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Abstract

Lipid nanoparticles (LNP) are effective delivery vehicier for messenger RNA (mRNA) and have shown
promise for vaccine applications. Yet there /e 10 ublished reports detailing how LNP biophysical
properties can impact vaccine performan-~a. In ou. hands, a retrospective analysis of mRNA LNP vaccine
in vivo studies revealed a relationship b tv.e .1 LNP particle size and immunogenicity in mice using LNPs
of various compositions. To further nvestigate this, we designed a series of studies to systematically
change LNP particle size without . 'tering lipid composition and evaluated biophysical properties and
immunogenicity of the -asu'ting, LNPs. While small diameter LNPs were substantially less immunogenic

in mice, all particle sizes tc-.ed yielded a robust immune response in non-human primates (NHP).
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Vaccines are widely considered one of the greatest public health achievements of the 20"
century, saving millions of lives each year through management and eradication of infectious diseases
[1,2]. Although licensed vaccines are now available against 30 different pathogens [2], there are still
many existing diseases with no vaccine. Pathogen complexity, safety limitations, and manufacturing
challenges have rendered traditional vaccine approaches unsuccessful against high priority targets such
as respiratory syncytial virus (RSV) and cytomegalovirus (CMV) [1,3-5]. Furthermore, numerous novel
pathogens emerge every year — it is estimated that 85 infectious viral ¢ -eases emerged between 1940-
2004, most often originating in wildlife and crossing species at the ar.'mal human interface [6,7]. Recent
examples of human diseases with zoonotic origins include acq': reu :iimunodeficiency syndrome (AIDS),
Ebola, pandemic influenza A and severe acute respirato. ' s\ adromes (SARS, COVID-19) [7-10]. As
human activity continues to disrupt ecological niches, zcorotic infectious agents will inevitably evolve in
response and adapt to enter human populatirns — \.creasing the risk for more pandemics [6,7]. New
vaccine technologies are therefore neec'=d to buth address unmet medical needs and enable rapid

development of vaccines against emergig p..*hogens.

Messenger RNA (mRNA) +ccir 2s are uniquely positioned to address both challenges. Delivery
of mRNAs encoding viral antig. ns allows for antigen production in situ, closely resembling a natural
infection with no potenti.' to. disease [11,12]. Using this approach, a new vaccine can be made as soon
as the antigen sequence is identified. Our SARS-CoV-2 vaccine was manufactured and delivered to
clinical sites within 45 days of the viral genome being sequenced and released [13,14]. mRNA vaccines
also enable production of complex antigens, including intracellular or transmembrane targets. Further,
the expression of multiple antigens or assembly of complex multimeric antigens can be achieved by

combining different mRNA sequences in a single immunization [5,12].

Effective mRNA vaccines require both mRNA delivery and antigen expression to enable antigen-

specific immunity [15]. Lipid nanoparticles (LNPs) are the leading technology for facilitating intracellular



mRNA delivery [5,12,15-21]. LNPs are typically composed of an ionizable lipid, a phospholipid, a sterol,
and a lipid-anchored polyethylene-glycol (PEG), with the ionizable lipid being most important for mRNA
expression [12,15,22,23]. To date, LNP optimization for mRNA delivery has primarily focused on lipid
composition [12,16,22]. We recently published a screen optimizing biodegradable ionizable lipids for
intramuscular administration of mMRNA vaccines [12]. In that report, we showed that protein expression
is not the sole determinant of vaccine potency, indicating that additional factors contribute. With other
vaccine technologies, nanoparticle biophysical properties are known » - affect immunogenicity. When
used as nanocarriers for protein-based vaccines, nanoparticle size i “oar.ts innate immune stimulation
and nanoparticle tissue and cellular distribution [24-27]. To Aate, *ie literature describing the role of
vaccine particle size on immunogenicity has solely foc.-ed on protein antigens with particulate
adjuvants for innate immune stimulation [25-35]. L'ke protein vaccines, mRNA vaccines also rely on
innate immune stimulation. Unlike protein vac_incs, 1.~wever, mRNA vaccines do not require traditional

adjuvants but rely on mRNA delivery to ar tigen pt.senting cells (APCs) for antigen expression.

Here we investigated multiple INF biophysical properties that could affect mRNA vaccine
delivery and subsequent immune 2spo.ises. The optimal size for protein vaccine adjuvants is dependent
on the adjuvant material, how *he antigen and adjuvant associate, and the desired vaccine response
(e.g., humoral, cellular) ?7,25]. Thus, to specifically investigate the role of particle size in vaccine
potency, all other aspects of the delivery system must be matched. Herein, we changed mRNA LNP size
independent of lipid composition for our CMV vaccine and systematically investigated the optimal
MRNA LNP size for generating humoral immune responses. Our multi-antigenic CMV vaccine encodes
for the viral surface pentamer complex comprised of five subunits (gH, gL, UL128, UL130, UL131A) plus
envelope glycoprotein gB [5]. We found that within the sizes tested, CMV mRNA LNP vaccine antibody
titers were strongly size-dependent in mice. In contrast, such LNP size effects were not observed in non-

human primates (NHPs).



