobilize the large pools of APCs present in
the spleen. Induction of strong CD8 T cell responses has been
confirmed clinically, upon i.v. immunization of metastatic melanoma
thors.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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patients with mRNA lipoplexes composed of 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) and the cationic lipid DOTMA,8

but no LNP-based formulation has yet been used in the clinic
for i.v. therapeutic cancer vaccination. LNPs might show even
further improved activity compared with lipoplexes given their
enhanced intrinsic potential to transfect cells. Nonetheless, standard
LNP formulations typically deliver RNA to hepatocytes upon i.v.
delivery,9–11 instead of the APCs needed to instigate CD8 T cells. In
this study, we speculated that LNPs could be tailored toward systemic
vaccination through optimization of the molar ratio between the four
lipids and selection of an appropriate polyethylene glycol (PEG) lipid.
These parameters are known to impact LNP features such as size, z
potential, pharmacokinetics, and biodistribution, which ultimately
will determine in vivo immunogenicity.4,9,12–16 To design and screen
a virtually unlimited variety of potential LNP compositions in a time-
and cost-effective manner, we adopted a quality-by-design approach
based on a statistical design-of-experiment (DOE) coupled to
Bayesian regression modeling. This strategy enabled us to identify
the key composition parameters that determine immunogenicity
and to predict optimal LNP compositions within a single round of
in vivo immunogenicity assessment. Optimal LNP compositions
(within the constraints of the design space) resulted in strong CD8
T cell responses that could be boosted by repeated administration
and conveyed antitumor efficacy in a syngeneic mouse TC-1 tumor
model. Mechanistic studies revealed that the T cell response was
dependent on initial mRNA expression by various APCs in the spleen
and on the induction of type I interferons (IFNs). Surprisingly, we
also discovered a previously unrecognized role of B cells in instigating
antigen-specific CD8 T cell responses upon intravenous mRNA-LNP
vaccination.

RESULTS
DOE-driven optimization of LNP composition maximizes T cell

responses

We aimed to maximize the T cell response elicited by antigen-encod-
ing mRNA-LNPs composed of the ionizable lipid Coatsome SS-EC,17

cholesterol, DOPE, and a PEGylated lipid. The human papillomavirus
16 (HPV16) oncoprotein E7 was used as the antigen of choice.
HPV16 is a frequent cause of cervical, anal, and oropharyngeal can-
cer. The oncogenic potential of HPV is driven by persistent expres-
sion of the viral oncoproteins E6 and E7, which cause degradation
of the tumor-suppressor proteins p53 and Rb.18 Whereas E6 is not
immunogenic in standard inbred mice strains,19 E7 contains a well-
Figure 1. LNP composition was optimized for maximal T cell responses using
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established class I epitope recognized in C57BL/6 mice, making it a
highly relevant and suitable antigen to assess the potency of vaccine
platforms in mice. Using DOE methodology, an LNP library was de-
signed to address the impact of lipid molar ratio and PEG-lipid chem-
istry on the T cell response. Three PEGylated lipids (DMG-PEG2000,
DSG-PEG2000, and DSPE-PEG1000) that differ in length and chem-
istry of the acyl chain and/or the molecular weight of PEG were
explored. Per PEG-lipid chemistry, LNPs were formulated at 11
different molar ratios of the four lipid components, yielding a library
of 33 LNPs (Table S1). These 11 molar ratios were derived from a Ro-
quemore hybrid design20 in which the molar percentage of ionizable
lipid, DOPE, and PEG lipid each had five levels. Cholesterol was used
as a “filler” variable that completed the total molar percentage to
100% (Figure 1A). This design is particularly suited for the generation
of quadratic response surface models and more economic than tradi-
tional central composite or Box-Behnken designs (15 and 13 condi-
tions required, respectively). The composition and properties (size,
polydispersity index, percentage of mRNA, encapsulation, and z po-
tential) of the LNPs are shown in Table S1. All LNPs remained stable
at 4�C for 1 month (Figure S1). LNPs were administered i.v. three
times at weekly intervals. Five days after the third injection, the per-
centage of E7-specific CD8 T cells in blood was determined. Data
were subjected to Bayesian statistical modeling to identify the LNP
components critical for activity (Figure 1B). Results showed that
the magnitude of the CD8 T cell response heavily depends on the
LNP composition (Figure 1C). Bayesian effect analysis (supplemental
methods) identified PEG-lipid chemistry and molar percentage of
PEG lipid as the most critical LNP attributes. In the cases of DSG-
PEG2000- and DSPE-PEG1000-based LNPs, the percentage of ioniz-
able lipid also had a critical impact. Interaction effects were found
between the percentages of DOPE and the PEG lipids, indicating
that LNP optimization required fine-tuning of all lipid components
simultaneously. Bayesian regression modeling was applied to predict
the immunogenicity of LNP compositions not included in our initial
library (Figure 1D). For all PEG-lipid types, the predicted optimal
T cell response region corresponded to high percentages of the ioniz-
able lipid SS-EC (>50%) and low percentages of PEG lipid (<0.6%)
and DOPE (<10%). To validate the predictive value of the models,
we tested six new LNP compositions (LNP34–LNP39, Table S1)
in vivo. T cell responses higher than or equal to the best performers
of the original library were predicted for mice immunized with
LNP34 (DMG-PEG2000), LNP36 (DSG-PEG2000), and LNP38
(DSPE-PEG1000) (optimal LNPs), whereas poor T cell responses
DOE methodology
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-PEG2000, and DSPE-PEG1000), yielding a total of 33 LNPs. (B) Schematic

cells in blood after three immunizations (weekly intervals, 10 mg of E7 mRNA)

mer stain (n = 3). E7 mRNA was used as antigen of choice encoded by the

positions with high (green) and low (red) predicted capacity to elicit CD8 T cell

fter three immunizations (weekly intervals, 10 mg of E7 mRNA) with predicted

0 (F) LNPs. (G) Representative flow cytometry scatterplots of E7-specific CD8

ith LNP34 (optimal) or LNP35 (non-optimal). In (C), (E), and (F), mean ± SD is

one-way ANOVA with Sidak’s multiple comparison test. ***p < 0.001; ns, not



www.moleculartherapy.org
were predicted for LNP35 (DMG-PEG2000), LNP37 (DSG-
PEG2000), and LNP39 (DSPE-PEG1000) (non-optimal LNPs). The
experimental data largely matched the predictions and validated the
models in the cases of DMG-PEG2000 and DSG-PEG2000 LNPs
(Figures 1E and 1G; supplemental methods). In contrast to the pre-
dictions, LNP39 elicited T cell responses nearly equal to those of
LNP38 (Figure 1F), meaning that the DSPE-PEG1000 LNP model
could not be validated. Because of this unpredictable behavior and vi-
sual toxicity inmice (lethargy, pain symptoms) DSPE-PEG1000 LNPs
were excluded from further assessment.

