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ABSTRACT

The COVID-19 pandemic highlighted mRNA as a promising platform for vaccines and therapeu-
tics. Many of the analytical tools used to characterize the critical quality attributes of mRNA are
inherently singleplex and are not necessarily optimal from a labor and cost perspective. Here we
demonstrate feasibility of a multiplexed platform (VaxArray) for efficient identity verification and
concentration determination for both monovalent and multivalent mRNA formulations. A model
system comprised of MRNA constructs for influenza hemagglutinin and neuraminidase was
used to characterize the analytical performance metrics for a VaxArray mRNA assay. The assay
presented herein had a time to result of less than 2 hours, required no PCR-based amplification
nor extraction of mMRNA from lipid nanoparticles, and exhibited high construct specificity that en-
abled application to the bivalent mixture. The sensitivity for influenza hemagglutinin and neu-
raminidase mMRNA was sub-ug/mL, which is vaccine-relevant, and the average accuracy (%re-

covery) and precision were 104%+2%and 9%+2%, respectively.
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INTRODUCTION

The COVID-19 mRNA vaccines developed in rapid response to the March 2020 global
pandemic clearly demonstrated the capabilities of this now critical vaccine platform.*? Given
the proven safety and efficacy of the mRNA-based COVID-19 vaccines that have received
emergency use authorization or licensure to date,** mRNA vaccines will continue to be
important to global public health moving forward. This supposition is supported by the numerous
vaccines currently in pre-clinical and clinical testing.1>11517 One significant benefit of mMRNA-
based vaccines over traditional protein-based vaccines is the speed and straightforward
scalability of the manufacturing process,**12° highlighted by the authorization of both the
Pfizer/BioNTech and Moderna mRNA vaccines only 9 months after the COVID-19 pandemic
was declared. While developers and manufacturers are not likely to keep up a pandemic pace
for all vaccines, the timeline for availability of future mMRNA vaccines is anticipated to be
significantly shorter than the typical time for traditional vaccine development time of 15 years or

more.*2t

While the initial COVID-19 vaccines on the market in the US are monovalent, future mRNA
vaccines are likely to be increasingly multivalent. Some examples are Moderna’s bivalent
COVID-19 vaccines, mMRNA-1273.214 and mRNA-1273.222, each containing two unique
COVID-19 directed mRNA constructs, both currently in Phase 3 trials. 2224 In addition,
Pfizer/BioNTech has a bivalent COVID-19 vaccine, targeting both the BA.4 and BA.5 variants,
likely to be available in Europe in Fall 2022.% Another high priority for multivalent mRNA
vaccines is influenza, with candidates including Moderna’s mMRNA-1010 quadrivalent
formulation,?2” Pfizer’s bivalent influenza modRNA vaccine (bIRV),?2° and GSK/CureVac's
CVSQIV? currently in clinical trials. In addition, combinations of respiratory viruses in a

multivalent mMRNA vaccine (i.e. coronavirus and influenza, influenza and RSV) are also in
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development or likely on the horizon, such as Moderna’s combined COVID-19/ quadrivalent

influenza candidate (MRNA-1273 and mRNA-1010).%!

A variety of methods are recommended for identity and quantification of mMRNA, as outlined in
the recent draft USP guidance document for mRNA vaccine analytics, in which industry input
and discussion were encouraged.®? In the draft USP guidance, sequencing and reverse tran-
scriptase polymerase chain reaction (RT-PCR)-based methods are outlined to confirm mRNA
identity.®? While sequencing provides high information content, the upfront mRNA enrichment,
isolation, amplification, ligation, and other sample processing and data analysis steps signifi-
cantly increase complexity, time to result, and cost which may limit adoption by lower- and mid-
dle-income country vaccine manufacturers.* While more straightforward than sequencing, RT-
PCR based identity testing still requires special workflows and sample handling to eliminate po-
tential for cross-contamination with amplifiable nucleic acids and requires upfront purification if

the mRNA is encapsulated in a lipid nanoparticle (LNP).3233

Recommended methods for mRNA quantitation are PCR-based methods and UV spectroscopy.
UV spectroscopy is straightforward on relatively pure bulk mRNA, and the UV-based RiboGreen
assay can be utilized to quantify mRNA against a standard curve on LNP-encapsulated
materials. However, UV-based methods suffer from interference in unpurified preparations and
importantly lack the specificity required for simultaneous individual quantification of multiple
MRNA constructs in multivalent samples. While digital PCR can quantify multiple mRNA
sequences, it requires upfront mRNA extraction from complex matrices such as LNP-

encapsulated samples, with extraction processes requiring up to a day prior to analysis.

These current methodologies were adopted out of the urgent need for COVID-19 vaccines to
address the pandemic, and the speed of development was laudable.11720:33 While future mRNA

vaccines may not be developed at quite the same pace as those for COVID-19, anticipated


https://doi.org/10.1101/2022.08.31.506088

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

86 accelerated development timelines compared to traditional vaccines and an increase in
87  development of multivalent mMRNA vaccines highlight the need for improved, rapid analytical
88  tools that can streamline bioprocess development and optimization, formulation development,
89 and QC testing to further reduce time to market and improve between-lab standardization.?t32:34
90 In this work, we demonstrate performance of a model multiplexed nucleic acid microarray-based
91 assay for influenza mRNA vaccine construct identity and quantification. Performance is
92  demonstrated using vaccine-relevant model influenza hemagglutinin (HA) and neuraminidase
93  (NA) bivalent mMRNA constructs from the literature.®® The assay is based on a modification of
94 InDevR’s VaxArray immunoassay platform for antigen quantification in traditional protein-based
95  vaccines,¢-38 currently in use by a wide variety of vaccine developers and manufacturers
96  worldwide. The VaxArray influenza mRNA assay presented herein is rapid (less than 2 hours),
97  requires no MRNA extraction or purification (even in LNP-encapsulated samples) or RT-PCR
98 amplification, has a variety of flexible capture and detection schemes for different applications,
99 and provides identification, simultaneous quantification of multiple constructs in a bivalent
100  mixture with high accuracy and precision, and vaccine-relevant limits of quantification. Here, we
101  describe this assay and highlight relevant performance data in both naked mRNA (that is, with

102  no LNP components present) and LNP-encapsulated mRNA.

