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Modified mRNA vaccines have developed into an effective and well-tolerated vaccine
platform that offers scalable and precise antigen production. Nevertheless, the immuno-
logical events leading to strong antibody responses elicited by mRNA vaccines are
largely unknown. In this study, we demonstrate that protective levels of antibodies
to hemagglutinin were induced after two immunizations of modified non-replicating
MRNA encoding influenza H10 encapsulated in lipid nanoparticles (LNP) in non-human
primates. While both intradermal (ID) and intramuscular (IM) administration induced pro-
tective titers, ID delivery generated this response more rapidly. Circulating H10-specific
memory B cells expanded after each immunization, along with a transient appearance
of plasmablasts. The memory B cell pool waned over time but remained detectable
throughout the 25-week study. Following prime immunization, H10-specific plasma cells
were found in the bone marrow and persisted over time. Germinal centers were formed in
vaccine-draining lymph nodes along with an increase in circulating H10-specific ICOS+
PD-1+ CXCR3+ T follicular helper cells, a population shown to correlate with high
avidity antibody responses after seasonal influenza vaccination in humans. Collectively,
this study demonstrates that mRNA/LNP vaccines potently induce an immunological
repertoire associated with the generation of high magnitude and quality antibodies.

Keywords: mRNA vaccine, adaptive immune responses, non-human primates, influenza, T follicular helper cells,
germinal centers

Abbreviations: ASCs, antibody-secreting cells; cTth, circulating T follicular helper; GCs, germinal centers; GLA, glucopyra-
nosyl lipid adjuvant; HA, hemagglutinin; ID, intradermal; IM, intramuscular; LNP, lipid nanoparticle; LN, lymph node; PC,
plasma cell; PD-1, programmed death receptor 1; Th, T helper; Tth, T follicular helper.
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INTRODUCTION

Emerging infections such as Ebola, Zika, Chikungunya, and
pandemic influenza virus need vaccines that can be rapidly
produced with antigen precision. Modifiled mRNA vaccines
have received considerable attention as they are attractive in this
aspect and were recently shown to induce sterilizing immunity
to Zika virus infection and protection against lethal challenge
with influenza virus (1-5). Advances in mRNA synthesis
technology have led to increased mRNA stability, optimized
translation capacity, and less indiscriminate activation of innate
immunity by mRNA vaccines (2, 3, 6). mRNA vaccines do not
require device-mediated delivery methods as with DNA vac-
cines, and there is no concern of pre-existing immunity typically
associated with viral vector vaccine platforms (3). mRNA vac-
cines delivered in lipid nanoparticles (LNP) are well tolerated
and highly immunogenic in mice, ferrets, non-human primates,
and humans (5, 7). However, the fundamental mechanisms by
which mRNA vaccines induce strong antibody responses are
largely unknown.

Durable vaccine-induced antibody responses with a high
degree of affinity maturation confer protection against most
pathogens (8). Antibody-secreting plasma cells (PCs) in the
bone marrow determine the magnitude and longevity of vaccine
responses (8). PCs are derived from germinal centers (GCs) in
secondary lymphoid tissues during the process of establishing
humoral immunity after vaccination (9, 10). Within the dark
zone of GCs, B cells that encounter cognate antigens undergo
multiple rounds of proliferation and somatic hypermutation.
This is followed by antibody affinity maturation in the GC-light
zone in a T follicular helper (Tth) cell-dependent manner (11).
B cells, expressing high-affinity B cell receptors as a result of
the GC reaction, differentiate into either memory B cells or
PCs (12). Recently, a subset of CXCR54+ICOS+, programmed
death receptor 1+ (PD-1) CD4+ T cells in the blood was termed
circulating Tth (cTth) cells due to their similarities with Tth
cells in the lymph nodes (LNs) (13-15). As for regular T helper
cells, cTth cells can be subdivided based on cytokine profile and
effector function (16). cTthl cells (CXCR3+) are proposed to
excel at conferring protection against intracellular pathogens
whereas cTfh2 cells (CXCR3— CCR6—) and cTth17 (CXCR3—
CCR6+) may be particularly important in the defense against
extracellular pathogens and fungi (14). cTth cells can be detected
seven days after influenza vaccination in humans (17-19).
CXCR3+ cTth cells in humans as well as CXCR3+ Tth cells in
LNs of rhesus macaques have been reported to correlate with
the generation of high-avidity antibodies following vaccination
(17, 18, 20).