Methods

mRNA and Lipid Nanoparticle Production

All cytomegalovirus (CMV) mRNA constructs used in this study were manufactured in vitro by T7 RNA
polymerase-mediated transcription with complete replacement of uridine by N1-methyl-pseudouridine
as previously described and-purified-asprevieusly-deseribed [37]. Briefly, the DNA template used in the
in vitro reaction contained the immunogen open-reading frame flanke . hy 7’ UTR and 3’ UTR sequences
and was terminated by a polyA tail. After transcription, the pre- nRi A was purified by oligo-dT affinity
and the cap 1 structure was added to the 5’ end using Vacci~ia (apping enzyme (New England Biolabs,
Ipswitch, MA) and Vaccinia 2’0O-methyltransferase (New "ngiond Biolabs, Ipswitch, MA). The capped
mRNA was then purified by reverse phase purificz cio.”. Luffer exchanged by tangential flow filtration

into sodium citrate, pH 6.5, sterile filtered, an.' ke pt frozen at —20 °C until further use.

LNPs were manufactured via . ancprecipitation by mixing the ionizable lipid H [12],
distearoylphosphatidylcholine (DSP(C , chiolesterol, and PEG2k-DMG lipid dissolved in ethanol with all six
CMV constructs pooled and diluvod 1> sodium acetate buffer (pH 5.0) [5]. To obtain particles in a range
of sizes, the aqueous and Jrgaic streams were mixed in volumetric flow ratios between 1:1 and 3:1
(aqueous:ethanol), and sub equently aged between 0 and 5 hours prior to neutralization and buffer
exchange. Formulations were concentrated as needed to obtain the final target concentration, passed
through a 0.22 um filter, and stored at 4 °C until use. An additional dilution step into 5% dextrose in
water (D5W) was applied to select LNP formulations to further modulate particle size. All formulations
were tested for particle size, mRNA encapsulation, and endotoxin levels and were deemed acceptable

for in vivo study.

Dynamic light scattering (DLS)



Average LNP size was determined by dynamic light scattering (DLS) using the Wyatt DynaPro Plate
Reader Il (Santa Barbara, CA). Samples were diluted in PBS at volumetric ratios of 1:30-1:75 prior to

testing.

Nanoparticle tracking analysis (NTA)

The Malvern Nanosight NS300 (Malvern Panalytical, Worcestershire, UK) was used for nanoparticle
tracking analysis (NTA). Samples were diluted 5,000 - 40,000 fol® in 1X PBS pH 7.2 to a final
concentration of 100-250 particles per frame. Four, thirty second via.9s were taken for analysis to
generate population histograms. The mean, mode, SD, D10, D50, D90 and particle count of the merged
data was determined using the NanoSight software. The o, 'll.tion span was calculated as follows:

(D90-D10)/D50.

Particle count by Coulter Counter

Formulations were analyzed for numbe., of particles sized 800-10,000 nm in diameter using the
Multisizer 4e Coulter Counter with a 30 u'vl 1perture (Beckman Coulter, Indianapolis, IN). Samples were
diluted 130-201 fold in 1X PBS pd 7.2 to achieve total particle counts in the range of 5,000-20,000
particles. To account for coc.cervration differences between formulations, particle counts were

normalized to the tota! rn.]N.* =resent in the formulation.

mMRNA Entrapment

mMRNA encapsulation efficiency was determined by the Quant-iT Ribogreen RNA assay (Life
Technologies, Burlington, ON) as previously described [38]. Briefly, LNP-mRNA formulations were
incubated with the Ribogreen reagent in the presence and absence of 2% Triton X-100 (Sigma-Aldrich,

St. Louis, MO). Fluorescence intensities (excitation/emission: 480/520 nm) were measured for total



mRNA bound to Ribogreen dye after release from LNP by Triton X-100 and unencapsulated mRNA bound

to Ribogreen dye in the absence of Triton X-100.

Cryogenic Electron Microscopy (Cryo-EM)

To prepare cryoEM grids, 2.5 uL of sample was applied to a Quantifoil 200 mesh grid (Quantifoil;
GroRlobichau, Germany), manually blotted for ~3-4 seconds with filter paper, and then plunged into
liquid ethane. The image was collected on a FEI Tecnai TF20 at an acczlerating voltage of 200 kV using
TVIPS EM-Menu program. The instrument is equipped with a 16-m-:ga, ixel CCD camera. The nominal

magnification used was 29,000 and 50,000 with 2 binning.

