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mRNA vaccines are rapidly emerging as a powerful platform
for infectious diseases because they are well tolerated, immuno-
genic, and scalable and are built on precise but adaptable anti-
gen design. We show that two immunizations of modified
non-replicating mRNA encoding influenza H10 hemagglutinin
(HA) and encapsulated in lipid nanoparticles (LNP) induce
protective HA inhibition titers and H10-specific CD4" T cell
responses after intramuscular or intradermal delivery in rhesus
macaques. Administration of LNP/mRNA induced rapid and
local infiltration of neutrophils, monocytes, and dendritic cells
(DCs) to the site of administration and the draining lymph
nodes (LNs). While these cells efficiently internalized LNP,
mainly monocytes and DCs translated the mRNA and upregu-
lated key co-stimulatory receptors (CD80 and CD86). This
coincided with upregulation of type I IFN-inducible genes,
including MXI and CXCLI10. The innate immune activation
was transient and resulted in priming of H10-specific CD4"*
T cells exclusively in the vaccine-draining LNs. Collectively,
this demonstrates that mRNA-based vaccines induce type-I
IFN-polarized innate immunity and, when combined with
antigen production by antigen-presenting cells, lead to genera-
tion of potent vaccine-specific responses.

INTRODUCTION

Nucleic acid vaccines based on plasmid DNA, viral vectors, or mRNA
are being evaluated for several clinical applications including cancer
and allergy."* Recently, the mRNA platforms have also shown strong
potential as vaccines against infectious diseases.” ® Modified mRNA
vaccines are attractive because they offer precision in antigen design,
good tolerability, and broad immune responses with a highly scalable
manufacturing platform. mRNA vaccines circumvent the challenges
posed by pre-existing or post-vaccination immunity against viral vec-
tor platforms and overcome the need for multiple high doses and
delivery devices needed for DNA vaccines. Furthermore, mRNA vac-
cine against Zika virus infection conferred sterilizing immunity in
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mice”® and rhesus macaques,” which demonstrates the potential to
offer protection against emerging pandemic infections. The potential
of rapid mRNA vaccine development and production was demon-
strated by the ability to produce a self-amplifying mRNA (SAM)
vaccine platform for pre-pandemic influenza just eight days after
release of the viral gene sequence.’

mRNA vaccines can be refined by modifications to the mRNA chem-
istry that modulate mRNA stability, innate immune activation and
the level of translation.”'® Such modified mRNA constructs have

11,12 . 2,13 :
>~ and cancer therapies.” ~ In addi-

shown promise for regenerative
tion to mRNA modification, the choice of the delivery formulation
enables the use of low doses of mRNA without compromising the
vaccine responses and avoiding the need for adjuvants. Formulation
of mRNA with liposomes” or protamine'* has been shown to stimu-
late RNA sensors like TLR7 in mouse dendritic cells (DCs). More
recently, lipid nanoparticles (LNPs) have been tested in clinical ther-
apy trials as delivery systems for RNA."” We recently showed that
mRNA encoding hemagglutinin (HA) of HION8 (A/Jiangxi-
Donghu/346/2013) influenza A virus encapsulated in LNP induces
potent and sustained immune responses in mice, ferrets, and cyno-

16
molgus macaques.

The innate immune mechanisms by which mRNA vaccines generate
potent adaptive immunity are largely unknown. Characterization of
the specific target cells responsible for translation of the mRNA
vaccine at the site of administration or in the draining lymph nodes
(LNs) is lacking as well as the type of cellular activation of target cells.
In this study, we therefore confirmed the immunogenicity of the
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Figure 1. LNP-Encapsulated Modified mRNA
Platform Elicit Strong Vaccine Immunity by Distinct
Vaccination Routes

(A-D) Immunogenicity analysis of rhesus macaques after
intradermal (i.d.) or intramuscular (.m.) immunizations
with LNPs containing mRNA encoding hemagglutinin of
H10N8 influenza A virus (H10) alone or co-formulated with
GLA adjuvant (i.m. + GLA) (n = 4/group). (A) H10-specific
hemagglutination inhibition (HAI) titers. Immunizations
(arrows) were given at weeks 0 and 4. The i.m. + GLA
group was boosted again at week 15. Filled and open
circles show mean and individual values, respectively.
Dashed lines indicate the threshold for protective titers.
(B) Gating strategy of cytokine™ total CD4 memory T cells.
(C) Percentage of IFNy™ CD4" H10-specific memory
T cells. (D) CD4* T cell polyfunctionality as measured by
IFNy (G), IL-2 (2), and TNF (T) expression. Pie slivers in
black, gray, and light gray indicate triple, double, or single
cytokine™ cells, respectively, and arc shows IFNy™ cells.
Two-way Anova test with Tukey’s multiple comparison
test. "p < 0.05, *p < 0.01, **p < 0.001.