Details of the dynamics of B cell responses and the profile of
T cell help induced by mRNA vaccines are currently not known.
We, therefore, analyzed the development and maintenance of
vaccine-specific responses to a non-replicating mRNA construct
encoding the hemagglutinin (HA) of a pandemic influenza
H10NS8 strain (H10). We show that H10-specific CXCR3+ cTth
cells appeared in the blood 1 week after both prime and boost
immunization. This was accompanied by robust GC formation in
vaccine-draining LN, a continuous increase in antibody avidity

and seeding of H10-specific PCs to the bone marrow, altogether
resulting in protective HA inhibition antibody titers sustained
over the 25-week study period.

MATERIALS AND METHODS

Production of Modified mRNA and LNP
Modified mRNA encoding the HA of H10N8 influenza A virus
(A/Jiangxi-Donghu/346/2013) were generated as previously des-
cribed (21). The lipid mixture was combined with a 50 mM citrate
buffer (pH 4.0) containing mRNA at 3:1 ratio (aqueous:ethanol)
using a microfluidic mixer (Precision Nanosystems). For for-
mulations containing glucopyranosyl lipid adjuvant (GLA) (Avanti
Lipids), lipids were combined in a molar ratio of 50:9.83:38.5:1.5:0.17
(ionizable lipid:DSPC:cholesterol:PEG-lipid:GLA). All formula-
tions were dialyzed against PBS, concentrated using Amicon
ultra centrifugal filters (EMD Millipore) and passed through a
0.22 pm filter. Particles were 80-100 nm in size with >95% RNA
encapsulation.

Immunizations and Sample Collection

This animal study was approved by the Local Ethical Committee
on Animal Experiments. Chinese rhesus macaques were housed
in the Astrid Fagraeus laboratory at Karolinska Institutet
according to guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care, and all procedures
were performed abiding to the provisions and general guidelines
of the Swedish Animal Welfare Agency. Animals were divided
into three groups (n = 4/group) receiving H10 mRNA/LNP
(50 pg) either by IM or ID delivery or H10 mRNA/LNP co-
formulated with GLA adjuvant (5 pg) delivered IM. Prime and
boost immunizations were delivered at week 0 and 4, respec-
tively. Animals receiving H10 mRNA/LNP with GLA received
an additional boost at week 15. The animals were sedated
with ketamine 10-15 mg/kg given IM (Ketaminol 100 mg/ml,
Intervet, Sweden) during the immunizations, blood and bone
marrow sampling. Bone marrow was sampled before immuniza-
tion and at 2, 6, and 25 weeks from the humerus as previously
described (22).

An axillary LN was collected before vaccination, opposite
from the planned vaccination site, and a collateral axillary LN
after boost. The animals were anesthetized by IM injection of
10-15 mg/kg of ketamine and 0.05 mg/kg of medetomidine.
Carprofen (4 mg/kg) was given IM as analgesia. LNs were
removed in an aseptic manner using minimal entry holes with the
aim of removing a singular LN in each procedure. The anesthesia
was reversed with atipamezole, 0.25 mg/kg IM after suturing.

Blood and Bone Marrow Processing
Peripheral blood was drawn into EDTA tubes and peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll-
Paque™ PLUS (GE Healthcare) and washed with PBS. Red blood
cells were removed using red blood cell lysis buffer and cells were
frozen in 10% DMSO (Sigma-Aldrich) diluted in heat-inactivated
FBS. Bone marrow mononuclear cells were isolated and stored in
a similar manner as PBMCs.
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Lymph Node Processing

Lymph nodes were processed as previously described (23).
Briefly, LNs were cleaned of fat and cut into small pieces using
surgical scissors before being minced and filtered through 70 um
cell strainers. The cells were frozen as described above.

Hemagglutination Inhibition (HAI) Assay
Hemagglutination inhibition assay was performed using 0.5%
turkey red blood cells (Rockland Antibodies and Assays) diluted
in PBS to investigate protective antibody titers. Serum was
incubated overnight at +37°C with receptor destroying enzymes
(Denka Seiken) to prevent non-specific HAI Serial dilutions (1:2)
of serum samples were performed in V-bottom 96-well plates
in duplicates, starting from 1:10 dilution. Recombinant HA of
H10NS8 influenza A virus (4 units), A/Jiangxi-Donghu/346/2013
(Medigen Inc.) were added to diluted serum and incubated for
30 min at room temperature. The reciprocal of the last serum
dilution that resulted non-agglutinated red blood cells repre-
sented the HATI titer. Titers <10 were assigned as 1.