103 RESULTS
104 VaxArray mRNA assay design

105  As described in the Methods section, 37 sequences were designed to target the coding regions
106  of the NA and HA mRNA constructs (21 for NA and 16 for HA) and were used either as

107  microarray capture oligonucleotides (oligos) or detection labels. All capture oligos were initially
108 tested to assess basic reactivity and target specificity for suitability of inclusion in the final assay
109 (data not shown). Eight capture oligos were chosen (four targeting each mRNA construct), as

110  schematically shown in Figure 1. Figures 1la and 1b show the general structure of the NA and
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111  HA constructs, respectively, along with the associated capture oligos. Performance data herein
112 focus on two coding region capture oligos for each construct, highlighted in orange. A 30-mer
113  polyT capture oligo targeting the 3’ poly A tail was also included on the microarray. Each

114  microarray slide contains 16 replicate arrays as depicted in Figure 1c, with the final microarray
115  layout (each capture oligo printed in 9 replicates) shown in Figure 1d. This array design allows
116  flexibility in the capture and detection labeling of MRNAS, allowing either the capture or labeling
117  step to be construct-specific by targeting the coding region, or universal by targeting the polyA
118 tail or 5’ cap to address different applications. Some possible detection modes are shown

119  schematically in Figure 1e. Most data to be highlighted here focused on capturing the mRNA in
120  the respective coding region and detection via a polyT oligo detection label, as shown in Figure
121 1e(i). Alternatively, labeling can be performed with an anti-5’ cap antibody, as shown

122 schematically in Figures 1e(ii) and 1e(iii), with 1e(iii) enabling detection of full-length mRNA
123 (from tail to cap) in monovalent formulations. Alternatively, the coding region oligonucleotides
124  designed can be used as fluorescent labels to enable detection via the coding region as shown

125 in Figures 1e(iv) and le(v).

126  Briefly, the general assay protocol (described in detail in the Methods section) takes less than 2
127  hours and consists of adding the mRNA(s) of interest to the chip and incubating in an optimized
128  buffer to allow hybridization, washing, adding the detection label of interest and incubating,

129  followed by washing and fluorescence imaging with the VaxArray Imaging System. Quantitative

130 image analysis is automatic with the associated 21CFR11 software.

131  Assay shows high specificity and reactivity for HA and NA targets

132 Figure 2a shows the microarray layout alongside representative fluorescence images of
133 monovalent NA, HA, and bivalent NA/HA, all analyzed at 10 pg/mL mRNA and detected via the
134 polyT oligo. These images qualitatively indicate that the microarray capture oligos designed for

135 each mRNA construct generate specific signal for the intended target. Quantitative analysis of


https://doi.org/10.1101/2022.08.31.506088

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

136  the resulting pixel intensities indicates signals vary for each oligo designed, likely due to

137  different binding affinities. Capture oligos designed for HA mRNA constructs were highly

138  specific, as indicated by no resulting signal above background in the presence of NA mRNA.
139  Capture oligos designed for detection of NA were equally specific. These data are shown in the
140  highlighted rows of Figure 2b in which the monovalent samples generated signal to background

141  ratios (S/B) on the target capture oligos ranging from 8.1 to 26.6, indicating strong reactivity.

142  Reactivity and specificity for a variety of detection schemes including coding region capture/anti-
143 5’ cap labeling (Figure 1e(ii)) and coding region capture/coding region labeling (Figure le(iv))
144  were also investigated. In all cases, good reactivity, as indicated by S/B values ranging from 5.3
145  to 28.2 for the intended construct, and good specificity, as indicated by S/B ratios of < 1.3 for the
146  off-target construct as shown in Figure 2b. These data indicate highly specific detection of

147  multiple mRNAs in monovalent and multivalent samples for a variety of assay detection

148  principles, with demonstrated specificity in monovalent samples important for use as an identity

149  test.

150 Monovalent mRNA samples show excellent linear response, and bivalent response

151 matches that of monovalent

152  Figure 3 highlights the average response for triplicate 8-point response curves on the NA(),
153  HA(i), and polyT capture oligos for monovalent NA (left column) and HA (right column) mRNA
154  using four different capture and labeling strategies. All four detection schemes shown,

155  represented by Figures le(i-iv) demonstrate good linearity with dilution, with a single linear fit
156  R?> 0.96. Corresponding data for capture oligos NA(iv) and HA(iv) can be found in

157  Supplementary Figure 1. Data in Figure 3a shows good linearity with response for coding
158  region capture and universal labeling via the polyA tail over a vaccine-relevant concentration
159  range, important for application to mMRNA quantification in bioprocess development and

160  optimization. Figure 3b highlights response curves for capture via the 3’ polyA tail and labeling
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161 via the 5’ cap using an anti-5’ cap antibody at the opposite end of the mRNA construct. This
162  detection scheme enables quantification of full-length mRNA in monovalent samples as a

163  measure mRNA integrity. Figure 3c highlights linearity of response for capture in the coding
164  region for each construct and subsequent universal labeling of the 5’ cap using an anti-5’ cap
165 antibody, demonstrating viability of another universal labeling approach. Figure 3d

166  demonstrates the ability for the assay to capture in the coding region and be labeled in the
167  coding region for added specificity given that the labels are also specific to each construct,
168 adding additional potential benefit for identity testing by targeting more than one portion of the

169  coding region.

170  Figure 4 shows a comparison of VaxArray signal responses for each monovalent mRNA on its
171  respective capture oligos as well as a bivalent mixture of NA/HA mRNA at equal concentrations
172 of each mRNA, all labeled with the polyT oligo detection label. As shown in Figures 4a and 4b,
173 the response curves for the NA mRNA component in a monovalent vs. bivalent preparation in
174  which HA mRNA was also present are quite similar. Likewise, in Figures 4c and 4d, the

175  response curves for the HA mRNA component are also quite similar, regardless of whether

176  alone or in a bivalent mixture. Importantly, these data show no interference from the off-target
177  mRNA in the presence of the target mRNA and indicate independent quantification is feasible in
178  a bivalent mixture. Given the similarity of responses in Figure 4, other analytical performance

179  data presented herein were assessed based on bivalent HA/NA mixtures.

180 Assay has vaccine-relevant sensitivity and at least ~100x working range

181  Fifteen (15)-point curves of bivalent NA/HA, at equal concentrations in the mixture, were

182  analyzed to approximate the lower and upper limits of quantification, LLOQ and ULOQ,

183  respectively, for both mRNA constructs (data not shown) for coding region capture and polyT
184  labeling. The approximate LLOQ was determined as the concentration at which the signal

185 generated was equal to the average blank signal + 50 (where o = standard deviation of the
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186  background signal). The ULOQ was approximated as the concentration at which the signal was
187  90% of the maximum observed signal. After determining the approximate limits, the LLOQ and
188  ULOQ were verified by determining the lowest and highest concentrations that generated

189  appropriate precision and accuracy as defined as RSD <15% and 100 + 15% recovery for four
190 replicates analyzed at concentrations near the approximate LLOQ and ULOQ. Table 1 shows
191 the values obtained, with LLOQ ranging from 0.08 ug/mL to 0.2 yg/mL, and ULOQ ranging from
192 14 ug/mL to 18 ug/mL. The dynamic range (ULOQ/LLOQ) for all four coding region capture

