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Despite the widespread use of mMRNA vaccines against COVID-19, little is known about

the metabolism of therapeutic RNAs. Here we use nanopore sequencing' to analyse
individual therapeutic mMRNA molecules, focusing on their poly(A) tails. We show
that the Moderna mRNA-1273 vaccine* has a poly(A) tail of around 100 nucleotides,
followed by an mWCmWAG sequence. In cell lines, mRNA-1273 undergoes rapid
degradationinitiated by mWCmWAG removal, followed by CCR4-NOT-mediated
deadenylation. However, in medically relevant preclinical models, particularly in
macrophages, mRNA-1273 poly(A) tails are extended to up to 200 nucleotides by the
TENTS5A poly(A) polymerase®”, which isinduced by the vaccine. Re-adenylation,
which stabilizes target mRNAs, is consistently observed in synthetic mRNAs that
encode proteins targeted to the endoplasmic reticulum, such as ovalbumin or
antigens from Zika virus® or the malaria parasite®. The extent of re-adenylation varies:
the BioNTech-Pfizer BNT162b2 vaccine!” shows less potent re-adenylation than
mRNA-1273, which correlates with asmaller proportion of membrane-associated
BNT162b2. This highlights the crucial role of spatial accessibility to ER-resident
TENT5A in determining re-adenylation efficiency. In vivo, TENT5A is expressed in
immune cells that take up mRNA vaccine, and TENT5A deficiency reduces specific
immunoglobulin production for mRNA vaccines after immunization in mice. Overall,
our findings reveal a principle for enhancing the efficacy of therapeutic mRNAs,
paving the way forimprovement.

During the COVID-19 pandemic, mRNA vaccines were deployed on a
global scale withunprecedented speed. Despite the need forimmediate
action, the mRNA vaccine field is still in its early stages, because this
method of vaccine design was entirely new. The two anti-COVID-19
mRNA vaccines that were firstapproved—BNT162b2 (Comirnaty) and
mRNA-1273 (Spikevax)—are in vitro transcribed (IVT) mRNAs*" that
encodethe coronaviral spike protein. These therapeutic mRNAs have
all of their uridines replaced by N'-methyl-pseudouridines (mW), and
are overall very similar. However, they differ in their cap structures,
untranslated region (UTR) sequences and 3’ tails". The BNT162b2
vaccine is capped cotranscriptionally with a trinucleotide Capl ana-
logue (CleanCap AG, with 3’-O-methylation on m7G) and acomposite
poly(A) tail of 30 adenosines followed by 10 other nucleotides and
then 70 extra adenosines (ref. 12). The mRNA-1273 vaccine is capped
post-transcriptionally, creating natural Capl through vaccinia virus
capping enzyme (VCE) and mRNA Cap 2’-O-methyltransferase (MTA),

and has a poly(A) tail of undisclosed length. Both vaccines are encap-
sulated inlipid nanoparticles (LNPs) of slightly different compositions
and enter the cells through endocytic pathways®™*,

Intramuscularly administered mRNA vaccines canlocally transfect
resident and infiltrating immune cells, such as antigen-presenting
dendritic cells (DCs) and macrophages. These cellsbecome activated
and can migrate to neighbouring lymph nodes" . LNPs, as well as
secreted antigens produced inmuscle, are transported to locallymph
nodes, where they are taken up by macrophages and resident DCs'",
DCs, which have a central role in adaptive immunity, endocytose
antigens produced by other cells and are thought to translate vaccine
mRNAs”. Peptide antigens are presented by class I and class Il major
histocompatibility complex (MHC) molecules to induce an immune
response’®, Studies on mRNA vaccines have focused on DCs***; mac-
rophages and monocytes—despite being the main cell types that take
up LNP-encapsulated RNA—have received less attention>'*%2, Moreover,
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the distribution of mMRNA vaccines has been studied in local lymph
nodes, rather thanin muscles, where it is administered. Thus, the role
of macrophages and local antigen productioninmRNA vaccine efficacy
isnot well defined. Researchers’ knowledge of the in vivo and intracel-
lular metabolism of mMRNA vaccines is also limited. Notably, almost
nothing is known about the metabolism of vaccine poly(A) tails, but
the paradigm extrapolated from data on endogenous transcripts (or
reporters) asserts that the stability of therapeutic mRNAsis determined
by the rate of poly(A) tail shortening (deadenylation).

Here we use nanopore RNA sequencing (RNA-seq) to analyse mRNA
therapeutics, revealing the complexity of their metabolism. Specifically,
we show that the endoplasmic reticulum (ER)-associated TENT5A poly(A)
polymerase stabilizes IVT mRNAs encoding secreted proteins. In vivo,
TENT5A enhances theimmunogenicity of the anti-COVID-19 mRNA-based
vaccines mRNA-1273 and BNT162b2, but not that of Nuvaxovid, which
contains purified spike protein as an antigen. To our knowledge, the
effect of endogenous polyadenylation machinery on mRNA therapeutics
has not been previously reported or even considered.

Nanopore sequencing of mRNA vaccines

Owingto methodological challenges, thein vivo metabolism of thera-
peutic mRNAs is poorly understood. Commonly used sequencing-
by-synthesis methods rely on the analysis of PCR-amplified cDNA,
butthese approaches areindirect and error-prone, particularly when
studying poly(A) tails, because of polymerase slippages on homopoly-
mers’. Quality control of mRNA therapeutics, especially their poly(A)
tails, presents similar difficulties. Direct RNA sequencing (DRS),
developed by Oxford Nanopore Technologies (ONT)?, is a promising
solution to these challenges. DRS records electric currents during
the passage of individual single-stranded RNA molecules through a
protein pore, providing reliable information about RNA composition
with single-molecule resolution (Fig. 1a).

Analysis of intact mRNA-1273 using astandard DRS pipeline (Fig. 1a)
revealed that a substantial proportion of aligned reads covered the
full-length vaccine (Extended DataFig. 1a, blue), indicating the poten-
tial for comprehensive analysis of mRNA therapeutics. However,
uridine-to-mW substitutionin mRNA therapeutics affects the current
signal recorded, resulting in imprecise translation into the sequence
(basecalling) (Extended Data Fig. 1b). Therefore, we developed a sub-
sequence dynamic time warping (sDTW) approach (Supplementary
Note1and Extended Data Fig. 1c), which enables the identification of
twice as many sequences compared with the standard DRS pipeline
(Extended DataFig.1a,d-g).

Next, we focused on analysing vaccine poly(A) tails, which are crucial
for mRNA stability and translation, using nanopolish polya* (Extended
DataFig.2a). We confirmed that BNT162b2 exhibits acomposite poly(A)
tail”? (Extended Data Fig. 2b,c). By contrast, mMRNA-1273 contains a
100-adenosine poly(A) tract (Extended DataFig. 2d,e). However, when
we visually inspected individual mRNA-1273 nanopore signals, we
observed an unexpected perturbation between the poly(A) tail and
the adaptor used for library preparation (Fig. 1b, bottom, blue). This
signal suggests the presence of terminal non-adenosine residuesin the
mRNA-1273 vaccine. To determine the specificity of the signature for
the 3’ end of mMRNA-1273, we used vaccine RNA with an enzymatically
extended 3’ end with inosine nucleotides (I-tailing), followed by DRS
using a custom protocol. This confirmed the current perturbation at
the 3’ end of the vaccine (Extended Data Fig. 2f). Finally, the presence
of a TCTAG (mWCmWAG in the vaccine mRNA) was revealed through
rapid amplification of cDNA 3’ end (3’-RACE) lllumina sequencing. The
mWCmMWAG pentamer is likely to represent the residue of restriction
enzyme cleavage of the DNA template. Notably, such pentamer-ending
RNAs were efficiently incorporated into the sequencing library, despite
the fact that the protocol relies on poly(T)-splint ligation of asequenc-
ing adaptor to the poly(A) tail.
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To study mRNA vaccines quantitatively, we developed an enhanced
DRS (eDRS) pipeline thatincludes sSDTW and a modified algorithm for
detecting poly(A) tails with mWCmWAG (Supplementary Note 2 and
Supplementary Fig. 1a) or BNT162b2 poly(A) linker sequence (Sup-
plementary Note 3 and Supplementary Fig.1c). Our analysis of mRNA-
1273 revealed that most vaccine RNA molecules had anintact 3’ end,
with approximately 20% of reads lacking the mWCmWAG sequence
(Extended Data Fig. 2d, bottom, green). These also showed a wider
poly(A) length distribution (Extended Data Fig. 2d, top, green). Of
note, the mWCmWAG pentamer enables easy discrimination between
intact vaccine mRNA, defined as possessing a 3’-terminalmWCmWAG
sequence, and processed RNA, whichends withapure poly(A) sequence;
this facilitates detailed analysis of poly(A) metabolism (Supplementary
Note2). Atime-efficient computational pipeline that allows the analysis
of poly(A) lengths from nanopore cDNA libraries has recently been
released by ONT, enabling us to obtain similar poly(A) lengths and to
confirm the presence of the pentamer with the orthogonal method
(Extended Data Fig. 2g). In summary, both eDRS and cDNA nanopore
sequencing are well-suited for analysing mRNA vaccines.

Deadenylation of mRNA-1273 in cell lines

Next, we used nanopore sequencing to monitor mRNA-1273 stability
and poly(A) tail status in cells that are commonly used in preclinical
analyses. The optimal amount of vaccine RNA was determined to be
non-toxic to cells (Supplementary Note 4 and Supplementary Fig. 2),
allowing efficient protein production and detection by eDRS (Extended
DataFig.2h,i). We then examined mRNA-1273 metabolismin HEK293T
and A549 cellsinatime course (Fig.1cand Extended Data Fig. 2j). A clear
decreasein mean poly(A) length over time was observed, accompanied
by areduction in the number of vaccine reads. This deadenylation
occurred exclusively in reads lacking mWCmWAG.

Notably, BNT162b2 exhibited slower antigen production kinetics
than mRNA-1273 (Fig.1d), even when the vaccine mRNA was delivered
into cells using lipofectamine reagent (Extended Data Fig. 2k). This
was accompanied by a slower rate of deadenylation and greater sta-
bility in HEK293T cells, as determined by nanopore cDNA sequencing
(Extended DataFig. 21).

Finally, toinvestigate therole of deadenylationin mRNA-1273 decay,
we generated aHEK293T cell line with tetracycline-inducible depletion
of the scaffold subunit (CNOT1) of the primary deadenylase complex
CCR4-NOT. Depletion of CNOT1 resulted inincreased global poly(A)
lengths of endogenous mRNAs (Extended Data Fig. 2m) and reduced
poly(A) tail shortening in mRNA-1273, compared with the uninduced
state (Fig.1e). Significant changesin poly(A) length were observed only
inreads that lacked the terminal mMWCmWAG pentamer. The ratio of
transcripts lacking the pentamer remained constant under both condi-
tions, indicating that CCR4-NOT does not participate in mWCmWAG
removal. These observations suggest that deadenylation restricts the
lifespan of therapeutic mRNAs in model cell lines.

Re-adenylation of mRNA-1273 in vivo

The fate of mMRNA therapeutics depends on various factors that are dif*-
ficulttoreplicateinmodel celllines. The stability of the mRNA and the
therapeutic outcome might beinfluenced by the microenvironment at
the RNA delivery site and by specific gene-expression patternsintarget
cells. To study vaccine mRNA metabolism, we delivered mRNA-1273
intramuscularly ina mouse model. The RNA wasisolated directly from
thetissues at the injection sites and from the draininglymph nodes at
2 h, 8 hand 24 h after immunization (Fig. 2a). Quantitative PCR with
reverse transcription (QRT-PCR) revealed that the abundance of vac-
cine mRNA is orders of magnitude higher at the injection sites thanin
the draining lymph nodes (Extended Data Fig. 3a), in which the levels
of mMRNA-1273 were insufficient for effective eDRS analysis. eDRS on
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Fig.1|DRS of mRNA-1273 reveals the CCR4-NOT-mediated dynamics of its
poly(A) tailinmodel celllines. a, Overview of the eDRS approach for studying
mRNA therapeutics. RNA molecules passing through the pores fromthe 3’ end
cause perturbationsintheelectriccurrent readout, which are further translated
into the sequence (basecalled), and then used to calculate the poly(A) length or
todetectthe presence of aterminalmWCmWAG pentamer. b, Representative
raw signals from eDRS showing mRNA-1273 with (bottom) and without (top)
a3’ terminalMWYCmWAG pentamer. The signal from poly(A) iszoomed in for
visualization purposes. ¢, mRNA-1273 poly(A) length distributionin HEK293T
cellstreated with the vaccine forupto 72 h.d, Westernblot analysis of spike
protein expression from mRNA-1273 and BNT162b2in HEK293T cellsup to 96 h
after the delivery of mRNA LNPs. Levels of a-actinin, GAPDH and a-tubulin

samplesfromtheinjectionsites revealed that most mRNA-1273 poly(A)
tailswere unprocessed and contained aterminalmWCmWAG sequence
even 24 h after injection, although mild deadenylation of processed
tails was noticeable at all time points analysed (Fig. 2a). Of note, we
found that at the 24-h time point, the median poly(A) tail length of
mRNA-1273 increased from 100 to 114 nucleotides, and that 49% of
the reads lacking mWCmWAG pentamer had lengths greater than 115
nucleotides. We confirmed mRNA-1273 poly(A) tail extension with eDRS
onRNA isolated fromimmune cellsinfiltrating vaccine injection sites
(Extended DataFig. 3b).
Togainfurtherinsightintoinfiltratingimmune cells, which presum-
ably take up mRNA-1273, we performed a flow-cytometry analysisin the
time course after immunization (Supplementary Note 5 and Supple-
mentary Figs.3-6). We observed that 24 h and 48 h afterimmunization,
the muscles were populated almost exclusively by macrophage-type
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served asloading controls. Asterisk indicates unspecific signal from untreated
cells.Bottom, quantification of spike protein levels (fiveindependent biological
experiments); mean+s.e.m.indicatedin colour.e, mRNA-1273 poly(A) length
distribution for HEK293T cells with tetracycline-induced depletion of CNOT1
(CNOTIknockdown (KD)) or controls (wild type (WT), without tetracycline),
treated withthe vaccineforupto72h.Forc,e,eDRS-measured poly(A) tail lengths
are shown with reads containing (blue) or lacking (green) an mWCmWAG
sequence, with median values and the fraction of shortened tails shown.
Bottom panels show therelative abundance of each group, withgroup sizes
indicated. Pvalues calculated with two-sided Wilcoxon test (on reads lacking
mWCmWAG) with Benjamini-Hochberg correction. Datarepresent two
independent experiments. See also Extended Data Fig. 1.

cells (F4/807CD64") also expressing CD11c" (Extended Data Fig.3c and
Supplementary Fig. 6). At the same time, cells with markers attributed
to tissue-resident DCs (CD45", I-A/I-E (MHCII)"&", CD11c", F4/80" and
CD64") represented aminor population (around 20 times smaller than
the macrophage population), the abundance of which remained stable
over time. We then collected these two populationsina post-injection
time course. Notably, cDNA nanopore sequencing indicated that mRNA
poly(A) tails can be extended in vivo at 24 h when compared with12 h
for both macrophages and DCs (Extended Data Fig. 3d). However,
deadenylationdominatesin DCs, leading to asharp decreasein mRNA
stability.

In parallel with cDNA sequencing, we assessed the absolute abun-
dance of mMRNA-1273 using qRT-PCR. Both DCs and macrophages effi-
ciently take up the vaccine, with an average of 82 and 152 molecules
per cell, respectively (Extended Data Fig. 3e). However, macrophages
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Fig.2|The poly(A) tail of mRNA-1273 is extended in macrophagesinvivo
andinvitro.a, mRNA-1273 poly(A) length distributionin tissues surrounding
vaccineinjectionsites up to 24 h after intramuscular administration. dLNs,
draininglymphnodes. b,c, nRNA-1273 poly(A) length distributionin mBMDMs
(b) or hMDMs (c¢) incubated with mRNA-1273 LNPs forupto 96 h.d, BNT162b2
poly(A) length distributionin mBMDMs incubated with BNT162b2 LNPs for up
to72h.e,Invitrotranslation assay (3 h) usingreticulocyte lysate for mRNA-1273
and BNT162b2. Three micrograms of mRNA was used. Protein was measured by
ELISA.Mean *s.e.m.indicated inred. Pvalues calculated with two-sided t-test.

exhibited a greater stability of mRNA-1273 than DCs (Extended Data
Fig. 3d,e), which correlates with the more potent re-adenylation.
Given the abundance, macrophages represent the main cell popula-
tion responsible for the local metabolism of vaccine mRNA, and we
therefore shifted to in vitro cultures of mouse bone marrow-derived
macrophages (mMBMDMs) and human monocyte-derived macrophages
(hMDMs) as experimental models. Both were efficiently transfected
with mRNA-1273 LNPs without visible toxic effects (Supplementary
Note 4), allowing antigen detection for up to 96 h (Extended Data
Fig. 3f,g). The stability of the vaccine mRNA was observed for at least
72 h, with approximately 25% of the molecules retaining unprocessed 3’
ends after 24 h (Fig. 2b,c). InmBMDMs, we observed amedian elonga-
tionof around 24 adenosinesin the poly(A) tails of vaccine mRNAs 24 h
after transfection, withafraction of tails reaching up to 200 adenosines.
The vast majority of the elongated tails lacked the pentamer signature in
therawnanopore currents (Extended DataFig. 3h). The median poly(A)
lengthreturned to the original 100 adenosines 72 h after transfection.
InhMDMs, re-adenylation of mRNA-1273 was observed 48 h after vac-
cinedelivery, although to alesser extent (Fig. 2c). All of this indicates
that re-adenylation of mMRNA-1273 vaccine observed in vivo can be
recapitulated with cultured macrophages as models.

