Jefferson

Thomas Jefferson University

HOME OF SIDNEY KIMMEL MEDICAL COLLEGE Jefferson D ig ital Com monS

Thomas Jefferson University

Department of Microbiology and Immunology

Faculty Papers Department of Microbiology and Immunology

9-1-2021

Lipid-nanoparticle-encapsulated mRNA vaccines induce
protective memory CD8 T cells against a lethal viral infection.

Cory J Knudson
Thomas Jefferson University

Pedro Alves-Peixoto
Thomas Jefferson University

Hiromi Muramatsu
University of Pennsylvania

Colby Stotesbury
Thomas Jefferson University

Lingjuan Tang
Thomas Jefferson University

Follow this and additional works at: https://jdc.jefferson.edu/mifp

ccess to this document benefits you

Recommended Citation

Knudson, Cory J; Alves-Peixoto, Pedro; Muramatsu, Hiromi; Stotesbury, Colby; Tang, Lingjuan; Lin, Paulo J
C; Tam, Ying K; Weissman, Drew; Pardi, Norbert; and Sigal, Luis J., "Lipid-nanoparticle-encapsulated mRNA
vaccines induce protective memory CD8 T cells against a lethal viral infection." (2021). Department of
Microbiology and Immunology Faculty Papers. Paper 159.

https://jdc.jefferson.edu/mifp/159

This Article is brought to you for free and open access by the Jefferson Digital Commons. The Jefferson Digital
Commons is a service of Thomas Jefferson University's Center for Teaching and Learning (CTL). The Commons is
a showcase for Jefferson books and journals, peer-reviewed scholarly publications, unique historical collections
from the University archives, and teaching tools. The Jefferson Digital Commons allows researchers and interested
readers anywhere in the world to learn about and keep up to date with Jefferson scholarship. This article has been
accepted for inclusion in Department of Microbiology and Immunology Faculty Papers by an authorized
administrator of the Jefferson Digital Commons. For more information, please contact:
JeffersonDigitalCommons@jefferson.edu.


https://jdc.jefferson.edu/
https://jdc.jefferson.edu/mifp
https://jdc.jefferson.edu/mifp
https://jdc.jefferson.edu/mi
https://jdc.jefferson.edu/mifp?utm_source=jdc.jefferson.edu%2Fmifp%2F159&utm_medium=PDF&utm_campaign=PDFCoverPages
https://library.jefferson.edu/forms/jdc/index.cfm
http://www.jefferson.edu/university/teaching-learning.html/

Authors

Cory J Knudson, Pedro Alves-Peixoto, Hiromi Muramatsu, Colby Stotesbury, Lingjuan Tang, Paulo J C Lin,
Ying K Tam, Drew Weissman, Norbert Pardi, and Luis J. Sigal

This article is available at Jefferson Digital Commons: https://jdc.jefferson.edu/mifp/159


https://jdc.jefferson.edu/mifp/159

Lipid-nanoparticle encapsulated mRNA vaccines induce protective memory CD8 T cells
against alethal viral infection

Cory J. Knudson'-t, Pedro Alves-Peixoto!?t, Hiromi Muramatsu?, Colby Stotesbury?,
Lingjuan Tang?, Paulo J.C. Lin%, Ying K. Tam#, Drew Weissman?, Norbert Pardi®,
and Luis J. Sigal**

Department of Microbiology and Immunology, Bluemle Life Science Building, Thomas
Jefferson University, Philadelphia, PA, 19107, USA

’Life Health Sciences Research Institute (ICVS), School of Medicine, University of
Minho, Braga, 4710-057, Portugal and ICVS/3B's-PT Government Associate
Laboratory, Braga/Guimaraes, 4806-909, Portugal

3Department of Medicine, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, 19104, USA

“Acuitas Therapeutics, Vancouver, BC, Canada, V6T 1Z3

Cory J. Knudson: ORCID 0000-0002-1229-7732, Email: cory.knudson@jefferson.edu.

Pedro Alves-Peixoto: ORCID 0000-0002-6082-6838, Email: id6523@alunos.uminho.pt.
Current address: Life and Health Sciences Research Institute (ICVS), School of
Medicine, University of Minho, Braga, 4710-057, Portugal and ICVS/3B's - PT
Government Associate Laboratory, Braga/Guimaréaes, 4806-909, Portugal.

Hiromi Muramatsu: Email: hiromim@pennmedicine.upenn.edu

Colby Stotesbury: ORCID 0000-0001-6080-0753, Email: colby.x.stotesbury@gsk.com.
Current address: GlaxoSmithKline 1250 S Collegeville Rd, Collegeville, PA
19426.

Lingjuan Tang: ORCID 0000-0002-5416-5033, Email: lingjuan.tang@jefferson.edu.

Paulo J.C. Lin: Email: plin@acuitastx.com.

Ying K. Tam: Email: ytam@acuitastx.com.

Drew Weissman: ORCID 0000-0002-1501-6510, Email:
drew@pennmedicine.upenn.edu.

Norbert Pardi: ORCID 0000-0003-1008-6242, Email:
pnorbert@pennmedicine.upenn.edu.

Luis J. Sigal: ORCID 0000-0001-6642-5472, Email: luis.sigal@jefferson.edu.