mRNA-LNP vaccines induce qualitative T cell responses and

tumor regression

The success of cancer immunotherapy is determined by a multitude of
factors, including the T cell phenotype and functionality. We first as-
sessed the quality of the T cell response evoked by the optimal LNPs
(LNP34 and LNP36). Therefore, mice received three weekly immuni-
zations followed by a final immunization at day 50. E7 mRNA was
supplemented with TriMix, which a mix of three mRNAs encoding
murine CD70, murine CD40L, and a constitutively active TLR4, which
increases the strength of the T cell response.21 Expression of all four
co-formulated mRNAs was confirmed by in vitro transfection (data
not shown). For both LNPs, the kinetics and phenotypic traits of the
T cell response were similar. Following three immunizations with
E7-TriMix LNPs, over 70% of CD8 T cells in blood were E7 specific
(Figure 2A). Five weeks after the third immunization (day 49), the per-
centage of E7-specific CD8 T cells remained highly elevated (approx-
imately 40%, Figure 2A) with the majority displaying a short-lived
effector cell phenotype (KLRG1+ CD127�) (Figures 2B and 2C).
However, a noteworthy population (�10%) of memory precursor
effector cells (KLRG1�CD127+) was present as well. Functional mem-
ory conversion was evidenced by the rapid re-expansion of E7-specific
CD8 T cells after the day-50 booster immunization (Figures 2A and
2C). IFN-g concentrations in serum increased with every immuniza-
tion (Figure 2D), indicating increased systemic immune stimulation.
To assess T cell functionality, we performed an intracellular cytokine
staining on splenocytes obtained frommice after three immunizations.
Polyfunctional CD8 T cells, which produce more than one cytokine
simultaneously, are associated with better control of infectious dis-
eases22,23 and tumors24–26 and accounted for approximately 11% of
CD8 T cells for both optimal LNPs (Figures 2E and 2F). To assess
whether the activity of the LNPs also extended to other antigens,
mRNA encoding the MC38 colon carcinoma-derived neo-epitope
Adpgk or the B16-F10-derived melanocyte differentiation antigen
Trp-2 was mixed with TriMix and encapsulated in LNP36.
Augmented T cell responses were observed after two immunizations
with LNPs containing both types of antigen-encoding mRNAs, espe-
cially when combined with TriMix (Figure S2). Next, therapeutic anti-
tumor efficacy was assessed in mice bearing subcutaneous TC-1 tu-
mors, which express HPV16 E7 antigen.27 Treatment was initiated
when tumors reached a mean diameter of 52 ± 4 mm3 (Figure 2G).
E7-TriMix treatment resulted in profound tumor growth inhibition
of the established TC-1 tumors (Figure 2H) and significantly pro-
longed survival time (Figure 2I), yet tumors relapsed after cessation
of treatment. We additionally assessed the capacity of mRNA-LNP-
elicited T cells to reach the tumor bed. Two i.v. injections with the
mRNA-LNPs led to a strong infiltration of CD8+ tumor-infiltrating
lymphocytes (TILs) into the tumor (Figures 2J and 2K), with over
70% being specific for E7 (Figure 2L). Treatment with LNP36 deliv-
ering TriMix without E7 or containing an irrelevant mRNA (Firefly
luciferase [Fluc]) did not induce regression of tumors, nor did it result
in increased percentages of E7-specific CD8 T cells in the tumor
(Figures S3A and S3B). To understand why tumors relapse despite
the high numbers of vaccine-elicited E7-specific CD8 T cells, we
compared tumor E7 expression levels in LNP36 versus Tris-buffered
saline (TBS)-treated tumors. Tumors that relapsed after vaccination
with E7-TriMix delivered by LNP36 showed a profound decrease in
E7 expression levels compared with TBS (Figure S3C), suggesting
loss of antigen expression as a major mechanism of immune escape.
Moreover, at the time of relapse (day 35) tumors were less infiltrated
by E7-specific CD8TILs compared with 2 days after the second immu-
nization (day 17, regression phase) (Figure S3B). In addition, TILs in
regressing tumors showed proliferative potential (Ki67+) and cytolytic
capacities (granzyme B+), whereas TILs present in relapsing tumors
predominantly had a non-proliferative (Ki67�), non-cytolytic (gran-
zyme B�) phenotype and expressed high levels of the immune-check-
point PD-1 (Figures S3D and S3E). This “non-reactive” phenotype
might be inflicted by immune-suppressive factors present in the tumor
microenvironment or driven by the lack of E7 presence. Further
immunophenotyping revealed no significant increases in the levels
of myeloid-derived suppressor cells, regulatory T cells, or M2
macrophages in relapsing tumors compared with regressing tumors
(Figure S3F), arguing against a major role of these cells in the observed
tumor escape.

Early LNP association with splenic APCs correlates with

immunogenicity

To address whether the magnitude of the T cell responses after the
third immunization can be correlated to the initial biodistribution
of mRNA uptake and expression at organ level and cell-type level,
we encapsulated a mixture of Cy5-labeled (25% substituted
cyanine-5 uridine-50-triphosphate [Cy5-UTP], 75% substituted
5-methoxy UTP), and unlabeled (and without nucleoside modifica-
tion) Fluc mRNA in the LNPs screened in the original immunoge-
nicity assessment (Figure 3A). Fluc activity was measured in liver,
spleen, lung, heart, and kidney homogenates 4 h after LNP injection.
LNP composition had a strong impact on the intensity and organ
specificity of mRNA expression (Figure 3B). Across the library,
Fluc expression was highest in the liver, followed by the spleen (Fig-
ure 3C), but the liver-to-spleen ratio differed strongly between LNPs.
The magnitude of the E7-specific CD8 T cell responses positively
correlated with absolute (DSG-PEG2000 LNPs) and relative (DMG-
PEG2000 LNPs) spleen expression (Table S2). The importance of
organ-specific mRNA delivery was further highlighted by the absence
of correlation between total expression and T cell responses
(Table S2). Significant correlations were also identified between
LNP size (in turn strongly dependent on lipid composition) and rela-
tive expression in the spleen (Figure S4A) and between LNP size and
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Figure 2. Optimal mRNA-LNPs induce qualitative T cell responses and strong antitumor efficacy

(A) Mice were immunized with optimal LNPs encapsulating 5 mg of E7 and 5 mg of TriMix mRNA at days 0, 7, 14, and 50. Blood CD8 E7-specific T cell responses were

determined at days 5, 20, 49, and 55. (B and C) Differential expression of KLRG1 and CD127 on blood E7-specific (+) and non-specific (�) CD8 T cells at day 49 and

day 55. Representative contour plots (B, day 49) and quantification (C, mean ± SD [n = 4]) of KLRG1 and CD127 expression are shown. (D) IFN-g levels in serum were

measured 6 h after each immunization (n = 4–6). (E and F) IFN-g and TNF-a expression by splenic CD8 T cells after three immunizations with TBS or mRNA-LNPs (weekly

intervals, 10 mg of E7-TriMix). Representative contour plots (E) and quantification (F: mean ± SD [n = 3 for TBS, n = 5 for LNPs]) is shown. (G) When TC-1 tumors reached a

mean volume of 52 mm3, mice were injected i.v. with 5 mg of E7-TriMix mRNA-LNPs (weekly intervals). (H) TC-1 growth curves in mice. Data are shown as mean ± SEM