IgG Avidity ELISA

Clear flat-bottom immune 96-well plates (Thermofisher) were
coated for 3 h in 37°C with 100 ng of H10 protein per well.
After washing, wells were blocked for 1 h at 37°C in 2% milk
powder (blocking buffer) diluted in PBS. Blocking buffer was
discarded and plasma samples diluted in blocking buffer were
added and incubated for 1 h at 37°C. Plasma was discarded and
wells were incubated for 10 min with PBS or sodium thyocyanate
(NaSCN) at 1.5-4.5M. After washing, wells were incubated with
anti-monkey IgG HRP antibody (Nordic Labs) in washing buffer
(0.05% Tween20 in PBS) for 1 h at 37°C. After washing, 100 pl of
TMB solution (BioLegend) was added to each well, the reaction
was stopped at 5 min with 100 pl of 1M sulfuric acid. Wells were
read at 450 nm using an ELISA reader (PerkinElmer).

B Cell ELISpot
The frequency of H10-specific antibody-secreting cells (ASCs)

and memory B cells was determined as previously described (24),
with some modifications. In brief, MAIPSWU10 96-well plates
(Millipore) were coated with 10 ug/ml of anti-human IgG (Fcy;
Jackson ImmunoResearch Laboratories). Cells were transferred
in duplicate dilution series and cultured overnight at 37°C. For
enumeration of ASCs, cells were plated directly without prior
stimulation, whereas for memory B cells, cells were prestimulated
for 4 days at 2 X 10° cells/ml with 5 pg/ml CpG-B (ODN 2006;
Invivogen), 10 ug/ml Pokeweed mitogen (PWM; Sigma-Aldrich),
and 1:10,000 Protein A from Staphylococcus aureus Cowan strain
(SAC; Sigma-Aldrich). Plates were washed with PBS containing
0.05% Tween-20 (PBS-T), then incubated with 0.25 pg/ml bioti-
nylated goat anti-human IgG (Fcy; Jackson ImmunoResearch
Laboratories) for total IgG determination, 0.1 pg/ml biotinylated
H10 for H10-specific determination, or 0.1 pg/ml biotinylated
OVA in PBS-T. The plates were washed and then incubated with
streptavidin-conjugated alkaline phosphatase (Mabtech) diluted
1:1,000 in PBS-T. Spots were developed with BCIP/NBT substrate
(Mabtech) and counted using an AID ELISpot Reader and version

6 of the accompanying software (Autoimmun Diagnostika).
Unspecific spots were subtracted from antigen-specific wells,
as defined by spots counted in samples incubated in OVA-
probed wells.

Recombinant HA of H10NS8 influenza A virus (H10), A/
Jiangxi-Donghu/346/2013 (Medigen Inc.), and ovalbumin (OVA;
Invivogen) molecules were biotinylated using the EZ-Link Sulfo-
NHS-Biotinylation kit (Thermo Fisher) using a 1:1 M ratio and
unreacted biotin was removed using the included Zeba Spin
Desalting Columns.

Phenotypic Analysis and H10 Recall Assay
of Tfh Cells

1.5 X 10° cells from indicated time points were stained with LIVE/
DEAD Fixable Blue Dead Cell kit according to manufacturer’s
protocol (Invitrogen). Samples were surfaced stained with a panel
of fluorescently labeled antibodies (Table S1 in Supplementary
Material) to identify specific cell subsets. Additionally, 1.5 x 10°
PBMCs were rested for 3 h and then stimulated overnight in com-
plete media (10% FCS, 1% penicillin/streptomycin/glutamine in
RPMLI, all from Gibco, Stockholm, Sweden) in U-bottom 96-well
plates with H10 peptides (15mers overlapping by 11 amino acids,
2 pg/ml) and Brefeldin A at 10 ug/ml. Cells were stained with
surface-specific antibodies (Table S1 in Supplementary Material),
fixed, and permeabilized using fixation and permeabilization
solution (BD Biosciences) before being stained for intracellular
cytokines (Table S1 in Supplementary Material). Samples were
resuspended in 1% paraformaldehyde before acquisition using a
Fortessa flow cytometer (BD Biosciences). Results were analyzed
using FlowJo version 9.7.6. Background cytokine staining was
subtracted, as defined by staining in samples incubated without
peptide.