193  oligos was > 90x. Given mRNA construct concentrations of 200 pg/mL in on market COVID-19
194  vaccines and a pandemic influenza mRNA vaccine in a phase 1 study,?*2®these data

195 demonstrate an ability to quantify over a vaccine-relevant concentration range for application to
196 formulated vaccine samples. For bioprocess samples (bulk mMRNAS) that are likely at

197  significantly higher concentration, a larger upfront dilution can easily bring samples into the

198  appropriate working range.
199 Assay demonstrates average accuracy of 104% recovery, average precision of 9% RSD

200 Table 2 shows the results of accuracy and precision in a multi-operator study. In brief (see

201  Methods section for details), 3 operators each analyzed 8 replicates of bivalent NA/HA in the
202  middle of the dynamic range (24 replicates total) alongside a serial dilution of the same bivalent
203  material used as a standard curve. Accuracy was defined as the % of the expected

204  concentration based on the concentration back-calculated from the average standard curve, and
205  precision shown as the % RSD of replicates. Data in Table 2 are shown for each individual

206  operator for the 2 capture oligos for each construct, combined over all three operators for each
207  coding region capture oligo, and combined over all operators and all capture oligos. Single

208  operator accuracy ranged from 97% to 110% over the 4 oligos, with an overall average of 104

209 (£ 2) %. Single operator precision ranged from 3% to 13% RSD over the 4 oligos, with an overall
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210 average of 9 (+ 2) %. No statistically significant differences were observed between operators

211 over all capture oligos shown, as demonstrated by a two-tailed t-test (all p values were >0.14).

212 Assay shows high reactivity and specificity for LNP-encapsulated mRNA

213 LNP encapsulation of NA and HA mRNA used the Precision NanoSystems NanoAssemblr®
214  Spark™ microfluidic mixer following the manufacturer’s protocol, with independent quantification
215  of encapsulated mRNA performed using the RiboGreen assay as described in the Methods

216  section. For VaxArray analysis of LNP-encapsulated samples, samples were lysed in 1% Triton
217  X-100 for 10 minutes after which the standard VaxArray process described was followed, with
218  the entire assay still taking less than 2 hours. To note, no isolation (purification) of the mRNA

219  was performed.

220 Blank LNPs (no mRNA encapsulated) were assessed by VaxArray post-lysis as described in the
221  Methods section, with no non-specific signal on the microarray observed as demonstrated by
222  S/B<1.0 (data not shown), indicating no assay cross-reactivity to the lipids themselves. Figure
223  ba compares a representative fluorescence image of the same 2 pg/mL concentration of NA
224  mRNA in naked (unencapsulated) and LNP-encapsulated samples, both using the polyT oligo
225  detection label and imaged at the same exposure time. These images indicate that the LNP-
226 mRNA complex generates a similar specific response to the naked mRNA and does not

227  produce off-target signal on the HA capture oligos. Analysis of the intensity values for each
228  capture oligo shown in Figure 5b indicates good reactivity, as demonstrated by a S/B of = 6.4,
229  and specificity, as demonstrated by a S/B < 1.1. Importantly, these data demonstrate good
230  reactivity, with no requirement for upfront purification of the mRNA from LNPs, and no non-
231 specific signal form the lipid components used as a common delivery vehicle, enabling use of

232 the assay for formulated vaccine samples.

10
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233  LNP-Encapsulated mRNA shows equivalent response in mono- and bivalent samples,

234  equivalent response to haked mRNA, and produces good accuracy and precision

235  Figure 6 shows a comparison of signal responses for monovalent LNP-encapsulated mRNA as
236  well as a bivalent mixture of LNP-encapsulated NA and HA mRNA at equal concentrations in
237 each mRNA, all labeled with the polyT oligo detection label. As shown in Figures 6a and 6b for
238  the two NA-specific capture oligos, the response curves for the NA mRNA component in

239  monovalent vs. bivalent preparations in which HA mRNA was also present are quite similar.
240 Likewise, in Figures 6¢ and 6d, the response curves for the HA mRNA component are also
241  similar for both the HA-specific capture oligos regardless of whether alone or in a bivalent

242  mixture with NA mRNA. Importantly, these data show no interference from the off-target mRNA
243 in the presence of the target MRNA and indicate independent quantification is feasible in a

244  bivalent LNP-encapsulated mRNA mixture.

245  Figure 7 shows a comparison of signal responses for bivalent LNP-encapsulated mRNA as well
246  as bivalent naked mRNA (no LNPs) using the polyT detection label, with both sets of samples
247  processed with 1% Triton X-100 as described in the Methods section to ensure matrix matching.
248  The response curves for both NA-specific capture oligos in Figures 7a and 7b are very similar
249  for both the naked and LNP-encapsulated samples, as are the response curves for both HA-
250  specific capture oligos in Figures 7c and 7d. Importantly, these data indicate that a naked

251  mRNA standard should be appropriate for enabling accurate quantification in LNP-encapsulated

252  samples over the assay linear range, provided that both are in the same matrix.

253  Table 3 shows quantification accuracy and precision for LNP-encapsulated monovalent mRNA
254  samples against a corresponding naked mRNA standard curve for the two coding region

255  capture oligos for each mRNA as described in the Methods section. Naked mRNA standard
256  curves along with points corresponding to the eight replicates of LNP-encapsulated mRNA

257  analyzed are shown in Supplementary Figure 2. A moving 4-point linear fit was applied to

11
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258 each dataset as described in the Methods section, and R? was >0.95 for all fits except that

259 including the highest concentration point. Accuracy for the NA(i) and NA(iv) capture oligos were
260  125% and 102% of expected concentration, respectively, and HA(i) and HA(iv) produced 104%
261  and 98% of expected, respectively. The average accuracy was 108 (+ 12) %. Precision of the
262  back-calculated concentration, expressed as the %RSD of the 8 replicates, ranged from 7% to
263  10% with an overall average precision of 8 (+ 1) %. While NA(i) showed slightly lower accuracy
264  than expected, the accuracy and precision data overall were generally quite similar to the data

265  generated for the naked mMRNA samples shown in Table 2.

266 DISCUSSION

267  With the growing field of mMRNA vaccines and therapeutics and active development of numerous
268  multivalent mRNA vaccines, it is crucial to have relevant analytical tools that can keep up with
269  the rapid development pace and help streamline mRNA vaccine production. For use in identity
270  and quantification applications in bioprocess development, an ideal assay should have (1)

271  excellent analytical performance, (2) provide actionable results in a short timeframe to improve
272  the bioprocess, (3) demonstrate good specificity to enable identity testing of multiple constructs
273 being produced and handled at the same facility (or upon receipt after shipment between

274  facilities), (4) have high ease of use to be run at-line and not require samples to be sent to a
275  centralized testing laboratory to be analyzed by specially trained personnel, and (5) enable

276  flexible throughput to enable as many or as few samples to be analyzed simultaneously as

277  needed. In addition, for formulation development and final vaccine testing, the ideal assay

278  should also not require additional time-consuming and complex upfront sample processing or

279  purification steps and be free of interference from the LNP components.