(n = 6–7). (I) Kaplan-Meier survival curves of TC-1-bearing mice. (J and K) Representative contour plots (J) and graph (K, mean ± SD [n = 4] with individual data points shown

in red) quantifying the infiltration of CD8 T cells in TC-1 tumors. (L) E7 specificity of CD8 TILs in TC-1 tumors. Data are shown as mean ± SD with individual data points in red

(n = 4). Statistical differences were assessed using a Mantel-Cox log-rank test with Bonferroni multiple testing correction (I), one-way ANOVA with Tukey post hoc test (J), or

two-way Student’s t test (L).**p < 0.01, ***p < 0.001; ns, not significant.
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Figure 3. LNP immunogenicity correlates with splenic immune cell association

(A) A mixture of 5 mg Cy5-labeled (25% substituted Cy5-UTP, 75% substituted 5-methoxy UTP) and 5 mg unlabeled (and without nucleoside modifications) Fluc mRNA in

LNPs was injected i.v. (n = 2–4). After 4 h, kidneys, lungs, heart, liver, and spleen were isolated. A part of spleens and livers was kept for immediate flow cytometry analysis to

assess Cy5 association with multiple cell types. Remaining tissues were homogenized and assayed for luciferase activity. (B) Luciferase activity per mg of tissue. (C) Lucif-

erase activity (expressed as percent of luciferase activity per mg in all assayed organs) wasmainly localized in liver and spleen. (D) Association of Cy5-mRNAwith immune cell

types in the spleen, expressed as difference in Cy5 mean fluorescence intensity between cells of LNP-injected mice and vehicle-injected mice (DCy5 MFI). (E) Correlations of

DCy5 MFI after first LNP administration with T cell response after three immunizations (Figure 1C) were strongest for monocytes, pDCs, macrophages, and B cells based on

Pearson’s correlation coefficients. In (B), (C), and (D), mean ± SD is shown. RLU, relative light unit.
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the E7-specific CD8 T cell response (Figure S4B). Using Cy5-labeled
mRNA as a fluorescent reporter molecule, we further assessed
whether T cell responses can be linked to early (4 h post administra-
tion) mRNA uptake by specific immune cell types in the spleen (Fig-
ure 3D). Significant correlations were observed between the T cell
response and early mRNA association with splenic monocytes,
Molecular Therapy Vol. 30 No 9 September 2022 3083
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Figure 4. Optimal LNPs show increased splenic immune cell transfection and activation compared with non-optimal LNPs

(A) Fluc expression distribution over organs 4 h after injection of 10 mg of Fluc mRNA encapsulated in optimal (LNP34 and LNP36) or non-optimal LNPs (LNP35 and

LNP37). Mean ± SD is shown (n = 3). (B) Association of optimal LNPs with various splenic immune cell subsets is stronger compared with non-optimal LNPs. Mean ± SD

is shown with individual data points in red (n = 3). (C) Transient increases in IFN-a and IP-10 cytokine levels in serum were observed after injection of optimal, but not

suboptimal LNPs (n = 5 for E7 LNPs [10 mg], n = 3 for TBS). (D) CD86 expression on splenic cDC1 and cDC2 is weakly upregulated by non-optimal LNPs and strongly

upregulated by optimal LNPs (n = 5 for E7-TriMix LNPs [5 mg], n = 4 for TBS). (E) Cre mRNA (10 mg) in optimal LNPs was injected i.v. into transgenic Cre reporter mice

(ROSA-loxP-STOP-loxP-tdTomato). After 48 h, spleens were isolated and assayed for tdTomato fluorescence in immune cell types. (F) In spleen, optimal LNPs mainly

(legend continued on next page)
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macrophages, plasmacytoid dendritic cells (pDCs), and B cells (Fig-
ure 3E). In contrast, such correlations could not be established be-
tween T cell responses andmRNA association with non-parenchymal
liver cells (Figures S4C and S4D).

Optimal LNP compositions increase mRNA uptake by splenic

immune cells and trigger enhanced innate responses

To further validate these findings, we compared the organ-specific
and splenic cell distribution of the optimal, highly immunogenic
LNPs (LNP34 and LNP36) with the non-optimal, poorly immuno-
genic LNPs (LNP35 and LNP37) following the same method as for
the DOE library LNPs (Figure 3A). Compared with the non-optimal
LNPs, LNP34 and LNP36 showed increased splenic mRNA expres-
sion (Figure 4A) and mRNA association with splenic macrophages,
monocytes, B cells, and dendritic cells (DCs) (Figure 4B). The
increased association of optimal LNPs with innate immune cells
translated to stronger innate activation, illustrated by enhanced
IFN-a and IFN-g-induced protein 10 (IP-10) levels in blood (Fig-
ure 4C) and invigorated expression of the co-stimulatory molecules
CD86 (Figures 4D, S5A, and S5B) and CD40 (Figures S5A and
S5B) on conventional DC (cDC1 and cDC2) subsets. To fully eluci-
date which splenic cell types translate the LNP-delivered mRNA,
we injected LNPs with Cre recombinase mRNA into ROSA-loxP-
STOP-loxP-tdTomato (Ai9) mice (Figure 4E). Of the cell types
analyzed, DCs and macrophages showed the highest percentage of
transfected cells (Figure 4F). These cell types are potent APCs and
hence presumably contribute to the observed T cell responses elicited
by antigen mRNA-LNPs. Despite their strong association with Cy5
mRNA, mRNA expression by monocytes and B cells was compara-
tively low, which might reflect either limited mRNA internalization
or poor endosomal release in these cell types.

PEG-lipid chemistry differentially affects LNP biodistribution

upon repeated administration

Intravenous administration of mRNA-LNPs28 has been reported to
trigger antibody production against the PEGmoiety, a response driven
by the activation of splenic PEG-specific B cells.29–31 Presence of anti-
PEG antibodies has presumably opposing impacts on the T cell
response: it results in decreased expression of the delivered mRNA
but also shifts LNP uptake from hepatocytes to phagocytic cells14

that can function as APCs.We therefore determined whether the opti-
mized LNPs we identified—characterized by different PEG-lipid
chemistries—induce the generation of anti-PEG antibodies and
whether this impacts the intensity and biodistribution of mRNA
expression upon repeated administration. I.v. administration of
LNP34 and LNP36 provoked a pronounced B cell activation, as evi-
denced by a strong upregulation of the B cell activation markers
CD69 (Figure 5A), CD86, and CD40 (Figure S5C), with the presence
of mRNA in the LNPs being a clear prerequisite for B cell activation.
transfected DCs and macrophages, as indicated by the difference between the perc