T These authors contributed equally to this work

* Correspondence should be addressed to: L.J.S. (luis.sigal@jefferson.edu, 215
503-4535)

233 S 10" St, Bluemle Life Science Building, Thomas Jefferson University,
Philadelphia, PA, 19107, USA

Short title: LNP-mRNA vaccines elicit protective CD8 T cells



ABSTRACT

It is well established that memory CD8 T cells protect susceptible strains of mice
from mousepox, a lethal viral disease caused by ectromelia virus (ECTV), the murine
counterpart to human variola virus. While mRNA vaccines induce protective antibody
(Ab) responses, it is unknown whether they also induce protective memory CD8 T cells.
We now show that immunization with different doses of unmodified or N(1)-
methylpseudouridine-modified MRNA (modified mRNA) in lipid nanoparticles (LNP)
encoding the ECTV gene EVM158 induced similarly strong CD8 T cell responses to the
epitope TSYKFESYV albeit unmodified mRNA-LNP had adverse effects at the inoculation
site. A single immunization with 10 ug modified mMRNA-LNP protected most susceptible
mice from mousepox, and booster vaccination increased the memory CD8 T cell pool
providing full protection. Moreover, modified mMRNA-LNP encoding TSYKFESV
appended to GFP protected against wild type ECTV infection while lymphocytic
choriomeningitis virus glycoprotein (GP) modified mRNA-LNP protected against ECTV
expressing GP epitopes. Thus, modified mMRNA-LNP can be used to create protective

CD8 T cell-based vaccines against viral infections.



INTRODUCTION

CDS8 T cells play a major role in reducing the pathogen burden by controlling viral
infection. CD8 T cells can also complement the antibody (Ab) response by targeting
antigens that are not exposed on the surface of pathogens and directly eliminate
infected or cancerous cells. While most vaccines are evaluated by their capacity to
elicit antibody responses, Abs may not be sufficient or effective for protection. In some
cases, such as dengue virus, Abs can also be detrimental resulting in antibody-
dependent enhancement!. Furthermore, for many pathogens, the dominant Ab
epitopes are highly mutable, leaving them ineffective against new strains?#. In principle,

the best vaccines should induce both protective Abs and CD8 T cells.

MRNA encapsulated in lipid nanoparticles (LNP) can potentially be used to
produce novel CD8 T cell vaccines. Compared to traditional vaccine platforms,
immunization with mRNA has multiple advantages, including rapid translation of the
gene sequence upon cell entry, no integration into the genome, lack of immunity to an
extraneous component of the vaccine, and simple vaccine design and manufacture®”’.
N(1)-methylpseudouridine modification to mMRNA (herein modified mRNA) followed by
liquid chromatography purification, has been shown to improve mRNA stability and
translation®10, Encapsulation of the mRNA into LNP enhances host cell uptake and
efficient antigen expression in vivo!l. These recent improvements to RNA-based
vaccine formulation and delivery systems have drastically increased the potential of

MRNA vaccines for the prevention of infectious diseases®.

Previous studies have demonstrated that modified mMRNA delivered by LNPs

(mRNA-LNP) induces potent, and often protective immune responses to a number of



pathogens in animal models, including Zika virus*? 13, HIV-114, HSV!> 16 ebola virus?’,
influenza virus'®2°, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2)?1-23, Modified MRNA-LNP has also shown promise in two phase | human clinical
trials for influenza virus (NCT03076385 and NCT03345043) and induced higher than
90% protection in recent phase lll trials for SARS-CoV-2 (NCT04368728)%0 2425,
Indeed, modified mMRNA-LNP are currently being used as the main vaccines to combat
COVID19 in the USA as well as other countries. While Abs induced by mRNA
vaccination are thought to be the major source of protection, CD8 T cell responses have
been identified in multiple vaccination studies using mRNA?®: 21,23, 26,27 However, the

role of these CD8 T cells in vaccine-mediated protection is unclear.

We have previously shown that memory CD8 T cells induced by peptide-dendritic
cell (DC) immunization protected mice against lethal ectromelia virus (ECTV)
challenge?®. Here we used the ECTV model to demonstrate that modified mRNA
vaccines encapsulated in LNP induce memory CD8 T cell responses that protect
susceptible mice from lethal ECTV infection. Our results indicate that modified mMRNA-
LNP is an excellent platform to produce anti-viral vaccines that necessitate memory

CDS8 T cells to induce protection.

RESULTS

Nucleoside-modified mMRNA-LNP vaccination elicits virus-specific CD8 T
cell responses without skin pathology.

To compare the efficacy of unmodified and modified dsRNA-depleted mRNA-
LNP vaccines at eliciting CD8 T cell responses, we immunized C57BL/6 (B6) mice with

3, 10, or 30 ug of dsRNA-depleted, unmodified or modified MRNA encapsulated in LNP



composed of a cationic lipid (ALC0307), phosphatidylcholine, cholesterol and PEG-lipid
(APCP LNP, herein LNP)?°. The encapsulated mRNA corresponded to the ECTV
immune evasion gene EVM158, which encodes a secreted IFN-y decoy receptor that
harbors the CD8 T cell immunodominant epitope TSYKFESV. This murine CD8 T cell
epitope binds to the mouse MHC-I H-2K" (KP) and is shared by the poxviruses vaccinia
virus (VACV) and ECTV?20 3%, Mice immunized with unmodified mMRNA at 10 or 30 ug
suffered skin inflammation and wounds at 8 days post-vaccination (dpv) (Figure 1A).
Immunization with modified mRNA did not result in any adverse effects at 3 or 10 pug.
The 30 ug dose resulted in slight inflammation without any wounds that resolved within
several days (Figure 1A). At 8 dpv, mice immunized with 10 or 30 ug unmodified or
modified mRNA had high frequencies of KP-TSYKFESV* CD8 T cells within the
peripheral blood leukocytes (PBL) as determined with KP-TSYKFESV dimers (DimerX,
BD Biosciences) (Figures 1B and 1C). With the 30 ug dose, unmodified mRNA elicited
a greater frequency of TSYKFESV-specific CD8 T cells in PBL than the modified
version as determined by ANOVA (Figure 1C). However, unmodified and modified
mRNA induced comparable frequencies and total numbers of KE-TSYKFESV* CD8 T
cells in the liver and spleen (Figures 1D and 1E), two common sites of viral replication
following ECTYV infection. Interestingly, mRNA dose had a relatively minor impact on

the magnitude of the CD8 T cell response in the liver and spleen (Figures 1D and 1E).