Detection of GCs In Situ

Extirpated LNs were snap frozen using dry ice in OCT media
(Tissue-Tek) and kept in —80°C until use. Tissues were thawed
to —20°C and then sectioned (8 pm) and fixed for 15 min in
2% formaldehyde in PBS. Tissues were permeabilized using
tris-buffered saline with 0.1% saponin and 1% hepes buffer
(permwash with pH 7.4), all future reagents were diluted in
permwash. LNs were blocked with 1% FCS and then stained
with anti CD3 (Dako), Ki67 (BD), and PD-1 (R&D systems).
After this, biotinylated anti-mouse or anti-goat (Dako) or anti-
rabbit (Vector Labs) secondary antibodies were added, which
were detected by the addition of streptavidin-conjugated Alexa
Fluor 405/555/647 (Invitrogen). Image tiles of entire LNs were
acquired using a Nikon Eclipse Ti-E confocal microscope.
GCs were defined as dense follicular structures including
CD3+PD-1+ cells (light zone) and Ki67+ cells (dark zone)
(Figure 3A). Image analysis was done using CellProfiler
software (Broad Institute Inc.) with in-house algorithms.
Briefly, GCs were manually identified in the program to enable
automatic enumeration of PD-1+ and Ki67+ cells within the
individual GCs and the area of the GCs. PD-1+ cells were
almost exclusively CD3+ and Ki67+ cells were mostly CD3—
(GC B cells).
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CXCL13 ELISA

Undiluted plasma stored in —20°C was thawed and analyzed
using a Quantikine Human CXCL13/BLC/BCA-1 Elisa (R&D
systems) according to manufacturer’s instructions.

Detection of Antigen-Specific GC
B Cells by Flow Cytometry

2 X 10° cells from LN cell suspensions were stained with LIVE/
DEAD Fixable Blue Dead Cell kit according to manufacturer’s
protocol (Invitrogen). Samples were then incubated with a
titrated amount of H10-tetramer probe for 20 min at 4°C.
H10-tetramer probes were prepared beforehand by mixing
biotinylated H10 protein with streptavidin-BV421 (Biolegend) at
a 4:1 M ratio. Samples were washed and stained with a surface
antibody cocktail (Table S2 in Supplementary Material). Before
intracellular staining (Table S2 in Supplementary Material),
samples were fixed and permeabilized using the Transcription
Factor Buffer Set (BD Biosciences). Samples were resuspended
in 1% paraformaldehyde before acquisition using a Fortessa flow
cytometer (BD Biosciences). Results were analyzed using Flow]Jo
version 9.7.6.

Statistical Analysis

Statistical analysis was conducted by Prism Version 6.0 (GraphPad)
software. All of the data are presented as the mean + SEM.
Difference between groups was analyzed as described in figure
legends. A p-Value <0.05 was considered to be statistically

significant.

RESULTS

mMRNA Vaccine Encoding H10 Induces

Protective Levels of Antibodies

Rhesus macaques were immunized either intramuscularly (IM)
or intradermally (ID) with an mRNA vaccine encoding the
full-length HA of HI0N8 (A/Jiangxi-Donghu/346/2013) (H10)
formulated in LNP (Figure 1A). A third group received this
formulation combined with the TLR4-agonist GLA to evaluate
whether an adjuvant could further enhance immune responses.
All animals received a homologous prime-boost immunization at
0 and 4 weeks (Figure 1B). In addition, the GLA group received
a third immunization at 15 weeks.

All animals induced neutralizing antibody titers against HA above
the accepted level of protection for seasonal influenza vaccination, as
measured by hemagglutination inhibition assay (HAI) (Figure 1C)
(25). Although some of the animals in the ID group already showed
titers at the protective level after the prime immunization, all groups
had titers that exceeded this level following boost. The antibody lev-
els persisted above this level for the remainder of the study. The titers
were significantly higher in the ID group compared to the IM groups
for up to 2 weeks following boost, but were similar thereafter. The
GLA group did not show higher HAI titers compared to the other
groups, thus indicating that the mRNA/LNP formulation itself
was sufficiently immunogenic. The third immunization in the GLA

A Group # of Animals Immunization Route
10 4 H10 mRNA/LNP ID
2 4 H10 mRNA/LNP IM
3 e 4 H10 mRNA/LNP +GLA M
B Prime 1stboost 2 hoost
all groups all groups GLA group only
Week-5.5 o 6 1 15 20 25

«—
“«— o
<~

Blood draw l l t l i

Bone marrow
Lymph node

c .