injected mice for each cell population (DtdTomato+ (%)). Mean ± SD is shown (n =

ANOVA with Sidak’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001; ns

LNPs, Pink background: DSG-PEG2000-based LNPs.
Anti-PEG immunoglobulinM (IgM) and IgG became detectable in the
serum of mice after respectively the first and second immunization
with E7-TriMix LNPs (Figure 5B), and antibodies were still readily
detectable 40 days after the last immunization (Figure S6A). Titers
were more elevated after treatment with LNP36 compared with
LNP34, especially at the later time point (Figure S6A). We observed
reduced mRNA expression upon weekly administrations of Fluc
mRNA in LNP34 and LNP36, both in liver and spleen (Figure 5C).
In the case of DSG-PEG2000-containing LNP36, this reduced expres-
sion was accompanied by a relative shift in mRNA expression from
liver to spleen, with the spleen/liver ratio increasing from 0.8 at the first
injection to 3 after the third injection. The relative increase in splenic
expression observed after the third injection was mirrored by an
increased association of Cy5-mRNA with splenic macrophages,
monocytes, DCs, and B cells (Figure 5D). Despite a drop in the inten-
sity of mRNA expression, the relative distribution of mRNA uptake
and expression at the organ and cellular level, in contrast, remained
relatively constant in the case of the DMG-PEG2000-stabilized
LNP34 (Figures 5C and 5D).We next assessed whether the differential
behavior of LNP36 compared with LNP34 could be explained by qual-
itative changes in the protein corona adsorbed to the LNPs upon
repeated administration. LNP34 and LNP36 were incubated with
plasma from either naive mice or mice immunized twice with the
matching LNPs (“immune plasma”) and subsequently recovered using
differential centrifugation. Proteomics analysis identified abundant
plasma proteins, i.e., albumin, apolipoprotein E and several immuno-
globulins, in all samples (Figure S6B). Differential enrichment analysis
showed different intensity of 25 precipitated proteins when LNP36
was incubated with plasma samples from LNP36-immunized mice
compared with plasma of naivemice. On the other hand, only one pro-
tein was differentially enriched upon incubation of LNP34 with
plasma from LNP34-immunized mice versus plasma from naive
mice. The enriched proteins after incubation with immune plasma
clustered together and were highly distinct from the proteins pelleted
after incubation with naive plasma (Figure 5E), although the differ-
ences were clearly more pronounced for LNP36 compared with
LNP34. Out of the 25 differentially enriched proteins identified for
LNP36, 23 were increased in immune plasma compared with naive
plasma and all represented immunoglobulins (Figure 5F). In the
case of LNP34, Ighv3-6 was the only Ig family member enriched after
incubation with immune plasma (Figure 5F). In addition, immuno-
globulins in immune plasma make up a higher percentage of the total
precipitated proteome for LNP36 compared with LNP34 (Figures S6C
and S6D). We hypothesized that both LNP types bind anti-PEG anti-
bodies, but that anti-PEG is released faster from LNP34 than from
LNP36 due to the shorter acyl chain of its PEG lipid. Indeed, LNP34
and LNP36 showed a comparable initial opsonization by anti-PEG an-
tibodies in vitro. However, upon incubation with mouse serum, the
amount of anti-PEG antibody bound to LNP34 decreased over time,
entage of tdTomato-positive cells in LNP-injected mice and the average of TBS-

3). In (B), (C), and (F) Statistics were assessed by one-way (B, C) or two-way (F)

, not significant. RLU, relative light unit. Blue background: DMG-PEG2000-based
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whereas it remained constant in the case of LNP36 (Figure S6E).
The gradual loss of anti-PEG from LNP34—presumably due to shed-
ding of the PEG lipid—coincided with an increase in LNP size
(Figure S6F). In contrast, LNP36 size was relatively unaltered after
2 h incubation with serum, indicating DSG-PEG2000 was still incor-
porated in LNP and bound to anti-PEG antibodies. Taken together,
these data strongly indicate that LNP36 becomes increasingly opson-
ized by antibodies upon repeated administration, potentially altering
its biodistribution. In contrast, LNP34 shows only short-lived immu-
noglobulin opsonization.

The spleen-centered biodistribution of mRNA deposition is

retained in non-human primates

To exclude species-specific differences in the biodistribution of LNPs
that could hamper clinical translation, we assessed the biodistribution
of LNP36-delivered mRNA in female andmale cynomolgusmonkeys.
E6- or E7-encoding mRNAmixed with (human) TriMix were formu-
lated in LNP36 and co-administered i.v. two times with a 1-week in-
terval. The LNPs were well tolerated with no histopathological
changes observed in major vital organs. Twenty-four hours after
the second administration, tissues were collected to quantify mRNA
content. Both mRNAs were mostly present in the spleen (based on
pg mRNA per g of tissue), followed by the liver, bone marrow, drain-
ing lymph node, and lung (Figure 5G), irrespective of the adminis-
tered dose (Figure S7). E6- and E7-mRNA levels in brain, heart,
kidney, and adrenal gland were below quantifiable levels. Taken
together, the spleen-centered biodistribution, which is linked to
strong T cell responses in rodents, is preserved in non-human pri-
mates and warrants further clinical translation.

IFNAR signaling, phagocytes, and B cells are essential for

eliciting mRNA-LNP-induced T cell responses

We next sought to determine whether the observed type I IFN
response is vital for the T cell response elicited. Type I IFNs are pleio-
tropic cytokines that are typically induced upon sensing (viral) RNAs.
Opposing effects of type I IFNs on the T cell response induced by
mRNA vaccines have been reported.5–7,32–34 As shown in Figure 4C,
intravenous injection of E7 mRNA delivered by LNP34 and LNP36
resulted in a robust type I IFN response. This response was found
to be critical for achieving T cell immunity, as blockade of the
IFN-a/b receptor (IFNAR) prior to immunization—abrogating type
I IFN signaling—had a profound negative impact on the CD8 T cell
Figure 5. PEG-lipid chemistry differentially affects mRNA biodistribution upon

(A) mRNA-encapsulating LNPs (5 mg E7-TriMix), but not empty LNPs (equivalent lipids t

evidenced by upregulation of CD69. Mean ± SD is shown with individual data points in

comparison test. (B) Mice were immunized with 10 mg of E7-TriMix on days 0 and 7. A

injection. Both LNPs induce the generation of anti-PEG IgM (left) and IgG (right) upon

decreases with repeated administration of LNP34 and LNP36 encapsulating 10 mg of Flu

with Tukey’s multiple comparison test. (D) Splenic cellular Cy5-mRNA association upon

increases in the case of LNP36. Mean ± SD is shown (n = 3). (E and F) Cluster analysis

changeR1.5; padj < 0.05) of proteins in centrifuged pellets after incubation of LNP34 or

(10 mg E7-TriMix). LLOQ, lower limit of quantification. (G) After two immunizations with a

mRNA in total) in non-human primates, both mRNAs strongly accumulated in spleen.

assessed by two-way ANOVA with Tukey’s multiple comparison test. *p < 0.05, **p <
response (Figures 6A and 6B). In a parallel setup, we depleted
pDCs (>80% depletion, Figures S8A and S8B), a cell type capable of
producing large amounts of type I IFN in response to RNA sensing.35