280 The VaxArray mRNA assay described herein relies on a panel of specifically designed short
281  capture oligos and flexible detection labeling options to enable construct-specific mMRNA identity
282  and quantification for bioprocess applications such as optimization of in vitro transcription and

12
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283  downstream purification steps. The assay provides high target specificity, critical for application
284  to identity testing, and provides a similar level of information content as the currently

285 recommended RT-PCR-based methods,?? particularly if coding region capture is paired with
286  coding region detection labeling for added specificity. In addition, excellent linearity with dilution,
287  dynamic range of ~100x or more, and similar response curves in both monovalent and bivalent
288  formulations enable quantification over relevant concentration ranges in both mono- and

289  multivalent vaccine samples with good accuracy and precision. In addition, the assay can be
290 uniquely used to assess quantity of full-length mRNA in monovalent formulations by capturing
291  and labeling opposite ends of the construct. As noted, current methodologies suffer from

292  interference in LNP-encapsulated samples, often requiring day-long upfront purification that
293  complicates methodologies and slows down time to result.}”*2 In LNP-encapsulated samples,
294  the same VaxArray mRNA assay procedure used for naked mRNA samples is easily applied
295  with only the addition of a simple 10-minute lysis step and no subsequent purification required
296  prior to analysis. Similar analytical performance is achieved in LNP-encapsulated materials

297  when compared to naked mRNA. The user can process and analyze a single slide (16 wells) or
298 up to 4 slides (64 wells) simultaneously in under 2 hours, combining flexible throughput for

299  different applications with a rapid time to result, enabling same-day actionable results.

300 In summary, this work demonstrates the performance of a VaxArray mRNA assay based on a
301 nucleic acid microarray as an alternative to current methods, using a bivalent influenza mRNA
302 system as a model for relevant multivalent vaccines currently in development. While the

303  microarray presented here has been specifically designed to assess published influenza HA and
304  NA constructs as a model test case, the assay can easily be optimized to target a wide variety
305  of relevant mMRNA vaccine targets in just a few months. The assay provides the benefits of a
306  rapid time to result of under two hours, direct applicability to multivalent mRNA vaccine

307 samples, no requirement for PCR-based amplification, and no mRNA purification needed to

13
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308 accurately analyze LNP-encapsulated materials relevant for formulation optimization and final
309 mRNA vaccine formulations. These characteristics along with similar performance for both

310 naked and LNP-encapsulated materials make this single platform attractive for identity testing
311  and mRNA guantification even in multivalent vaccine samples throughout all stages of mMRNA
312 vaccine development, from early bioprocess development and optimization through final vaccine

313  formulation, release, and stability.
314 METHODS
315 mRNA Constructs

316 Influenza NA and HA mRNA construct coding region sequences from Freyn et al.*® were

317  synthesized commercially by Trilink Biotechnologies (San Diego, CA), including a ~128 nt poly
318 Atail and untranslated (UTR) regions at both the 3’ and 5’ ends. The NA construct codes for a
319 full-length membrane-bound NA from pdm (post 2009 H1N1 A/Michigan/45/2015 (construct
320 shown schematically in Figure 1a), and the shorter HA construct codes for the conserved HA
321  stalk domain of pre-2009 H1N1 A/Brisbane/59/2007 (see Figure 1b). Construct sequences are

322  listed in Supplementary Table 1.
323  Oligonucleotide Sequence Design and Microarray Printing

324  Oligonucleotide capture sequences (~20-mers) were designed to target either the NA mRNA
325  construct (21 capture oligos) or HA mRNA construct (16 capture oligos) based on the construct
326  sequences.'® Unique sequence regions for the NA and HA mRNAs anticipated to provide

327  specificity for each were identified by first aligning the mRNA sequences in BioEdit (v7.2.,

328 (Manchester, United Kingdom). The series of 19-24-nt length sequences identified that were
329  unique to each construct were then imported into OligoAnalyzer™ (IDT; Coralville, IA) along
330 with the HA and NA mRNA sequences to assess sequence parameters for anticipated

331  microarray suitability, including: self-interactions with AG > -7.5 kcal/mole to minimize potential

14
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332  for hairpin formation, absence of low complexity sequence regions (such as repeat bases of >
333  4ntin length), and melting temperature >52°C to enable room temperature hybridization. The
334  AG was evaluated for the off-target construct to reduce potential for cross-annealing/non-

335  specificity. Final specificity and subsequent down-selection were determined experimentally as
336  described later. Capture sequences were ordered from IDT (Coralville, 1A) at high purity. In
337  addition, a 30-nt polyT oligonucleotide was designed to target the 3’ poly A tail of the mRNA

338 constructs.

339  Oligonucleotide captures were printed at InDevR using proprietary processes onto epoxide-
340 functionalized glass using a piezoelectric microarray printing system. An initial microarray with
341  all 38 designed capture sequences was printed and assessed for basic reactivity and specificity
342  for the construct of interest using the polyT oligo detection label. From this initial assessment, 4
343  capture oligos for each construct from a range of positions along the coding region that

344  exhibited both high reactivity and specificity as described later were chosen for the final

345  microarray design and printed.

346 Detection Labels

347  Select oligonucleotides designed were synthesized by IDT with a 5’ Cy3 modification at HPLC
348  purification grade to enable downstream fluorescence imaging using the VaxArray Imaging

349  System. Oligonucleotides utilized as labels included the polyT oligonucleotide, NA nt1149-1168
350 label, and HA nt741-760 label (see sequences listed in Supplementary Table 2). In addition,
351 an anti-5’ cap antibody (MBL International Corp., Woburn, MA) was fluorescently conjugated in-
352  house with an amine-reactive fluorescent dye antibody conjugation kit (Biotium, Fremont, CA)

353 and used as a detection label.