-

HAI Titer (Log,,)
N

-
L

0 1 2 4 5 6 11 15 16 17 20 25

Immunizations
Weeks after first vaccination

H10-specific OD50 titer (Log,,)
N
xapu| AjpInyY

Immunizations

Weeks after first vaccination
-©-H10-specific IgG --A-Avidity Index

FIGURE 1 | mRNA vaccine encoding influenza H10 elicits high antibody
titers by intradermal and intramuscular immunization. Rhesus macaques
were vaccinated with mRNA encoding for hemagglutinin of H10N8 influenza
encapsulated in LNPs. (A) Shows the study groups and (B) shows the
immunization and sampling schedule. (C) Antibody levels over time
induced in the different groups as assayed by hemagglutination inhibition
assay. Arrows indicate immunizations at week 0 and 4, as well as 15 for
the glucopyranosyl lipid adjuvant group only. (D) The left y-axis shows
antigen-specific plasma IgG titers (circles) and the right y-axis shows
avidity index (triangles). Arrows indicate immunizations at week O, 4. Titers
are displayed as mean + SEM. Dotted line depicts the accepted level of
protection for seasonal influenza. Statistics was calculated by two-way
ANOVA with Tukey’s multiple comparison test: *p < 0.05, **p < 0.01,

**p < 0.001.
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group resulted in a transient increase in HAI titers, which returned
to similar levels as the other groups 5 weeks later.

Antibody titer, as measured by HAI, is a function of both
the quantity and quality of an antibody. However, by combin-
ing these two measurements, certain mechanistic insights into
antibody development may be lost over time. Therefore, total
IgG titers against H10 as well as antibody avidity were measured
separately. H10-specific IgG antibody titers were induced in both
IM and ID groups after prime immunization. Titers continued
to increase at the time of the second immunization and peaked
2 weeks thereafter (Figure 1D). The avidity index of H10-specific
IgG antibodies as measured by a chaotropic ELISA wash assay,
did not increase between 4 and 6 weeks following the second
immunization (Figure 1D). However, at week 11, there was a
clear increase in avidity, which continued to rise until the study
end. There were no significant differences in IgG titers or avidity
between the ID and IM group, except in the ID group two weeks
after boost, which had higher IgG titers (p < 0.0001). Collectively,
this demonstrates that two immunizations with the H10 mRNA/
LNP formulation were sufficient to induce protective and durable
antibody titers.

Rapid and Sustained B Cell Responses

after mRNA Vaccination

To characterize the kinetics of the B cell responses at the
cellular level, the frequency of H10-specific memory B cells
was determined by ELISpot (Figures 2A-C). Circulating
H10-specific memory B cells were readily detectable 2 weeks
after the prime immunization (Figures 2A-C). Thereafter, the
number of H10-specific memory B cells contracted slightly,
but expanded following the boost immunization. This was
followed by a gradual decline. The GLA group showed an
additional increase 2 weeks after the second boost as expected
(Figure 2C). By study end (25 weeks), the IM and ID groups
showed similar levels of circulating H10-specific memory
B cells (Figure 2D), whereas the GLA group had higher levels
due to the second boost.

Similar to the rapid induction of circulating H10-specific
memory B cells, we detected H10-specific PCs in the bone mar-
row 2 weeks after the prime immunization in all groups tested
(Figures 2A-C). However, in contrast to the memory B cell pool,
the number of PCs remained relatively stable throughout the
study. This dichotomy in fluctuation between memory B cells and
PCsis in line with previous reports on protein vaccine immuniza-
tions (24).

The number of H10-specific PCs declined significantly in
the IM group compared to the ID group by the end of the study
(Figure 2E). Next, we analyzed plasmablasts in some of the
animals at one week after immunization. The numbers of H10-
specific plasmablasts were close to the limit of detection after the
prime immunization, but increased to readily detectable levels
after the boost immunization (Figure 2F).

We had previously shown that the priming of vaccine-specific
T cells occurs in the vaccine-draining LNs (23). To investigate
whether the priming of B cells also takes place at this site,
vaccine-draining LNs were collected 9 days after prime immu-
nization and compared with control LNs that did not drain the

vaccine delivery site. H10-specific memory B cells and PCs were
detected only in the vaccine-draining LNs (Figures 2G,H). This
was observed with both ID and IM administration. This demon-
strates that the H10 mRNA/LNP vaccine induces robust levels
of vaccine-specific memory B cells and PCs following prime
immunization and that these levels are sustained.