Modified mMRNA-LNP induces greater memory precursor effector cell
(MPEC) formation and primarily effector memory CD8 T cells.
We next analyzed the TSYKFESV-specific response in the blood over a longer

period (Figure 2A). For this we used the 10 ug dose as it was effective and because



the unmodified form had adverse effects. At 8 dpv, the frequency of TSYKFESV-
specific CD8 T cells in PBL was significantly higher in B6 mice immunized with
unmodified as compared to modified mMRNA. However, by 28 dpv, the frequency of
TSYKFESV-specific CD8 T cells was similar in the unmodified and modified mRNA
groups. These results suggested that modified mRNA vaccination may induce higher
frequencies of CD8 T MPEC. In support, modified mRNA induced a greater frequency
of TSYKFESV-specific CD8 T cell MPEC based on phenotypic marker expression
(CD127*KLRG-1°)*22 (Figure 2B and 2C), while unmodified mRNA elicited a greater
proportion of short-lived effector cells (SLEC; CD127'KLRG-1*) (Figure 2B and 2C) in
the PBL at 8 and 15 dpv. The frequency and total numbers of TSYKFESV-specific CD8
T cells in the liver were significantly increased over the unvaccinated control group at 28
dpv (Figures 2D), and they were significantly higher in the spleen of the modified
MRNA group compared to the unmodified mRNA group (Figure 2E). With both
vaccines, the majority of TSYKFESV-specific CD8 T cells in the liver and spleen were
CD127*CD62L" at 28 dpv, indicating that they had become effector memory CD8 T
cells®** 3 (Tem; Figure 2F and 2G). Taken together, these data indicate that both,
unmodified and modified mMRNA-LNP induce strong CD8 T cell responses. However,
modified mMRNA is superior because it does not cause any visible adverse effects at the
inoculation site with 3 and 10 ug of mMRNA-LNP while inducing greater frequencies of
MPEC with 10 uyg of mMRNA-LNP. Based on these results, we used a 10 pg dosage of

modified mMRNA-LNP in all subsequent experiments.

MRNA-LNP vaccination protects susceptible strains of mice against lethal

ECTV challenge.



We next sought to determine whether the memory CD8 T cell responses induced
with modified EVM158 mRNA-LNP vaccine were sufficient to protect mice from lethal
ECTV infection. While B6 mice are naturally resistant to lethal mousepox, other strains
of mice such as B6.D2-(D6Mit149-D6Mit15)/LusJ (B6.D2-D6) are highly susceptibles®.
B6.D2-D6 mice are a B6 congenic strain carrying the distal portion of chromosome 6
from DBA/2J mice®’. This chromosomal fragment makes B6.D2-D6 susceptible to lethal
mousepox due to an impaired NK cell response®¢. Immunization of B6.D2-D6 mice with
10 pg of modified EVM158 mRNA induced a TSYKFESV-specific response that settled
to 1-2% of CD8 T cells at 28 dpv in the PBL (Figure 3A). While ECTV challenge of
unvaccinated B6.D2-D6 mice resulted in 88% mortality rate, all immunized mice were
protected and survived infection (Figure 3B). Furthermore, virus titers were
significantly reduced in the liver and spleen at 7 days post-infection (dpi) (Figure 3C).
This suggests that the CD8 T cell response induced by mRNA vaccination protected

B6.D2-D6 mice from lethal ECTV infection by promoting viral clearance.

We also investigated whether changing the route of immunization to
intramuscular (i.m.) altered vaccine efficacy. B6.D2-D6 mice immunized i.m. had a
significantly lower frequency of TSYKFESV-specific CD8 T cells in the PBL compared to
those immunized i.d. (Figure 3D). However, both routes of immunization induced
responses that were sufficient to protect B6.D2-D6 mice from mousepox (Figure 3E).

In addition, we evaluated the protective capacity of modified mMRNA-LNP vaccination in
mice deficient in the DNA CpG sensor TLR9 (TIr97). ECTV is a DNA poxvirus to which
TIr9"- mice are highly susceptible3® 3°. However, absence of TLR9 should not impact

CD8 T cell responses induced by mRNA-LNP vaccination. Modified mRNA-LNP



immunization induced memory TSYKFESV-specific CD8 T cell responses in the PBL of
TIr9"- mice (Figure 3F) that were comparable to what was observed with B6 and B6.D2-
D6 mice in previous figures. In contrast to unvaccinated B6.D2-D6 mice, which mostly
died between 9-11 dpi (Figure 3B), all unvaccinated TIr9”- mice succumbed to ECTV
infection at 7-8 dpi (Figure 3G). On the other hand, only 30% of the immunized TIr9--
mice died, indicating relatively strong but still incomplete protection (Figure 3G). These
results suggested that compared to B6.D2-D6 mice, the number of memory CD8 T cells
induced in TIr9”- mice by a single immunization may not be sufficient to fully protect this

highly susceptible strain.

Prime-boost mMRNA-LNP immunization increases the magnitude of the
memory CD8 T cell pool and protects TIr9”, but sera from immunized mice are
not protective.

We next tested whether a booster immunization with mRNA-LNP at 15 dpv could
increase the number of TSYKFESV-specific CD8 T cells as we previously demonstrated
for DC-peptide immunization?®. This boosting regimen strongly increased the
magnitude of the TSYKFESV-specific CD8 T cell response in the PBL of B6 mice at 23,
30 and 43 dpv (8-, 15- and 28-days post booster vaccination; dpbv) (Figure 4A). The
prime-boost immunization regimen induced a greater frequency and number of
TSYKFESV-specific CD8 T cells in the PBL at 28 dpbv as compared to a single
immunization at 28 dpv (Figure 4B). In addition, prime-boost immunization induced
high frequencies and total numbers of TSYKFESV-specific CD8 T cells in the liver
(Figure 4C) and spleen (Figure 4D) at 8 and 28 dpbv. The frequency and number of

TSYKFESV-specific CD8 T cells present in the liver and after prime-boost were higher



than those observed after single immunization (compare Figures 4C and 4D with 2D
and 2E). Similar to a single immunization, TSYKFESV-specific CD8 T cells at 28 dpbv

in the PBL, liver, and spleen were largely effector memory cells (Figure 4E and 4F).