354  VaxArray mRNA Assay

15
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355  The VaxArray mRNA nucleic acid microarray assay follows a similar overall assay protocol to
356  previously described VaxArray assays, %¢-*° with the slide layout, microarray layout, and a

357  variety of possible microarray hybridization and detection schemes depicted in Figures 1c, d,
358 and e, respectively. VaxArray slides were first equilibrated at room temperature for 30 minutes
359 and placed inside a humidity chamber (VX-6204, InDevR Inc.). Microarray slides were pre-
360 washed with 50 pL 1x mRNA Wash Buffer 1 (VXI-6317, InDevR Inc.) in a humidity chamber on
361  ashaker at 80 rpm for 1 minute at 25°C. All subsequent washes and incubations were on a
362  shaker at 80 rpm at 25°C. After the wash, samples were diluted in an optimized mRNA Oligo
363  Binding Buffer (VXI-6316, InDevR Inc.) at a final 1x concentration and applied to designated
364  arrays. For LNP-encapsulated mRNA samples, an additional lysis step was included prior to
365  mixing the sample with the binding buffer in which samples were lysed in 1% Triton X-100 at
366  37°C for 10 minutes with all subsequent dilutions occurring in mMRNA Oligo Binding Buffer

367  supplemented with 1% Triton-X 100. Slide(s) were incubated for 1 hour and then washed with
368 mRNA Wash Buffer 1 for 1 minute, followed by detection label incubation for 30 minutes. The
369 slide(s) were then washed with mRNA Wash Buffer 1 once, and mRNA Wash Buffer 2 (VXI-
370 6318, InDevR Inc.) twice prior to drying the slides by first pipetting off excess liquid from the
371  wells followed by centrifugation for 10 s to remove any remaining liquid. Slide(s) were imaged
372  onthe VaxArray Imaging System (VX-6000, InDevR Inc.), and downstream data analysis was

373  performed using the VaxArray Analysis Software.
374  Reactivity/Specificity

375  Specificity of the oligos for the respective gene-specific capture oligos was verified using

376  monovalent naked mRNA at 10 pg/mL. A label-only blank (no mRNA) was also analyzed to
377  evaluate any direct binding of the detection labels to the capture oligos. Signal to background
378  (S/B) ratios on all capture oligos on the microarray were calculated to assess reactivity and

379  specificity, with a minimum reactivity threshold defined as a signal to background for the target
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380 mRNA of at least 3.0, and ideal specificity defined as a signal to background of 1.0 on off-target

381  capture oligos.
382  Analytical sensitivity and dynamic range

383  To estimate lower and upper limits of quantification (LLOQ and ULOQ), monovalent HA and NA
384 MRNA constructs were combined to formulate a bivalent stock sample. From the bivalent stock,
385 3 replicate 16-point dilution series were prepared individually and processed as described

386 above. The average of the 3 replicates was determined at each concentration, and a moving 4-
387  point linear fit was applied to each dataset, calculating the slope and R? for each regression.

388 The LLOQ was estimated by determining the concentration (within the lowest 4-point

389  concentration range meeting minimum R?>0.95 requirement) at which the signal was equal to
390 the average blank signal + 50 (where ¢ = standard deviation of the background signal). To

391  verify the LLOQ, a bivalent 8-point dilution series that spanned the approximate LLOQ for each
392  capture oligo was created as a standard curve and analyzed alongside 8 different

393  concentrations (n=4 at each concentration) of the bivalent sample near the approximate LLOQ.
394  The same 4-point moving fit as described above was applied to the standard curve, and the

395 concentrations in each replicate sample back calculated. The verified LLOQ was reported as the
396 lowest concentration at which both the % difference from expected (accuracy) and the %

397 relative standard deviation (RSD) (precision) of the 4 replicates were both less than 15%. ULOQ
398  was approximated by determining the concentration at which the signal was 90% of the

399  maximum observed signal within the previously determined concentration range. Similar to the
400 LLOQ determination, the ULOQ was verified by evaluating 8 concentrations (n=4 each

401  concentration) near the approximated ULOQ and determining the highest concentration at

402  which the precision and accuracy requirements were met. Dynamic range of the assay was

403  calculated as ULOQ/LLOQ.

404  Accuracy and Precision of Naked mRNA
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405  Three users analyzed eight (8) replicates of a contrived bivalent HA/NA mRNA sample at 2.4
406  pg/mL (3 users x 8 replicates = 24 replicates) using the polyT oligo detection label at 1 pM

407  alongside an 8-point standard curve of the same contrived bivalent HA/NA sample. To

408 investigate accuracy, the concentration in each replicate was determined by back-calculating
409  against the fit to the average of the 3 standard curves as the expected value. Accuracy was

410 calculated as the % of expected (measured divided by expected, expressed as a percentage),
411  and quantified for each user individually and over the three users combined. Assay precision
412  was measured for each user as well as over all three users combined and expressed as % RSD

413  of replicate measurements.

414  LNP Encapsulation of mRNA

415  The Precision Nanosystems Inc. (Vancouver, BC, Canada) NanoAssemblIr® Spark™

416  microfluidic mixer was used to encapsulate mRNA in LNPs. Following the manufacturer’s

417  protocol, NA and HA naked mRNA constructs were encapsulated at known quantity in the
418  manufacturer’s provided LNP mix containing a proprietary mix of the following four lipids in
419  ethanol: 1,2-Dioleoyl-3-trimethylammonium propane (DOTAP),

420 distearoylphosphatidylcholine (DSPC), cholesterol, and 1,2-Dimyristoyl-rac-glycero-3-

421  methoxypolyethylene glycol-2000 (PEG-DMG). Encapsulated materials were stored at +2-8°C

422  prior to analysis.

423  Quantity of encapsulated mRNA and encapsulation efficiency were measured with the Quant-
424 it™ RiboGreen RNA Assay Kit (cat# R11490; Invitrogen, Waltham, MA) following the

425  manufacturer’s protocol. Briefly, total mMRNA was measured using the RiboGreen assay with an
426  upfront lysis step in 2% Triton X-100 (SX100-500ML; Sigma Aldrich, St. Louis, MO) to lyse the
427  LNPs. Free mRNA was measured in the absence of the lysis step, and encapsulated mRNA
428  was measured via subtraction of free mRNA from total mMRNA, with encapsulation efficiency

429  expressed as encapsulated mRNA divided by total mMRNA, expressed as a percentage. LNP-
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430 encapsulated NA and HA mRNAs contained ~75-85 ug/mL total mMRNA, depending on the

431  experiment, with measured encapsulation efficiencies >90%.

432 Response Curves, Accuracy and Precision of Encapsulated mRNA

433  For assessing general response in encapsulated materials, LNP-encapsulated monovalent NA
434  and HA mRNA and a bivalent mixture of NA and HA mRNA were analyzed to assess similarity
435  of responses. LNP-encapsulated bivalent NA and HA mRNA and a bivalent mixture of naked
436 mRNA were compared to assess similarity of responses. For accuracy and precision

437  measurements, monovalent NA and HA mRNA were separately encapsulated in LNPs and
438 analyzed post-lysis in 8 replicates alongside a standard curve of naked mRNA also pre-treated
439  in 1% Triton X-100 to match the sample matrix. Replicates were prepared at 2 pg/mL total

440 mRNA. Signals from the lysed replicates were back-calculated using the standard curve to

441  determine the measured concentration and associated accuracy and precision. All samples

442  were run in 1x mRNA oligo binding buffer with 1% Triton X-100 to ensure matrix matching.