Characterization of LNP Surface Polarity

LNP surface polarity was characterized using a modi ird ' ersion of a method previously described for
liposomes [39]. Briefly, a fluorophore, 6-r'ode :anoyl-N,N-dimethyl-2-napthylamine (Laurdan), was
dissolved in dimethyl sulfoxide (DMSO) an.' then incubated with LNPs for 3 hours at room temperature
with lipid to Laurdan molar ratio at appro: imately 600 to 1 and DMSO to aqueous buffer volume ratio of
1 to 500. After excitation at 340 nt1, 1.~ fluorescence spectrum of Laurdan with each LNP was recorded
at emission wavelengths 400- 70 n W using a FluoroMax spectrofluorometer (Horiba; Kyoto, Japan). The

I435—1490

generalized polarization \ 5P, ur Laurdan is calculated as follows: GP = , Where |35 and l4q9 are

435+1490
emission intensities at 435 and 490 nm, respectively. The normalized GP (N-GP) was then calculated

GP—-GPmin

using the following equation: N-GP= , Where GP,,, is 0.6 and GP,,;, is 0.3.

GPmax—GPmin

Small-Angle X-Ray Scattering (SAXS)

Small-angle X-ray scattering experiments were performed using a SAXSpoint 2.0, from Anton Paar

following a similar protocol described elsewhere [40]. A Primux 100 micro-X-ray source was used to

generate x-rays at wavelength of 0.154 nm. The scattered intensity was collected using a two-



dimensional (2D) EIGER R series CMOS detector from DECTRIS at a sample to detector distance of 575
mm. The 2D data was then circularly averaged, yielding the one-dimensional (1D) SAXS profile with wave

vector g ranging from 0.06 nm™ to 4 nm™, where q is expressed using the following equation,

4T

qQ=- sin(g), with A and 8 being the wavelength and scattering angle, respectively. The 1D data was

further corrected for sample transmittance and buffer background.
Immunogenicity in Mice

Animals were immunized as previously described [5,41]. Briefly, w imi 1unized six to eight-week old
female BALB/c mice (Charles River Laboratories International, !r.~ : V/ilmington, MA) by intramuscular
injection with 50 pL of the indicated mRNA LNP formulati~1s o) days 1 and 22. Each dose contained 3
ug of mRNA. Approximately 100 uL of blood was co'.c. ted from mice via tail vein and centrifuged at
1,200 x g for serum isolation (10 min at 4 °C) Z=rum was stored at -80 °C until analysis by ELISA. All
mouse studies were approved by the Animal C.-e and Use Committee at Moderna and followed NIH

and National Research Council guideline’. ¢ - aniimal experiments and husbandry.
Immunogenicity in Non-human Prii 1a.os (NHP)

NHP studies were conduct~d .* Charles River Laboratories (Sherbrooke, QC, Canada) using naive
cynomolgus monkeys, 2—_ years old and weighing 2-5 kg. Animals were housed in stainless steel,
perforated-floor cages, in a temperature- and humidity-controlled environment (20-26 °C and 30-70%,
respectively), with an automatic 12-h/12-h dark/light cycle. Animals were fed PMI Nutrition Certified
Primate Chow No. 5048 twice daily. Tuberculin tests were carried out on arrival at the test facility. The
study plan and procedures were approved by pre-clinical services Sherbrook (PCS-SHB) IACUC. Animal
experiments and husbandry followed NIH (Publication no.8023, eighth edition), U.S. National Research

Council, and Canadian Council on Animal Care (CCAC) guidelines.



To evaluate immunogenicity, cynomolgus monkeys received 30 pg mRNA encoding CMV pentamer and
gB formulated in small (64 nm), medium (81 nm), large (108 nm), or extra-large (146 nm) LNPs on days 1
and 22. Injections were given intramuscularly in a volume of 0.5 mL. Blood was collected on day 0, 22,
and 36 from a peripheral vein and centrifuged at 2400 x g for 10 minutes at 4 °C for separation of serum.
If an immunization and blood collection occurred on the same day, the blood collection was done first.

Serum was stored at -80 °C for later analysis.

Enzyme linked immunosorbent assay (ELISA)

Total immunoglobulin G (IgG) antibody titers against CMV pen ame or gB were measured by ELISA.
Briefly, 96-well plates were coated with 2 pg/mL of CMV pr.nwomer complex (Native Antigen Company)
or 1 ug/mL gB (Sino Biological) protein overnight. Seria! diluc.ons of serum were added and bound
antibody detected with horseradish peroxidase ‘Hkr)-conjugated goat anti-mouse IgG (Southern
Biotech) or HRP-conjugated anti-NHP IgG (.~dJthern Biotech) depending on species, followed by
incubation with TMB substrate (KPL). The -bsorbance was measured at OD450 nm. Titers were
determined using a four-parameter ‘og.-tic curve fit in GraphPad Prism (GraphPad Software, Inc.) and
defined as the reciprocal serum Hilu’ion at approximately OD450 nm = 0.4 (normalized to a standard on

each plate).