Given the increased CD8 T cell responses following booster vaccination in B6
mice, we next evaluated prime-boost immunization in TIr97- mice. Like B6 mice,
approximately 10% of the CD8 T cells in the PBL of TIr97- mice receiving a booster
immunization were TSYKFESV-specific at 28 dpbv (43 dpv) (Figure 4G). While the
unvaccinated TIr9”- mice succumbed to ECTV infection, all mice receiving prime-boost
MRNA vaccination were protected upon challenge (Figure 4H). These data indicate
that prime-boost immunization with mRNA-LNP vaccines can be used to increase the

magnitude of the CD8 T cell response and achieve a higher level of protection.

Since EVM158 encodes a non-structural, secreted IFN-y decoy receptor that is
not required for ECTV pathogenesis*, the data above suggested that the mechanism of
protection induced by EVM158 mRNA-LNP vaccination was due to CD8 T cells and not
Abs. However, this needed to be ruled out as we assumed anti-EVM158 Abs were
generated given the efficacy of mMRNA-LNP at inducing Ab responses®. Compared to
sera from unvaccinated mice, passive immunization of B6 mice with immune sera
obtained from mice at 28 dpv or dpbv with EVM158 mRNA-LNP did not reduce virus
loads in the liver or spleen at 5 dpi (Figure 4l). In contrast, sera from mice that had
recovered from ECTV infection, significantly reduced viral titers in both organs of
recipient mice at 5 dpi (Figure 41). Thus, even if anti-EVM158 protein Abs were present
in EVM158 mRNA-LNP vaccinated mice, they were insufficient to protect mice from

ECTV infection.



CD8 T cell response induced by modified mRNA-LNP vaccination protects
mice against ECTV infection.

While there are no known murine CD4 epitopes against the EVM158 protein, it
was important to further confirm that the protection induced by mRNA-LNP vaccination
was mediated by anti-TSYKFESV memory CD8 T cells and independent of memory
CDA4 T cells or Abs. To this end, we produced a modified mMRNA-LNP vaccine
expressing TSYKFESV (the minimal CD8 T cell epitope) attached to the C-terminus of
green fluorescent protein (GFP; GFP-TSYKFESV mRNA). Approximately 13% of the
CD8 T cells in the PBL of TIr9”- mice primed-boosted with GFP-TSYKFESV mRNA-LNP
were TSYKFESV-specific at 28 dpbv (Figure 5A). Similar to immunization with mRNA
encoding EVM158, vaccination with GFP-TSYKFESV protected all TIr9”- mice from
lethal mousepox (Figure 5B). Furthermore, virus titers at 6 dpi in the livers and spleens
of GFP-TSYKFESV mRNA vaccinated mice were significantly reduced compared to the
unvaccinated group (Figure 5C). The virus titers of immunized TIr9"mice were even
lower than those of unvaccinated, mousepox-resistant B6 mice infected with ECTV
(Figure 5C). These results indicate that mMRNA encoding just the specific epitope

attached to GFP can induce protective CD8 T cell memory.

As a control to ensure that protection was not mediated by the innate immune
response or bystander CD8 T cell activity, we immunized TIr9”- mice with mRNA-LNP
encoding chicken ovalbumin (OVA). TIr97- mice immunized with GFP-TSYKFESV
mounted robust TSYKFESV-specific memory CD8 T cell response and no detectable
SIINFEKL-specific CD8 T cells in the PBL at 28 dpbv (Figure 5D). As anticipated, OVA

MRNA-LNP immunization induced ~21% SIINFEKL-specific of memory CD8 T cells at

10



28 dpbv in the PBL with no TSYKFESV-specific CD8 T cells (Figure 5D). However,
only TIr9”- mice vaccinated with GFP-TSYKFESV were protected upon ECTV challenge
whereas all OVA-immunized mice rapidly succumbed to infection (Figure 5E). This
demonstrates that the virus-specific CD8 T cell memory response, and not an innate
immune response induced by the mMRNA-LNP vaccination, was responsible for the

resistance of mMRNA-LNP immunized mice to lethal mousepox.

Lastly, to test whether CD8 T cells to epitopes other than TSYKFESV could
protect from ECTV and to further confirm that protection can be mediated by memory
CD8 T cells independent of circulating Abs or memory CD4 T cells, we immunized B6
mice with a modified MRNA-LNP vaccine encoding lymphocytic choriomeningitis virus
(LCMV) glycoprotein (GP). The GP contains overlapping CD8 T cell epitopes
KAVYNFATC and AVYNFATCGI, which respectively bind to H-2D (DP) and K°. We
assessed GP-specific CD8 T cell responses at 8 and 28 dpbv by determining IFN-y
production following in vitro peptide restimulation of splenocytes from LCMV GP
immunized B6 mice. Relatively large numbers of CD8 T cells produced IFN-y after
restimulation with the GP-specific peptides KAVYNFATC or AVYNFATCGI (Figure 5F).
As expected, the negative control peptides LCMV nucleoprotein-derived FQPQNGQFI
and ECTV-derived TSYKFESYV did not induce IFN-y in CD8 T cells as they were not
expressed by the LCMV GP mRNA-LNP vaccine (Figure 5F). Unvaccinated and
modified GP mRNA-LNP-immunized TIr97- mice were infected with a recombinant
ECTV strain (multiple epitopes with enhanced GFP; ECTV-MEE) expressing an
engineered construct containing KAVYNFATCGI (covering both the KAVYNFATC and

AVYNFATCGI epitopes) and other irrelevant CD8 T cell epitopes. Similar to previous
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experiments, the unvaccinated group succumbed to the infection while all mice
immunized with LCMV GP mRNA-LNP survived (Figure 5G). These data indicate that
the protection induced by modified mMRNA-LNP vaccination is not limited to a specific

CD8 T cell epitope and confirm that it is mediated by memory CD8 T cells.