Although pDC depletion resulted in reduced yet not fully abrogated
IFN-a titers in serum (Figure S8C), the impact of pDC depletion
on T cell responses was moderate to non-significant in the case of
LNP34 or LNP36, respectively. As our biodistribution studies showed
correlations between T cell responses and early LNP association with
phagocytic cells and B cells (Figure 3E), we decided to further assess
the roles of these immune cells in the LNP-induced T cell response.
Clodronate liposomes were used to deplete phagocytes in liver and
spleen prior to each immunization.36 We confirmed that this treat-
ment resulted in strong reductions of macrophages in both organs,
but also reduced numbers of monocytes and DCs in spleen (Fig-
ure S8D). After LNP immunization, strongly reduced E7-specific
CD8 T cell responses were measured in the clodronate-pretreated
mice (Figure 6D), indicating a vital role for phagocytic cell types in
modulating T cell responses to mRNA-LNPs, either by antigen
presentation or immunomodulation through cytokine production.
However, cytokine levels were similar in clodronate-treated mice
compared with wild-type mice after LNP immunization, supporting
the former mechanism (Figure S6E). Given the association of
mRNA with B cells observed in the biodistribution study, we also as-
sessed the involvement of B cells in the T cell response via compara-
tive immunization studies in wild-type mice versus mMTmice, which
lack mature B cells.37 With LNP-binding antibodies resulting in an
increased uptake by splenic APCs upon repeated immunization
with LNP36 but not LNP34, we speculated that B cells could be major
mediators of the T cell response evoked by LNP36, yet not by LNP34.
Surprisingly, however, mMT mice showed strongly reduced E7-spe-
cific CD8 T cell responses after immunization with both LNPs
compared with wild-type mice, indicating a role of B cells in the
T cell response that extends beyond antibody opsonization and
altering biodistribution upon repeated immunization (Figure 6E).
Of note, mMTmice showed preserved innate immune activation after
mRNA-LNP injection compared with wild-type mice (Figure S8E),
suggesting that the lack of response to mRNA-LNP immunization
is not due to complete immunodeficiency.

DISCUSSION
Although LNPs are highly efficient carriers for mRNA delivery, they
are not a one-size-fits-all solution, and their composition needs to be
repeated administration

o hypothetical 5 mg mRNA), activate splenic B cells 4 h after a single administration,

red (n = 4–5). Statistics were assessed by one-way ANOVA with Tukey’s multiple

nti-PEG IgM and IgG titers were determined in plasma collected 6 days after each

systemic injection. Mean ± SD is shown (n = 5). (C) Overall luciferase expression

c mRNA. Mean ± SD is shown (n = 3). Statistics were assessed by one-way ANOVA

repeated administration (5 mg Fluc + 5 mg Cy5-Fluc) remains similar for LNP34, but

(E) and volcano plots (F) for differential enrichment (false discovery rate 5%, log2 fold

LNP36 with plasma of naive mice or mice immunized twice with the respective LNP

1:1 mixture of LNPs loaded with either E6 or E7mRNA combined with TriMix (100 mg

Mean ± SD is shown with individual data points in red (n = 2). Statistics in (D) were

0.01, ***p < 0.001; ns, not significant.
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Figure 6. CD8 T cell responses are dependent on IFNAR signaling, phagocytes, and B cells

(A) Mice were pretreated with isotype antibodies, anti-CD317 pDC depleting antibody, anti-IFNAR blocking antibody, or clodronate liposomes. mMT mice were used as B

cell knockout model. After two or three i.v. immunizations with 10 mg of E7-TriMix mRNA-LNP (weekly intervals), CD8 T cell responses were assessed in blood. (B) IFNAR

blocking by i.p. administration of anti-IFNAR antibodies abrogated the E7-specific CD8 T cell response in blood after three immunizations. (C) Depletion of pDCs by i.p.

administration of anti-CD317 antibodies had minor negative impact on the percentage of E7-specific CD8 T cells in blood after three immunizations. (D and E) Absence of

phagocytes (clodronate-pretreated) (D) or B cells (knockout) (E) strongly reduced the percentage of E7-specific CD8 T cells in blood after two immunizations. In (B), (C),

(D), and (E), mean ± SD is shown (n = 4–5). Statistics were assessed by two-way ANOVA with Sidak’s multiple comparison test. *p < 0.05, ***p < 0.001; ns, not sig-

nificant.
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tailored toward the route of administration and the desired biological
activity.15,16,38–40 Here, we investigated whether mRNA-LNPs could
be designed to induce strong CD8 T cell responses upon intravenous
immunization by tailoring lipid ratios and PEG-lipid chemistry.
A DOE methodology was used to set up and screen an initial library
of 33 LNPs for their capacity to evoke CD8 T cell responses. Maxi-
3088 Molecular Therapy Vol. 30 No 9 September 2022
mized T cell responses were predicted and confirmed for LNPs
composed of low percentages of PEG lipid, high percentages of
SS-EC ionizable lipid, and low percentages of DOPE. An increased
T cell response by reduced mol % of PEG lipid is likely caused by
the combined effects of reduced shielding and increased size resulting
in increased LNP uptake by phagocytes,41 as we observed in the
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biodistribution studies. Aside of the chemistry of the ionizable lipid
used, our initial library was highly similar, in terms of lipid ratios
assessed, to the initial library described by Kauffman et al.9 (DOPE:
4%–16%; DMG-PEG2000: 0.5%–2.5%), who optimized erythropoi-
etin (EPO)-encoding mRNA-LNP compositions for maximal hepatic
EPO production. Interestingly, the different goals and readouts of
both studies led to the identification of different critical LNP attri-
butes, second-order interactions, and predicted optimal LNP compo-
sitions. In the study of Kauffman et al., LNPs that were selected as
optimal performers (i.e., achieving highest hepatic EPO production)
contained high molar percentages of DOPE and PEG lipid and low
percentages of ionizable lipid, which is opposite to the optimal
mRNA-LNP composition we identified. Hence, DOE enables optimi-
zation of LNP compositions for the intended biological activity.
Moreover, the design we employed proved to be cost effective, allow-
ing single-step fine-tuning of all lipid components simultaneously
in vivo with as little as 11 LNP compositions per PEG lipid. Early bio-
distribution of LNPs was linked to the magnitude of the T cell
response, with mRNA uptake by splenic immune cells, including
macrophages, monocytes, and pDCs, correlating positively with the
T cell response evoked. By administering Cre mRNA formulated in
optimal LNPs to tdTomato reporter mice, we identified splenic
DCs and macrophages as the cell types showing the highest percent-
ages of mRNA-expressing cells. Optimal LNPs led to an increased
functional maturation of DCs in the spleen and to increased produc-
tion of T cell stimulatory cytokines and chemokines such as IFN-a
and IP-10. Opposing effects of type I IFNs on the T cell response
induced by mRNA vaccines have been reported.5–7,32–34 Type I IFN
can promote DC activation and T cell differentiation but can also
interfere with the expression of the mRNA encoded protein by
inducing RNase activity and instigating translational arrest. A favor-
able impact of type I IFN is expected when type I IFN induction and
T cell receptor triggering occurs simultaneously, i.e., by systemic im-
munization.34 In this setting, blocking the type I IFN receptor IFNAR
at the time of immunization had a strongly detrimental impact on the
magnitude of the antigen-specific CD8 T cell response. Because the
biodistribution studies also indicated a positive correlation between
early mRNA association with splenic B cells and T cell response, we
assessed the involvement of B cells at instigating the antigen-specific
CD8 T cell response by conducting vaccination studies in mMTmice,
which lack mature B cells. Surprisingly, the CD8 T cell response was
nearly fully abrogated in these mice, pinpointing a crucial role of
B cells in priming and/or expanding CD8 T cell responses. As B cells
are not the typical APCs involved in priming CD8 T cells, we hypoth-
esized that B cells might promote CD8 T cell responses via a more in-
direct mechanism involving the induction of anti-PEG antibodies,
which would lead to LNP opsonization upon repeated administration,
as has been postulated for PEGylated liposomes,29,42 and subsequent
increased uptake by conventional APCs such as DCs and macro-
phages. Repeated LNP injection indeed increased anti-PEG IgM
and IgG levels in mouse serum, in line with other studies.28 Anti-
PEG titers were more elevated after treatment with LNP36 compared
with LNP34, likely resulting from the more stable incorporation of
DSG-PEG2000 compared with DMG-PEG2000 into the LNPs’
surface, a phenomenon previously described for small interfering
RNA LNPs.14 Despite this induction of anti-PEG antibodies in
mice, the vaccine-evoked T cell response was easily boostable by
repeated immunization, which is of key importance given the
increasing prevalence of anti-PEG antibodies in humans43 and a sub-
stantial portion of the global population at risk of acquiring anti-PEG
antibodies after vaccination with PEGylated LNPs in the context of
the COVID-19 pandemic. We also evaluated how the protein corona
of LNP34 and LNP36 changed upon repeated administration. For the
DSG-PEG2000 stabilized LNP36, we observed a strong enrichment of
immunoglobulins in the protein corona after repeated administra-
tion, which was absent in case of the DMG-PEG2000 stabilized
LNP34. In line with these findings, LNP36 showed a shifted distribu-
tion toward the spleen compared with liver upon repeated injection,
whereas LNP34 displayed a nearly unaltered biodistribution upon
repeated administration, reflecting its minor immunoglobulin opso-
nization. Nonetheless, compared with wild-type mice, B cell knockout
mice (mMT) showed strongly reduced E7-specific CD8 T cell re-
sponses after immunization with both LNPs, indicating a role of
B cells in the T cell response that extends beyond antibody opsoniza-
tion and altering biodistribution upon repeated immunization. The
role of B cells in promoting antitumoral immune responses is increas-
ingly recognized, with recent studies showing that B cells can act as
APCs to T cells.44–47 Hence B cell responses could enhance T cell re-
sponses to mRNA-LNP vaccines by multiple mechanisms, ranging
from cytokine production to direct roles in antigen presentation
themselves. Of note, as B cells contribute to the generation and main-
tenance of functional CD4 and CD8 T cells48,49 and help in the orga-
nization of lymphoid organ architecture,50 it cannot be ruled out that
mMT mice are intrinsically less competent in responding to mRNA-
LNP immunization compared with wild-type mice. Further work is
needed to unravel the exact mechanism by which B cells contribute
to the generation of antigen-specific CD8 T cell responses upon
systemic mRNA-LNP vaccination.