We speculated that a similar phenomenon would be observed for
BNT162b2, butin fact we observed only a minor extension of poly(A)
tails throughout the time course after administration to mBMDMs
(Fig. 2d and Extended Data Fig. 3i). This could be related in part to an
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Seealso Extended DataFigs.2and 3.

inability to distinguish between processed and intact tails, whichis not
the case for mRNA-1273 (Supplementary Note 2). However, translation
efficiency is also diminished in mBMDM s treated with BNT162b2, com-
pared with those treated with mRNA-1273 (Extended Data Fig. 3j). In
addition, dose-dependent assays using mBMDMs showed that mRNA-
1273 was more effectively translated at all dose ranges—compared with
BNT162b2, which produced less antigen (Extended Data Fig. 3k). These
slower kinetics of protein production seem to be directly related to
the translation efficiency, because the effect is also seen in an vitro
translation system based on reticulocyte lysate (Fig. 2e).

In summary, our data show that therapeutic mRNA can undergo
poly(A) tail elongation in target cells, as shown for mRNA-1273 in vivo
and in cultured macrophages.

Treatment with mRNA-1273 induces TENT5A

Whole-transcriptome analysis of mBMDMs treated with mRNA-1273
revealed significant changes in poly(A) length not only for mRNA-
1273 but also for 124 endogenous transcripts (Kruskall-Wallis test,
P<0.001). The transcripts associated withimmune response showed
the most pronounced tail extension, with an average of 20 adenosines
at 24 h (Fig. 3a and Supplementary Tables 1and 2). These included
MHC components (H2-K1, H2-D1, H2-T23 and B2m), serum complement
components (CIgb and CIgc), lysosomal proteins (LampI and LaptmS5)
and innate immune response genes (Ctsb, Ctsd, ApoE, Lyz2, Cst3 and
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test) afteradministration of MRNA-1273 to mBMDMs. Z-score normalized
poly(A) lengths are represented ina colour scale. Clustering using hclust,
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with P<0.05, |log,(fold change)| > 1.5 are marked withred circlesand immune
response genes are markedinblue. d, Expression (DESeq2-normalized counts)
of non-canonical poly(A) and poly(U) polymerasesinmBMDMs treated with
mRNA-1273 for up to 72 h. Gene names are on the left, adjusted Pvalues from
the DESeq2 LRT test are on theright, with bar heightindicating significance.

e, Expression of TENT5A proteininmBMDMs derived from a FKBP127®-HA-Tent5a

Ctss). Out of the 92 transcripts with a significant change in poly(A) tail
lengthin hMDMs (Extended Data Fig. 4aand Supplementary Table 3),
38were orthologues of those identified inmBMDMs, encoding mainly
proteins that are involved in antigen presentation.

Because poly(A) extension of mMRNA-1273 and endogenous tran-
scriptsoccurred simultaneously inboth cell types (after24 hand 48 hin
mBMDMs and hMDMs, respectively), we hypothesized thatacommon
factor—probably transcriptionally induced after vaccine delivery—
mediates this process.

Indeed, the changesin poly(A) tails were accompanied by complex
transcriptomic responses. At the injection sites, upregulated genes
(Extended Data Fig. 4b, clusters 2 and 3 and Supplementary Table 4)
were enrichedin functionsrelated to theimmune response and cell acti-
vation (Supplementary Table 5), suggesting the infiltration ofimmune
cells, which is consistent with previous reports®. Administration of
mRNA-1273 resulted in changes in the expression of 327 and 87 genes
inmBMDMs and hMDMs, respectively, of which 37 were orthologous.
Differentially expressed genes were observed starting at 24 h after
mRNA-1273 administrationin mBMDM s (Fig. 3b, Extended Data Fig. 4c
and Supplementary Table 6) and after 72 hin hMDMs (Extended Data
Fig. 4d and Supplementary Table 7), and continued until the end of
the experiment. Of note, the observed responses resembled those

knock-inmouseline after administration of mMRNA-1273. Western blot for HA
(todetecttagged TENT5A) and spike; GAPDH, 3-actin and Ponceau staining
(bottom) served as loading controls.n =1.See Extended DataFig. 5a.f, Levels of
Tent5a (by qRT-PCR) in muscle-resident macrophages (M0) and DCs, sorted
frominjectionsites 6 h,12 h,24 hor48 h afterinjection of MRNA-1273. Three
independent replicates (mice) per time point. Values shown as fold change
relative to the 6-htime point. Mean values + s.e.m.indicated inred. g, Tent5a
expression (fromsingle-cell RNA-seq) in lymph node macrophages (top) and
DCs (bottom) of naive mice or miceimmunized with BNT162b2, at days (D) 1,3
or7 afterimmunization. Data reanalysed froma previous study®. a-d show
results of the poly(A) lengths (a) or differential expression analysis (DESeq2,
b-d) oneDRS sequencing datafromthreeindependentbiological experiments.
Seealso Extended DataFig. 4.

previously reported for the BNT162b2 vaccine®, with increased expres-
sion of immune response genes (Fig. 3c, Extended Data Fig. 4e,fand
Supplementary Tables 8 and 9), including severalinterferon-stimulated
genes (ISGs, such as Stat1, Stat2, Mx1 and components of the OAS path-
way) and genes involved in antigen presentation.

Among the genes upregulated after mRNA-1273 administration in
mBMDMs, we observed Tent5a, the only non-canonical cytoplasmic
poly(A) polymerase exhibiting such a pattern (Fig. 3d). Previously, we
showed that Tent5a and TentSc were induced in mBMDMs after activa-
tionwith lipopolysaccharide (LPS)’, and we observed an elongation of
poly(A) tails in a group of mRNAs; this elongation was very similar to
that seen after mRNA-1273 delivery. It suggeststhat TENT5A isindeed a
factor responsible for vaccine re-adenylation. Moreover, Tent5ais the
only cytoplasmic poly(A) polymerase that is significantly induced at
vaccineinjectionsites (Extended Data Fig. 4g), probably ininfiltrating
macrophages. Tent5cis also expressed in allanalysed cellsbutatamuch
lower level (Fig. 3d). At the same time, no change in the expression of
subunits of the deadenylase complexes was observed (Extended Data
Fig. 4h). Finally, the induction of TENT5A after mRNA-1273 adminis-
tration is also visible at the protein level, as revealed by an analysis of
mBMDM s derived from a knock-in mouse line (FKBP127%'-HA-TentSa)
expressing TENT5A fused with a dTAG degrader (FKBP12(F36V)-HAtag)
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Fig.4| TENT5A specifically re-adenylates mRNA-1273 in macrophages, thus
stabilizingit.a, mMRNA-1273 poly(A) length distribution in TentSa™*/"** Tent5c™"
mBMDMs treated with mRNA-1273 for up to 72 h.b, mRNA-1273 poly(A) length
distributionin mBMDMs after rapid depletion of TENT5A. mBMDMs derived
from the FKBP127%-HA-Tent5a knock-in mouse line in the presence of the
depletioninducer dTAG-V1were treated with mRNA-1273 LNPs for 24 h (left)
or 72 h (right). As controls, FKBP12"¢"-HA-Tent5a cells without dTAG-V1, and
wild-type cells with dTAG-V1, are shown. c, mMRNA-1273 poly(A) length
distributionin hMDMs transfected with either mock (left) or TENT5A-specific
(right) siRNAs, treated with mRNA-1273 LNPs for 48 h. Average distributions
fromthree different siRNAsintwo biological replicates. d, Stability of mRNA-
1273 inwild-type (black) or Tent5a""**Tent5c™ (red) mBMDMs, calculated

(Fig. 3e). Accordingly, we observed increased expression of Tent5a in
cells sorted from the injection sites 12 h after immunization (Fig. 3f).
One day after immunization with BNT162b2, some induction of Tent5a
was also observed insingle-cell RNA-seq data from a previous study®,
whichwe reanalysed focusing onthe expression of TENT genes (Fig. 3g).
In this analysis, Tent5a expression was detected in macrophages (but
notin DCs) taking up the vaccine (Extended Data Fig. 4i).

Overall, these experiments suggest a possible role for TENT5A and, to
alesserextent, TENTSC, inthere-adenylation of mMRNA-1273 observed
inmacrophages, in both mouse and human models.

TENT5A re-adenylates mRNA-1273

Toevaluate therole of TENTS proteins in vaccine mRNA re-adenylation,
we studied mRNA-1273 metabolism in mBMDMs lacking TENTS5A and
TENTSC (double-knockout TentSa™*Tent5c™"). Cells were treated
with mRNA-1273 for up to 72 hand RNA was isolated and subjected to
eDRS. In comparison with wild-type mBMDMs, we observed relatively
fast mRNA-1273 decay and deadenylationinthe absence of TENT5A and
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TENTSC (Fig. 4a), withmedian poly(A) tails shortened to around 83 As
after24 h, despite the high ratio of RNAs lacking the 3’ pentamer. Rapid
depletion of TENT5A proteinin mBMDMs using the degron-inducible
FKBP12%"-HA-TentSa model (Fig. 4b and Extended DataFig. 5a) led to
the same effect, with mRNA-1273 poly(A) tails shortened 24 h after
vaccine administration, when compared with controls. The presence
of the FKBP12(F36V) tag itself caused only a minor reduction in the
activity of TENTSA, which was evident at both 24 hand 72 h after mRNA
administration. Smallinterfering RNA (siRNA) knockdown of TENT5A in
hMDMs also caused mRNA-1273 poly(A) shortening and decreased anti-
gen production, when compared with mock-siRNA-transfected cells,
and this effect was observed for threeindependent siRNAs (Fig.4c and
Extended Data Fig. 5b). All of these data indicate that TENTS5 proteins
haveacrucialroleinthe regulation of mMRNA-1273, with TENT5A being
particularly key. Inline with this, in Tent5a™* Tent5¢”~ mBMDMs, the
stability of mRNA-1273 is markedly reduced (Fig. 4d).

Notably, dysfunction of TENT5-mediated cytoplasmic polyadenyla-
tion had no effect on the transcriptional response, which was similar
in both wild-type and Tent5a™*"**Tent5¢’"~ mBMDMs (Extended Data
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Fig.5|ERtargetingspecifies the TENT5-mediated re-adenylation of
synthetic mRNAs. a, eDRS-measured mRNA-1273 poly(A) length distribution
24 h after administration to mock (left) or Fndc3a- and Fndc3b-depleted
mBMDMs. Average distributions from three different siRNAsin tworeplicates.
b, cDNA-seq-measured poly(A) length distribution for mRNA-1273 (top) and
BNT162b2 (bottom) co-transfected to wild-type mBMDMs in equal amounts,
showing cytoplasmic (C) and membrane (M) fractions over time (up to 36 h).
c,cDNA-seq-measured OVA reporter poly(A) length distributionin mBMDMs
transfected with mRNAs that have BNT162b2 or mRNA-1273 UTRs and
BNT162b2-like poly(A) tails (with terminalmWCmWAG) forupto 48 h. The type
of UTRsinthereporterisindicated at thetop.d,e, PFCSPreporter poly(A)

Fig. 5c and Supplementary Table 10). A negative effect of the knock-
out was observed only for poly(A) tails (Extended Data Fig. 5d), as
in the case of LPS-activated macrophages®. Furthermore, TENT5A
dysfunction does not affect the global translation efficiency, as
revealed by high-content microscopy fluorescence quantifications
of EGFP-encoding reporter mRNAs (Extended Data Fig. 5e).

Finally, tolook at the potential effect of other non-canonical poly(A)/
poly(U) polymerases on mRNA-1273 poly(A) tails, we depleted Tent2,
Tent4a, Tent4b, Tent3a and Tent3bin mBMDMs and subsequently admin-
istered mRNA-1273.In all cases, we observed efficient re-adenylation of
mRNA-1273 (Fig. 4e and Extended Data Fig. 5f), which was lost only in
TentSa@"™ " Tent5c™" cells (Fig. 4a). We conclude that TENTSA is respon-
sible for mRNA-1273 re-adenylation in macrophages.

Re-adenylation of ER-targeted IVT mRNAs

As a next step, we focused on factors determining TENTSA substrate
specificity. Most of the mRNAs with poly(A) tails that were extended
after mRNA-1273 vaccination in wild-type but notin Tent5a™/* Tent5c™
mBMDMs (Extended DataFig. 5d) encode proteins that are translated at
the ER. Notably, mnRNA-1273 also encodes an ER-targeted protein, which,
aswe show, hijacks TENTS proteins to extend its poly(A) tails. Massive
translation of spike (and other proteins) at the ER, after mRNA-1273

Read abundance (relative to endogenous)

length distributionin mBMDMs transfected with mRNAs that have BNT162b2-
like poly(A) tails with a terminalmWCmWAG for up to 24 h, analysed with either
cDNA-seq (d) oreDRS (e). Type of UTRs in the reporterindicated at the top. For
all panels, reads aredivided into those with (blue) or without (green or grey)
an mWCmWAG sequence, with median values and fractions of elongated or
shortened tails shown. Average distributions for two biological experiments
(a-d) orasinglebiological experiment (e). Bottom panels show the relative
abundance of each group, with group sizes indicated. Pvalues calculated
with two-sided Wilcoxon test (on reads lacking mWCmWAG) with Benjamini-
Hochberg correction.See also Extended DataFigs. 6-9.

administration, led to increased ER stress in hMDMs (Extended Data
Fig. 6a). However, siRNA depletion of TENT5A resulted in decreased
spike protein translation (Extended DataFig. 5b) and reduced the levels
of unfolded protein response markers (Extended Data Fig. 6b), con-
sistent with the role of TENT5A in promoting vaccine antigen transla-
tion. TENT5C has previously been shown to localize to the ER through
interaction with ER-associated transmembrane FNDC3A and FNDC3B
proteins®. Depleting Fndc3a and Fndc3bin mBMDMs led to the abroga-
tion of mMRNA-1273 re-adenylation (Fig. 5a), indicating that, in the case
of TENTS5A, its cooperation with FNDC3A and FNDC3B is essential for
the re-adenylation and stabilization of mRNA-1273.

Because our previous studies in different cell types revealed that the
specificity of TENTS proteins is not determined by sequence motifs® "%,
and that the presence of an ER targeting signal is sufficient to drive
TENT5-mediated regulation®, the efficient re-adenylation of mRNA-1273
butnot BNT162b2 was puzzling. Given that coronavirus spike proteins
are co-translationally translocated to the ER?, we sought to further
investigate the spatial determinants of vaccine mRNA metabolism.
Because in mBMDMs, Tent5a is more strongly induced by mRNA-1273
than by BNT162b2 (Fig.3d and Extended DataFig. 6¢), we co-transfected
mRNA-1273 and BNT162b2 to mBMDMs with lipofectamine-based
transfection reagent, to exclude the differential effects of each vac-
cine on transcriptomic response. Next, we fractionated cells after
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vaccine administrationin atime-course manner and performed nano-
pore cDNA sequencing of isolated RNA. This analysis revealed robust
re-adenylation of not only mRNA-1273 but also BNT162b2, specifically
inthe membrane fraction (Fig. 5b and Extended Data Fig. 6d), confirm-
ing that ER association is a prerequisite for efficient re-adenylation.
The lower load of BNT162b2 on ER (Extended Data Fig. 6e) and the
inability to distinguish between intact and processed vaccines—unlike
mRNA-1273, for which reads endinginmWCmWAG can be excluded—are
likely to explain why re-adenylation of BNT162b2 is less pronounced
in the total fraction (Extended Data Fig. 6f). Next, we administered
both vaccines to mBMDMs separately and analysed the dynamics of
antigen production. The spike protein was present in the membrane
fraction, withatrend towards lower levels of BNT162b2-encoded than
mRNA-1273-encoded spike protein onthe ER, mainly at early time points
(Extended DataFig. 6g). This aligns with the results from our analysis of
whole-celllysates and culture medium, and with the in vitro translation
assay presented before (Figs.1d and 2e and Extended Data Fig. 3j,k). It
could be caused by a combination of effects of differences in the cap
structure (Extended DataFig. 7a,b), the codon optimality of the coding
sequence (CDS) (Supplementary Note 7, Extended DataFig. 7c-g) and
the UTRs. Nevertheless, despite relatively inefficient re-adenylation,
Tent5a™"**Tent5c”- mBMDMs produce less spike protein, compared
with wild-type mBMDMs, after BNT162b2 administration over a time
course (Extended DataFig. 6h), indicating that TENT5A also hasaben-
eficial effect on antigen production for this vaccine.