DISCUSSION

Our work demonstrates that nucleoside-modified mMRNA encapsulated in APCP
LNP (which are quite similar to those in the current Pfizer/BioNTech BNT162b2 vaccine,
which contains ALC3015 instead of ALC309) can induce very robust epitope-specific
CD8 T cell responses that transition to an expanded population of memory CD8 T cells
following i.d. and i.m. immunization. Of note, the mice that we used were sufficient for
the type | interferon (IFN-I) receptor IFNAR. Our results were surprising as they
contrast with previous reports that mMRNA vaccines encapsulated in 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP)/dioleoylphosphatidylethanolamine (DOPE)
require the inhibition of type | interferon (IFN-I) signaling in order to induce CD8 T cell
responses after subcutaneous, but not intravenous inoculation** 2. Our results suggest
that the composition of the LNP may profoundly impact the effectiveness of an mRNA-
LNP vaccine at inducing CD8 T cell responses in individuals with an intact IFN-I
response. Given its translational importance, this issue should be studied in more
detail. Similarly, additional studies are required to determine whether IFN-I signaling is
necessary or dispensable for the induction of memory CD8 T cell responses by mRNA

encapsulated in APCP or similar LNP.

While unmodified mRNA-LNP also induced CD8 T cell responses that may

protect mice from lethal mousepox, following i.d. immunization it caused prominent skin
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inflammation and wounds, particularly at the higher doses. These adverse effects could
be due to elevated TLR stimulation and induction of type | interferons by the unmodified
mMRNA& 43, Interestingly, modified mMRNA-LNP induced more TSYKFESV-specific
memory CD8 T cells in the spleen than unmodified MRNA-LNP. This is likely a result of
the higher frequency of MPECs induced by modified- vs. unmodified mRNA-LNP at
earlier time points. Booster immunization with modified mMRNA-LNP significantly
increased the memory CD8 T cell pool as compared to a single vaccination, which was
required for the complete protection of TIr97- mice. It should be noted that the early
booster immunization at 15 dpv, could result in a similar peak magnitude, but a less
stable memory CD8 T cell pool as compared to boosting at later times#*. Determining
the optimal prime-boost regimen that provides rapid onset, but also long-lasting

protection should be a goal of future studies.

Vaccination with just the TSYKFESV epitope appended to GFP still induced
memory CD8 T cells that protected from lethal mousepox. Interestingly, the magnitude
of the CD8 T cell response induced by GFP-TSYKFESV was comparable to that with
MRNA encoding the entire EVM158 gene. Thus, it may be beneficial to hone the
immune response to known CD8 T cell epitopes that are protective or conserved across
multiple virus strains. It has been previously demonstrated that antigen specific CD4 T
cells can be induced by mRNA vaccination® 19 21.23.27.45 |t would be interesting to
determine if individual CD4 T cell epitopes could also be expressed by modified mRNA-
LNP and whether they could contribute to anti-viral immunity. We did not observe a
significant contribution from potential antibodies induced by EVM158 mRNA

immunization at reducing virus loads. This was expected because EVM158 is an IFN-y
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decoy receptor that is not expressed by virions, but rather produced and secreted after
ECTV infects host cells. Moreover, EVM158 is not required for ECTV pathogenesis*?: 46:
47, Thus, EVM158-specific antibodies would be unable to inhibit ECTV attachment and

infection, or to induce Ab mediated cell or viral lysis.

Together, our data indicate that memory CD8 T cells induced by mRNA-LNP
vaccination were sufficient to protect mice from lethal viral challenge. These results
suggest that mMRNA vaccines can be designed to synthesize engineered proteins
tailored to include Ab and multiple CD8 T cell epitopes restricted to different human
MHC-1 molecules, as well as to target conserved regions of pathogens. Of note, a
major advantage of mRNA vaccination as compared to other methods is the ability to
focus the immune response to the antigen of choice and, as we show here, even
minimal CD8 T cell epitopes. This offers the possibility of avoiding pre-existing
immunity to components of the vaccine that could inhibit efficacy, such as it may occur
with vectored vaccines. Therefore, the same mMRNA-LNP platform can potentially be
used to immunize against multiple pathogens by simply changing the identity of the
MRNA. Vaccination with mRNA to elicit CD8 T cell immunity should also be useful in
other areas of medicine such as vaccines and immunotherapies for cancer. Overall, our
findings further highlight the potential of nucleoside-modified MRNA-LNP as an

excellent platform for future vaccine development.
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MATERIALS AND METHODS

Mice

All experiments were approved by the Thomas Jefferson University Institutional
Animal Care and Use Committee (IACUC). Wild type C57BL/6N mice were purchased
from Charles River. B6.D2-(D6Mit149-D6Mit15)/LusJ (B6.D2-D6) were purchased from
The Jackson Laboratory. B6.129-TIr9im1AkiObs (T|r9-) mice were produced by Dr. S.
Akira (Osaka University, Japan) and generously provided by Dr. Robert Finberg
(University of Massachusetts, Worcester, MA)*. All mice were bred and maintained in-
house. Forthe B6.D2-D6 strain, only male mice were used because they are more
susceptible to lethal mousepox than females (~90% mortality for males vs. 50% for
females). For all other strains, both males and females were used as there were no
gender biased results observed. All mice were 6-12 weeks of age when used in

experiments.