In summary, the DOE approach enabled us to identify LNP compo-
sitions that induced high-magnitude CD8 T cell responses upon i.v.
administration. This increased T cell response coincided with
increased mRNA expression in splenic DCs and macrophages along-
side augmented DC activation and cytokine release. Type I IFNs,
phagocytes, and B cells were vital in instigating the antigen-specific
CD8 T cell response. Repeated immunization resulted in high-magni-
tude and long-lasting tumor antigen-specific CD8 T cells that showed
a high degree of multifunctionality, infiltrated subcutaneous
antigen-expressing tumors, and provoked high antitumor efficacy.
The promising immunogenicity data in mice combined with the
beneficial biodistribution/tolerability results in non-human primates
warrant further assessment in clinical studies.

MATERIALS AND METHODS
Animals

All experiments with mice were performed with approval from the
Utrecht Animal Welfare Body of the UMC Utrecht or by the Animal
Ethics Committee of Ghent University. Animal care was according to
Molecular Therapy Vol. 30 No 9 September 2022 3089
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established guidelines. All mice had unlimited access to water and
standard laboratory animal chow. Female C57Bl/6J mice (20–25 g)
were obtained from Charles River Laboratories (Germany/France).
Female mMT B cell knockout and male and female B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (Ai9) were ob-
tained from The Jackson Laboratory (USA). The study of non-human
primates (two male and two female cynomolgus monkeys) was per-
formed at Charles River Laboratories (France) according to local
regulations.

Design of experiments and Bayesian-based analysis

A Roquemore hybrid design was used to select the LNP compositions
to test in the initial library. The investigation model used to optimize
the LNP composition was described by a quadratic response surface
model structure. The posterior distributions of the model parameters
were computed using the Hamiltonian Monte Carlo algorithm, a
generalization of the Metropolis algorithm. After qualification of
the model, the latter was used to predict mean CD8 T cell responses
for all combinations of the three factors (%ionizable lipid, %PEG
lipid, %DOPE) and select the lipid ratio predicted to result inmaximal
immunogenicity. Details of the statistical model, methods, and
analysis can be consulted in supplemental methods.

mRNA synthesis and purification

Codon optimized E7, Adpgk, Trp-2, TriMix, and Firefly luciferase
mRNAs were prepared by eTheRNA in vitro transcription (IVT)
from eTheRNA plasmids. No nucleoside modifications were incorpo-
rated. The E7 mRNA used in the DOE was capped with anti-reverse
cap analog. All later experiments were performed using CleanCapped
mRNAs. After IVT, double-stranded RNA was removed by cellulose
purification. mRNA quality was monitored by capillary gel electro-
phoresis (Agilent, Belgium). Cy5-labeled Firefly luciferase (Fluc)
mRNA and Cre mRNA were purchased from TriLink Biotechnol-
ogies. Uridine is fully substituted with 5-methoxyuridine in the Cre
mRNA. Cy5-labeled luciferase mRNA is transcribed with cyanine
5-UTP/5-methoxy-UTP at a ratio of 1:3.

LNP production and characterization

For biodistribution and cellular uptake studies, LNPs were loaded
with a mixture of Fluc encoding mRNA (eTheRNA Immunother-
apies) and CleanCap Cy5-labeled Fluc mRNA (TriLink Biotechnol-
ogies) in a 1:1 ratio. For the DOE immunogenicity study, LNPs
were loaded with E7 mRNA. All other studies were performed with
a mixture of E7 and TriMix (CD40L, CD70, and TLR4 mRNA) in a
3:1:1:1 ratio. The mRNA was diluted in 100 mM sodium acetate
buffer (pH 4), and lipids were dissolved and diluted in ethanol.
A nitrogen/phosphate ratio of 16 was employed for all LNPs. The
mRNA and lipid solutions were mixed using a NanoAssemblr Bench-
top microfluidic mixing system (Precision Nanosystems) at a flow
rate of 9 mL/min and an aqueous/organic phase flow rate ratio of
2:1, followed by dialysis overnight against TBS (20 mM Tris, 0.9%
NaCl, pH 7.4). Amicon Ultra Centrifugal Filters (Merck Millipore,
100 kDa molecular weight cutoff) were used for concentration of
LNPs. Size, polydispersity index, and z potential were measured
3090 Molecular Therapy Vol. 30 No 9 September 2022
with a Zetasizer Nano (Malvern). mRNA encapsulation efficiency
was determined via Quant-iT Ribogreen RNA assay (Thermo Fisher)
by comparing lysed LNPs in 1% Triton X-100 (all RNA detectable)
with LNPs in TE buffer (only non-encapsulated RNA detectable).
The assay was performed according to manufacturer’s recommenda-
tions. Composition and physicochemical properties of all LNPs are
summarized in Table S1.