Statistical modeling for the i npact of LNP size on antibody titer

To model the impact of particle size on antibody titer we used B-splines. This approach provides the
flexibility of assessing a specific “knot” at which point the trend of immunogenicity begins to change
with respect to particle size. We searched for the best-fitted knot from 85 to 170 nm, at 5 nm
increment, for antibody titer responses post the prime dose, and from 75 to 170 nm at 5 nm increment
for antibody titers post the boost dose. We used cross-validation to compare and select the best-fitted

knot with quadratic B-splines. Specifically, for each dataset (after each vaccination for both anti-



pentamer and anti-gB titers), we split the animal samples into training data and testing data. The
training data is used to estimate predicted B-splines at some chosen knot. The testing data is used to
assess the fit of the predicted B-splines, and to compute the proportion of variance explained (PVE) for
assessing predictive fit. The PVE is calculated as the sum of squared differences between the predicted
titers and the mean titer divided by the sum of squared differences between the individual animal titers
and the mean titer. Figure S1 shows the PVE results of 3-fold, 4-fold and 5-fold cross-validation across

20 random seeds.

Results

Retrospective analysis

Given the potential for particle size to impact vacc ne potency, we performed a retrospective analysis of
24 CMV vaccine immunogenicity studies cvaluating 135 LNP lots previously tested in mice. Available
biophysical data for all LNPs were averaf e jarticle size (determined by dynamic light scattering; DLS)
and RNA entrapment (determincd b, Quant-iT RiboGreen dye binding). In every study, the same
immunization schedule had bc.=n 1vullowed: female BALB/C mice were injected twice intramuscularly,
three weeks apart and a.~n _~~am was collected three weeks after the first (prime) dose and two weeks
after the second (boost) aose (Figure 1A). Each dose contained a total of 3 pug mRNA encoding CMV
pentamer and gB, which is in the dynamic range of the vaccine [5]. Imnmunogenicity was measured using
an enzyme linked immunosorbent assays (ELISA) for antibodies against CMV pentamer and gB antigens
to calculate antibody titer. To minimize any confounding influence of low mRNA entrapment on

immunogenicity, we limited our analysis to only those LNPs which RNA entrapment was >85%.

Plotting mRNA entrapment versus average particle diameter (Figure 1B) revealed no clear

relationship between these two parameters, which was confirmed by Spearman’s correlation (Yspearman



=-0.081, p = 0.41). Similarly, there was no statistically significant trend between mRNA entrapment and
CMV pentamer (Tspearman = -0.046, p = 0.6396) or gB immunogenicity (Tspeqrman = 0.313, p < 0.01)
(Figure 1C). In contrast, plotting antibody titer against particle size revealed a strong relationship after
the second dose for both CMV pentamer (7speqrman = 0-676, p < 0.001) and gB (Tspearman = 0.484, p <
0.001) titers. Visual inspection of the data post boost suggested a hyperbolic relationship —
immunogenicity was strongly dependent on particle size for particle size around or below 80-90 nm, but
for particles above 80-90 nm antibody titers were consistently high (. ‘aure 1D). After the first dose,
pentamer titers increased with increasing particle size. The trend . 'as less clear with gB titers post

prime, as many of the groups reported titers below the limit of -letecdon.

After studying the impact of LNP size on CMV immr:nc_enicity, we wondered if the trend would
hold true for other mRNA vaccines containing onl" @ <sirgle construct or secreted antigens. Historical
data were mined for the impact of size on im.~ur genicity using influenza H10N8, chikungunya and zika
virus vaccine constructs. These data sets we '@ more limited than the CMV analysis, nonetheless all data

were supportive of the findings descri*=d ~i_h the CMV vaccine (Figure S2).

Changing LNP size with formulat, ~n . vocess variables

Although the r~trc<pecive analysis suggested a strong relationship between particle size and
vaccine immunogenicity, . covered a broad range of lipid compositions (various ionizable lipids,
phospholipids, sterols, and PEG lipids), lipid molar ratios, and formulation processes. To isolate particle
size as a single variable, we next sought ways to systematically vary particle size while keeping the lipid
components and composition constant. To assess this relationship, we used our previously published
optimized vaccine ionizable lipid, lipid H [12]. To prepare LNPs (Figure 2A), lipids are first dissolved in
ethanol and then mixed with an acidified aqueous solution of mRNA to allow particle formation by

nanoprecipitation. Once particles have formed, acetate-buffered ethanol is replaced with a



physiologically relevant buffer by buffer exchange. The desired final LNP concentration is achieved by
concentration and dilution prior to a final sterile filtration step. An optional secondary processing step of

dilution after filtration can be applied if warranted.