GC Formation in Vaccine-Draining LNs
Durable levels of H10-specific memory B cells and PCs coupled
with a steady increase of IgG antibody avidity induced by the
H10 mRNA/LNP vaccine are likely the outcome of a strong
GC reaction. Since priming of H10-specific B cells appeared
to be restricted to the vaccine-draining LNs, we also analyzed
the expansion of GCs at this site. Using immunofluorescence
and confocal imaging of cryosections, we quantified the area
of GCs, the numbers of PD-1+ Tth cells, and proliferating
Ki67+ cells within individual GCs (26) (Figure 3A). Since
the HATI titers did not differ between the three study groups,
we did not stratify the data by group for this analysis. We
evaluated LNs where biopsies from the same animal could be
obtained both before immunization and 2 weeks post-boost.
All vaccine groups were represented among the seven animals
where such set of LNs was available (n = 1 from group 1,
n = 4 from group 2, and n = 2 from group 3). We normalized
the total GC area and total numbers of GC Tth cells or GC
Ki67+ cells by LN area. In five out of the seven animals, there
was an increase in the GC area/LN area ratio post-immunization
(Figure 3B). There was also an increase in GC Ki67+ cells/LN
area ratio and GC Tth cells/LN area ratio (Figures 3C,D). One
advantage of analyzing tissue sections over cell suspensions is
the option to study individual GCs in intact LN architecture
rather than all GC cells combined. The area of individual GCs
was significantly increased post-vaccination (Figure 3E). This
was also observed for Tth cells and GC Ki67+ cells within
individual GCs (Figures 3E,G). As expected, the increase in
the number of GC Ki67+ cells was greater than the increase in
the number of GC Tth cells, since GC B cells have an enhanced
capacity for proliferation (9). To this end, it has been shown that
the B cell/Tth cell ratio is higher in the top neutralizers following
HIV Env vaccination (27). We observed a significant increase in
the Ki67+ cell/Tth cell ratio post-vaccination in individual GCs
(Figure 3H). There was a strong positive correlation between the
number of Ki67+ cells and the area within each GC (p < 0.001,
R?* = 0.4613) (Figure 3I). This was also found for the number
of GC Tth cells and the GC area of individual GCs (p < 0.001,
R? = 0.5869) (Figure 3J). Additionally, Tth cell numbers cor-
related with Ki67+ cell numbers within each GC (p < 0.001,
R*=0.5617) (Figure 3K).

Increased levels of the chemokine CXCL13 in plasma was
recently proposed as a biomarker for GC activity in the LNs
(28). There was a modest elevation in CXCL13 levels detected
transiently 1 week after prime vaccination, with no noticeable
increase observed at 1 or 2 weeks following boost vaccination
(Figure 3L). GC formation after prime vaccination was also
investigated using flow cytometry by enumerating the frequency
of BCL6+ Ki67+ GC B cells expressing H10-specific B cell recep-
tors in the vaccine-draining LNs (Figure 3M). No H10-specific
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GC B cells were found in control non-draining LNs, but both
unswitched IgM+ and class-switched IgM— BCL6+ Ki67+ GC
H10-specific B cells were detected in vaccine-draining LNs
9 days after prime immunization (Figure 3M). Taken together,
this suggests that the mRNA/LNP vaccine is a potent inducer
of GC activity.

Circulating H10-Specific ICOS+ PD-1+
CXCR3+ Tfh Cells Are Induced after
Vaccination and Correlate with Antibody
Avidity

As mentioned above, cTth cells can be identified in blood as
CXCR5+ICOS+PD-1+ CD4+ T cells. The Thl-polarized CXCR3+
cTth cell subset specifically has been shown to correlate with
high-avidity antibodies 7 days after influenza vaccination in
humans (17, 18). Therefore, we investigated cTth cell subset

frequencies pre-vaccination and 7 days following prime and
boost. We first concluded that there was no general increase in
CXCR3+ or CXCR3— total CD4+ T cells (Figure 4A). Next, we
analyzed CXCR5+ ICOS+ PD-1+ CXCR3+/— cTth cells within
the central memory (CD28+CD95+) CD4+ T cell population
(Figure 4B). While there was no increase in CXCR3— cTth cells
(Figure 4C), there was a significant increase in the number of
CXCR3+ cTth cells both after prime and boost (Figure 4D). No
notable differences in overall cTth cells were found between the
ID and IM groups.