Next, to systematically evaluate the influence of the capping
strategy, UTRs and poly(A) tail composition (including the pres-
ence of mMWYCmWAG) on mRNA re-adenylation in mBMDMs, we gen-
erated a series of mW-containing reporter mRNAs (Supplementary
Note 6 and Extended Data Fig. 8a,b). First, 16 variants of ER-targeted
codon-optimized ovalbumin (OVA)-coding mRNAs (Extended
Data Fig. 8c,d) were used to evaluate protein production using an
enzyme-linked immunosorbent assay (ELISA). Notably, we observed
that mBMDMs transfected with the enzymatically VCE + MTA-capped
mRNA (Cap 1) produced several folds more OVA than did mBMDMs
that were transfected with mRNA cotranscriptionally equipped with
CleanCap (Extended DataFig. 9a). Besides the capping method, mRNA-
1273 UTRs had a beneficial effect on OVA production, compared with
those derived from BNT162b2 (Extended Data Fig. 9a). Poly(A) tail and
mWCmWAG sequence seemed to have aminor role despite being syn-
thesized from different DNA templates.

For the analysis of poly(A) lengths, we focused on mRNAs ending
with mWCmWAG, which, as shown before, does not affect expression
andisusually removed before re-adenylation (Extended Data Fig. 3h),
thus allowing us to analyse the processed mRNAs without fractiona-
tion, unlike the original BNT162b2. Consistent with the correlation
of protein expression and translation efficiency, re-adenylation was
completely absentin OVA mRNAs equipped with CleanCap, asrevealed
by nanopore cDNA sequencing (Extended Data Fig. 9b,c). At the same
time, a certain degree of re-adenylation was observed in all variants
of enzymatically capped RNAs (Fig. 5¢c and Extended Data Fig. 9d),
despite CDS optimization being significantly different from that of
SARS-CoV-2 vaccines (Extended Data Fig. 7c-f and Supplementary
Note 7). Re-adenylation was slightly more pronounced in reporters
with mRNA-1273 UTRs and BNT162b2 poly(A) tails.

Finally, to check the re-adenylation potency of other CDSs, we
designed reportersencoding an ER-targeted circumsporozoite protein
from Plasmodium falciparum (PfCSP; Extended Data Fig. 7h) and the
Zikavirus envelope structural protein (ZikVE), considered antigens in
the mRNA vaccines against malaria® and Zika virus®, respectively. Again,
cDNAsequencing of RNA isolated from mBMDMs 24 h after transfection
revealed that all enzymatically capped variants were re-adenylated,
withno clear trend with regard to the superiority of particular UTRs or
poly(A) tail sequences (Fig. 5d and Extended Data Fig. 9e-g). Notably,
reanalysis of the PfCSP reporter with BNT162b2 UTRs and BNT162b2
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tailusing eDRS, whichis more accurate than cDNA sequencing onlong
poly(A) tails, revealed massive re-adenylation in mBMDMs (Fig. 5e).

Overall, we show that TENT5A-mediated re-adenylation stabilizes a
broadrange of enzymatically capped ER-targeted IVT mRNAs, including
therapeutic ones (Extended Data Fig. 9h). This further indicates that
the potency of re-adenylationis affected by several factors, such asthe
capping method and the coding and UTR sequences, whereas poly(A)
tail composition has a relatively minor role.

TENTS5A enhances the efficacy of mRNA vaccines

DCs are major antigen-presenting cellsand are expected to have akey
roleinthe development ofimmunity after vaccination. However, DCs
express low levels of TENTS5A (Fig. 3f,g), raising the question of whether
TENT5-mediated stabilization of vaccine mRNA in macrophages affects
immune response. Tent5a-knockout mice, despite having substan-
tially lower body mass and serious skeletal malformations®, do not
exhibit majorimmune defects, which might have an effect onimmune
response, asrevealed by datafrom the International Mouse Phenotypic
Consortium? (www.mousephenotype.org). Specifically, they show
no phenotypes related to T cells, B cells or DCs, only slightly elevated
monocyte, neutrophil and granulocyte counts in females. Thus, we
immunized wild-type and TentSa™ mice with mRNA-1273, BNT162b2 or
aNuvaxovid (Novavax) protein-based COVID-19 vaccine, and measured
antibody production (14 days after vaccination). The level of serum
anti-spike IgG 14 days after immunization with mRNA-1273 was sig-
nificantly lower in Tent5a™ than in wild-type mice (Extended Data
Fig.10a), with nosignificant change inthe total level of IgGsin the sera
(Extended Data Fig. 10e). Despite the differences in re-adenylation
efficiency in the in vitro system, slightly lower serum anti-spike IgG
levels were observed in TentSa”~ mice after BNT162b2 vaccination
(Extended Data Fig. 10b,f). Of note, no negative effect of Tent5a™ on
serum anti-spike IgG levels was observed for protein-based Nuvaxovid
vaccine (Extended Data Fig.10c,d,g). To more specifically address the
role of vaccine uptake by macrophages in muscle, we immunized con-
ditional knockout mice with Cre-induced ablation of Tent5a in CD11c*
cells. Similar to what was seen in Tent5a™ mice, the level of anti-spike
IgG waslower at 14 days afterimmunizationin Tent5¢™* mice thanin
controls (Extended DataFig.10h). Next, we measured the levels of spike
proteinin the serum at 48 h and 96 h after immunization (Extended
Data Fig. 10i), and found that the levels were significantly lower in
Tent5a™"* mice thanin control mice (Extended Data Fig.10j,k). Such
an effect confirms the major role of CDCl11c"* cells expressing Tent5a
inantigen production. Thus, TENT5A-mediated re-adenylation, which
occurs mainly in macrophages, has a direct effect on antigen produc-
tion and vaccine efficacy.

Discussion

The COVID-19 pandemicaccelerated the development of vaccine tech-
nology, and the timely introduction of mMRNA vaccines was key to slow-
ingthe spread of the causative virus, SARS-CoV-2. This report provides
evidence that therapeutic mRNAs can be modified in cells, such that
their poly(A) tails are extended by the cellular machinery. Re-adenylation
leads to increased stability of targeted mRNAs and increased produc-
tion of coded antigens, providing a possible explanation for the effi-
cacy of existing mRNA vaccines (MRNA-1273 and BNT162b2 and their
further generations). Our findings could have profound implications
for the development of next-generation mRNA therapeutics, including
some that are already in preclinical studies (for instance, mRNA-1325
and mRNA-1895 for Zika, encoding the premembrane and envelope
proteins®). Moreover, our work highlights and reinforces the physi-
ologicalrole of the ERin cellular RNA metabolism, showing that the ER
actsasacentral hub not only for cellular mRNA translation but also for
its post-transcriptional regulation. Mechanistically, the cytoplasmic
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poly(A) polymerase TENTS5A, acting in concert with ER-associated
FNDC3A and FNDC3B, is responsible for the re-adenylation of ER-
targeted mRNA therapeutics. The exact mechanism of substrate
selection by TENT5A has yet to be established, but the re-adenylation
efficiency is affected by several factors. Notably, the capping strat-
egy considerably influences re-adenylation. In primary macrophages,
among OVA-coding mRNAs, only those with enzymatically incorporated
Cap lunderwent efficient poly(A) tail extension, whereas those cotran-
scriptionally capped with CleanCap did not. This correlated with signifi-
cantly higher production of the encoded protein. Although the precise
mechanism has yetto be elucidated, enzymatically capped mRNA-1273
was expressed at a higher level and underwent more robust adenylation
than BNT162b2, which used CleanCap. However, the observed effect
was less pronounced than it was for OVA mRNAs, suggesting that fac-
tors beyond the chemical cap structure are involved. Furthermore,
UTR sequences can affect re-adenylation efficiency, although they do
not have a dominant role. This observation aligns with the fact that
TENTS5A substrates lack distinct sequence motifsidentifiable withinthe
non-protein-coding regions of mMRNAs*”. Further research is needed to
uncover all the details of TENT5-mediated re-adenylation.

Once administered, mRNA vaccines generate complex immune
responses. Before COVID-19, research on mRNA vaccines focused
mainly on the development of anti-cancer agents?-*, Although mRNA
design has typically been optimized in cell lines, the aim has been to
target DCs, whichwere thought to produce and present the antigen to
generate both humoral and cellular adaptive immune responses. Here
we show that macrophages are responsible for antigen production
and thus have a crucial role in the development of immunity. Mac-
rophages are not only the major cell population that takes up the vac-
cine mRNA™", but they also express TENTSA, which is induced after
immunization and re-adenylates them, increasing stability and protein
output. Accordingly, in mice that lack TENT5A in CD11C" cells, a sub-
stantial reductionin antigen productionis observed, associated with
the impaired development of an antigen-specific humoral response.

The development of therapeutic mRNAs extends beyond vaccines,
and intensive efforts are being made to use mRNA to treat Mendelian
diseases or toinduce the production of therapeutic proteins. Inthese
cases, the main target is the liver, because transfecting hepatocytes
afterintravenous administration of LNP-encapsulated mRNAs is very
efficient. There are also attempts to target other organs and cell types.
Here we show that different cell types metabolize mRNA vaccines dif-
ferently. We expect that only cells that express high levels of TENTSs
stabilize the mRNA by re-adenylation and are thus desirable targets
for therapeutic mRNAs that encode secreted proteins. In addition, a
better understanding of substrate recognition will enable the rational
design of mMRNAs that are more efficiently polyadenylated by TENTS5
and are, therefore, more stable.

Inthe future, other tissue-specific mechanisms of mRNA stabilization
might be uncovered. All of these observations emphasize the point that
the design of therapeutic mRNAs must be tailored to the target cells
and the target site of the protein product.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-08842-1.

1. Brouze, A., Krawczyk, P. S., Dziembowski, A. & Mroczek, S. Measuring the tail: methods for
poly(A) tail profiling. Wiley Interdiscip. Rev. RNA 14, 1737 (2023).

2. Garalde, D.R. etal. Highly parallel direct RNA sequencing on an array of nanopores.

Nat. Methods 15, 201-206 (2018).

3. Bilska, A. et al. Immunoglobulin expression and the humoral immune response is
regulated by the non-canonical poly(A) polymerase TENT5C. Nat. Commun. 11, 2032
(2020).

4. Corbett, K. S. et al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen
preparedness. Nature 586, 567-571(2020).

5. Gewartowska, O. et al. Cytoplasmic polyadenylation by TENT5A is required for proper
bone formation. Cell Rep. 35, 109015 (2021).

6. Brouze, M. et al. TENT5-mediated polyadenylation of mRNAs encoding secreted proteins
is essential for gametogenesis in mice. Nat. Commun. 15, 5331 (2024).

7. Liudkovska, V. et al. TENT5 cytoplasmic noncanonical poly(A) polymerases regulate the
innate immune response in animals. Sci. Adv. 8, eadd9468 (2022).

8.  Essink, B. et al. The safety and immunogenicity of two Zika virus mRNA vaccine candidates
in healthy flavivirus baseline seropositive and seronegative adults: the results of two
randomised, placebo-controlled, dose-ranging, phase 1 clinical trials. Lancet Infect. Dis.
23, 621-633 (2023).

9. Hayashi, C. T. H. et al. mRNA-LNP expressing PfCSP and Pfs25 vaccine candidates targeting
infection and transmission of Plasmodium falciparum. NPJ Vaccines 7,155 (2022).

10. Sahin, U. et al. BNT162b2 vaccine induces neutralizing antibodies and poly-specific
T cells in humans. Nature 595, 572-577 (2021).

1. Xia, X. Detailed dissection and critical evaluation of the Pfizer/BioNTech and Moderna
mRNA vaccines. Vaccines 9, 734 (2021).

12.  Vogel, A. B. et al. BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature
592, 283-289 (2021).

13.  Sahin, U., Kariké, K. & Tiireci, O. mRNA-based therapeutics—developing a new class of
drugs. Nat. Rev. Drug Discov. 13, 759-780 (2014).

14. Szabd, G. T, Mahiny, A. J. & Vlatkovic, . COVID-19 mRNA vaccines: platforms and current
developments. Mol. Ther. 30, 1850-1868 (2022).

15. Li, C. et al. Mechanisms of innate and adaptive immunity to the Pfizer-BioNTech BNT162b2
vaccine. Nat. Immunol. 23, 543-555 (2022).

16. Lindsay, K. E. et al. Visualization of early events in mRNA vaccine delivery in non-human
primates via PET-CT and near-infrared imaging. Nat. Biomed. Eng. 3, 371-380 (2019).

17.  Ols, S. et al. Route of vaccine administration alters antigen trafficking but not innate or
adaptive immunity. Cell Rep. 30, 3964-3971(2020).

18. Verbeke, R., Hogan, M. J., Loré, K. & Pardi, N. Innate immune mechanisms of mRNA vaccines.
Immunity 55,1993-2005 (2022).

19. Liang, F. et al. Efficient targeting and activation of antigen-presenting cells in vivo after
modified mRNA vaccine administration in rhesus macaques. Mol. Ther. 25, 2635-2647
(2017).

20. Diken, M. et al. Selective uptake of naked vaccine RNA by dendritic cells is driven by
macropinocytosis and abrogated upon DC maturation. Gene Ther. 18, 702-708 (2011).

21.  Kranz, L. M. et al. Systemic RNA delivery to dendritic cells exploits antiviral defence for
cancer immunotherapy. Nature 534, 396-401(2016).

22. Hassett, K. J. et al. mRNA vaccine trafficking and resulting protein expression after
intramuscular administration. Mol. Ther. Nucleic Acids 35, 102083 (2024).

23. Workman, R. E. et al. Nanopore native RNA sequencing of a human poly(A) transcriptome.
Nat. Methods 16, 1297-1305 (2019).

24. Mroczek, S. et al. The non-canonical poly(A) polymerase FAM46C acts as an onco-
suppressor in multiple myeloma. Nat. Commun. 8, 619 (2017).

25. Fucci, C. et al. The interaction of the tumor suppressor FAM46C with p62 and FNDC3
proteins integrates protein and secretory homeostasis. Cell Rep. 32, 108162 (2020).

26. Versteeg, G. A., Van De Nes, P. S., Bredenbeek, P. J. & Spaan, W. J. M. The coronavirus spike
protein induces endoplasmic reticulum stress and upregulation of intracellular chemokine
mRNA concentrations. J. Virol. 81,10981-10990 (2007).

27. Groza, T. et al. The International Mouse Phenotyping Consortium: comprehensive
knockout phenotyping underpinning the study of human disease. Nucleic Acids Res. 51,
D1038-D1045 (2023).

28. Beck, J. D. et al. mRNA therapeutics in cancer immunotherapy. Mol. Cancer 20, 69
(2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Nature | www.nature.com | 9


https://doi.org/10.1038/s41586-025-08842-1
http://creativecommons.org/licenses/by/4.0/

Article

Methods

Mouse lines

Allmouse lines were generated by CRISPR-Cas9 at the Genome Engi-
neering Unit (https://crisprmice.eu/) as described previously**”.
A conditional Tent5a™"* and double-knockout Tent5a™"**TentSc™"~
have been described previously’. The Cd1lc-Cre (B6N.Cg-Tg(Itgax-cre)1-
1Reiz/J) mouse strain was purchased from The Jackson Laboratory and
crossed with TentSa"""*, The FKBP12"%"-HA-Tent5a mouse line was
generated by inserting the sequence of the dTag degron and the 2xHA
tag at the N terminus of the endogenous Tent5a. B6CBAF1 zygotes
were microinjected with a mixture containing Cas9 mRNA, gRNA
targeting Tent5a (AAAAGTATCTCTGATGCATC) and double-stranded
repair template (TAGAAGGGGCGGCCGCCTCCAGGTGACACAGACG
GGACTCTCGCTTGTGCTTTCCAGATGGGAGTGCAGGTGGAAACCATC
TCCCCAGGAGACGGGCGCACCTTCCCCAAGCGCGGCCAGACCTGCG
TGGTGCACTACACCGGGATGCTTGAAGATGGAAAGAAAGTTGATTCC
TCCCGGGACAGAAACAAGCCCTTTAAGTTTATGCTAGGCAAGCAGGA
GGTGATCCGAGGCTGGGAAGAAGGGGTTGCCCAGATGAGTGTGGGTCA
GAGAGCCAAACTGACTATATCTCCAGATTATGCCTATGGTGCCACTGG
GCACCCAGGCATCATCCCACCACATGCCACTCTCGTCTTCGATGTGGA
GCTTCTAAAACTGGAAGGCGGCTACCCCTACGACGTGCCCGACTACGCCG
GCTATCCGTATGATGTCCCGGACTATGCAGGCGGACATCAGAGATACTT
TTGGTGCGGGGCTGCTCTGCGGGGCGCGGCGCGCGGCTGGGCATTG).
Zygotes were transferred to surrogate mothers and pups were screened
forthe presence of insertion using a 3-primer approach (Fw: GCAGCT
CCTGCGAAGTGTG, Rv1l: TGCCATGGCAAAGTACCCTTC, Rv2: CCCACAC
TCATCTGGGCAAC). Potential founders were sequenced by Sanger
sequencing. Mice were bred in the animal facility of the Faculty of
Biology, University of Warsaw, and maintained under conventional
conditions>*” in open polypropylene cages filled with woodchip
bedding enriched with nesting material and paper tubes. Mice were
fedad libitumwithastandardlaboratory diet (Labofeed B, Morawski).
Room humidity was maintained at 55+10%, the temperature was kept
at22°C +2°C, the air was changed at least 15 times per hour and a
12-h-12-hlight regime was used (lights on from 06:00 t018:00). Regular
health monitoring was performed at the IDEXX laboratory. Mice of
different genotypes were assigned with individual numerical tags in
the database and they were used for tissue collection and throughout
the subsequent processing as the only identifiers.