Previous studies have demonstrated that LNP and liposome size can be modulated by changing
the volumetric ratio of the ethanol and aqueous streams as well as total mixing flow rate [42-45]. When
we applied these concepts to our LNP formulations, we observed that increasing ethanol from 25 to 50%
during mixing (v/v) led to larger LNPs (Figure 2B). In this study we did nc.* test ethanol concentrations
above 50% because in our experience this generally leads to low Piv,” eivrapment and increased particle
heterogeneity. Regarding flow rate, decreasing total flow throug'~ a small-scale mixing device from 12 to
0.5 mL/minute while keeping the ethanol percentage constai. (25%) also led to larger particles (Figure
2C). Thus, our LNPs exhibited similar behavior t. o?ner lipid-based systems regarding ethanol

percentage and flow rate at mixing.

We also experimented with varyir~ o.~er process steps, but many exhibited poor reproducibility
and/or resulted in low RNA entrap.ne~t values. However, we were able to identify two additional
process variables that yielded r~lia:le and reproducible particle size changes. At 30% ethanol during
mixing, implementing a ho'u ume of up to 5 hours prior to buffer exchange reliably increased LNP size
(Figure 2D). Additionally, »llowing sterile filtration, particle size could be further manipulated by
diluting the LNPs into a 5% dextrose solution (D5W) — as the dilution factor increased, particle size also
increased (Figure 2E). With these methods combined, we were thus able to create a wide range of LNP

particle sizes (60-200 nm) without changing lipid composition.

Changing formulation parameters to modulate particle size could impact other biophysical
properties. Therefore, we characterized several biophysical properties, including particle size (as

measured by DLS and Nanoparticle Tracking Analysis, NTA), particle count by Coulter (800-10,000 nm),



RNA entrapment, storage conditions (pH, osmolality) and surface polarity. DLS enabled us to determine
the average particle size and polydispersity index (PDI), while NTA yielded the mean, mode, and span of
the particle population. When we tested for correlations between all measured properties (Figure 3), we
found that all orthogonal size measurements strongly correlated with one another (|7speqrman| range
between 0.82 to 0.97). Conversely, the number of particles greater than 800 nm measured by Coulter
did not correlate with size, demonstrating that we were modulating the main LNP population and not
adding larger aggregates as LNP size increased. A negative correlation b _“ween average particle size and
particle surface polarity was also observed (7spearman = -0.51). As narticle size increases, the total
number of particles will decrease as well as the ratio of surfe-e aica to volume, leading to changes in
surface polarity likely due to a greater number of amphipa.~ic nolecules (e.g., DSPC, PEG-lipid) on the
LNP surface. Other biophysical measurements such a PN/ encapsulation efficiency, pH, and osmolality
did not correlate with LNP size measurement.. 11us, by using multiple methods to modulate particle
size we can isolate size as a variable allow.'ng us to specifically investigate the relationship between LNP

size and immunogenicity.

Relationship between LNP < ze . 'na murine immunogenicity

To evaluate the ir~w.act of changing particle size without changing lipid composition, we tested
the CMV pentamer and gB LNPs generated above (Figure 2) for immunogenicity in mice, following the
same immunization and blood draw schedule as in Figure 1A. Plotting pentamer and gB titers after both
the prime and boost doses versus particle size with these more controlled formulations (Figure 4)
validated the observations from the retrospective analysis (Figure 1). Although we observed a moderate
correlation between LNP size and surface polarity (Figure 3), plotting pentamer and gB titers versus

surface polarity yielded no visible trends (Figure S3).



The immunogenicity results indicate that after the prime dose, anti-pentamer titers increased
with particle size up to 105 nm and then decreased at larger sizes (Figure 4A). After the boost, this
positive relationship between size and immunogenicity was even stronger for LNP formulations less than
85 nm, while all LNPs above 85 nm yielded similar anti-pentamer titers (Figure 4B). These inflection
points were based on statistical modeling of the data, excluding samples with titers below the lower
limit of quantification (LLOQ). When sera were analyzed for CMV pentamer titers three weeks after the
prime dose, 52 of 192 serum samples were below LLOQ, whereas only . ~f 192 serum samples collected
two weeks after the boost were below LLOQ, both being in the grour. imrunized with smallest LNPs (67

nm).

Anti-gB titers yielded similar but less striking results (» “ure 4C-D). When sera were analyzed for
CMV gB titers three weeks after the prime dose, 7 ¢’ 1¢2 samples were below LLOQ. Inflection point
modeling of the 120 samples above the LLC Q r:vealed no effect of LNP size on gB immunogenicity
(Figure 4C). After the boost dose, howevet, all anti-gB titer levels were above the LLOQ. Infection point
modeling of these 192 samples revealed {ha: anti-gB titer increases with particle size up to 110 nm and

then plateaued at larger sizes (Fig.re 4v).