Viruses and Infection

ECTV strain Moscow was obtained from ATCC (VR-1374) and propagated as
previously described*®. For specific experiments, we used a recombinant ECTV-MEE
strain expressing an engineered protein containing multiple epitopes, including
KAVYNFATC and AVYNFATCGI, as well as enhanced GFP (eGFP). Briefly, we
introduced MEE downstream of position 189897 of ECTV, which lies in a long intergenic
region and where introduction of foreign sequences does not affect viral pathogenicity.
We generated a construct by recombinant PCR containing the following segments in
order: ECTV Moscow fragment 189543-189897 (5’ homology recombination arm), the

vaccinia virus early/late promoter p7.5, a Kozac sequence, a fragment encoding amino
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acids 214-265 of chicken ovalbumin (contains SIINFEKL), LCMV GP amino acid
fragment 29-45 (contains KAVYNFATCGI), LCMV NP fragment 114-130, LCMV NP
fragment 392-408 (contains FQPQNGQFI), the sequence for eGFP, and the ECTV
Moscow fragment 189950-190297 (3’ homology recombination arm). The construct
was cloned into plasmid Bluescript Il SK+ to generate the targeting vector pBS-MEE.
This targeting vector was used to transfect mouse A9 cells using Lipofectamine 2000 as
per manufacturer instructions (Invitrogen). The transfected cells were infected with wild
type ECTV Moscow strain at 0.3 plaque forming units (PFU) per cell in 6-well plates.
Two days later, transfected/infected A9 cells were harvested using a scraper, frozen,
and thawed, and different dilutions of cell lysates were used to infect BS-C-1 cells in 6-
well plates. Two hours after infection, the cells were overlaid with media containing
0.5% agarose. Four days later, green-fluorescent plaques were extracted with a pipette
tip and used to infect a new set of cells. The purification procedure was iterated 5 times
until all plaques were fluorescent. The resulting ECTV-MEE was expanded similar to
the wild type virus. Mice were infected with 30 pl in the right hind footpad with 3,000

PFU wild type ECTV or 10,000 PFU recombinant strain ECTV-MEE diluted in PBS.

Serum Transfer

B6 mice were immunized with a single dose or prime-boosted using modified
MRNA-LNP encoding gene EVM158. At 28 dpv or 28 dpbv, immunized mice were
terminally bled via cardiac puncture. Serum was collected, pooled by similar
vaccination group, and 200 ul of serum was adoptively transferred to naive B6 mice. As
controls, serum from unvaccinated and ECTV immune mice, 30 days following infection,

were also administered to naive B6 mice. One day following serum transfer, recipient
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mice were infected with 3,000 PFU of ECTV. Livers and spleens were collected at 5 dpi

for plaque assay.

Plague Assay

Titers of ECTV were determined by plaque assay as previously outlined®® with
slight modifications. Briefly, BS-C-1 cells (ATCC CCL-26) were grown in 24-well tissue
culture plates to 80-90% confluency in DMEM tissue culture medium (Invitrogen Life
Technologies) supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich), 4.5 g/L
glucose, 4.5 g/L L-glutamine, 4.5 g/L sodium pyruvate, 1X non-essential amino acids,
and 100 IU/ml penicillin and streptomycin (Complete DMEM). BS-C-1 monolayers were
infected with 10-fold dilutions of organ homogenate for 1.5 hours at 37°C with 5% CO2
in complete DMEM medium containing 2% FCS. Organ homogenate was obtained
from processing samples for flow cytometry or by whole organ mechanical disruption
using a TissueLyser (QIAGEN) on a frequency of 30 iterations/second for 2 minutes.
Following incubation, virus was removed, and monolayers were overlaid with 1:1
mixture of 2% carboxymethyl cellulose and complete DMEM medium containing 5%
FCS. After 4-5 days of incubation at 37°C with 5% CO2, monolayers were fixed for 20
minutes at room temperature in 1% crystal violet in 20% ethanol solution containing 4%
paraformaldehyde. Excess crystal violet was washed off in a pool of water and plagues
were quantified. Virus titers were assessed at 6 dpi in TLR9-deficient mice as

unvaccinated mice succumbed to infection 1 day later.

MRNA in LNP Production and Vaccination
Codon-optimized sequences for ECTV EVM158, GFP-TSYKFESV, chicken OVA,

and LCMV GP were codon-optimized, synthesized (GenScript) and cloned into an
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mRNA production plasmid as previously described!® 2. Briefly, plasmids were
linearized, and mRNAs generated using MEGAscript T7 RNA polymerase (Ambion).
MRNAs were transcribed to contain poly(A) tails of 101-nucleotides in length. Uridine
5’-triphosphates were substituted for N(1)-methylpseudouridine 5’-triphosphates
(TriLink) and capl structure was generated using CleanCap (TriLink). mRNA was
purified by cellulose purification as previously described®! and analyzed by agarose gel
electrophoresis. Purified mMRNAs were encapsulated in LNP using a self-assembly
process by rapidly mixing an aqueous solution of mRNA at pH=4.0 is rapidly mixed with
a solution of lipids dissolved in ethanol; LNP were similar in composition to those
described previously?® 52, which contain a cationic lipid (ALC0307, proprietary to Acuitas
Therapeutics)/phosphatidylcholine/cholesterol/PEG-lipid?°. The proprietary lipid and
LNP composition are described in US patent US10,221,127. They had a diameter of
~80 nm as measured by dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, UK) instrument. For vaccinations, the hind backs of mice
were shaved and mRNA was injected i.d. at 4 distinct locations approximately 1 cm
apart with 20 pl of mMRNA (80 pl total) using insulin syringes (28-29 gauge). For i.m.
injection, mice were administered 40 ul mRNA in both hind thigh areas (80 ul total).

Graphical abstract depicting mMRNA-LNP vaccination was generated using BioRender.