443  DATA AVAILABILITY STATEMENT

444  All relevant data from this study are available from the authors.

445  ACKNOWLEDGEMENTS

446  We sincerely thank the laboratory of Jay Hesselberth, School of Medicine, University of

447  Colorado Anschutz Medical Campus, for access to the NanoAssemblr® Spark™ instrument.

448 AUTHOR CONTRIBUTIONS

449 R.G. supervision, methodology, investigation, validation, formal analysis, visualization, writing-
450  original draft, writing-review and editing; C.R. methodology, investigation, validation, formal
451  analysis, visualization, writing-original draft, writing-review and editing; E.T. oligo capture design,

452 visualization, writing-review and editing; R.B. visualization, writing-review and editing; M.G.

19


https://doi.org/10.1101/2022.08.31.506088

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

453  methodology, investigation, validation, writing-one section methods, writing-review and editing;
454  C.M. methodology, investigation, formal analysis, writing-review and editing; A.T. project
455  administration, resources, visualization, writing-review and editing; T.H. resources, visualization,
456  writing-review and editing; K.R. conceptualization, project administration, resources, writing-
457  review and editing; E.D. project administration, supervision, methodology, resources, formal

458  analysis, writing-original draft, writing-review and editing, visualization.

459 DECLARATION OF INTERESTS

460 K. Rowlen and E. Dawson are InDevR Inc. stockholders. All other authors are employed by

461 InDevR Inc. but have no conflicts of interest.

462 REFERENCES

463 1. Ball P. The lightning-fast quest for COVID vaccines — and what it means for other diseases.
464 Nature. 2020;589(16):3.

465 2. Graham B. Rapid COVID-19 vaccine development. Science. 2020;368(6494):2.

466 3. Developing COVID-19 Vaccines. Accessed Aug 29, 2022.

467 https://www.cdc.gov/coronavirus/2019-ncov/vaccines/distributing/steps-ensure-safety.htmi
468 4. Kashte S, Gulbake A, EI-Amin lii SF, Gupta A. COVID-19 vaccines: rapid development,
469 implications, challenges and future prospects. Hum Cell. May 2021;34(3):711-733.

470 doi:10.1007/s13577-021-00512-4

471 5. COVID-19 and related vaccine development and research. Mayo Clinic. Accessed Aug 29,
472 2022. https://www.mayoclinic.org/coronavirus-covid-19/history-disease-outbreaks-vaccine-
473 timeline/covid-19

474 6. Jackson NAC, Kester KE, Casimiro D, Gurunathan S, DeRosa F. The promise of mRNA
475 vaccines: a biotech and industrial perspective. NPJ Vaccines. 2020;5:11.

476 doi:10.1038/s41541-020-0159-8

20


https://doi.org/10.1101/2022.08.31.506088

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint

10.

11.

12.

13.

14.

15.

16.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Pardi N. mRNA Innovates the Vaccine Field. Vaccines (Basel). May 11
2021;9(5)doi:10.3390/vaccines9050486

Bok K, Sitar S, Graham BS, Mascola JR. Accelerated COVID-19 vaccine development:
milestones, lessons, and prospects. Immunity. 08 10 2021;54(8):1636-1651.
doi:10.1016/j.immuni.2021.07.017

Yu AM, Tu MJ. Deliver the promise: RNAs as a new class of molecular entities for therapy
and vaccination. Pharmacol Ther. 02 2022;230:107967.
doi:10.1016/j.pharmthera.2021.107967

Webb C, Ip S, Bathula NV, et al. Current Status and Future Perspectives on MRNA Drug
Manufacturing. Mol Pharm. 04 04 2022;19(4):1047-1058.
doi:10.1021/acs.molpharmaceut.2c00010

Barbier AJ, Jiang AY, Zhang P, Wooster R, Anderson DG. The clinical progress of mRNA
vaccines and immunotherapies. Nat Biotechnol. 06 2022;40(6):840-854.
doi:10.1038/s41587-022-01294-2

How have Covid-19 vaccines been made quickly and safely? Accessed Aug 30, 2022.
https://wellcome.org/news/quick-safe-covid-vaccine-development

FDA. Emergency Use Authorization for Coronavirus Disease 2019 (COVID-19) EUA
Information. Accessed Aug 18, 2022.

Vaccines Licensed for Use in the United States. U.S. Food & Drug Administration. Accessed
Aug 23, 2022. https://www.fda.gov/vaccines-blood-biologics/vaccines/vaccines-licensed-
use-united-states

Clinical Trials. Accessed Aug 18, 2022. www.clinicaltrials.gov

Ladak RJ, He AJ, Huang YH, Ding Y. The Current Landscape of mMRNA Vaccines Against
Viruses and Cancer-A Mini Review. Front Immunol. 2022;13:885371.

doi:10.3389/fimmu.2022.885371

21


https://doi.org/10.1101/2022.08.31.506088

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

502 17. Rosa SS, Prazeres DMF, Azevedo AM, Marques MPC. mRNA vaccines manufacturing:
503 Challenges and bottlenecks. Vaccine. 04 15 2021;39(16):2190-2200.

504 doi:10.1016/j.vaccine.2021.03.038

505 18. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines - a new era in vaccinology.
506 Nat Rev Drug Discov. 04 2018;17(4):261-279. doi:10.1038/nrd.2017.243

507 19. Whitley J, Zwolinski C, Denis C, et al. Development of mMRNA manufacturing for vaccines

508 and therapeutics: mMRNA platform requirements and development of a scalable production
509 process to support early phase clinical trials. Transl Res. 04 2022;242:38-55.
510 doi:10.1016/).trsl.2021.11.009

511  20. Sandbrink JB, Shattock RJ. RNA Vaccines: A Suitable Platform for Tackling Emerging

512 Pandemics? Front Immunol. 2020;11:608460. doi:10.3389/fimmu.2020.608460

513  21. Krammer F. SARS-CoV-2 vaccines in development. Nature. 10 2020;586(7830):516-527.
514 doi:10.1038/s41586-020-2798-3

515  22. Safety and Immunogenicity of Omicron Variant-Matched Vaccine Booster in Adults (SH-MO-
516 214). Accessed Aug 22, 2022. https://clinicaltrials.gov/ct2/show/NCT05383560

517  23. MODERNA COMPLETES APPLICATION TO U.S. FOOD AND DRUG ADMINISTRATION

518 FOR EMERGENCY USE AUTHORIZATION OF OMICRON-TARGETING BIVALENT

519 COVID-19 BOOSTER VACCINE, MRNA-1273.222. Accessed Aug 30, 2022.

520 https://investors.modernatx.com/news/news-details/2022/Moderna-Completes-Application-
521 To-U.S.-Food-And-Drug-Administration-For-Emergency-Use-Authorization-Of-Omicron-
522 Targeting-Bivalent-Covid-19-Booster-Vaccine-mRNA-1273.222/default.aspx

523  24. Moderna - Product Pipeline. Accessed Aug 30,
524 2022 .https://www.modernatx.com/research/product-pipeline
525  25. Pfizer and BioNTech Submit Application to U.S. FDA for Emergency Use Authorization of

526 Omicron BA.4/BA.5-Adapted Bivalent COVID-19 Vaccine. Pfizer. Accessed Monday, August

22


https://doi.org/10.1101/2022.08.31.506088

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint

26.