Discarded residual vaccine material: mMRNA-1273 (Moderna, mono-
valent or bivalent original/Omicron BA.4-5 spike), BNT162b2 (Pfizer
monovalentor bivalent original/Omicron BA.4-5), Nuvaxovid (Novavax,
recombinant spike protein, adjuvanted) were used within the manufac-
turer’s stability guidelines. Because this was not available for purchase
at the time and because only residual (otherwise discarded) material
couldbeused, we obtained approval from the Polish Ministry of Health
(MML.454.1.2021.TM).

All animal experiments were approved by the Il Local Ethical Com-
mittee in Warsaw (approval numbers: WAW2/71/2021, WAW2/129/2021,
WAW2/95/2022, WAW2/127/2022 and WAW2/007/2023) and were per-
formedaccordingto Polish law (act number 653266/15.01.2015) and in
agreement with the corresponding European Union directive.

Immunizations
Six-to-fourteen-week-old mice were immunized by intramuscular
(Vastus lateralisregion) injection with 0.9% NaCl (controls), 1 1g mRNA-
1273 (Moderna) or BNT162b2 mRNA (Pfizer) or 50 pl Nuvaxovid vaccine
(Novavax) at 40 ng pl™ protein concentration. Tissues were collected
at set time points for subsequent analyses. Mice of both sexes were
used, with equal or similar ratios of both sexes in directly compared
groups. The sex of the mice was not considered in the immunization
experiments, only the genotype.

No formal sample-size calculations were performed a priori. Sample
sizes were determined on the basis of established practices in similar

published studies and the 3Rs principles (replacement, reduction and
refinement) for ethical animal research. We used the minimum num-
bers necessary to achieve statistical significance while maintaining
scientific rigour, on the basis of our previous experience and compa-
rable studies. Details on sample sizes are provided for each experi-
ment. Mice with different genotypes could not be distinguished by the
experimenter (except for TentSa”~ mice, which have a distinguishable
phenotype). However, vaccinationis aroutine procedure and therefore
knowledge about the genotype of mice at the time of vaccination was
highly unlikely to affect the results of immunization.

ELISA

Concentrations of spike protein receptor-binding domain, anti-spike
IgG and total IgG in mice serum were measured according to the
manufacturer’srecommendations with commercially available ELISA
kits: Invitrogen (EH492RB; 1222062723,1222110123 and 1222110723),
Krishgen Biosystems (KBVH015-14; MACOVSPQ1023, MACOVSPQ0223
and MCOV2SS0822) and Eagle Biosciences (0GG11-K01; 25Q1 and 26),
respectively. The level of OVA was measured using an ELISA kit from
MyBioSource (MBS2000240;1240916286). Sample dilution was deter-
mined experimentally to fit within the standard curve of each ELISA.
Owingtointervals betweenimmunizations, different versions and lots
of both vaccines and ELISA kits were used, depending on availability.
Therefore, ELISA results should be interpreted as semi-quantitative
between experiments. A single experiment was always performed
simultaneously for all conditions studied, and can therefore be inter-
preted as quantitative, allowing direct comparisons between experi-
mental conditions.

Sorting infiltrating macrophages and DCs from muscles

Muscle dissociation and isolation of immune cells. Muscles from
anterior thigh were isolated 6 h, 12 h, 24 h or 48 h after vaccine injec-
tion, finely minced using surgical scissors and resuspended in 2 ml of
serum-free RPMI supplemented with 1,000 U ml™ collagenase from
Clostridium histolyticum (Sigma-Aldrich, C9407),250 pg mI™ DNAsel
(Sigma-Aldrich, 10104159001) and 8 pug ml™ dispase I (Sigma-Aldrich,
D4693).Samples were incubated for 30 minat 37 °C with140-rpm agita-
tion. Digested muscle suspensions were putonice and processed at4 °C
from then on. Ten millilitres of ice-cold FACS buffer (0.2% BSA in PBS)
was added to muscle suspensions, followed by straining with a 70-pm
nylonstrainer (Greiner, 542070). With the strainer on, the suspension
was centrifuged at 300g for 7 min. The crude pellet was treated twice
with ACK (150 mM ammonium chloride,1 mM potassiumbicarbonate
and 0.1 mMdisodium EDTA, pH 7.2) for 2 min onice, followed by wash-
ing with 10 ml FACS buffer; each time, centrifugation was performed
at300gfor 7 min. The crude pellet was then resuspended in1 ml FACS
buffer and strained through the 30-pum cap strainer of a FACS tube.
With caps on, the samples were centrifuged at 800g for 3 min at 4 °C
and the supernatant was discarded, followed by resuspensionin 2 ml
FACS buffer. Equal volumes of samples were mixed thoroughly with 33%
Percoll (GE17-0891-01) in PBS and spun at 800g for 30 minat4 °C. The
supernatant was discarded and the cell pellet was subjected to staining.

Cell staining and sorting. Cells were washed once with FACS buffer and
incubated with Fc block anti-CD16/32 (clone 2.4G2) (BD Biosciences,
553142) for 5 min onice, washed with FACS buffer and incubated with
anti-CD45-PerCP-Cys5.5, anti-CD11b-BV786, anti-F4/80-PE-Cy7,
anti-I-A/I-E-BV605, anti-CD11c-PE and anti-CD64-APC-Fire750 for
40 minin4 °C, protected fromlight (detailed information on antibod-
iesand dilutionsis provided in Supplementary Table 11). After staining,
cellswere washed with FACS buffer and then stained with the LIVE/DEAD
Fixable Violet Dead Cell Stain Kit (Thermo Fisher Scientific, L34964)
for15minat4 °C, protected from light. Cell sorting was performed in
a CytoFlex SRT cell sorter (Beckman Coulter) operated by CytExpert
SRT v.1.1software. A restrictive gating strategy was used to sort MO
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macrophages and DCs (Supplementary Fig. 5). The gating strategy was
based ongating live singlets, next cellsidentified as CD45", CD11c" and
I-A/I-E (MHCII)*, with the exclusion of cells that were double positive
for CD64 and F4/80, were sorted as DCs. Live singlets identified as
CD45", CDI11c", I-A/I-E (MHCII)'**", F4/80" and CD64" were sorted as
MO macrophages. For post-sort analysis, cells were sorted to 100 pl
of PBS. Post-sort analysis was performed on the first sample, to verify
the purity of sorted populations. For RNA isolation, cells were sorted
directlyinto 100 plor 250 pl of extraction buffer (Applied Biosystems,
KIT0204), depending on the cell amount, followed by centrifugation
at14,000g for 5 min and freezing until further processing.

Cell cultures

A549 and HEK293 Flp-In T-REx cell lines and their derivatives were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% FBS (Gibco) and penicillin-streptomycin
(Sigma-Aldrich) at37 °Cina 5% CO, atmosphere until 80% confluency.
Toproduce the HEK293 Flp-In T-REx (R78007, Thermo Fisher Scientific)
cell line with conditional knockdown of CNOT1, we used a strategy
previously described by us®. A tri-miRNA construct (listed below; stem-
loop sequences ATGGAAGAGCTTGGATTTGAT, CTCCCTCAATTCGCC
AACTTA and AGGACTTGAAGGCCTTGTCAA) was designed, and cloned
attheBspTI(Aflll) + Notlrestriction sites ina pKK-RNAi vector (pKK-BI16
nucCherry EGFP-TEV). A total of 1 x 10 HEK293 FIp-In T-REx cells, grown
in DMEM high-glucose medium (Gibco) supplemented with 10% FBS
onsix-well plates, were transfected with 300 ng of the CNOTI-bearing
construct mixed with 1 ug of pOG44 plasmid and 250 pl of Opti-MEM
medium, supplemented with 2 pl TransIT-2020 transfection reagent
(Mirus, MIR5400). The cells were seeded ina 60-mm plate and cultured
in DMEM high-glucose medium supplemented with 40 ug ml* hygro-
mycinand 8 pg ml™ blasticidin for the first six to seven days. Cells were
grown until single colonies appeared four weeks later. A control of cells
that were not transfected with the pKK-BI16 plasmid was included to
ensure the specific selection of the cell line. Expression of exogenous
miRNA genes was induced by the addition of doxycycline (Thermo
Fisher Scientific) at afinal concentration of 100 ng ml™. Cell enumera-
tionwas performed by crystal violet (Sigma, C3886) staining described
by the laboratory of X. Chen (UCSF). In brief, cellmedium was aspirated
(or collected for subsequent ELISAs if necessary) and cells were washed
with1mlIPBS. Staining solution (0.25% crystal violetin20% methanol)
wasthenadded to each welland cells were incubated for 10 minatroom
temperature. The staining solution was then removed, and the cells
were rinsed 6 times with 2 mI PBS, after which the remaining solution
was evaporated, and the plates were scanned.

mBMDM cultures

The primary mBMDM cultures were established from thebone-marrow
monocytesisolated from TentS&™/* TentSc™~, FKBP12"%"-HA-Tent5a
and wild-type mice. Young adult mice (12-25 weeks) of both sexes
were euthanized by cervical dislocation. The femurs and tibias were
isolated and bone marrow was collected using a centrifugation-based
protocol***°, Material was mixed from several individual mice (sib-
lings of the same sex) to obtain sufficient cells for subsequent analy-
ses. The sex of the mice used as a source of bone marrow cells was
not considered in further analyses. Bone-marrow cells were plated
in IMDM medium (Thermo Fisher Scientific, 21980065) supple-
mented with 10% FBS (Gibco), 100 U ml™ penicillin and 0.1 mg mI™
streptomycin solution (Sigma-Aldrich) and 10 ng mlI™ macrophage
colony-stimulating factor (M-CSF; PeproTech, 315-02), and cultured
at 37 °Cin 5% CO,. For conditional Tent5a gene targeting, mBMDMs
were transduced on the eighth day after isolation with lentivirus
carrying Cre recombinase (pCAG-Cre-IRES2-GFP). Lentivirus produc-
tion, cell transduction and genotyping were performed as described
previously®’. Cells were used for experiments on the fourteenth day
afterisolation.

Toinduce depletion of TENT5A, 0.7 x 10° mBMDMs obtained from
wild-type and FKBP127¢"-HA-Tent5a mice were seeded in six-well plates
and 24 hlater, degron wasinduced by the addition of 1 uM dTAGv-1or
dimethyl sulfoxide (DMSO) as a control®.. The vaccine was added to
cells at the same time and cells were collected in time courses at set
time points.

Analysis of translation dynamics in mBMDMs

mBMDMs werereversely transfected with IVT mRNA (with uridines or
mW) encoding high-RSCU EGFP (ref. 32) using MessengerMAX (Invit-
rogen, LMRNAOO1) according to the manufacturer’s instructions in
five technical replicates. In brief, the mRNA used for transfection was
diluted in Opti-MEM (Gibco, 31985047) to obtain 40 ng of mRNA in
10 pl of Opti-MEM, and MessengerMAX (Invitrogen, LMRNAOO1) was
diluted in Opti-MEM equivalent to 0.1 pl of reagent in 10 pl of Opti-MEM
per well. Diluted mRNA was mixed with diluted transfection reagent on
96-well plates, left for 40 min and then transferred to 384-well plates
(Perkin Elmer, 6057300). mBMDMs were counted in a Countess 3L
counter (Invitrogen, AMQAF2000) using dedicated chamber slides
(Invitrogen, C10283). Finally, cells were diluted to 5,000 cells per well
and supplemented with dTAG-V1 (Bio-Techne, 7374/5) to afinal concen-
tration of 2 uM. Control cells were seeded without degron inductor.
Cellswerethenseeded atavolume of 100 pl onto prepared plates with
transfection mixes using the Multipette E3x (Eppendorf, 4987000029)
and Combitip 5 mlBiopur (Eppendorf,0030089669). The imaging was
started 4 h after transfectionin Opera Phenix from Perkin EImer using
three channels: 488 nm (time: 50 ms, power: 20%, height: -8.0 pm);
bright-field (time: 20 ms, power: 20%, height: —0.0 pm); digital phase
contrast (time: 20 ms, power: 20 %, height: 1.0 um); water objective 20x
non-confocal; binning 2 x 2. Live images were taken every 2 h for 72 h.

Isolation of human CD14" cells

Buffy coats were obtained commercially from the Regional Blood Cen-
trein Warsaw. Alldonors were 18-45-year-old healthy men. Peripheral
blood mononuclear cells (PBMCs) were isolated within1-2 h after dona-
tion by density-gradient centrifugation using Lymphoprep (STEMCELL
Technologies). Next, CD14* PBMCs (monocytes) wereisolated immuno-
magnetically with anti-human CD14 antibody-coated microbeads using
LS columns (all from Miltenyi Biotec), strictly following the manufac-
turer’s protocol. CD14+ cells were counted, and viability was checked
in 0.1% trypan blue solution (Sigma-Aldrich) and used for subsequent
hMDM differentiation. Eachisolation resulted in a viability of over 95%.

Invitro culture of hMDMs

CD14" PBMCs were seeded in a10-cm tissue-culture-treated Petri dish
atadensity of 1 x 10°-2 x 10° cells per mlin10 ml of RPMI-1640 medium
(Sigma-Aldrich) supplemented with10% heat-inactivated FBS (HyClone),
2 mML-glutamine (Sigma-Aldrich) 100 U mI™ penicillinand 100 pg mI™
streptomycin (both Sigma-Aldrich), 1% (v/v) MEM non-essential amino
acids solution (Thermo Fisher Scientific) and 1 mM sodium pyruvate
(Sigma-Aldrich) supplemented with 50 ng ml™ of recombinant human
M-CSF (for macrophage differentiation). Adherent cells collected
from the M-CSF-supplemented culture were checked for markers of
macrophages. hMDMs were stained with Zombie UV or Zombie Aqua
Fixable Viability Kit (BioLegend) and antibodies detecting membrane
markers CD14, CD83, CD86, CD163, CD206 and HLA-DR (listed in Sup-
plementary Table11). The antibody panel was optimized using isotype
and fluorescence minus one (FMO) controls and a built-in compensa-
tion algorithm. Flow cytometry was performed using a Fortessa X-20
Analyzer (BD Biosciences) operated by FACSDiva 8.3 software. FlowJo
v.10.6.1software (BD Biosciences) was used for data analysis.

Administration of mRNA LNPs and mRNA to invitro-cultured cells
The 0.5 x10%-1 x 10° cells were seeded the day before on a six-well plate
inmedium as described above. The required amount of vaccine mRNA
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inoriginal LNP formulation was diluted in 150 pl of Opti-MEM medium
(Thermo Fisher Scientific) at room temperature, and after 10 minwas
addedto the cellsin a drop-wise manner and gently mixed. Cells were
collected at time points specified for the individual experiments.

Inthe dose-dependent experiment, cells were transfected with vary-
ing volumes of original LNPs, with the quantity of RNA required (0.2 pug,
1pg,2 pg, S pgorl0 pg) diluted in OPTI-MEM medium. For the control
cells (those not treated withthe specified agent), an appropriate volume
of OPTI-MEM was added. All transfections of purified vaccine mRNAs
were performed with Lipofectamine MessengerMAX (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Cells were
collected at time points specified for the individual experiments for
subsequent analyses.

Cellfractionation

Macrophages were fractionated using the Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Fisher Scientific, 78840),
according to the manufacturer’s instructions. All buffers used were
supplemented with RiboLock (Thermo Fisher Scientific, EO0382) toa
final concentration of 1U pl™. The collected fractions for RNAisolation
wereimmediately combined with TRIzol LS, incubated for five minutes
atroom temperature and subsequently frozen at -80 °C. For western
blot analyses, samples were frozen in liquid nitrogen.

Gene silencing by siRNA

siRNA-mediated knockdowns in hMDMs were performed using vali-
dated stealth siRNAs: HSS124645, HSS124646 and HSS183139 (all for
TENTSA). Knockdowns in mBMDMs were performed using validated
stealth siRNAs: MSS279478 (Tent3a; also known as Tut4 and Zcchcll),
MSS279479 (Tent3a), MSS210722 (Tent3b; also known as Tut7 and
Zcchc6), MSS210723 (Tent3b), MSS200078 (Tent2; also known as
Papd4), MSS200079 (Tent2), MSS209990 (Tent4a; also known as
Papd?), MSS209991 (Tent4a), MSS277931 (Tent4b; also known as
Papd5), MSS277932 (Tent4b), MSS220103 (Fndc3a) and MSS291871
(Fndc3b).

Transfections were performed with Lipofectamine RNAIMAX (Inv-
itrogen) according to the manufacturer’s instructions, as previously
described?***, Recommended negative controls (Invitrogen, 12935100)
were used.