Flow Cytometry

Blood was collected in hematocrit capillary tubes containing heparin (Fisher
Scientific). When enumerating cell numbers in the PBL, 50 pl of blood was harvested
and counted. Spleens were processed into single cell suspensions by gentle tissue

dissociation using frosted microscope slides (Fisher Scientific). Livers were carefully
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manipulated through stainless steel wire mesh (88 T316 0.0035” diameter; TWC Inc.) in
a 1.5” x 1.25” polyvinyl chloride (PVC) female trap adapter (#4804; Nibco). Hepatocytes
were removed following re-suspension in 37% percoll (GE Healthcare Life Sciences)
and centrifugation for 20 minutes at 930 RCF at room temperature. The resulting liver
cell pellet, splenocytes, or blood was treated with ammonium chloride potassium (ACK)
buffer (155 mM NH4Cl, 1 mM KHCOs, 0.1 mM EDTA) for 5 minutes to lyse red blood
cells and washed with RPMI-1640 medium. For T cell re-stimulation experiments, up to
2x10° cells were incubated with brefeldin A (BFA; 10 ug/mL) and peptide (1 uM;
Genscript) or BFA alone as a control for 5 hours at 37°C and 5% CO:2 in complete
RPMI-1640 medium. To prevent non-specific Fc receptor binding to Abs, cells were
stained with anti-CD16/32 (Fc-Block; 2.4G2 ATCC). For extracellular staining of surface
molecules, single cell suspensions were incubated with Abs in FACS buffer for 30
minutes at 4°C. To detect TSYKFESV or SIINFEKL-specific CD8 T cells, BD DimerX KP
(BD Biosciences) molecules were incubated with TSYKFESV or SIINFEKL peptide and
PBS (0.2 : 0.075 : 0.725 volume ratio) overnight at 37°C. DimerX KP"-
TSYKFESV/SIINFEKL complexes were conjugated with anti-mouse IgG1 at a volume
ratio of 4:1 (clone RMG1-1; PE) for 1 hour at room temperature. Cells were incubated
with 1 pl DimerX complexes for 30 minutes at 4°C prior to staining with other
extracellular Abs. For intracellular staining, samples were stained as above and then
fixed for 10 minutes in 1% paraformaldehyde in PBS. Cells were then incubated in 1X
Perm/Wash buffer (BD Biosciences) for 5 minutes at 4°C and stained for 30 minutes

with Abs in 1X Perm/Wash buffer. Data were acquired using the BD LSRFortessa or BD
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LSR Il cytometers (BD Biosciences) and analyzed with FlowJo software (BD

Biosciences).

Abs targeting the following molecules were used in this study: CD4 (clone M4-5;
BV785), CD8a (clone 53-6.7; BV711), CD44 (clone IM7; BV421 BioLegend, BUV395
BD Biosciences), CD45 (clone 30-F11; PerCP/Cy5.5), CD62L (clone MEL-14; FITC),
CD90.2 (clone 53-2.1; BV605, Pacific Blue), CD127 (clone SB/199; APC), IFN-y (clone
XMGL1.2; PE/Cy7), KLRG-1 (clone 2F1/KLRG1; PE/Cy7), and TCRp (clone H57-597;
Pacific Blue). All Abs were purchased from BioLegend unless otherwise stated. Data
were acquired using the BD LSRFortessa or BD LSR Il cytometers (BD Biosciences)

and analyzed with FlowJo software (BD Biosciences).

Statistical Analysis

Data were analyzed using Prism (GraphPad) software. Groups were assessed
for normal distribution using both Anderson-Darling and D’Agostino and Pearson tests.
If all groups passed normality tests (p>0.05), two groups were analyzed using unpaired
t-test or one-way ANOVA with Tukey’s multiple comparisons test for more than two
groups. If any groups failed to pass one of the normality tests, we compared two
groups using non-parametric Mann-Whitney test and more than two groups using
Kruskal-Wallis with Dunn’s multiple comparisons test. Survival curves were analyzed
using the log-rank Mantel-Cox test. For tracking TSYKFESV-specific CD8 T cells in the
PBL, comparisons were always done between groups for each day using the
appropriate t-test or Mann-Whitney test. For most experiments with more than two
groups, highlighted statistical differences were compared with naive or unvaccinated

group unless indicated otherwise. All experiments were done a minimum of 2 times and
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where possible, experiments have been compiled and displayed as mean + SEM. For
all figures, p-values are represented by the following symbols: * p<0.05, ** p<0.01, and

*k 0<0.001.
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FIGURE LEGENDS
Figure 1. Nucleoside-modified mMRNA-LNP vaccination elicits virus-specific

CDS8 T cell responses without skin pathology. (A-E) B6 mice were immunized i.d.

with 3, 10, or 30 pg of unmodified or modified mMRNA-LNP encoding EVM158.

TSYKFESV-specific CD8 T cells were determined by KP-TSYKFESV dimer staining. (A)

Image of hind back of mice vaccinated with unmodified (top) or modified (bottom)

MRNA-LNP at 8 dpv. White arrows indicate areas of lesions. Ruler units are in

centimeters. (B) Representative flow plot of gating strategy to identify TSYKFESV-

specific CD8 T cells using DimerX complexes. (C) Frequency of TSYKFESV-specific of

CDS8 T cellsin PBL. Frequency and total number of TSYKFESV-specific CD8 T cells in

(D) liver and (E) spleen at 8 dpv. (C-E) Groups were compared to each other by one-

way ANOVA analysis with Tukey’s post-tests. All statistical differences indicated are

compared to unvaccinated group unless otherwise designated; *p<0.05, *p<0.01,

***n<0.001 (C-E n=6).

Figure 2. Modified mRNA-LNP induces greater MPEC formation and
primarily effector memory CD8 T cells. (A) Percentage TSYKFESV-specific of CD8