27.

28.

29.

30.

31.

32.

33.

34.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

22, 2022. https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-
biontech-submit-application-us-fda-emergency-use

Abbasi J. Moderna's mRNA Vaccine for Seasonal Flu Enters Clinical Trials. JAMA. Oct 12
2021;326(14):1365. doi:10.1001/jama.2021.17499

A Study of mRNA-1010 Seasonal Influenza Vaccine in Healthy Adults. Moderna. Accessed
Aug 22, 2022. https://clinicaltrials.gov/ct2/show/NCT04956575

Abbasi J. Pfizer Launches Phase 1 mRNA Flu Vaccine Trial. JAMA. Nov 09
2021;326(18):1784. doi:10.1001/jama.2021.19634

A Study to Evaluate the Safety, Tolerability, and Immunogenicity of a Modified RNA Vaccine
Against Influenza. Pfizer. Accessed Aug 22, 2022.
https://clinicaltrials.gov/ct2/show/NCT05052697

A Study to Evaluate the Safety, Reactogenicity and Immunogenicity of Vaccine CVSQIV in
Healthy Adults. CureVac AG. Accessed Aug 22, 2022.
https://clinicaltrials.gov/ct2/show/NCT05252338

A Safety, Reactogenicity, and Immunogenicity Study of mRNA- 1073 (COVID-19/Influenza)
Vaccine in Adults 18 to 75 Years Old. Moderna. Accessed Aug 22, 2022.
https://clinicaltrials.gov/ct2/show/NCT05375838

Pharmacopeia US. Analytical Procedures for mRNA Vaccine Quality. 2022:21.

Baldwin J, Piplani S, Sakala |G, Honda-Okubo Y, Li L, Petrovsky N. Rapid development of
analytical methods for evaluating pandemic vaccines: a COVID-19 perspective. Bioanalysis.
Dec 2021;13(24):1805-1826. doi:10.4155/bio-2021-0096

Sanyal G, Sarnefalt A, Kumar A. Considerations for bioanalytical characterization and batch
release of COVID-19 vaccines. NPJ Vaccines. Apr 13 2021;6(1):53. d0i:10.1038/s41541-

021-00317-4

23


https://doi.org/10.1101/2022.08.31.506088

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.31.506088; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

35. Freyn AW, Ramos da Silva J, Rosado VC, et al. A Multi-Targeting, Nucleoside-Modified
MRNA Influenza Virus Vaccine Provides Broad Protection in Mice. Mol Ther. 07 08
2020;28(7):1569-1584. doi:10.1016/j.ymthe.2020.04.018

36. Dawson ED, Taylor AW, Johnson JE, et al. VaxArray immunoassay for the multiplexed
guantification of poliovirus D-antigen. J Immunol Methods. 05 2022;504:113259.
doi:10.1016/}.jim.2022.113259

37. Gillis JH, Thomas KN, Manoharan S, et al. Multiplexed VaxArray immunoassay for rapid
antigen quantification in measles and rubella vaccine manufacturing. Vaccine X. Dec
2021;9:100113. doi:10.1016/j.jvacx.2021.100113

38. Kuck LR, Byrne-Nash R, Gillis J, et al. VaxArray for hemagglutinin and neuraminidase
potency testing of influenza vaccines. Vaccine. 05 17 2018;36(21):2937-2945.
doi:10.1016/j.vaccine.2018.04.048

39. Byrne-Nash RT, Gillis JH, Miller DF, Bueter KM, Kuck LR, Rowlen KL. A neuraminidase
potency assay for quantitative assessment of neuraminidase in influenza vaccines. NPJ

Vaccines. 2019;4:3. doi:10.1038/s41541-019-0099-3

FIGURE LEGENDS

Figure 1. (a and b) Schematic of the HA and NA constructs used, respectively, with binding
location of oligonucleotide captures shown above each construct. Captures shown in orange
were the focus of performance assessment (¢) Schematic representation of the VaxArray
MRNA microarray slide showing 16 replicate microarrays, (d) individual microarray layout
showing 9 replicate spots for each capture oligo, and fiducial markers in grey in top and bottom
rows, (e) assay detection schemes represented herein, namely (i) coding region capture and

polyT labeling, (ii) coding region capture and 5’ cap labeling, (iii) polyT capture and 5’ cap
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575 labeling, (iv) coding region capture and coding region labeling, and (v) polyT capture and coding

576  region labeling.

577  Figure 2. Naked mRNA reactivity and specificity. (a) Representative microarray images

578 demonstrating reactivity and specificity of 10 pg/mL mRNA using the polyT label. (b)

579  Signal/background (S/B) for monovalent NA and HA for four different labeling schemes

580 (average of n=3 for each value). Text in bold green shows S/B >3 generated, which indicates

581  positive signal. NT indicates not tested.

582  Figure 3. Linearity of response for a variety of capture and detection schemes in monovalent
583  mRNA samples, with NA in left column and HA in right column. (a) Coding region capture with
584  polyT label as shown in Figure 1e(i), (b) polyT oligo capture with 5’ cap antibody label as shown
585 in Figure 1e(iii), (c) Coding region capture and labeling with 5’ cap antibody label as shown in
586  Figure 1e(ii), (d) coding region capture with coding region labeling as shown in Figure 1le(iv). Data
587  points are the average of three replicates and error bars indicate + 1 standard deviation. R2 in

588  upper left of each plot is based on a single linear regression.

589  Figure 4. Similarity of response for monovalent (e) and bivalent (o) 8-point dilution series using
590 polyT oligo detection label for NA mRNA using (a) NA(i) coding region capture, (b) NA(iv) coding
591  region capture, and for HA mRNA using (c) HA(i) coding region capture, and (d) HA(iv) coding

592  region capture.

593  Figure 5. (a) Representative fluorescence images comparing naked (unencapsulated) NA mRNA
594  and LNP-encapsulated mRNA post-lysis, both at 2 ug/mL and imaged at the same exposure time.
595  (b) Signal/background (S/B) for monovalent LNP-encapsulated NA and HA mRNA post-lysis at 5

596  pg/mL. Textin bold green highlights S/B >3.