General molecular biology techniques

Western blots. An equal number of cells were lysed in PBS supple-
mented with 0.1% NP40, protease inhibitors and viscolase (final concen-
tration 0.1U mI™; A&A Biotechnology, 1010-100) for 30 minat 37 °C with
shaking at 1,200 rpm. Then 3x SDS sample buffer (187.5 mM Tris-HCI
pH 6.8, 6% SDS, 150 mM DTT, 0.02% bromophenol blue, 30% glycerol
and 3% 2-mercaptoethanol) was added and samples were boiled for
10 min. Samples were resolved on 12-15% SDS-PAGE gels and then
proteins were wet-transferred to Protran nitrocellulose membranes (GE
Healthcare) at400 mAat4 °Cfor 1.5 hin 1x transfer buffer (25 mM Tris
base, 192 mM glycine and 20% methanol (v/v). Next, the proteins were
visualized by staining with 0.3% w/v PonceauSin 3% v/v aceticacid and
digitalized. Membranes were blocked by incubation in 5% milkin TBST
buffer for 1 h followed by overnight incubation at 4 °C with specific
primary antibodies (listed in Supplementary Table 11) diluted 1:2,500
(spike protein, CD80, GRP94, HA, SSR1, PERK, calreticulin and PDI) or
1:5,000 (a-tubulin, B-actin, actinin, elF2a and GAPDH). Membranes
were washed three times in TBST buffer for 10 min each and incubated
with HRP-conjugated secondary antibodies (anti-mouse (Millipore,
401215) diluted 1:5,000 and anti-rabbit (Millipore, 401393) diluted
1:5,000) for 2 h at room temperature. Membranes were washed three
times in TBST buffer and proteins were visualized using X-ray films
or ChemiDoc (BioRad) or iBright (Thermo Fisher Scientific) imaging
systems. Blots were quantified using Multi Gauge v.3.0 (Fujifilm Life
Sciences). Unprocessed scans are shown as source data.

RNA isolation. Total RNA was isolated from cells or vaccine samples
with TRIzol reagent or TRIzol LS reagent (both from Thermo Fisher Sci-
entific), respectively, according to the manufacturer’sinstructions, dis-
solvedinnuclease-free water and stored at —20 °C (short term) or-80 °C
(long term). RNA from frozen muscles and lymph nodes was isolated
by tissue homogenization in TRI reagent (Sigma, T9424) pre-heated
to 60 °C, using Omni Tissue Homogenizer equipped witha7 x115-mm
Saw Tooth (Fine) Generator Probe. Homogenous mixtures were further
processed according to the manufacturer’s instructions. For QRT-PCR,
RNA-seqand DRSlibrary preparation, the RNA was treated with TURBO
DNase (Thermo Fisher Scientific, AM1907; or Invitrogen, AM2238). To
assesstheintegrity of isolates, each RNA sample after DNAse treatment
was analysed with the Agilent 2200 TapeStation system, using Agilent
High Senitivity RNA ScreenTape (Agilent, 5067-5579).

RNA from cellsacquired by fluorescence-activated cell sorting (FACS)
was isolated using the Arcturus PicoPure RNA Isolation Kit (Applied
Biosystems, KIT0204) following guidelines for RNA isolation from
cell pellets with on-column DNAse treatment (Qiagen, 79256), with
some modifications. For qRT-PCR analyses, we sorted 1,000 cells of
each type, from separate mice, directly to 100 pl extraction buffer.
In the case of cDNA sequencing, we sorted 20,000 cells of each type,
pooled from three mice, directly to 250 pl extraction buffer. During
the precipitationstep, we used al:1(v:v) 70% ethanol:extraction buffer
ratio. RNA was eluted in 15 pl elution buffer in every case.

qRT-PCR for mRNA-1273 quantification and relative gene
expression

cDNA was synthesized using 500 ng of DNAsed total RNA asatemplate
with SuperScript Ill Reverse Transcriptase (Invitrogen, 18080093)
according to the manufacturer’s instructions. The final cDNA concen-
tration was kept at 2.5 ng pl™ (converted from total RNA). In the case
of RNA from FACS-sorted cells, 11 pl of the entire eluate was used for
cDNA synthesis.

Todetermine the concentration of Moderna’s mRNA-1273 inmouse
tissues or FACS-sorted cells, a custom-made TagMan probe together
with TagMan Gene Expression Master Mix (Applied Biosystems,
4369016) was used and normalized with a pre-designed gene-expression
assay for B-actin (Applied Biosystems, Mm01205647_gl). The reaction
mix was contained in a total volume of 10 pl with 1x concentration of
master mix and gene-expression assay; 5 ng cDNA was used per reac-
tion (converted from total RNA). In the case of FACS-sorted cells, 2 pl
of 1.5x diluted cDNA was used, which roughly translates to 60 cells per
384-well plate, assuming 100% recovery of material during RNA isola-
tionand 100% efficiency of cDNA synthesis. A thermal cycling program
for TagMan Gene Expression Master Mix was used as instructed by the
manufacturer.

To estimate the relative expression of Tent5a and Tent5c atinjection
sites or in FACS-sorted cells, and the levels of mRNA-1273 in HEK293T
and A549 cells with varying amounts of vaccine, we used Platinum SYBR
Green qPCR SuperMix-UDG (Invitrogen, 11733046) following the gen-
eral protocol for ABlinstruments recommended by the manufacturer.

For all gRT-PCR analyses, the QuantStudio 5Real-Time PCR System,
384-well (Applied Biosystems, A28140) was used.

Custom TagMan probe design and absolute quantification of vac-
cines. The primer blast algorithm was used to find a unique amplicon
for mRNA-1273 in the mouse transcriptome (Refseq mRNA). Within
the amplified region, a 15-mer of optimal GC content (53.3%) was
selected as the target site for probe hybridization. We selected FAM
dye and MGB-NFQ quencher as 5’ and 3’ modifications for the probe.
The probe was synthesized by the Thermo Fisher Scientific Custom
TagMan probes service. To test the specificity and sensitivity of the
designed assay, we performed a serial dilution experiment in which
we spiked 500 ng of DNAsed mouse total RNA with 50 ng of DNAsed
mRNA-1273 and performed cDNA synthesis. Then we performed



10x serial dilutions of that mix with unspiked mouse cDNA of the
same concentration. qRT-PCR analysis showed that the designed
assay is specific and can detect up to 10 ag of mRNA-1273 per ng of
total RNA, which is equivalent to roughly 25 molecules. Similarly,
we prepared a standard curve with 10x serial dilutions of mRNA-1273
to estimate the absolute concentration of vaccine in FACS-acquired
cells. The concentration of vaccine before cDNA synthesis was
determined with the Agilent 2200 TapeStation system using Agilent
High Sensitivity RNA tape. Five nanograms of vaccine was added to
500 ng yeast total RNA and cDNA was synthesized; the final sample
volume was 200 pl. Next, we performed eight serial dilutions (10x)
using yeast cDNA of 2.5 ng pl™ concentration. Recorded C, values for
each concentration served as data points for plotting an exponential
curve, and we used this equation to convert C, values to molecules
of mRNA-1273, assuming its molecular mass is 1321.81 kDa. Next, the
calculated number of molecules was normalized to the number of
cellsina384-well plate (translated from the % of eluate used for cDNA
synthesis, assuming 100% recovery of cells during sorting and RNA
isolation as well as cDNA synthesis efficiency).

qRT-PCR for ER stress assessment. The relative expression of genes
associated with ER stress, we assessed CHOP (also known as DDIT3),
GRP94 (HSP90BI), PERK (EIF2AK3) and XBP1 mRNA splicing in mRNA-
1273-transfected hMDMs (wild-type and TENT5A knockdown) using
the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, 11733046),
following the general protocol for ABlinstruments recommended by
the manufacturer. Gene expression for each sample was normalized
to ACTB.

Primers and probe sequences are listed in Supplementary Table 12.

3’-RACE sequencing

To examine the 3’-UTR and terminal sequence of the mRNA-1273,
RNA was freshly isolated from the vaccine sample vial. Then, 1 pg of
vaccine mRNA was ligated to 20 pmol RA3_7N adaptor: 5rApp/CTG
ACNNNNNNNTGGAATTCTCGGGTGCCAAGG/3ddC with10 U of T4
KQ227 RNA ligase 1 (NEB, M0204S) in the presence of 20 U RNase
OUT (Thermo Fisher Scientific, 10777019), 1x T4 RNA Ligase Reac-
tion Buffer (NEB, M0204S),1 mM ATP and 20% PEG8000 in a total
reaction volume of 20 pl at 25 °C for 4 h. Ligase was inactivated at
65 °C for 20 min. The ligation product was purified with a 0.8x ratio
of KAPA Pure Beads and eluted with 15 pl RNase-free water, according
to the manufacturer’s protocol. The cleaned ligation product was
subjected to reverse transcription with 40 pmol of lllumina index
adapter: 5-CAAGCAGAAGACGGCATACGAGATATCAGTGTGACTGG
AGTTCCTTGGCACCCGAGAATTCCA-3’ with SuperScript Il (Thermo
Fisher Scientific, 18080093), 1x First Strand Buffer (Thermo Fisher
Scientific, 18080093), 0.25 mM dNTP mix, 5mM DTT and 20 U
RNAse OUT (Thermo Fisher Scientific, 10777019). The reaction mix
was incubated at 45 °C for 1 h and 70 °C for 20 min in a thermocy-
cler. The reverse transcription product was cleaned with a 1x ratio
of KAPA Pure Beads and eluted with 19 pl RNase-free water. Prepared
cDNA was diluted in a 1:3 proportion. In the library amplification
step, 0.5 pl of cDNA was mixed with 0.4 pmol of gene-specific starter
5’-AATGATACGGCGACCACCGAGATCTACACGTTCAGAGTTCTACAGT
CCGACGATCAGAAGGAGATCGATCGGCTG-3,0.2 pmol of RP universal
starter 5’-CAAGCAGAAGACGGCATACGAGAT-3’,0.25 mM dNTP, Phu-
sion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, F530S),
1x Phusion HF Buffer (Thermo Fisher Scientific, F530S) and 3% DMSO.
For amplification, a standard Phusion program was used at 65 °C for
annealing and 25 cycles. The 50 pl of PCR product was separated in 2.5%
agarose gel. Aband of 450 bp was cut out from the gel and purified with
Gel-OUT (A&A Biotechnology, 023-50) according to the kit protocol.
The library was cleaned twice with a 1.0x ratio of KAPA Pure Beads.
TapeStation analysis of the sample was performed as a quality control.
Thelibrary was sequenced on an lllumina NovaSeq 6000 sequencer.

Analysis of data from 3’-RACE sequencing

RA37 N adapter sequence was trimmed from the R2 read (containing
poly(A) tail) with cutadapt® (options -g CCTTGGCACCCGAGAATTCC
ANNNNNNNGTCAG -discard-untrimmed). Then only reads contain-
ing poly(A) tail were identified with cutadapt (options-a TTTTTT
--discard-untrimmed --fasta). Obtained sequences were reverse com-
plemented using fastx_reverse_complement from the fastx toolkit
(0.0.13) and loaded into R with the BioStrings package. To get rid of
unwanted trimming artefacts, sequences with length between O and 10
were chosen, four A letters (representing the poly(A) tail) were pasted
before each sequence for visualization purposes and asequence logo
representing the nucleotide composition of the 3’ end of mMRNA-1273
was produced with the ggseqlogo package®.

Analysis of translation in vitro

Forinvitrotranslation, the Retic Lysate IVTKit (Invitrogen, AM1200M)
was used. Reactions were assembled using the default buffer suggested
by the producer. The translation mix (-met) was supplemented with
unlabelled methionine to a final concentration of 50 pM. Either 1 pg
or 3 pgof purified capped RNA was used as template in each reaction.
The reaction was run for 180 min. Spike protein was detected in the
reaction mixture using ELISA.

Preparation of standards with predefined poly(A) lengths
Spike-inRNAswere IVT from aset of double-stranded DNA fragments.
Templates for transcription were prepared in two consecutive PCR
reactions. First, a desired fragment of Renilla luciferase from pRL5Box
plasmid was amplified using RLuc_F1/R1-specific primers containing
anoverhang common for all primers used in the second round of PCR
(Supplementary Table 12). PCR products were verified through gel
electrophoresis. Correctamplicons were used as templatesin the sec-
ond PCRreactionwith RLuc_T7_F2 primer, hybridizing to the overhang
sequence fromRLuc_Fland containing the T7 promoter, and backward
primer RLuc_Ax_R2, hybridizing to the overhang sequence from RLuc_
R1oligo and introducing a poly(A) tail of a defined length (from 10 to
120 A). The resulting PCR products were assessed and purified by gel
electrophoresis. Thein vitro transcription reaction was performed at
37°Cforl.5hina50-plreaction volume containing 600 pmol T7 tem-
plate, 10 pl of 5x transcription buffer 200 mM Tris-HCI, 30 mM MgCl,,
10 mM spermidine and 50 mM NacCl), 5 pl of rNTP mix (20 mM each),
5ulof100 mMDTT, 0.5 pl of 1% Triton X-100, 80 Uribonuclease inhibi-
tor and 100 U T7 RNA polymerase. Then, DNA template was removed
with TURBO DNase (Ambion) for the next 15 min. Spike-in RNAs were
phenol-chloroformextracted, precipitated, visually assessed by dena-
turing electrophoresis, purified on RNA purification beads and used
as controls in DRS runs. In each DRS run, a mixture of spike-ins repre-
senting RNAs with poly(A) tail of defined lengths (10 A,15A,30 A,45 A,
60 A,90 Aand120 A) was included.

EGFP and reporter mRNA synthesis

The EGFP and reporter mRNAs were IVT from plasmid template and
double-stranded DNA fragments, respectively. Template for transcrip-
tion of EGFP mRNA was prepared as follows: the high-RSCU EGFP** CDS
was purchased from Invitrogen and cloned into the plasmid vector
pJAZZ (Lucigen) using BigEasy-TSA competent bacteria (Lucigen),
providing it with the 5-UTR and 3’-UTR of the mRNA-1273, a poly(A)
tail of 90 A and the T7 promoter ®6.5 (TAATACGACTCACTATAGGG).
The plasmid was digested at the poly(A) tail terminus (PaqCl, NEB) and
was verified to be completely digested through agarose gel electro-
phoresis. DNA template was purified by buffered phenol-chloroform
extraction and ethanol precipitation. Templates for transcription of
reporter mRNAs were prepared in a PCR reaction (Supplementary
Note 6 and Extended Data Fig. 8a,b) as follows: full-length CDSs of
Plasmodium falciparum circumsporozoite (CS) protein (PfCSP_3D7;
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NCBI reference sequence: XP_001351122.1; Extended Data Fig. 7h),
OVA (sequence available at https://www.trilinkbiotech.com/) and Zika
virus protein E (ZIKVE; NCBI reference sequence: YP_002790881.1) with
UTRs from either mRNA-1273 or BNT162b2 were synthesized using
the GeneArt service (Thermo Fisher Scientific). For OVA and ZIKVE
constructs, an N-terminal ER signal peptide sequence was added (MFVF
LVLLPLVSSQCYV). All CDSs were optimized for expression in mouse
cells using software from Benchling (https://www.benchling.com/).
DNAs were PCR-amplified using primers complementary to UTRs with
overhangsintroducing the RNAT7 promoter ®6.5 (TAATACGACTCACT
ATAGGG) atthe 5’ end and a poly(A) tail from either mRNA-1273 or Pfizer
BNT162b2 and either with or without a TCTAG pentamer at the 3’ end
(Supplementary Table 12). In the case of OVA DNAs, an additional set
was PCR-amplified as described above, but with primers with a point
mutation in the T7 promoter sequence, allowing for efficient cotran-
scriptional RNA capping (TAATACGACTCACTATAAGG). PCR products
were verified through agarose gel electrophoresis and purified with
KAPA Pure Beads (KAPA Biosystems).

The composition of the in vitro transcription reaction was:
40-80 ng pl™ of DNA template, transcription buffer (40 mM Tris-HClI,
26 mM MgCl,, 10 mM NaCl,2 mM spermidineand 10 mM DTT), T7RNA
polymerase® (0.04 pg pl™, in-house prepared), 5 mM ATP/CTP (Thermo
Fisher Scientific), 5 mMN'meWTP (Advent Bio) or UTP (Thermo Fisher
Scientific)and4 mM GTP (in the case of EGFP and OVA reporter mRNAs
intended for cotranscriptional capping; Thermo Fisher Scientific) or
5mM GTP (in the case of all other reporter mRNAs; Thermo Fisher
Scientific). The reaction mixtures were supplemented with 1 U pl™
RiboLock RNase inhibitor (Thermo Fisher Scientific), 0.002 U pl™
inorganic pyrophosphatase (Thermo Fisher Scientific) and, in the
case of EGFP and OVA reporter mRNAs intended for cotranscriptional
capping, 10 mM of the trinucleotide Capl analogue m,GpppA,,pG*
(in-house prepared). The reactions were performed for 120 min at
37 °C. Invitro transcription products were verified through dena-
turing agarose gel electrophoresis and FPLC-purified using a 0.2 ml
GoPure column with POROS Oligo (dT)25 Affinity Resin (Thermo
Fisher Scientific) according to the manufacturer’s protocol. The
concentration of purified mRNAs was determined using UV absorb-
ance measurements. The purity and integrity of the RNA prepara-
tions were determined by the automated electrophoresis system
(TapeStation 2200, Agilent Technologies; Extended Data Fig. 8c).
The reporter RNAs (except EGFP and cotranscriptionally capped
OVA) were then provided with Capl using the Vaccinia Capping Sys-
tem (NEB) and Cap 2’-O-methyltransferase (NEB) according to the
manufacturer’s protocol with the replacement of the manufacturer’s
VCE with the in-house prepared one*. Capped mRNAs were purified
with KAPA Pure Beads (KAPA Biosystems). The purity and integrity
of the mRNA preparations were determined by automated electro-
phoresis (TapeStation 2200, Agilent Technologies; Extended Data
Fig.7d).