Biodistribution and cellular uptake

Mice were injected i.v. via the tail vein with 10 mg of mRNA in selected
LNP formulations. After 4 h, mice were anesthetized with 250 mL of
pentobarbital (6 mg/mL, intraperitoneal [i.p.]). Blood samples were
collected in tubes with gel clotting factor (Sarstedt). Subsequently,
the chest cavity was opened, the portal vein was cut, and mice were
perfused with 7 mL of PBS through the heart’s right ventricle. Organs
were excised and snap-frozen in liquid nitrogen. For liver and spleen
tissues, a part of the organ was kept in ice-cold PBS for immediate
flow cytometry analysis. Non-human primates received two immuni-
zations with a 1-week interval by a 30-min infusion of LNP36 (formu-
lated as a 1:1 mixture of LNP36 containing either E6 or E7mRNA and
TriMix at total dose of 100 mg [Figure 5G] or 40 mg [Figure S7]
mRNA). Twenty-four hours after the second LNP administration ad-
renal gland, bone marrow, brain, heart, kidney, liver, lung, spleen, and
one lymph node were collected and immediately frozen in liquid
nitrogen until completely frozen and solid, then transferred to
�80�C. mRNA quantification in tissues was performed using a
QuantiGene Singleplex assay (Thermo Fisher) with a custom-
designed probe set hybridizing to E7 mRNA. In addition, tissues
were histopathologically inspected by a trained pathologist from
Charles River Laboratories (France).

Cellular association

Liver and spleen tissues were placed in Petri dishes with RPMI 1640
medium containing 1 mg/mL collagenase A (Roche) or 20 mg/mL
Liberase (Roche), respectively, and 10 mg/mL DNAse I, grade II
(Roche). Tissues were minced using surgical blades and incubated
for 30 min at 37�C. Subsequently, tissue suspensions were passed
through 100-mm nylon cell strainers. Liver suspensions were centri-
fuged for 3 min at 70 � g to deplete parenchymal cells. Supernatants
and spleen suspensions were centrifuged 7 min at 500 � g to pellet
cells. Red blood cells were lysed in ACK buffer (Gibco) for 5 min, in-
activated with PBS, and subsequently passed through a 100-mm cell
strainer. Cells were washed with RPMI 1640 containing 1% fetal
bovine serum, mixed with trypan blue, and counted using a Luna-II
Automated Cell Counter (Logos Biosystems). 3 � 105 (liver) or
6 � 105 (spleen) live cells were seeded in 96-well plates, pelleted for
5 min at 500� g, and resuspended in 2% BSA in PBS (2% PBSA) con-
taining 50% Brilliant Stain Buffer (BD Biosciences) and 2 mg/mL
TruStain FcX (BioLegend). Cells were incubated for 10 min on ice
and mixed 1:1 with 2% PBSA containing applicable antibodies
(Table S3) in duplicate. Cells were incubated for 15 min at room tem-
perature on a shaker, washed two times with 2% PBSA, and resus-
pended in 2% PBSA containing 0.25 mg/mL 7-AAD Viability Stain
(BioLegend). Samples were acquired on a 4-laser BD LSRFortessa
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flow cytometer. Analysis was carried out using FlowJo software.
Gating strategies for all analyses are included in supplemental
information.

Whole-body distribution

Approximately 50–100 mg of each tissue was dissected, weighed, and
placed in 2-mL microtubes with a layer of approximately 5 mm of
1.4-mm ceramic beads (Qiagen). For each mg of tissue, 3 mL of
cold Cell Culture Lysis Reagent (Promega) was added, and tissues
were homogenized using a Mini-BeadBeater-8 (BioSpec) at full speed
for 60 s at 4�C. Homogenates were stored at �80�C, thawed, centri-
fuged at 10,000� g for 10 min at 4�C to remove beads and debris, and
supernatants were stored again at �80�C. Ten microliters of each
lysate was aliquoted in duplicate on a white 96-well plate. Using a
SpectraMax iD3 platereader (Molecular Devices) equipped with
injector, 50 mL of Luciferase Assay Reagent (Promega) was dispensed
in each well while mixing, followed by a delay of 2 s and recording of
luciferase emission for 10 s. Luciferase activity was normalized for
background signal obtained from organ lysates of mice injected
with TBS.

mRNA expression

Ai9 mice were injected intravenously in the tail vein with 10 mg of Cre
mRNA encapsulated in selected LNPs. Forty-eight hours after admin-
istration, mice were anesthetized with pentobarbital and perfused
with PBS as described above. Single-cell suspensions of spleen tissues
were prepared and counted as described under “cellular association.”
Cells were stained with FcR blocking antibodies and Zombie Aqua
viability dye prior to staining with antibodies in 1% PBSA. Subse-
quently cells were washed two times with 2% PBSA and analyzed us-
ing a 4-laser BD LSRFortessa flow cytometer. Analysis was carried out
using FlowJo software. Gating strategies are included in supplemental
information.

T cell response

Mice were immunized intravenously via the tail vein with 10 mg of
mRNA in selected LNPs at weekly intervals. Blood for flow cytometry
stainings was collected 5–7 days after immunizations. After lysing of
red blood cells, the cells were incubated with FcR block and
Zombie Aqua viability dye. After incubation and washing, APC-
labeled tetramer/dextramer was added (E7: RAHYNIVTF; Adpgk:
ASMTNRELM; or Trp-2: SVYDFFVWL) and incubated at room
temperature for 30 min. Excess tetramer was washed away, and an
antibody mixture for surface molecules CD3, CD8, KLRG1, and
CD127 (Table S3) was added to the cells and incubated for 30 min
at 4�C. Samples were acquired on a 3-laser AttuneNxt flow cytometer
or a 4-laser BD LSRFortessa flow cytometer. Intracellular cytokine
production was determined in spleen 7 days after the third immuni-
zation. Single-cell suspensions of splenocytes were prepared by crush-
ing the spleens, lysing the red blood cells, and filtering the samples
over a 40-mm cell strainer. Two million cells/well/sample were plated
in duplicate in a 96-well plate. Four micrograms of E7 peptide (Gen-
script) was added for stimulation before cells were incubated at 37�C.
After 1 h of peptide stimulation, GolgiPlug (BD Cytofix/Cytoperm
kit; BD Biosciences) was added. Cells were incubated for another 4
h. Thereafter, cells were incubated with FcR block and viability dye.
After incubation and washing, APC-labeled E7 (RAHYNIVTF)-
tetramer was added and incubated at room temperature for 30 min.
Excess tetramer was washed away, and an antibody mixture for sur-
face molecules CD3 and CD8 (Table S3) was added to the cells and
incubated for 30 min at 4�C. Further steps were according to the
manufacturer’s instructions of the BD Cytofix/Cytoperm kit (BD
Biosciences). After permeabilization, cells were stained for IFN-g
and tumor necrosis factor a (TNF-a) (Table S3). Samples were
acquired on a 4-laser BD LSRFortessa flow cytometer. Analysis was
carried out using FlowJo software. Gating strategies are provided in
supplemental information.