Advanced characterizatior ~ f LNPs used in parallel mouse and NHP immunogenicity studies

Having observed a strong dependence of immunogenicity on particle size in mice, we next
wanted to assess the impact of this biophysical property in primates. To do so, we generated four
formulations with different particle sizes (categories with average sizes: small, 64 nm; medium, 81 nm;
large, 108 nm; extra-large, 146 nm; Figure 5) using the previously characterized process variables. In the
size ranges readily detectable by DLS (0.5 — 1000 nm), all four formulation conditions generated

monodisperse populations (PDI < 0.14) (Figure 5A). Throughout in vivo dosing, the particle size



remained constant when measured by DLS, indicating particle stability through 4 °C storage over several

weeks.

To minimize size biases due to light scattering, we also measured particle size and distribution
by NTA (Figure 5B). In addition to confirming a gradual shift from smaller to larger particles across the
four formulations, NTA revealed an inverse correlation between particle size and particle count. This
was expected because identical mMRNA and lipid input amounts were used for each formulation — as
particle size increases there should be fewer particles for a given innut ~mount of mRNA, with large
particles containing more mRNA molecules than smaller particles. iv7A aiso revealed a broadening of the
size distribution as average particle size increased. Coulter c~unting revealed that all formulations
contained a similar number of particles greater than 800 nr. (~10° per mg mRNA). We estimate that
<0.0001% of particles are greater than 800 nm giver t. st M.TA calculated ~10" particles per mg mRNA in
the range of 1 to 700 nm. Therefore, no rorr.ulation contained a significant population of large

aggregates.

As a visual confirmation of th.<e findings, cryogenic electron microscopy (cryo-EM) images
showed a particle size increase 7-or.. small to extra-large formulations, with a shift in individual particle
size as well as a greater ra'igc 01 particle sizes per image with the larger particle formulations (Figure
5C). Moreover, for small pa ‘ticles, cryo-EM images showed electron dense regions, whereas organized
lamellar structure was observed on the surface of larger particles. Consistent with the imaging results,
SAXS profiles showed more pronounced lamellar structure only in larger sized particles as reflected from
the sharper peak at g ~ 1 nm™ (Figure 5D), which is characteristic of an organized lamellar phase
resulting from the mRNA association with the bilayer [40,46,47]. In addition, the LNP surface was found
to be less polar with increasing particle size (Figure 5E). These results demonstrate that changes in LNP

size also leads to changes in the mRNA organization and LNP surface properties.



Relationship between LNP size and murine/NHP immunogenicity

In murine and NHP immunogenicity studies for this set of LNPs, we measured antibody titers
against both the CMV pentamer and gB components of the vaccine. Consistent with previous data, the
medium, large, and extra-large LNPs produced higher pentamer antibody titers in mice than the small
LNPs (p < 0.001, Tukey’s Test) after the boost (Figure 6A-B). In NHPs, all LNPs tested produced robust
immune responses against the CMV pentamer and no one size population produced a statistically
different antibody response (Tukey’s Test, p > 0.05) (Figure 6C). Althoush, ~ll sizes produced higher anti-
gB titers than the pre-study value, the responses were not staticuc>liy different since the cynomolgus

monkeys were seropositive for gB at the start of the study (Fieu: ~ 6D).

Discussion

Of all the biophysical properties w~ examined here, LNP size showed the strongest correlation
with murine mRNA vaccine immunogenic ity as measured by total antibody titer. An efficacious mRNA
vaccine requires protein antigen :xp: ~ssion followed by an antigen-specific immune response. Once
injected intramuscularly, APCs clu uing neutrophils, monocytes, macrophages, and dendritic cells (DCs)
take up LNPs at both tiic injo~on site and in draining lymph nodes [48]. LNP uptake results in a local,
transient type | interferon (IFN) response [48-50] and protein expression in monocytes and myeloid DCs
[43][48-50]. This innate immune activation combined with antigen expression results in a potent
antigen-specific immune response [51]. Literature suggests that non-LNP particles smaller than 200 nm
freely drain to the lymph nodes, whereas those larger than 200 nm require local uptake and subsequent
transport by APCs [51-55]. Particle size can also influence vaccine-APC interactions and particle
localization in lymph node structures (e.g., subcapsular sinus) [24,53]. For mRNA vaccines, LNP uptake

by APCs is necessary for generating antigen-specific immunity [15]. Particles between 500-5,000 nm are



preferentially taken up by macrophages, whereas particles 20-200 nm are preferentially taken up by DCs
[56]. We have previously shown that mRNA vaccine LNPs sized 80-100 nm elicit APC uptake and antigen
expression [48]. In this study, we evaluated the effects of a broader particle size range on

immunogenicity.