Inosine tailing and nanopore sequencing

Two micrograms of RNA isolated from asample of mRNA-1273 vaccine
wasdenaturedin the presence of 20 URNAse OUT (10777019, Thermo
Fisher Scientific) at 65 °C for 3 min, and immediately placed onice. An
inosine (I)-tailing reaction was performed with 0.5 mM ITP (inosine
triphosphate), 1x NEB 2.0 buffer (B7002, NEB) and 2 U poly(U) poly-
merase (M0337S, NEB) at 37 °C for 45 min, and was terminated by snap-
freezing in liquid nitrogen. I-tailed RNA was cleaned twice on KAPA
Pure Beads (7983298001, Roche) inalxratio and used for DRS library
preparation. I-tailed samples require ligation of a special adaptor
RTA_C10, which contains 10 cytosines at the 3’ end: 5-GAGGCGAGCG
GTCAATTTTCCTA AGAGCAAGAAGAAGCCCCCCCCCCCC-3’.Tomake
the I-tailing-specific RTA adaptor, we followed the ONT Direct RNA
Sequencing—Sequence-Specific protocol; 0.5 pg of I-tailed mRNA-
1273 was taken to the first ligation step of DRS library preparation.

Library preparation was performed as described in the Direct RNA
Sequencing (ONT, SQK-RNA0O2) protocol.

Nanopore sequencing

DRS. DRS was performed as described previously?. For raw vaccine
isolate, up to 0.5 pg of RNA was used for library preparation. For
RNA isolates obtained from cell cultures or mouse tissues, 3.5-5 pug
of total mRNA was mixed with 50-200 ng oligo-(dT),s-enriched
mRNA from Saccharomyces cerevisiae and standards with pre-
defined poly(A) lengths, and was processed with a Direct RNA
Sequencing Kit (SQK-RNA002, ONT) according to the manufacturer’s
instructions.

cDNA sequencing. For cDNA sequencing, 400 ng of total RNA
was used for library preparation using the cDNA-PCR Sequencing
Kit (SQK-PCS111) or PCR-cDNA Barcoding Kit (SQK-PCB111.24 or
SQK-PCB114.24) according to the manufacturer’sinstructions. Libraries
were amplified with 14 cycles of PCR reaction, and the DNA concen-
tration was measured using the Qubit 1x dsDNA High Sensitivity Kit
(Invitrogen, Q33231). Then, if multiplexed, they were diluted and mixed
equally to reach afinal concentration of 60-100 fmol.

cDNA libraries for sequencing with an additional amplification step
of mMRNA-1273 (applicable for samples with an expected low prevalence
ofvaccine mRNA, such as cells sorted from vaccineinjection sites) were
prepared using the standard SQK-PCS111 protocol with the following
modification. After synthesis of the first cDNA strand, samples from
thereverse transcriptionreaction were pre-amplifiedina12-cycle PCR
reactionwith RTP and SSPII_Mod_2 (specific for mRNA-1273, with UMI
sequence TTTCTGTTGGTGCTGATATTGCTTTVVVVTTVVVVTTVVVVTT
VVVVTTTCCACCGACAACACCTTCGTGAGCGG) primers using the
LongAmp Hot Start Taqg Master Mix. The reaction products were then
purified on Kappa beads, washed with SFB buffer, eluted with H,O
and used for the subsequent PCR reaction with barcoded primers,
performed according to the SQK-PCB111-24 protocol (14 cycles, 5 min
amplification). Finally, cDNA concentrations were measured with Qubit
and12libraries containingatotal of around 60 ng cDNA were used for
ligation with the RAPT adapter and sequenced.

Sequencing was performed using R9.4 (for DRS and v.11 DNA chem-
istry) or R10.4 (for v.14 DNA chemistry) flow cells on a MinlON device
(ONT) and with the Flow Cell Priming Kit (EXP-FLP0O02). Raw data were
basecalled using Guppy (ONT) in the case of DRS, or dorado (ONT)
in the case of cDNA sequencing. Raw sequencing data (fast5 or pod5
files) were deposited at the European Nucleotide Archive (ENA, project
PRJEB53190; Supplementary Table 13).

Determining poly(A) lengths from DRS

Basecalled nanopore reads were mapped to the respective transcrip-
tome references (Gencode 26 or Gencode 38 for mouse and human
samples, respectively) using Minimap2 2.17 with options -k 14 -ax
map-ont -secondary=no, and processed with Samtools 1.9 to filter
out supplementary alignments and read mapping to reverse strand
(Samtools view -b-F 2320). The poly(A) tail lengths for each read were
estimated using the nanopolish 0.13.2 polya function®.

For the analysis of mRNA-1273-originating reads, the nano-
polish polya algorithm was modified (Supplementary Note 2) to
(1) include unmapped reads enabling the analysis of poly(A) lengths
for sDTW-identified reads (Supplementary Note 1) and (2) detect
mWCmMWAG at the 3’ end of the poly(A) tail and report its presence in
the output.

For the analysis of BNT162b2-originating reads, the nanopolish
polya algorithm was modified analogously (Supplementary Note 3)
to (1) include unmapped reads enabling the analysis of poly(A)
lengths for sDTW-identified reads and (2) detect two poly(A) seg-
ments interleaved with a 10-nt linker and report their lengths in the
output.
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Determining poly(A) lengths from cDNA sequencing

For cDNA barcoded libraries (SQK-PCB111-24), raw sequencing data
were basecalled with either dorado 0.5.3 or dorado 0.7.0 with paral-
lel mapping to relevant reference (with option -secondary=no to
exclude secondary alignments) and poly(A) detection turned on with
the option —estimate-poly-a. Basecalled bam files were demultiplexed
with dorado demux and sorted with samtools sort. Poly(A) lengths for
eachsequencing read were extracted from the pt:itag (in the basecalled
bam file) with a Python script. In the case of mMRNA-1273 samples, the
read sequence was also used for identifying the terminal pentamer
from the basecalled sequence using regular expressions.

Statistical analysis of poly(A) lengths

Pvalues for each transcript were estimated using the Kruskal-Wallis test
and adjusted for multiple comparisons using the Benjamini-Hochberg
method. Transcripts were considered as having a significant changein
poly(A) tail lengthif the adjusted Pvalue was less than 0.05 and if there
were at least 20 supporting reads for each condition.

Differential expression analyses
lllumina RNA-seq reads were mapped to the mouse reference genome
(GRCm38, ENSEMBL, release 94) using the STAR aligner (v.2.7.6a)*.
Read counts were assigned to genes using featureCounts from the Sub-
read package (v.2.0.1) with options-Q10-p-B-C-s2-g gene_id -t exon
and therespective annotation file (Gencode v.M25). Multimappers and
reads overlapping multiple features were not counted. Nanopore read
counts were derived from the nanopolish polya output files, used for
the analyses of poly(A) tail lengths. Reads assigned for each gene were
summarized and obtained counts were used for subsequent analyses.
Differential expression analysis was performed with the DESeq2
(v.1.22) Bioconductor package*, using a likelihood ratio test for data
from time-course experiments. Pair-wise comparisons of each time
point were calculated with the Wald test, with log fold change values
shrunk using the apeglm method. Genes with similar expression pat-
terns were clustered with hierarchical clustering using the ward.D
method and z-scored expression values for each gene. Heat maps were
drawn with the ComplexHeatmap package*’. g:Profiler** or ClusterPro-
filer were used for Gene Ontology (GO) enrichment analysis. Genes
were assigned asimmune response genes (Fig.4c and Supplementary
Tables 6 and 7) if they were annotated to GO (Biological Process) terms
G0:0140374,G0:0090714,G0O:0034340, GO:0034341,G0O:0034342,
G0:0045087 or GO:0035455.

Codon usage analysis

Codonusage indices were analysed using the coRdon (https://github.
com/BioinfoHR/coRdon) and cubar (https://github.com/mt1022/
cubar) R packages. To compute the codon adaptation index, a refer-
ence set of 500 highly expressed genes in mBMDMs, based on a pre-
vious study’, was provided. For calculating the effective number of
codons, codon bias or preference within the vertebrate context was
used. The frequency of optimal codons was determined on the basis of
the occurrence frequency of eachamino acid in reference sequences.
The mRNA vaccines BNT162b2 and mRNA-1273 were compared against
the SARS-CoV-2 spike protein reference sequence from GenBank (acces-
sion: NC_045512.2:21563-25384), mouse endogenous transcripts
(protein-coding), transcript groups selected by GO terms (for example,
associated with the membrane or endoplasmic reticulum) and potential
substrates of TENT5A and TENTSC, selected as per a previous study’, as
well as IVT reporter sequences for OVA, PfCSP and ZikVE. GC content
and other sequence features were assessed using functions available
from Bioconductor and the GenRCA Rare Codon Analysis Tool (https://
www.genscript.com/tools/rare-codon-analysis), providing mouse as
the host organism and the Kazusa database as the codon usage refer-
ence. Theresults of the analyses were visualized with ggplot2.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes. Sta-
tistical analysis was performed on data from two or more biologically
independent experimental replicates using the R environment or Prism
6 software unless otherwise stated. The statistical tests used in each
instance are provided in the figure legends.

Datafromthe analyses of poly(A) tail length are presented as scatter
dotplots, asindicatedinthe figure legends, and individual data points
are shown. The median of poly(A) length is shown on the plots (as a
horizontal bar and a numeric value) for mRNA populations with pro-
cessed poly(A) tails (thatis, without the terminal pentamer in the case
of mMRNA-1273, OVA, PfCSP and ZikVE reporters, or for all the reads in
the case of BNT162b2); the mean value would be biased because poly(A)
lengths do not follow a normal distribution. Plotsindicate fractions of
reads with elongated (blue-shaded) or shortened (red-shaded) tails.
Classification thresholds (deadenylation and re-adenylation) were
estimated as values close to the 0.2 and 0.8 quantiles (respectively)
fromcrude vaccine RNA (with pentamerin the case of mMRNA-1273).1In
the case of DRS data, the thresholds were set at 85 and 115 for mRNA-
1273 and 95 and 125 for BNT162b2. For cDNA sequencing analysis with
dorado, which usually gives shorter estimates of poly(A) tail length,
the thresholds were set at 80 and 110 for mRNA-1273 tails and 50 and
80 for BNT162b2 tails (analysis was performed without additional seg-
mentation, so the length of the last poly(A) segment was reported).

Most of the experiments were repeated at least twice, leading to
comparableresults, with the exception of the mRNA-1273 treatment of
A549 cellsand the viability assays, which were repeated once. Samples
with clear technical failures during tissue collection, cell isolation,
processing or data collection were excluded from the analyses.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Nanopore direct RNA sequences have been deposited at the European
Nucleotide Archive (ENA) under accession number PRJEB53190 (all
sequencing datasets with corresponding ENA accession numbers
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Extended DataFig.2| mRNA-1273 terminates withanon-A pentamer
(mWCmMWAG) and its poly(A) tail dynamics are CCR4-NOT-dependent.
Related toFig.1.a, DRS-based poly(A) lengths estimation results for control
Renillaluciferase transcripts with predefined poly(A) tails length of 10, 15, 30,
60,80,and120 adenines. b, Representative raw eDRS signal from BNT162b2.
Signal from poly(A) iszoomed in the bottom panel. Inviolet - transcript body,
2segments of poly(A) tail are shown ingreen and khaki, interleaved by 10-nt
linker (in orange), in grey - sequencing adaptor. ¢, Distribution of poly(A)
lengths for BNT162b2, separately for first (green, 30 adenines) and second
poly(A) segment (in khaki, 70 adenines) and whole poly(A) tail 110 nt, in light
blue).d, Distribution of poly(A) lengths for mMRNA-1273 containing (blue) and
lacking (green) 3’ terminalmWCmWAG. Bottom - fraction of reads in each group
isindicated. e, Distribution of poly(A) lengths for mRNA-1273 eDRS reads, for
reads passing quality filter (mean gscore >=7, bottom), or failing (mean qscore
<7,top).Inblue- reads basecalled using Guppy and aligned to reference
sequence. Inyellow -reads identified as mRNA-1273 using sDTW approach. In
grey-other reads. Bin width =4, stacked histogram. f, Representative raw eDRS
signal fromI-tailed mRNA-1273. Signal from poly(A) iszoomed in the bottom
panel. Signal frominosines shownin pink, mM¥PCmWAG in blue. g, Distribution
of poly(A) lengths for mRNA-1273 (left) or BNT162b2 (right, second segment,
70 adenines), obtained with nanopore cDNA sequencing. h, Western blots for
spike protein showing efficient translation of mMRNA-1273 in HEK293T and A549
cells 24 hafter treatment with varying amounts of vaccine LNPs. PDI and
GAPDH levels, and Ponceau staining (bottom) served as loading controls.
Asterisk indicates unspecific signal from untreated cells. Representative

picture from2independent biological experiments shown. i, Amounts of
vaccine RNAin HEK293T or A549 cellsincubated with 0.2-10 pg of mMRNA-1273
LNPs per well of 6-well plate for 24 h, assessed with qPCR (n =2 independent
biologicalexperiments).j, mMRNA-1273 poly(A) length distributionin A549 cells
treated with the vaccine LNPs for up to 72 h. k, Western blot analysis of spike
protein expression from mRNA-1273 and BNT162b2in HEK293T cellsupto 96 h
after RNA transfection with lipofectamine-based reagent. Western Blot on
spike protein; a-tubulin, GAPDH and Ponceau staining served as loading
controls. Asteriskindicates unspecific signal from untreated cells. Bottom,
quantification of spike protein levels (2 independent biological experiments).
1, Poly(A) length distribution for mRNA-1273 (top panel) or BNT162b2 (lower
panel) in HEK293T cells treated with the vaccine LNPs for up to 96 h, obtained
withnanopore cDNA sequencing. m, Distribution of poly(A) lengths of
endogenous transcriptsin HEK293T cells with tetracycline-induced depletion
of CNOT1(CNOTIKD, showninblack) or controls (WT, without tetracycline,
showninorange) intime course up to 72 h. Boxes show 25th-75th percentiles
with medianline; whiskers extend to 1.5xinterquartile range (IQR). Data for
a,b,c,d,efjand mwere obtained witheDRS, for gand I with cDNA sequencing.
Ford,g,j, and I (top) poly(A) tail lengths are shown with reads containing (blue)
orlacking (green) 3’ terminalmWCmWAG, with median values and fraction of
shortened tails shown. Bottom panels: relative abundance of each group, with
groupsizesindicated. Pvalues calculated with two-sided Wilcoxon test (on
reads lackingmWCmWAG) with Benjamini-Hochberg correction. Data represent
2independentbiological experiments (Iand m) or single experiment (j).
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Extended DataFig. 3 |See next page for caption.