Immune cell activation

Mice were injected i.v. via the tail vein with 5 mg of E7-TriMix
mRNA in selected LNPs. Spleens were harvested 4 h later for
flow cytometry staining. Single-cell suspensions of splenocytes
were prepared and incubated with digestion buffer (DMEM with
DNAse-1 and collagenase-III) for 20 min with regular shaking.
Thereafter, samples were incubated with Fc block and viability
dye. After incubation and washing, cells were stained with cell
lineage markers and activation markers (Table S3). Samples were
acquired on a 3-laser AttuneNxt flow cytometer. Analysis was
carried out using FlowJo software. Gating strategies are provided
in supplemental information.

TC-1 tumor model

TC-1 cells were obtained from Leiden University Medical Center.
TC-1 cells (0.5 million) in 50 mL of PBS were injected subcutaneously
on the right flank of the mice. Tumor measurements were performed
using a caliper. Tumor volume was calculated as (smallest
diameter2 � largest diameter)/2. For the TC-1 experiment shown
in Figure 2, mice were injected i.v. via the tail vein with 5 mg of E7-
TriMix mRNA in LNP34 or LNP36. Intravenous immunizations
were started at a mean tumor volume of 52 mm3 and performed
weekly for a total of three times. For analysis of TILs, tumors were iso-
lated 3 days after the second mRNA-LNP immunization and placed
in a 24-well plate filled with MACS tissue storage buffer (Miltenyi
Biotec). Tumors were minced and incubated in digestion buffer for
1 h with regular shaking. Thereafter, red blood cells were lysed and
all samples were filtered over a 70-mm cell strainer. Lymphocytes
were enriched by Ficoll-Paque density gradient purification before
proceeding with staining. First, the cells were incubated with FcR
block and viability dye. After incubation and washing, APC-labeled
E7 (RAHYNIVTF) tetramer was added and incubated at room tem-
perature for 30 min. Excess tetramer was washed away, and an anti-
body mixture for surface molecules CD45 and CD8 (Table S3) was
added to the cells and incubated for 30 min at 4�C. Samples were ac-
quired on a 3-laser AttuneNxt flow cytometer or a 4-laser BD
LSRFortessa flow cytometer. Analysis was carried out using FlowJo
software. Gating strategies are provided in supplemental information.
For the TC-1 experiment shown in Figure S2, the complete method
(flow cytometry and qPCR) is provided in supplemental information.
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Cell depletion or receptor blocking

pDC depletion was achieved by i.p. injection of anti-CD317 depleting
antibody (BioXcell), starting 1 week before the first immunization
(for schedules and depletion efficiency, see Figures S8A and S8B).
To deplete phagocytes, mice were injected intravenously via the tail
vein with 200 mL of clodronate liposomes (Liposoma) 1 day before
the immunization (for depletion efficiency, see Figure S8D). To block
IFNAR, mice were injected with 100 mg of IFNAR blocking antibody
(BioXcell) 1 h before each immunization.

Anti-PEG ELISA

Blood samples were collected in tubes with EDTA or clotting activator
(Sarstedt) 5 days after immunization. Blood samples were centrifuged
for 10 min at 1,000 � g to obtain plasma (EDTA tubes) or 5 min at
10,000 � g to obtain serum (clotting activator tubes). Samples were
stored at �80�C until analysis. ELISA for anti-PEG IgM (Life Diag-
nostics, PEGM-1) and anti-PEG IgG (Life Diagnostics, PEGG-1)
was performed according to kit protocol. Readout was carried out
on a TECAN Infinite 200 Pro plate reader.

Inflammatory cytokines

Blood samples were collected in tubes with gel clotting factor (Sar-
stedt). Clotted blood samples were centrifuged for 5 min at
10,000� g to obtain serum. Serum samples were stored at�80�C un-
til analysis. ProcartaPlex multiplex assay (Thermo Fisher) was used to
determine concentrations of IFN-g, IFN-a, and IP-10. Serum
samples were diluted three times in assay buffer and incubated with
fluorescently labeled beads for 120min. Further steps were performed
according to protocol. Samples were acquired on a MagPix instru-
ment (Luminex). Data were analyzed using ProcartaPlex Analyst
software.

LNP protein corona

Mice were immunized two times intravenously via the tail vein with
10 mg of E7-TriMix mRNA in selected LNPs at a weekly interval.
Blood samples were collected in tubes with EDTA (Sarstedt) 6 days
after the second immunization. In addition, blood was collected
from naive (non-immunized) mice. Blood samples were centrifuged
for 10 min at 1,000 � g to obtain plasma. LNPs were prepared as
described above. Plasma samples and LNPs were shipped to Karolin-
ska Institutet (Sweden) for protein corona analysis. The full method is
described in supplemental methods. In brief, 10% plasma in PBS
adjusted to 10 mM sodium citrate to prevent coagulation was pre-
pared from naive mice, LNP34–immunized, and LNP36-immunized
mice. Next, LNP34 and LNP36 were mixed with 10% immune plasma
(frommice immunized with the respective LNP) or naive plasma. The
mixture was incubated for 1 h at 37�C. The LNP-corona complexes
were spun at 20,000� g at 4�C for 1 h, the supernatant was discarded,
and the pellet was resuspended and washed twice with PBS. Next,
proteins were precipitated and digested to peptides. Samples were in-
jected into an Ultimate 3000 RSLCnano system (Dionex) using a C18
trap-column (Dionex) and an in-house packed (3 mm C18 particles,
Dr. Maisch) analytical 50 cm � 75 mm internal diameter emitter
column (New Objective). Peptides were eluted at 200 nL/min with
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an 8%–40% B 120min gradient (buffer B: 80% acetonitrile + 0.1% for-
mic acid; buffer A: 0.1% formic acid) to a Q Exactive Plus (Thermo
Fisher Scientific) mass spectrometer. Mass spectrometric raw files
were analyzed with the MaxQuant software (version 1.6.15.0). Search
was performed against the UniProtMusmusculus reference proteome
database. Protein and LFQ ratio count (i.e., number of quantified pep-
tides for reporting a protein intensity) was set to 1. Differential
enrichment analysis was performed on the LFQ intensity values by
using differential enrichment analysis of proteomics data (DEP
version 1.10.0 [3]), R version 4.0.2, and RStudio version 1.3.1073.

Statistical analysis

GraphPad Prism software 8.0 and 9.0 was used for the statistical an-
alyses indicated in figure legends. Significant differences are indicated
as *p < 0.05, **p < 0.01, ***p < 0.001; ns denotes no significance.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.07.007.
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