T cells in PBL over time following immunization of B6 mice with 10 pg mRNA-LNP.
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Statistical differences are compared to unvaccinated group unless otherwise
designated. (B) Concatenated flow plot of KLRG-1 by CD127 staining of TSYKFESV-
specific CD8 T cells at 8 and 15 dpv in the PBL of B6 mice following immunization with
unmodified or modified mMRNA-LNP. (C) Frequency short-lived effector cells (SLEC,;
KLRG-1*CD127°) or memory precursor (MPEC; KLRG-1'CD127*) of TSYKFESV-
specific CD8 T cells in the PBL at 8 and 15 dpv of B6 mice immunized with unmodified
or modified mMRNA-LNP. Frequency and total number of TSYKFESV-specific CD8 T
cells in the (D) liver and (E) spleen at 28 dpv in B6 mice. (C, G) Groups were compared
using t-tests and (A, D, E) were compared using one-way ANOVA, *p<0.05, **p<0.01,
#*n<0.001. (A, D, E n=9; C, G n=10).

Figure 3. mMRNA-LNP vaccination protects susceptible strains of mice
against lethal ECTV challenge. (A-C) B6.D2-D6 mice were immunized i.d. with 10 ug
modified mMRNA-LNP encoding EVM158. TSYKFESV-specific CD8 T cells were
identified by KP-TSYKFESV dimer staining. (A) Frequency TSYKFESV-specific of CD8
T cells in PBL following mMRNA-LNP vaccination. (B) Survival curve of B6.D2-D6 mice
following ECTYV infection. (C) Virus titers of immunized B6.D2-D6 mice by plaque assay
in the liver and spleen at 7 dpi. (D) Percentage of TSYKFESV-specific of CD8 T cells in
PBL of B6.D2-D6 mice following either i.d. or i.m. immunization with modified mRNA-
LNP. (E) Survival curve for B6.D2-D6 mice immunized with mRNA-LNP i.d. ori.m. (F)
Frequency of TSYKFESV-specific of CD8 T cells in PBL following modified mRNA
vaccination of TLR9-deficient mice. (G) Survival curve of immunized TLR9-deficient
mice. (A, C, D, F) Groups were compared by t-test; *p<0.05, **p<0.01, ***p<0.001. (A-

B n=8-9, C n=9-10, D-E n=7-8, F-G n=7).
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Figure 4. Prime-boost mMRNA-LNP immunization increases magnitude of
CD8 T cell response and improves survival in TLR9-deficient mice, but sera from
immunized mice is not protective. (A-D) Previously immunized B6 mice were i.d.
vaccinated with 10 pg modified mMRNA-LNP 15 days following the first immunization.
(A) Frequency TSYKFESV-specific of CD8 T cells in the PBL following prime-boost
immunization. (B) Frequency and number of TSYKFESV-specific CD8 T cells in the
PBL 28 days following a single or booster immunization. Percentage and total number
of TSYKFESV-specific CD8 T cells in the (C) liver and (D) spleen at 8 and 28 dpbv.
Statistical differences are compared to naive mice unless otherwise designated. (E)
Concatenated flow plots of CD62L and CD127 on TSYKFESV-specific CD8 T cells in
the PBL of B6 mice following prime-boost immunization at 28 dpbv. (F) Percent Tem or
Tem of TSYKFESV-specific CD8 T cells in the PBL of B6 mice at 28 dpbv following
prime-boost immunization with modified MRNA-LNP. (G) Frequency of TSYKFESV-
specific CD8 T cells following prime-boost immunization in TIr9”- mice. (H) Survival
curve in prime-boost vaccinated TIr9” mice. (I) WT B6 mice received 200 pl of serum
from unvaccinated, EVM158 modified mMRNA-LNP immunized, or previously ECTV
infected B6 mice 1 day prior to ECTV challenge. Viral titers of liver and spleens from
ECTV infected, serum recipient mice at 5 dpi. Groups indicate source of sera. (A, B, F,
G) Groups were compared using t-tests and data in (C, D, I) were compared using one-
way ANOVA,; *p<0.05, **p<0.01, ***0.001 (A-D n=9, E-F n=9, G-I n=8-9).

Figure 5. CD8T cell response induced by modified mRNA-LNP vaccination
protects mice against ECTV infection. (A-C) TIr9’- mice were immunized with 10 ug

modified MRNA-LNP encoding GFP-TSYKFESV. (A) Frequency TSYKFESV-specific
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of CD8 T cells in the PBL of TIr9”- mice following immunization with GFP-TSYKFESV
mRNA. (B) Survival curve of TIr97- mice immunized with GFP-TSYKFESV mRNA
following ECTYV infection. (C) Virus titers in liver and spleen at 6 dpi in unvaccinated
and GFP-TSYKFESV immunized TIr97- mice or unvaccinated B6 mice infected with
ECTV. (D) Frequency TSYKFESV or SIINFEKL-specific of CD8 T cells in the PBL at 28
dpbv of TIr9" mice immunized with mRNA-LNP encoding either GFP-TSYKFESV or
chicken OVA. (E) Survival curve of TIr9”- mice immunized with GFP-TSYKFESV or
OVA mRNA-LNP following ECTYV infection. (F) B6 mice were immunized with mRNA-
LNP encoding LCMV GP. Representative flow plot of IFN-y* CD8 T cells from the
spleen following peptide restimulation for 5 hours at 8 and 28 dpbv. (G) Survival curve
of TIr9”- mice immunized with LCMV GP-encoding mRNA and infected by a
recombinant ECTV-MEE strain expressing LCMV epitopes KAVYNFATC and
AVYNFATCGI. (A and D) Comparisons were done using t-tests whereas in (C) groups
were compared using one-way ANOVA; *p<0.05, **p<0.01, **p<0.001. (A-B n=9-10, C

n=7-11, D-E n=8, G n=9-10).
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