Extended DataFig.3 | mRNA-1273 poly(A) tail extensioninvivoandin
macrophages. Related to Fig. 2.a, Abundance of mRNA-1273 in tissues
surroundinginjectionsitesorinthe dLNs,2h,8h, or 24 hfollowing immunization,
expressed as ACt (cycle threshold) mRNA-1273 Ctrelated to ActB Ct values.
N=5independentbiological replicates (mice) for each time point. Values from
thesame mouse at given time pointindicated with matching shapes. Mean
values +s.e.m.indicatedinred. b, eDRS-based mRNA-1273 poly(A) lengths
distributionin muscle-resident cells collected fromtissues surrounding
injectionsites 24 hafterimmunization with mRNA-1273 vaccine. c, Relative
abundances of CD45" (top left), CD45" CD11C" (top right), CD45" F4/80&CD64*
MHCII”*" CDI11c* (macrophages, bottom left),and CD45* CD11c* MHCII*
F4/80&CD64 ™ (DCs, bottomright) cell populationsin muscles (injection sites)
6h,12h,24 hand 48 hfollowingimmunization with mRNA-1273. Mean values +
s.e.m.indicatedinblue.N =6 independentbiological experiments (mice) for
eachtime point. For gating strategy see Supplementary Fig.5.d, cDNA-seq
measured mRNA-1273 poly(A) lengths distribution in muscle-resident DCs
(CD45%,1-A/I-E (MHCII)"e", CD11c*, F4/80and CD64°) and macrophages (CD45",
CDl11c*, F4/80",CD64"), sorted from vaccine injection sites 12 h and 24 hafter
administration. e, Levels of mMRNA-1273 in muscle-resident macrophages and
DCs, sorted out frominjectionsites 6 h,12h,24 hand 48 h after mRNA-1273
administration. Values are shown as fold change of vaccine molecules per cell,
relative to 6 htime point (top) or ACt (cycle threshold) mRNA-1273 Ctrelated to
ActB Ctvalues (bottom). Mean values +s.e.m.indicated inred. N=3independent
biological experiments (mice) for each time point. f,g, Western blot analysis of
spike protein expression showing efficient translation of mMRNA-1273 in
mBMDMs (f) or hMDMs (g) up to 96 h (f) or 72 h (g) after mRNA LNPs delivery.
Westernblot onspike protein, CD80 as the activation marker (g), a-tubulin and

GAPDH levels and Ponceau S staining (bottom) served as loading controls.
Representative pictures from2independent biological experiments.

h, Representative raw DRS currents of mRNA-1273 poly(A) tails detected in
samples 24 h after administration to mBMDMs. Unprocessed poly(A) tail with
intact pentamer at the poly(A) 3’end (first panel), re-adenylated poly(A) tail
withintact pentamerinside poly(A) (second panel), and re-adenylated poly(A)
tailswithout signs of pentamer signature (third, fourth and fifth panel). Expected
position of the mWCmWAG pentamer signature is marked with grey shading.
Outof100 randomly selected raw nanopore currents, only 2 contained
pentamer remnantsinside poly(A) stretch.i,eDRS-based BNT162b2 poly(A)
lengths distributionin mBMDMs 12 h and 24 h after vaccine administration
(related to Fig.2d, 2 time points shown for clarity). Density plot, with values
scaledinrange 0-1,is shown.j, Spike protein productioninmBMDMsupto72h
after mRNA-1273 (left) or BNT162b2 (right) delivery. Western blot on spike
protein, GAPDH, B-actin, and Ponceau staining (bottom) served as loading
controls. Bottom, quantification of spike protein levels (normalized to 3-actin
levels, 4 independent biological experiments) ; mean values +s.e.m. indicated
in colour. k, Amount of spike protein produced 24 hand 48 hafter a dose-
dependentadministration (0.2-10 pg of mMRNA LNPs per wellin 6-well plate) of
mMRNA-1273 (left) or BNT162b2 (right), assessed by ELISA from culture medium.
N=2independentbiological experiments. Forbandd, reads are divided into
containing (blue) or lacking (green) mWCmWAG sequence, with median values
and fractions of elongated or shortened tails shown. Bottom panels: relative
abundance of each group, withgroup sizesindicated. P values calculated

with two-sided Wilcoxon test (on reads lacking mWCmWAG) with Benjamini-
Hochbergcorrection. Datarepresent 2independent biological experiments (b).
Ford, sequencing of material pooled from 6 mice was done.



Article

a
Poly(A) lengths of endogenous hMDMs Gene expression at injection sites
transcripts upon mRNA-1273 administration upon mRNA-1273 administration
Oh 12h  24h  48h 72h
g

1 3 &
25

=
o8
S8
28
” 5
j)
E
&
[}
=1
el
5]
®
3
3
«

g

3

@

2

=

=]

z-scored 2-101 2
z-scored poly(A) expression ML A
length
d e

hMDMs with mRNA-1273

m downregulated 23
upregulated

n
=]

5}

Differentially Expessed Genes
S

mBMDMs: upregulated genes (24h after mRNA-1273)

GO:0009615 response to Virusfp————@
G0:0140546 defense response to symbiontf————@
G0:0051607 defense response to Virusp—————@
G0:0002831 regulation of response to biotic stimulusf——@
G0:0045088 regulation of innate immune responsef—————@
G0:0035456 response to interferon-betaf————@)
G0:0035458 cellular response to interferon-betal————@ P value

Gene expression in mBMDMs upon mRNA-1273 administration

= -
@
23
-
g
17
T3 s ®
S Q
o r
48
» =2
25
2]
o~ o
22
3 g
~
EN] = 0
=] g0
3 <
55
=}
~<
@ 3 o =
@
g2 388
3 ssc
— )
™ = ggg
w=3
o &
- i - rae
3
3
c -
3 2
> < 23
] 3
3
° S o
o c o
g @*
@

-2-101 2

z-scored

expression M W

hMDMs: upregulated genes (72h after mMRNA-1273)

G0:0009615 response to viru: .
G0:0140546 defense response to symbiont —.
G0:0051607 defense response to Virusf———@)
G0:0019058 viral life cyclef———0)
G0:0019079 viral genome replicationf————@

G0:1903900 regulation of viral life cycle —O

of @ @ 20 . ' ) )
G0:0002833 positive regulation of response to biotic stimulusf——O 10 G0:0048525 negative regulatlor.\ of viral pr.ocess . P value
10 G0:0045071 negative regulation of "
o i o o oo G0:0048525 negative regulation of viral processf——(Q) 1040 viral genome replication 18_‘0
Time after MRNA-1273 delivery G0:0045089 positive regulation of innate immune responsef—") G0:0045069 regulation of viral genome replicationf——") 101
0% 20%  40% G0:0034340 response to type | interferonf———Q) 10712
Gene ratio 0% 10% 30% 50%
g h i Gene ratio
Tent5a and Tent5c expression at MRNA-1273 injection sites
2h 8h 24h ) scRNAseq: macrophage or DCs
109 P=003%8 BMDMs with mRNA-1273 with Tent5a and/or bNT162b2 reads
Expression of selected deadenylase complexes subunits
7.5 Macrophage
5 P=0.016 ] Oh 4h  12h 24h 48h 72h OTent5a
* —_ * & crots [ [1.00 4 OBNT16202
P=1 . o |2 not6/ 5 QTent5a + bNT162b2
9 25 . o o PR . Cnot1 |1.00 S 60 (Qdouble negative
£ 00 RCiAA TS i Cnot6 [100 & 40
5 4 =075 Cnot7 [.88 g 20
k) — Pan3 | [100 5 ©
2 5 Pan2 |1.00
S DCs
3]
10 ©
P=0.48 P=0.19
L
of e wor || s ooe Poo- S 8% 38%

PN 0\ PN 20 P P
SR RO
NSV

Extended DataFig.4 |Innateimmune response and induction of TENT5A
poly(A) polymerase after vaccine administration. Related to Fig. 3.

a, Transcripts with changed poly(A) lengths (revealed with Kruskal-Wallis
test) in the time course (up to 72 h) upon mRNA-1273 LNPs administration to
hMDMs. Z-score normalized poly(A) lengths are represented ina colour scale.
b, Geneswith changed expressionintissues surroundinginjection sitesupon
mRNA-1273 administration. Expression values were z-score normalized. Only
geneswithsignificant changein expression (DESeq2 LRT test P< 0.05) are
shown. ¢, Genes with changed expressionin mBMDMs upon mRNA-1273 LNPs
administration. Expression values were z-score normalized. Only genes with
significant change in expression (DESeq2 LRT test P< 0.05) are shown.

d, Differentially expressed genes following administration of mRNA-1273
inhMDMs. Numbers of genes up-and downregulated at each time point
(incomparison to time O h) are shown. Differential expression analysis done
with DESeq2R package. e,f, GO (Biological Process) terms significantly enriched
forgenes upregulated 24 h (e) or 72 h (f) after mRNA-1273 administration in

mBMDMs (e) or hMDMs (f). g, Expression of Tent5a (left panel) or TentSc (right
panel) at mRNA-1273 injection sites measured with qPCR, presented as fold
change (relative to 2 h). P values were calculated with two-sided Wilcoxon test.
Mean valuesindicatedinred. Group sizes (number of mice included) provided
onthe plot. h, Expression (DESeq2-normalized counts) of deadenylase complexes
subunitsin mBMDMs treated with mRNA-1273 LNPs for up to 72 h. Gene names
areontheleft, adjusted Pvalues fromthe DESeq2 LRT test are shown onthe
right, with bar heightindicating significance.i, Cells with detected Tent5a,
BNT162b2, both, or none of them, in macrophages (top) of DCs (bottom) in the
single-cell RNA-seq data from a previous study". For a-c: Clustering done
using hclust, with ward.D method. Descriptions of major functionalities
enrichedinagiven clusterareshownontheright. Foreandf: onthe x-axis the
percentage of allupregulated genes assigned to given GO term. Colours
represent the enrichment Pvalue. Datafrom2 (a,b,d,f) or 3 (c,e,h) sequencing
datasets fromindependent biological experiments.
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Extended DataFig.5|See next page for caption.
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Extended DataFig.5| TENT5 poly(A) polymerases re-adenylate mRNA-1273.
Related to Fig. 4.a, Expression of TENTSA (FKBP12"%"-HA-TentSa) after mRNA-
1273 administration (for up to 72 h) to mBMDMs derived from wild-type or
FKBP12"%"-HA-TentSa knock-inmouse line. Both lines were treated with dTAG-V1
inducer or untreated. Western blot on HA (to detect TENTS5A) and spike; GAPDH
and Ponceau (bottom) staining served asloading controls.N =1. Please compare
withFig.3e.b, Westernblot for spike proteininhMDMs after TENTSAKD, 48 h
after mRNA-1273 delivery. GAPDH and Ponceau (bottom) staining served as
loading controls. Representative picture from 2 independent biological
experiments. ¢, Expression of genesinduced in mBMDMs upon mRNA-1273
addition, shown for wild-type (left) and (Tent5a""*/Tent5c™") cells (right).
Expression values were z-score normalized. Clusters and genes order asin
Extended DataFig.4c.d, Changesin poly(A) tails lengths for mBMDMs wild-
type (left) and (Tent5a"™/"°*/TentSc™") (right) in time course after addition of

mMRNA-1273.Z-score normalized poly(A) lengths are represented in colour
scale. Clustersand gene order asin Fig.3a. e, EGFP translation efficiencyin
mBMDM s derived from FKBP12¢"-HA-TentSa knock-in mouse line. Cells were
treated with dTAG-V1inducer or untreated. EGFPintensity values are shown
(normalized to cellnumber) for untreated (bottom left) or transfected with
either uridine- (top left) ormW-mRNA (top right) cellsin atime course after
transfection. Average for 6 replicates. Areaunder curve was calculated for each
condition (bottom right) and P values calculated using Wilcoxon test. Boxes
show 25th-75th percentiles withmedian line; whiskers extend to 1.5xinterquartile
range (IQR). f, Expression (DESeq2-normalized counts) of non-canonical
poly(A)/poly(U) polymerasesin mBMDMs transfected with either mock or
Tent2-, Tent4a- and Tent4b-, or Tent3a- and Tent3b-specific siRNAs, treated
with mRNA-1273 for 24 h. Gene names are on the left. Individual replicates
areshown. Red squaresindicate genessilenced inagiven condition.
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Extended DataFig. 6 |[ER targeting specifies TENT5-mediated re-adenylation
of mRNAs. Related to Fig.5.a,b, ER stress marker expressionin wild-type
hMDMs after administration of mRNA-1273 forup to 72 h (a) and in hMDMs
with siRNA-mediated TENTSAKD, 48 h after mRNA-1273 delivery (b). XBPI s—
spliced, us—unspliced, t—total. Datafrom 2 (a) and 3 (b) independent biological
experiments. Pvalues calculated for fold changes using two-sided Wilcoxon
test, Benjamini-Hochberg correction, time points (without dividing by
transcripts) considered as individual groups. ¢, Expression (DESeq2-
normalized counts) of non-canonical poly(A)/poly(U) polymerasesin mBMDMs
treated with BNT162b2 for up to 72 h. Gene names on the left. N =2 independent
biological experiments. d, Spike proteinin cytoplasmic (C) or membrane (M)
fractions of mBMDMs after cotransfection of mMRNA-1273 and BNT162b2 (for up
to 36 h). Westernblot for spike; calreticulin, PERK and EIF2a served as a control
of purity of fractions; B-actin and Ponceau S staining (bottom) served as
loading controls. Representative picture from 2independent biological
experiments shown. e, Ratios of BNT162b2 to mRNA-1273 reads in cytoplasmic
and membrane fractions of mBMDMs (data from Fig. 5b). N =2 independent
biological experiments. Median values showninred.f, DRS measured poly(A)
length distribution for mRNA-1273 (left) and BNT162b2 (right) co-transfected

(withlipofectamine reagent) to wild-type mBMDMs. RNA was analysed 24 h
post-transfection. For the left panel reads are divided into containing (blue)
orlacking (green) mWCmWAG sequence, with median values and fractions of
elongated or shortened tails shown. Bottom: relative abundance of each group,
withgroupssizesindicated. Pvalues calculated with two-sided Wilcoxon test
(onreadslacking mWCmWAG) with Benjamini-Hochberg correction. Data
represent2independentbiological experiments, g, Spike proteininthe
cytoplasmic (C) or membrane (M) fractions of mBMDMs after mMRNA-1273
(green) or BNT162b2 (blue) administration (for up to 36 h). Western blot for
spike; controls for fraction purity include SSR1(TRAP1) and loading controls
such as -actinand a-tubulin. Representative picture from 3 independent
experiments. Bottom, quantification of spike proteininmembrane fraction
(3biologicaland1technical replicate, normalized to TRAP1levels), mean
values +s.e.m.indicated in colour.f, h, Amount of spike protein (assessed with
ELISA) inthe culture medium, up to 72 h after administration of BNT162b2 to
either wild-type (black) or Tent5a""*/TentSc”" (red) mBMDMs. The average
increase in spike protein amount per time point (top) or absolute measured
concentrations (bottom) are shown. Mean values +s.e.m.indicated.N=4
independentbiological experiments.
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Extended DataFig.7|See next page for caption.

protein sequence of PfCSP

MKKLSVLAISSFLIVDFLFPGYHHNSNSTKSRNLSELCYNNVDTKL
FNELEVRYSTNQDHFYNYNKTIRLLNENNNEKDGNVTNERKKKPTK
AVENKLKQPPGDDDGAGNDEGNDAGNDAGNAAGNAAGNAAGNAAGN
DAGNAAGNDAGNAAGNDAGNAAGNAAGNAAGNAAGNAAGNAAGNAA
GNAAGNAAGNDAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGN
AAGNAAGNAAGNDAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAA
GNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGNAAGN
AAGNEKAKNKDNKVDANTNKKDNQGENNDSSNGPSEEHIKNYLESI
RNSITEEWSPCSVTCGSGIRARRKVDAKNKKPAELVLSDLETEICS
LDKCSSIFNVVSNSLGIVLVLVLILFH




Extended DataFig.7|Sequence properties of mMRNA-1273 and BNT162b2
vaccinesand mRNA reporters. Related toFig. 5. a,b, Structures of CleanCap
AG3-OMe (a), usedinBNT162b2 and Capl (b), used inthe mRNA-1273 and
enzymatically capped mRNA reporters analysed in this work. CleanCap used
for the synthesis of reporters presented in Extended Data Figs. 8cand 9a-c
isthesameasinb, but with Anucleotidein the first position. c-e, Effective
number of codons (ENC, ¢), codon adaptationindex (CAl, d), and frequency of

optimal codons (FOP, e) values for vaccine and reporter mRNAs CDSs used in
this study, compared to average distributions for various groups of endogenous
mousetranscripts. Shared legend for all the panelsis presented on panel c.

f, Sliding-window analysis of CAl of reporter mRNAs CDSs used in this study.

g, Frequency of individual codonsin mRNA-1273 and BNT162b2 CDSs.

h, Proteinsequence of PFCSPreporter.
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Extended DataFig. 8| Generation of ER-targeted mRNA reporters. Related
toFig.5.a,Schematicrepresentation of the design of IVT mRNA reporters used
inthis work. b, lllustration of IVT mRNA reporters synthesis. Templates for IVT
reactionare prepared with the PCR, adding T7 promoter on one of the primers

[ — — — S — — — —

and desired poly(A) tail on the second primer. ¢,d, Integrity and purity of
synthesized mRNAs, assessed with TapeStation 2200. Separate pictures are
shown for mRNAs with cotranscriptionally added CleanCap (c) or with
post-transcriptionally enzymatically (VCE + MTA) added cap (d).
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Extended DataFig. 9| TENT5-mediated re-adenylation of synthetic
mRNAs. Related to Fig. 5.a, Amount of OVA (assessed with ELISA) in the culture
medium, 24 hafter administration of OVA reporter mRNA to mBMDMs. Type of
capping, UTRs, poly(A) tails and presence (or lack) of terminal pentamer are
indicated.2independentbiological replicates shown. b,c, CleanCap-equipped
OVAreporter poly(A) length distributionin mBMDMs transfected with mRNAs
possessing mMRNA-1273- (b) or BNT16b2-like (c) poly(A) tail (both with terminal
mWCmMWAG) forupto48 h.Thetype of UTRsinthereporterisindicated atthe
top.d, VCE-capped OVAreporter poly(A) length distributionin mBMDMs
transfected with mRNAs possessing mRNA-1273-like poly(A) tail (with terminal
mWCmMWAG) forupto48h.Thetype of UTRsinthereporterisindicated at the
top. e, VCE-capped PfCSPreporter poly(A) length distributionin mBMDMs
transfected with mRNAs possessing mRNA-1273-like poly(A) tail (with terminal

mWCmWAG) forupto24 h. Thetypeof UTRsinthereporterisindicated at the
top.f,g, VCE-capped ZikVE reporters poly(A) length distributionin mBMDMs
transfected with mRNAs possessing mRNA-1273- (f) or BNT16b2-like (g)
poly(A) tail (both with terminalmMWCmWAG) for up to 24 h. The type of UTRs
and poly(A) tailsinthe reporter areindicated at the top. h, Model of of TENT5A
poly(A) polymerase’saction, indicating ER-localization as a prerequisite for
efficient mRNA adenylation by TENTS5A. For b-g, poly(A) tail lengths measured
withnanopore cDNA sequencing are shown with reads containing (blue) or
lacking (grey) mWCmWAG sequence, with median values and fractions of
elongated or shortened tails shown. Bottom panels: relative abundance of each
group, withgroup sizesindicated. Pvalues calculated with two-sided Wilcoxon
test (onreads lacking mWCmWAG) with Benjamini-Hochberg correction. Data
represent2independent experiments.
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Extended DataFig.10 | mRNA-1273 polyadenylationby TENT5sis essential
for the efficient production of antigen and immune response. a,b, Anti-spike
IgGlevelsinserumofwild-type (WT) and Tent5a” mice 14 days afterimmunization
withmRNA-1273 (WTn=17,KOn=11) (a) or BNT162b2 (WTn=8,KOn=7) (b).
¢,d, Anti-spike IgG levelsin serum of wild-type and Tent5a” mice 14 (c) or 21 (d)
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levelsinserum of mMRNA-1273 (e), BNT162b2 (f), or Nuvaxovid (g) immunized
mice, wild-typeand Tent5a”, measured 14 days afterimmunization. h, Anti-spike

IgG levels in CD11c-CRE(-); TentSa and CD11c-CRE(+);Tent5a™** mice 14 days
afterimmunization with mRNA-1273 (CD11c-CRE(-) n=14, CD11c-CRE(+) n=14).
i, Spike proteinlevelsinthe serum of wild-type immunized mice,24 h,48h,72h
and 96 h afterimmunization with mRNA-1273.n=5.j,k, Spike proteinlevelsin
serum ofimmunized mice, CD11c-CRE(-); TentSa and CD11c-CRE(+);TentSa /",
measured 48 h (j) or 96 h (k) afterimmunization. For all panels values were
obtained with the ELISA assay. Mean values +s.e.m.indicated inred. Pvalues
were calculated using two-sided Wilcoxon test.
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  MinKNOW (Oxford Nanopore Technologies, multiple versions, updated frequently, from 18.12 to 22.03.5) was used for data colection during
ONT RNA sequencing. Guppy (Oxford Nanopore Technologies, versions 4.0.11, 4.4.1, 5.0.11, 6.0.0) or dorado (Oxford Nanopore Technologies,
version 0.5.3, 0.7.0) were used for basecalling of RNA sequencing data. QuantStudio Design and Analysis Software v1.5.2 for qPCR analyses.
CytExpert SRT v1.1, FACSDiva 8.3 and BD FACSuite™ software for cell sorting and cytometry.