Weinvestigated whether the CXCR3+ cTth cells were expanded
in the vaccine-draining LNs before entering the circulation by
analyzing the set of LNs collected at nine days post-prime. The
frequency of Tth cells was increased in the vaccine-draining LNs
compared to control non-draining LNs (Figure 4E). In addition,
the majority of the Tth cells in the vaccine-draining LNs expressed
CXCR3 (Figure 4E). CXCR3+ Tth cells in vaccine-draining LNs
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also expressed Ki67 at higher levels than CXCR3— Tth cells in
the same and CXCR3+/— Tth cells from control LNs (Figure 4F).
Although difficult to prove, these findings indicate that the cTth1
polarized cells found in peripheral blood after mRNA vaccine
administration may have been generated in the vaccine-draining
LNs.

The number of CXCR3+ cTth cells following boost corre-
lated with antibody avidity at week 6 and 25, with a significant
correlation at week 11 (p = 0.0432, R* = 0.5916) (Figure 5A).
To investigate cTth cell specificity, PBMCs were stimulated with
H10 overlapping peptides and tested for cytokine secretion by a
standard intracellular cytokine assay (Figure 5B). There were few
H10-specificcellsasevidenced by IFNy production within the total
CD4+ central memory T cell population 1 week post-prime, but
there was a clear increase one week following boost (Figure 5C).
The peptide stimulation and culture procedure resulted in some

loss in the resolution of CXCR5+ICOS+PD-14+CXCR3+ cTth
cellular staining. However, a significant increase in the number
of IFNy+CXCR3+ cTth cells 1 week after prime and boost was
still observed (Figure 5D). Collectively, this demonstrates that
the HI10/LNP vaccine induces H10-specific cTth cells of the
CXCR3+ Thl-polarized profile that correlate with the avidity of
H10-specific IgG antibodies.

DISCUSSION

mRNA vaccines can be produced rapidly with high antigen pre-
cision, which offers an advantage over the more time-consuming
process of producing live-attenuated or subunit protein vaccines
(3, 29). Due to antigenic shifts and drifts, the influenza vaccine
is renewed yearly to protect against the circulating strains.
The mRNA platform would, therefore, be suitable for seasonal
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influenza vaccines as well as pandemic influenza strains (4, 5,
29). Although mRNA vaccines have already advanced to clinical
trials, little is known of the adaptive immune profile induced
by such vaccines. Therefore, this study focused on key immu-
nological events resulting in antibody responses to an mRNA/
LNP vaccine, using rhesus macaques whose immune system
closely resembles that of humans. Influenza HA was chosen as
the antigen due to the clinical relevance for the mRNA plat-
form and that the levels of antibodies required for protection
against seasonal influenza are well-characterized and could
be benchmarked against (25). However, important to note is
that all the animals in our study were naive to influenza before
immunization, which is in contrast to a clinical setting where
most humans will have some degree of pre-existing immunity
due to vaccination or prior infection. Therefore, the presence
of cross-reactive HA-specific memory B cells and T cells may
result in a stronger priming response than recorded in the
rhesus macaques, although pre-existing immunity to HA of the
pandemic influenza strain HIONS used in this study is relatively
rare in humans.

Seasonal influenza vaccines have been shown to induce pro-
tection in 60-90% of recipients (30, 31). In our study, we found

that two animals in the ID group reached the accepted level of
protection as measured by HAI titers after prime immuniza-
tion. Animals across the groups reached this level after boost
immunization and remained above this level for the entire
25-week study. It is plausible that all animals would have reached
protective levels after the prime immunization if more time had
been allowed since both the HAI and IgG titers were gradually
increasing prior to the boost.

The memory B cell pool expanded quickly after prime
immunization, suggesting that the mRNA platform is efficient at
priming naive B cells. H10-specific IgG titers were readily detect-
able 2 weeks after prime, but neutralization capacity, as measured
by HATI titers, was found in a single animal at this time point.
This could be explained by the initial low affinity of the memory
B cell population, which would lead to insufficient neutralization.

The seeding of PCs into the bone marrow was also detected at
2 weeks post-prime immunization in all groups. The frequency of
vaccine-specific PCs that were generated with the mRNA vaccine
is comparable to that reported with recombinant HA protein co-
administered with a strong adjuvant in the same animal model
(24). Also, additional boosts did not increase the PC compartment
in the bone marrow with either of the vaccine platforms (24).
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Regulation of the PC pool in the bone marrow is not well known.
We found that the PC levels remained relatively constant once
established after the prime, despite HAI titersand H10-specificIgG
titers increasing significantly post-boost. H10-specific IgG titers
waned more rapidly than HAT titers. This may be explained by the
observed increase in antibody avidity, which suggests increased
survival of high affinity PCs and/or ongoing affinity maturation in
GCs long after immunization. Supportive of the latter hypothesis
is that GC B cells have been found to persist for several weeks
following immunization (27). High affinity B cell clones are
selected tobecomelong-lived PCs that migrate to the bone marrow
(32). Vaccine platforms that are powerful at generating antibody
responseshaveshownsuperiorGCformationcapacities(23,33,34).
With the clear GC activation found at 2 weeks following boost
immunization, additional affinity maturation and subsequent
differentiation of long-lived PCs likely continued for some time
thereafter. Since affinity maturation occurs before the differentia-
tion of PCs, it is possible that the PCs seeded early into the bone
marrow were replaced by higher affinity PCs derived from the GC
reaction induced by the boost immunization. This would explain
the increase in antibody avidity found here.