Using a fixed lipid composition and controlled process parameters, we formulated various LNP
particle sizes ranging from 60 to 200 nm. Previous reports have described LNP size control for DNA and
small interfering RNA (siRNA) delivery by modulating either total flow ,~te or flow rate ratio during
mixing [42,44]. Consistent with those reports, we were able to d-... ~ase particle size of mMRNA LNPs by
increasing the total volumetric flow rate during mixing [42,44 4. and increasing the aqueous-to-ethanol
stream ratio [43,45]. Modifying such mixing parameters ch3n,=s the dynamics of the nanoprecipitation
reaction and solubility of the lipid components [22,"4,45]. Increasing the total volumetric flow rate
during formulation increases mixing efficier cy -.nd decreases the time scale of particle formation,
resulting in smaller particles [44]. Converse. '. decreasing the aqueous-to-ethanol stream ratio increases
ethanol concentration at the mixing inte fa:e, thus increasing lipid solubility and lengthening particle
formation time, allowing for more nart.cle growth [45]. We found that introducing a hold time between
the mixing event and buffer ~xcnange further increased particle size, an additional method not
previously described in e .iierature. We hypothesize the hold time enables more uniform ethanol
diffusion prior to buffer exchange, thus increasing the timescale of particle assembly and particle size
growth [45]. Additionally, diluting buffer-exchanged LNPs into a dextrose solution also increased LNP
particle size. Other reports in the literature have changed particle size by varying the molar percent of
the PEG lipid [38,57,58]; we did not employ this method as we wanted to eliminate lipid composition as

a variable.

Limited knowledge exists for how modulating the particle size of lipid-based systems without

changing lipid composition impacts local delivery. Literature on subcutaneous administration shows



smaller lipid particles leave the injection site more readily than larger particles, allowing them to drain
more efficiently to lymph nodes [58-60]. However, particles too small may not be efficacious even if
they are able to escape the local subcutaneous injection site [58], demonstrating the need for an
optimum size to enable both efficient lymph node drainage and cellular interactions. To our knowledge,
no published work modulating particle size of lipid-based systems has evaluated efficacy after

intramuscular delivery.

Unlike protein vaccines that require a particulate adjuvant to “timulate an innate immune
response, mMRNA vaccines are not adjuvanted. Instead, mRNA . ~cune LNPs facilitate drainage to
lymphoid tissues, cellular uptake, and in situ antigen express.~n, thus mimicking a viral infection to
generate an immune response. Yet the literature investigating ne role of particle size in vaccine potency
is largely focused on protein antigens formulated vvi.“ p- rticulate adjuvants. In contrast to findings in
that field, indicating smaller particles were r «ore immunogenic [32,34,61], we found that smaller size
mMRNA LNPs were not more potent for indu -ing immune responses. One reason for this difference may
be the range of sizes tested. Adjuvant lite ature often compares microparticles to nanoparticles [32,61],
whereas our studies focused on ~ nai-ower range of particle size (60-200 nm). We also differ from
vaccine adjuvants in the type ¥ riaterials our particles are made of and the multiple roles that our
nanoparticles play for su-ce..iul delivery of mRNA (e.g., biodistribution, cell uptake and endosomal

escape).

When looking to nature, viruses can vary dramatically in size and morphology, from as small as
12 nm to upwards of 750 nm [62,63]. Our optimally sized mRNA vaccine LNPs (~100 nm) are comparably
sized to viruses such as SARs-COV-2 (100 nm), influenza A (80-120 nm), and mature HIV particles (100
nm) [64—66]. We hypothesize the optimal mRNA vaccine size facilitates immune cell recruitment to the
injection site [26]. Particle size has been shown to impact cell recruitment of nanoparticles; 160 nm

emulsion droplets recruit a greater number of immune cells to the injection site when compared to



smaller particles of identical composition (20 and 90 nm) [26]. Additionally, the 160 nm particles
resulted in the highest number of antigen-positive immune cells within the draining lymph node.
Similarly, we would expect optimal mRNA vaccine LNPs are large enough to enhance immune cell
recruitment yet small enough to facilitate APC uptake and subsequent antigen expression, driving a
more robust antibody response. Cellular uptake can occur through pinocytosis, phagocytosis or be
receptor mediated [67—69]. All mMRNA LNPs tested are below the minimum particle size considered
favorable for phagocytosis (500 nm) [70,71]. Spherical viruses simii “ly sized to our LNPs such as
influenza (80 nm) and reovirus (120 nm) are taken up throug, re_eptor mediated endocytosis
[68,72,73], however kinetics of entry may differ depending < n p2:cicle size [71,72,74]. Similarly, we
expect that we are not changing the mechanism of mRNA 'NP uptake within the size range we tested

but may be changing the kinetics of LNP entry into the crl.