Data analysis Minimap 2.17; Nanopolish 0.13.2; Samtools 1.9; Guppy (versions 4.0.11, 4.4.1, 5.0.11, 6.0.0); dorado 0.5.3 and 0.7.0; R 4.1.2; R 4.2.1; STAR
v.2.7.6a;cutadapt 2.10; Subread 2.0.1; Prism 6; FlowJo v10.6.1 software (BD Biosciences); Multi Gauge v3.0 (Fujifilm Life Sciences); The code
for subsequence Dynamic Time Warping is deposited at https://github.com/LRB-IIMCB/DTW_mRNA-1273. The code for modified nanopolish-
polya for detection of poly(A) terminal pentamer of mMRNA-1273 and composite poly(A) tail of BNT162b2 is deposited at: https://github.com/
LRB-IIMCB/nanopolish_mRNA-1273_BNT162b2;

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Nanopore direct RNA sequences are deposited at the European Nucleotide Archive; accession number PRIEB53190 (all sequencing datasets with corresponding ENA
accession numbers are also listed in the Supplementary Information Table 13). lllumina sequencing data are deposited at the Gene Expression Omnibus; accession
number GSE233059. Raw data underlying figures are provided as Source Data and Supplementary Datasets or are also available from the corresponding authors
upon reasonable request.

Dynamic Time Warping script is available at https://github.com/LRB-IIMCB/DTW_mRNA-1273. Nanopolish-polya for identification of mWCmWAG is available at
https://github.com/LRB-1IMCB/nanopolish_mRNA-1273_BNT162b2.
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Reporting on sex and gender ~ Not applicable.

Reporting on race, ethnicity, or  Not applicable.
other socially relevant

groupings

Population characteristics Not applicable.
Recruitment Not applicable.
Ethics oversight Not applicable.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No formal sample size calculations were performed a priori. For in vivo animals experiments sample sizes were determined based on
established practices in similar published studies and the 3Rs principles (Replacement, Reduction, Refinement) for ethical animal research
(Dell et al., ILAR J. 2002). We used minimum numbers necessary to achieve statistical significance while maintaining scientific rigor, based on
our previous experience and comparable studies (Li et al., Nat Immunol 2022).

Data exclusions  There was no formal criteria of sample exlusions however samples with clear technical failures during sequencing process were excluded from
analysis.

Replication Samples were produced in biological duplicates or triplicates with exception of mRNA-1273 treatment of A549 cells and viability assays, which
were repeated once. The exact number of biological replicates used for statistical anaysis is stated for every single experiment. As described
above, samples with clear technical failures during processing or data collection were excluded from analyses this applies to nanopore
sequencing and ELISA measurements).

Randomization  Mice of different genotypes were assigned with individual numerical tags in the database and they were used for the tissue collection and
throughout subsequent processing as the only identifiers.

Blinding Individual mice had an assigned numerical tag and mice with different genotypes were indistinguishable by the experimenter (except for
Tent5a(-/-) mice which have distinguishable phenotype). However, vaccination is a routine procedure and therefore the knowledge about the
genotype of mice at the time of vaccination was highly unlikely to affect the result of immunization. Blinding was not relevant for the
experiments performed on cultured cells.
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Antibodies

Antibodies used The antibodies used in this study are listed in Supplementary Table Antibodies as well as in the methods section.
Anti-SARS-CoV-2 Spike Glycoprotein S1 antibody (Abcam, ab275759, 1:2500), Anti-SARS-CoV-2 Spike Glycoprotein antibody (Abcam,
ab272504, 1:2500), Anti-GAPDH (Novus Biologicals, NB300-327, 1:5000), Anti-Tubulin (Millipore, mAb DM1A, CP0O6, 1:5000), Anti-
Actin (Cell Signaling; 13E5, 4970, 1:5000), Anti-Actinin (Cell Signaling; 3134, 1:5000), Anti-PDI (Cell Signaling, C81H6, 3501, 1:2500),
Goat Anti-Mouse 1gG, H&L Chain Specific Peroxidase Conjugate (Millipore Cat# 401215, 1:5000), Goat Anti-Rabbit 1gG, H&L Chain
Antibody, Peroxidase Conjugated (Millipore Cat # 401393, 1:5000), Anti-CD80 (E3Q9V, Cell Signaling, 15416, 1:2500), Anti-GRP94
(Santa Cruz, H-212, sc-11402, 1:2500), Anti-elF2alpha (Cell Signaling, 9722, 1:5000), Anti-Calreticulin (Cell Signaling, D3E6, 12238,
1:2500), Anti-PERK (Cell Signaling, C33E10, 3192, 1:2500), Anti-HA (Roche/Sigma, 12CAS, 11583816001, 1:2500), Anti-SSR1 (Abcam,
ab240562, 1:2500).
PerCp-Cy™S5.5 Rat anti-mouse CD45 IgG2b k 30-F11 (BD Biosciences; 550994, 1:50); BV786 Rat anti-mouse CD11b Rat IgG2b,
M1/70 (BD Biosciences; 740861, 1:50); PE-Cy7 Rat anti-mouse F4/80 IgG2a, k BM8 (eBioscience; 25-4801-82, 1:50); BV605 Rat anti-
mouse I-A/I-E 1gG2b, k M5/114.15.2 (BD Biosciences; 563413, 1:50); PE American hamster anti-mouse CD11c IgG N418 (eBioscience;
12-0114-82, 1:50); APC-Fire™ Mouse anti-mouse CD64 1gG1, k X54-5/7.1 (BiolLegend; 139333, 1:50).
PerCp-Cy5.5 Mouse anti-human CD1c 1gG1, k L161 (BioLegend; 331512, 1:300); PE-Cy7 Mouse anti-human CD11c IgG1, k Bu15
(BioLegend; 337216, 1:300); PE Mouse anti-human CD83 IgG1, k HB15e (BioLegend; 305308, 1:300); APC Mouse anti-human CD86
18G2b, k IT2.2 (BioLegend; 305412, 1:300); APC-Cy7 Mouse anti-human HLA-DR IgG2a, k L243 (BioLegend; 307618, 1:300); AlexaFluor
700 Mouse anti-human CD14 1gG2a, k M5E2 (BioLegend; 301822, 1:300); FITC Mouse anti-human CD83 IgG1, k HB15e (BiolLegend;
305306, 1:300); PerCp-Cy5.5 Mouse anti-human CD163 IgG1, k GHI/61 (BD Biosciences; 563887, 1:300).

Validation Antibodies specific for the required antigens or epitopes were purchased from commercial vendors and specific clones were chosen
based on the literature, our own pilot studies, or by the product data sheets provided by companies.

. https://www.abcam.com/en-pl/products/primary-antibodies/sars-cov-2-spike-glycoprotein-sl-antibody-ab275759

. https://www.abcam.com/en-us/products/primary-antibodies/sars-cov-2-spike-glycoprotein-antibody-coronavirus-ab272504

. https://www.novusbio.com/products/gapdh-antibody_nb300-327

. https://www.merckmillipore.com/PL/pl/product/Anti-Tubulin-Mouse-mAb-DM1A,EMD_BIO-CP06

. https://www.cellsignal.com/products/primary-antibodies/b-actin-13e5-rabbit-mab/4970

. https://www.cellsignal.com/products/primary-antibodies/a-actinin-antibody/3134

. https://www.cellsignal.com/products/primary-antibodies/pdi-c81h6-rabbit-mab/3501

. https://www.merckmillipore.com/PL/pl/product/Goat-Anti-Mouse-IgG-HL-Chain-Specific-Peroxidase-Conjugate,EMD_BI0-401215
. https://www.merckmillipore.com/PL/pl/product/Goat-Anti-Rabbit-1gG-H-L-Chain-Specific-Peroxidase-Conjugate, EMD_BI0-401393
10. https://www.cellsignal.com/products/primary-antibodies/cd80-e3q9v-rabbit-mab/15416

11. https://www.scbt.com/p/grp-94-antibody-h-212?srsltid=AfmBOop9I8MWVRcLTD 1duekLoijuhp4Pan3IAySW5EEASte QUEdSc2)v
12. https://www.cellsignal.com/products/primary-antibodies/eif2a-antibody/9722 ?srsltid=AfmBQOorzKh54bldneFWrmX9IP-
mmllve7e_1KGZQwNeVLgWNT-ciQ3Xe

13. https://www.cellsignal.com/products/primary-antibodies/calreticulin-d3e6-xp-rabbit-mab/12238?
srsltid=AfmBQOorsV4HFZ8LztLIsDJs)1gMRxxDBSACPIVRKuUxoiavjP7EWNEBd

14. https://www.cellsignal.com/products/primary-antibodies/perk-c33e10-rabbit-mab/3192 ?srsltid=AfmBOorBw-
IQ6XaHYoh_eBrhglp2LColghpGcj9k1PXYMN70vVbqVO30

15. https://www.sigmaaldrich.com/PL/pl/product/roche/roahaha?
utm_source=google&utm_medium=cpc&utm_campaign=8809292844&utm_content=90342175164&gad_source=1&gclid=CjwKCAIA
-ty8BhA_EiwAkyoa374iD4N-clAxgbFwFus9xDFas9sOLvtn)2cchp4gPBGnjlwwCbps5xoCv2kQAvVD_BwE

16. https://www.abcam.com/en-us/products/primary-antibodies/trap-alpha-trapa-antibody-ab240562

17. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/percp-cy-5-5-rat-anti-mouse-cd45.55099411.

18. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/bv786-rat-anti-cd11b.740861

19. https://www.thermofisher.com/antibody/product/F4-80-Antibody-clone-BM8-Monoclonal/25-4801-82

20. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/bv605-rat-anti-mouse-i-a-i-e.563413
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21. https://www.thermofisher.com/antibody/product/CD11c-Antibody-clone-N418-Monoclonal/12-0114-82

22. https://www.biolegend.com/fr-ch/products/apc-fire-750-anti-mouse-cd64-fcgammari-antibody-21731

23. https://www.biolegend.com/nl-be/products/percp-anti-human-cdlc-antibody-5181

24. https://www.biolegend.com/de-at/products/pe-cyanine7-anti-human-cd11c-antibody-6129

25. https://www.biolegend.com/en-gb/products/pe-anti-human-cd83-antibody-681?GrouplD=BLG10102

26. https://www.biolegend.com/en-gb/products/apc-anti-human-cd86-antibody-2864?GrouplD=BLG11941

27. https://www.biolegend.com/en-ie/products/apc-cyanine7-anti-human-hla-dr-antibody-2863?GrouplD=BLG1

28. https://www.biolegend.com/fr-ch/products/alexa-fluor-700-anti-human-cd14-antibody-3397?Groupl| D=BLG4805
29. https://www.biolegend.com/en-gb/products/fitc-anti-human-cd83-antibody-680

30. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-
ruo/percp-cy-5-5-mouse-anti-human-cd163.563887

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The primary Bone Marrow Derived Macrophages cell cultures were established from the bone marrow monocytes isolated
from Tent5a(Flox/Flox)/Tent5c(-/-) and wild-type mice as desribed previously (Liudkovska et al, Science Adv, 2022). Bone
marrows were isolated from femurs of mice of both sex, and, in all cases, established from the material mixed from multiple
individuals (siblings of the same sex) to obtain number of cells sufficient for subsequent analyses. The sex of animals used as
a source of bone marrow cells was not considered in the further analyses.

Human monocyte-derived macrophages (hMDMs) were isolated from buffy coats obtained commercially from the Regional
Blood Centre in Warsaw, Poland. All donors were 18 to 45 years old healthy males.

HEK293 Flp-In T-REx (R78007, Thermo Fisher Scientific) cell line with conditional knock-down of CNOT1 was generated in this
study, as described in Methods section. HEK293 Flp-In T-REx (HEK293T) was obtained from ATCC (ATCC; CRL-3216). A549 cell
line was obtained from Sigma-Aldrich (#86012804-1VL).

None of the cell lines were authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasm contamination by PCR.

Commonly misidentified lines No commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

All mice lines except for CD11+ CRE were generated by the CRISPR/Cas9-based method in the Genome Engineering Unit (https://
crisprmice.eu/) at the International Institute of Molecular and Cell Biology in Warsaw, and described previously (double knockout
Tent5a(Flox/Flox)/Tent5c(-/-) in Liudkovska et al., Science Adv. 2022 and Tent5a(-/-) in Gewartowska et al., Cell Rep, 2021), with the
exception of dTag-Tent5a mouse line which was newly generated. CD11+ CRE mouse line was purchased from Jacksons Laboratory
(JAX #008068).

Mice of both sex were used for the immunization experiments at age 6-14 weeks.

All mice were bred at the animal house of Faculty of Biology, University of Warsaw. Mice were maintained in conventional conditions
in open polypropylene cages filled with wood chip bedding (Rettenmaier) . Environment was enriched with nest material and paper
tubes. Mice were fed at libutum with standard laboratory diet (Labofeed B, Morawski). Humidity in the rooms was kept at 55% +
10%, temperature at 220C + 20C, at least 15 air changes per hour, light regime set at 12h/12h (lights on from 6:00 to 18:00).

No wild animals were used in the study.

Mice of both sex were used for the immunization experiments at age 6-14 weeks, with equal or similar ratios of both sex in directly
compared groups. Sex of the subjects was not considered in the immunization experiments, only the genotype. Sex of mice used for
the immunization experiments is provided in the Source Data (where available)

No field collected samples were used in the study.

All procedures with animals were approved by were approved by the Il Local Ethical Committee in Warsaw (approval numbers:
WAW2/71/2021, WAW2/129/2021, WAW2/95/2022, WAW2/127/2022, WAW2/007/2023) with the requirements of the EU
(Directive 2010/63/EU) and Polish (Act number 266/15.01.2015) legislation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks No plants were used in this study.

Novel plant genotypes  No plants were used in this study.

Authentication No plants were used in this study.
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Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were isolated from muscles, differentiated in cultures in vitro or isolated from buffy coats as described in the methods
section under the sections entitled Flow Cytometry Analysis.

Instrument CytoFlex SRT cell sorter (Beckman Coulter); Fortessa X20 and FACSLyric analyzer (BD Biosciences).

Software CytExpert SRT v1.1 Software for the CytoFLEX Platform; FACSDiva 8.3 software for Fortessa X20. BD FACSuite™ for FACSLyric
analyzer.

Cell population abundance Purity of post-sort fractions for cells of interest was determined by sorting 1000 cells and re-acquiring at least 50% of each
sample. The purity of sorted cells was at least 85% of phenotype intended for enrichment.

Gating strategy Cell populations are described in the relevant figures and legends. Detailed gating strategy is described in Extended Data

Figure 8 and in the methods section under the title Flow Cytometry Analysis.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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