To improve the efficacy of vaccines, there has been much focus
on identifying immunological events, including biomarkers,
which lead to the production of high titer protective antibodies.
Tth cells and their circulating counterparts have emerged as key
players for dictating the antibody responses (35). As mentioned
previously, studies have shown that CXCR3+ cTth cells correlate
with high-avidity antibodies against influenza after vaccination
in humans (17, 18). It has also been shown that cTfh cell levels
can predict the seroconversion in humans to influenza vaccina-
tion (36). In rhesus macaques, CXCR3+ Tth levels in LNs were
shown to correlate with avidity, longevity, and neutralization
capacity of HIV vaccine-induced antibodies (20). In line with
these observations, we found that the mRNA/LNP vaccine
platform specifically induced an increase in CXCR3+ cTth cells,
which correlated with increased IgG avidity. This could indicate
that CXCR3+ cTth cells are important for selecting and expand-
ing B cells of high affinity. Whether inducing cTth cells toward
the CXCR3+ phenotype is caused by the vaccine platform or the
HA antigen remains to be elucidated. To this end, a type I IFN-
mediated Th1-polarization after mRNA vaccine administration
has been described and shown to at least partly be caused by
TLR7/8 ligation (37, 38).

In vitro studies have proposed that CXCR3+ cTth cells prefer-
entially provide help to memory B cells compared to naive B cells
(14). However, CXCR3+ and CXCR3— Tth cells sorted from
rhesus LNs showed that there was no difference in their B cell help
capacity (20). Since the vaccinated animals in our study showed a
rapid induction of memory B cells, plasmablasts, and PCs, there
was clearly an efficient priming of naive B cells despite being naive
to influenza.

Furthermore, it has been proposed that the main function of
CXCR3+ cTth cells is to select memory B cells of high affinity,
leading to rapid expansion of this population upon new antigen
encounter (17). With regards to influenza, where the circulating
strain changes every year, the ability to select for high-affinity

B cell clones against the circulating strain is critical. Recent stud-
ies have shown that the cTth cells that increase in blood after
influenza vaccination represent memory Tth cells that have been
reactivated upon antigen re-exposure (19). cTth cells can home
to the LNs and differentiate into GC Tth cells to facilitate the
GC response (39, 40). Induction of vaccine-specific cTth cells
is, therefore, a central mechanism in vaccine-mediated protec-
tion, since these cells facilitate quick re-stimulation of memory
B cells in the GC reaction. We found H10-specific cells within
the CXCR3+ cTth cell population. As a considerable proportion
of ICOS and PD-1 expression was lost during the overnight
stimulation, the number of H10-specific CXCR3+ cTth cells may
be underestimated.

Since CXCR3+ Tthl cells have been shown to be inferior to
CXCR3— Tth2/17 cells at providing help to naive B cells, it was
suggested that an influenza vaccine inducing Tfh2/17 cells rather
than Tthl cells would be preferable (14, 41). However, passive
transfer of antibody clones against HA in mice showed that only
Thl-polarized IgG2a, and not Th2-polarized IgGl, conferred
protection against lethal challenge, despite that the antibodies
had the same ability to bind the antigen (35, 42, 43). This was
proposed to be due to the different Fc regions of the antibodies
and indicates that antibodies generated by help from cTth cells of
the Th1 subtype may be critical for the induction of protection
against influenza.

In summary, we show here that an influenza mRNA/LNP
vaccine induces robust GC and B cell responses, including PCs
seeding into the bone marrow. Antibody avidity increases over
time and is accompanied by cTth cells of the CXCR3+ subtype.
Collectively, this gives insights into the adaptive immune profile
generated by mRNA/LNP vaccines and may indicate that this
platform is particularly powerful for infections such as influenza
that require a Th1-profile.
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