597  Figure 6. Similarity of response for monovalent (A ) and bivalent (A) 8-point dilution series using

598  polyT oligo detection label for LNP-encapsulated NA mRNA using (a) NA(i) coding region capture,
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599  (b) NA(iv) coding region capture, and for LNP-encapsulated HA mRNA using (c) HA(i) coding

600  region capture, and (d) HA(iv) coding region capture.

601  Figure 7. Similarity of response for bivalent LNP-encapsulated mRNA (A) and naked mRNA (e)
602  8-point dilution series using polyT oligo detection label for NA mRNA using (a) NA(i) coding region
603  capture, (b) NA(iv) coding region capture, and for HA mRNA using (c) HA(i) coding region capture,

604  and (d) HA(iv) coding region capture.

605 SUPPLEMENTARY FIGURE LEGENDS

606  Supplementary Figure 1. Linearity of response for a variety of capture and detection schemes
607  in monovalent MRNA samples, with NA in left column and HA in right column. a) Coding region
608  capture with polyT label as shown in Figure 1e(i), (b) Coding region capture and labeling with &’
609  cap antibody label as shown in Figure le(ii). Data point are the average of three replicates and
610  error bars indicate *+ 1 standard deviation (n=3). R2 in upper left of each plot is based on a single

611 linear regression.

612  Supplementary Figure 2. Signal Response curves for monovalent LNP-mRNA samples,

613  labeled with polyT label. 8-pt response curves generated comparing a monovalent standard
614  curve (o) to eight replicates of lysed LNP-mRNA (A) using (a) NA(i) coding region capture oligo,
615  (b) NA(iv) coding region capture oligo, and for HA mRNA using (c) HA(i) coding region capture

616  oligo, and (d) HA(iv) coding region capture oligo.
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Figure 1. (a and b) Schematic of the HA and NA constructs used, respectively, with binding
location of oligonucleotide captures shown above each construct. Captures shown in orange were
the focus of performance assessment (¢) Schematic representation of the VaxArray mRNA
microarray slide showing 16 replicate microarrays, (d) individual microarray layout showing 9
replicate spots for each capture oligo, and fiducial markers in grey in top and bottom rows, (e)
assay detection schemes represented herein, namely (i) coding region capture and polyT labeling,
(i) coding region capture and 5’ cap labeling, (iii) polyT capture and 5’ cap labeling, (iv) coding
region capture and coding region labeling, and (v) polyT capture and coding region labeling.
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Figure 2. Naked mRNA reactivity and specificity. (a) Representative
microarray images demonstrating reactivity and specificity of 10 pg/mL
mMRNA using the polyT label. (b) Signal/background (S/B) for monovalent
NA and HA for four different labeling schemes (average of n=3 for each
value). Text in bold green shows S/B >3 generated, which indicates positive
signal. NT indicates not tested.
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Figure 3. Linearity of response for a variety of capture and detection schemes in
monovalent mMRNA samples, with NA in left column and HA in right column. (a) Coding
region capture with polyT label as shown in Figure 1e(i), (b) polyT oligo capture with 5°
cap antibody label as shown in Figure 1e(iii), (c) Coding region capture and labeling with
5’ cap antibody label as shown in Figure 1e(ii), (d) coding region capture with coding
region labeling as shown in Figure 1le(iv). Data points are the average of three replicates
and error bars indicate + 1 standard deviation. R? in upper left of each plot is based on a
single linear regression.
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Figure 4. Similarity of response for monovalent (e) and bivalent (o) 8-point dilution
series using polyT oligo detection label for NA mRNA using (a) NA(i) coding region
capture, (b) NA(iv) coding region capture, and for HA mRNA using (c) HA(i) coding
region capture, and (d) HA(iv) coding region capture.
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LNP-NA mRNA
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Capture Signal to background (S/B)
Oligo NA HA
NA() 17.6 1.1
NA(iv) 9.5 1.0
HA() 1.0 6.4
HA(iv) 1.0 15.8

Figure 5. (a) Representative
fluorescence images comparing naked
(unencapsulated) NA mRNA and LNP-
encapsulated mRNA post-lysis, both at
2 pg/mL and imaged at the same
exposure time. (b) Signal/background
(S/B) for monovalent LNP-encapsulated
NA and HA mRNA post-lysis at 5
pg/mL. Text in bold green highlights S/B
>3.
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Figure 6. Similarity of response for monovalent (A) and bivalent (A) 8-point dilution series
using polyT oligo detection label for LNP-encapsulated NA mRNA using (a) NA(i) coding
region capture, (b) NA(iv) coding region capture, and for LNP-encapsulated HA mRNA
using (c) HA(i) coding region capture, and (d) HA(iv) coding region capture.
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Figure 7. Similarity of response for bivalent LNP-encapsulated mRNA (A) and naked
MRNA (e) 8-point dilution series using polyT oligo detection label for NA mRNA using (a)
NA(i) coding region capture, (b) NA(iv) coding region capture, and for HA mRNA using (c)
HA(i) coding region capture, and (d) HA(iv) coding region capture.
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Table 1. Analytical Sensitivity and Range

Capture LLOQ ULOQ Linear Dynamic Range
Oligo (ng/mL) (ng/mL) (ULOQ/LLOQ)
NA() 0.08 14 175
NA(iv) 0.20 18 90
HA(i) 0.20 18 90
HA(iv) 0.08 17 213

Bivalent samples (NA and HA) labeled with polyT oligo detection label (n=4)
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Table 2. Accuracy and Precision

Capture Accuracy (% Expected) Precision (% RSD)
0“90 Operator 1 Operator 2 Operator 3 by Capture Operator 1 Operator 2 Operator 3 by Capture
NA(i) 110% 106% 100% 105 + 5% 13% 12% 7% 11 £ 3%
NA(iv) 105% 107% 108% 107 + 2% 10% 8% 8% 9+1%
HA(i) 102% 101% 105% 102 + 2% 12% 6% 2% 8+ 5%
HA(iv) 107% 105% 97% 103 + 5% 10% 7% 3% 6 +4%
by Operator 106 + 3% 105% + 3% 103% + 5% 11 £ 2% 8% +3% 5% +3%
Over all capture oligos, all operators (n=96) 104 + 2% 9+2%

Bivalent samples (NA and HA) over multiple operators at an expected concentration of 2.4 pg/mL (n=8 each operator,

n=24 overall).
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Table 3. Accuracy and Precision of LNP-encapsulated mRNA

Capture Oligo Accuracy Precision
P g (% Recovery) (% of RSD of measured conc.)

NA(i) 125% %
NA(iv) 102% 9%
HA(i) 104% 10%
HA(iv) 98% 7%

Overall capture 108%+12% 8%+1%

oligos (n=32)

2 pg/mL monovalent NA and HA tested (n=8), using the corresponding monovalent naked mRNA as
a standard curve
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