In mice, we found that after the prinm ng r.ose, antibody titer increased with increasing LNP size
until ~100 nm, where antibody titer startc 1 to decrease. After a second dose, we observed antibody
titers increasing with size for LNPs smal =r than 85 nm and consistently high responses for particles
larger than 85 nm. In NHPs, all pai*icle izes tested produced a robust immune response, with no impact
of LNP size on immunogenicity ~vr.r the size range tested (60-150 nm). To our knowledge, the role of
vaccine particle size on . "muiogenicity has not previously been reported in primates. We speculate
that our observed differences between mouse and NHPs may be due to anatomical differences between
lymphatic vessels — it is possible that the smaller scale murine lymphatics are more sensitive to particle
size within the range we tested than are the larger primate lymphatics. Hence, optimal mRNA vaccine

particle size determined in rodents may not translate to primates.

Understanding the impact of LNP biophysical parameters on immunogenicity represents an
important step for enabling rapid development of potent mRNA vaccines against new emergent

diseases. Once an optimized delivery technology has been established, it can be used for all current and



future mRNA vaccines. This platform approach allows for quick creation of a new vaccines once the
antigen sequence is known [13,14]. Having shown that the effects of LNP size hold true across multiple
different mRNA vaccines, we here demonstrate the platform nature of our mRNA vaccine delivery

vehicles.

Conclusion

In this work, we developed a series of processes that allowe qd us to control mRNA LNP particle
size independent of lipid composition. We found that while m.-= require an average particles size
around 100 nm for generating consistently high antibody titei s, all particle sizes tested (60-150 nm)

produced robust immune responses in non-human pri ne .es.
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Figure 1. CMV Murine Immunogenicity Retros, < ctive Analysis A retrospective analysis of the
relationship between LNP size, RNA entra, ment, and antibody titer for 135 LNP formulations tested in
24 CMV vaccine immunogenicity studies /:=5-29 mice/LNP). All studies followed the same immunization
schedule (A) and used the same 3 ug mRkN A c ose level. RNA entrapment was plotted against LNP size
(B), anti-gB titer (C, top) and anti-pentan. ~r titer (C, bottom). LNP size was plotted against anti-gB titer
(D, top) and anti-pentamer titer (' bov.om).

Figure 2. Methods of Chan,ing ' NP Size LNP size was changed by modifying formulation process
parameters. The formulatic~ process was modified at the mixing event, the time prior to buffer
exchange or through optic:.al secondary processing steps once LNPs were prepared (A). Figures B-E
shown the average LNP size measured by DLS after varying the volumetric percentage of ethanol
present at mixing while holding flow rate constant at 12 mL/min (B), the total flow rate during mixing
while holding volumetric percentages constant at 25% ethanol (C), the time held between mixing and
buffer exchange for multiple flow rates at a volumetric percentage of 30% ethanol (D), or LNP dilution in
a 5% dextrose solution (E). Data is color coded according to the process step being varied as depicted in
the process diagram (A).

Figure 3. Correlations Between Measured LNP Properties Spearman correlations between measured
biophysical characteristics. Properties measured include average size and polydispersity index (PDI)
measured by DLS, particle mean, mode, and span measured by Nanoparticle Tracking Analysis (NTA),



particle count by Coulter Multisizer (800-10,000 nm), % RNA encapsulation efficiency measured by the
RiboGreen assay, pH, osmolality, and surface polarity as measured by Laurdan dye.

Figure 4. LNP Size and Murine Immunogenicity Mice received prime and boost immunizations of
different sized LNPs encapsulating mRNA encoding CMV pentamer and gB antigens at days 1 and 22;
each dose contained 3 ug mRNA. Anti-CMV pentamer and anti-gB IgG antibody titers were measured
three weeks after the prime (A, C) or two weeks after the boost (B, D). Data points show the antibody
titers for individual animals (n=8/group). The dotted lines depict the modeled impact of particle size on
immunogenicity based on statistical analysis of the individual animal tit »rs after each immunization. The
color scheme corresponds to the process parameter being modified to cha.>ge LNP size as defined in
Figure 2A.

Figure 5. Heightened Characterization of Select Form ¥ itii)ns Advanced size, structure and surface
characterization of select LNPs used in the NHP eva, ation. Average particle diameter by DLS (A),
particle size distribution by NTA (B), cryo-EM i nag :s (C), LNP structure by SAXS analysis (D), generalized
polarization by Laurdan for probing LNP surface \~\. Error bars represent the standard deviation of
technical replicates (n=3).

Figure 6. LNP Size and Primate Imriu.~ogenicity Mice and NHP were immunized with small (64 nm),
medium (81 nm), large (108 nm) an.' extra-large (146 nm) LNPs containing mRNA encoding CMV
pentamer and gB. Anti-pentan <r IgC titers (A, C) and anti-gB IgG tiers (B, D) were measured in mice and
NHP prior to dosing, three vvee"s after the prime and two weeks after the boost. (Statistical significance
measured by Tukey’s T * ~~0.001)