RESULTS

LNP/mRNA Induces Robust Vaccine
Responses by Distinct Routes of
Immunization

An mRNA vaccine encoding full-length HA
H10 of HIONS (A/Jiangxi-Donghu/346/2013)
formulated in LNPs was first evaluated in rhesus
macaques by determining the levels of neutral-
izing hemagglutination inhibition (HAI) titers
to H10 (Figure 1A) and H10-specific CD4"
T cell responses (Figures 1B-1D). Rhesus
macaques received a prime and boost immuni-
zation by either im. or id. administration.
Some animals in the i.d. group had detectable
HALI titers after priming, but they were below

LNP/H10 mRNA formulation in rhesus macaques that received a ho-
mologous prime and boost immunization by either the intradermal
(i.d.) or the intramuscular (i.m.) route. We thereafter applied flow
cytometric, confocal microscopy and gene expression analyses to
decipher key innate immune responses induced locally at the injected
sites (skin and muscle) and the draining LNs. For the studies, we
administered fluorescently labeled LNP with mRNA encoding the
fluorescent protein, mCitrine, to identify the distinct antigen-present-
ing cell (APC) subsets translating vaccine mRNA after LNP uptake.
Lastly, we demonstrate priming of vaccine-specific T cell responses
in vaccine-draining LN’ as a consequence of activated APCs produc-
ing the mRNA-encoded vaccine antigen. Collectively, the data
describe the local immune events after administration of LNP/
mRNA in vivo from the injection site to the draining LN to increase
our understanding of how mRNA vaccines target key APCs to
generate vaccine-specific T cell and B cell responses.
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the threshold (1:40) accepted as a correlate of

protection for seasonal influenza.'” The HAI
titers in all groups were significantly increased following the second
immunization and remained above the protective threshold for the
remainder of the study (21 weeks). The titers were significantly higher
in the i.d. group compared to the i.m. group for two weeks after the
boost but were thereafter at similar levels. To evaluate any enhance-
ment by the addition of an adjuvant, a third group received the
vaccine im. together with the TLR4 agonist glucopyranosyl lipid
adjuvant (GLA). However, GLA did not increase the titers indicating
that the LNP/mRNA formulation itself was sufficiently immuno-
genic. The GLA group received a third im. immunization that
resulted in a transient increase in HAI titers, which returned to
similar levels as the other groups five weeks later (Figure 1A).

The i.d. group has the highest HAI titers, as well as a significantly
higher number of H10-specific CD4" T cells early after boost (Fig-
ure 1C). The majority of H10-specific CD4" T cells produced only
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interferon y (IFNv) and polyfunctionality (i.e., production of IFNYy,
interleukin-2 [IL-2], and tumor necrosis factor [TNF] or a combina-
tion thereof) was similar between the groups and was not enhanced by
the addition of GLA (Figure 1D). H10-specific CD8" T cell responses
were detected in all groups after the boost but were more modest than
the CD4" T cell responses (Figure S1).

Immune Cells Are Rapidly Mobilized to the Site of LNP/mRNA
Vaccine Administration

Details on the mechanisms of action by which LNP/mRNA-based
vaccines generate strong vaccine responses are largely lacking.
Whether distinct immunization routes lead to the targeting of
different immune cells and induction of distinct innate immune
responses in the context of LNP/mRNA vaccine immunity is unex-
plored. The sequence of immune events culminating into vaccine-
induced immunity is initiated by early transient local inflammation
that recruits immune cells, including APCs, to the site of delivery.
To analyze the innate immune responses, such as cell infiltration, vac-
cine uptake, and translation of mRNA vaccine after administration,
rhesus macaques received im. or id. vaccine injections of LNP
with mRNA encoding the fluorescent protein mCitrine formulated
in Atto655-labeled LNP. Injection of PBS or “empty” non-labeled
LNP without mRNA cargo served as controls.

At 4 and 24 hr as well as 9 days, biopsies from the site of injection
(skin or muscle) were analyzed for cell infiltration. Compared to
the PBS-injection site, there was rapid recruitment of CD45" immune
cells to the LNP/mRNA-injected sites (Figures 2A and 2B). The level
of cell infiltration was higher at 24 hr compared to 4 hr. Cell infiltra-
tion was found regardless of whether the LNP contained mRNA or
not, indicating that LNP itself was capable of inducing recruitment.
Multiple cell subsets were defined within the CD45" population (Fig-
ure S2A-B). Injection of LNP alone resulted in a similar pattern of
infiltrating cell subsets as LNP/mRNA (Figure S3A-B). At 24 hr,
CD66abce™ neutrophils and classical CD14* CD16~ monocytes
were the most frequent cell type infiltrating the skin and muscle after
i.d. and i.m. administration, respectively (Figures 2C and 2D). Both
skin and muscle also showed a noticeable increase in intermediate
(CD14" CD16") monocytes as well as non-classical (CD14-/dim
CD16"%) monocytes reported to have efficient antigen uptake and/or
produce inflammatory cytokines upon specific TLR stimulation.'®"”
The kinetics of cell infiltration was largely similar between i.m. and
i.d. administration except that some monocyte and DC subsets re-
mained at elevated levels nine days after i.d. delivery, although no
other sign of inflammation was evident at the site.

DCs consist of a heterogeneous group of cells; CD11c” myeloid DCs
(MDCs), including the CD1c¢" MDC subset, are potent inducers of
CD4" T cell responses, and CD123" plasmacytoid DCs (PDCs) are
efficient producers of type I IFNs.”’ The numbers of MDCs (CD1c*
and CD1c™) and PDCs were significantly elevated at both the muscle
and skin vaccine injection sites (Figures 2E and 2F). The skin harbors
epidermal CD1a" Langerhans cells, CD209 (DC-SIGN)* dermal DCs,
CDla" dermal DCs, and CD209* macrophages.21 The CD209* APCs

were found to be especially elevated after LNP/mRNA administration
(Figure 2F). In conclusion, there was a rapid and in most cases tran-
sient infiltration of APCs to the LNP/mRNA-injected site.

Upregulation of Genes Associated with IFN Responses at
Injection Sites and in the Draining LNs

We analyzed whether the robust cell infiltration associated with LNP/
mRNA administration was accompanied by modulation of genes
associated with innate immune activation. Transcriptomic analyses
were performed on biopsies from the injection sites as well as draining
LN collected at 24 hr post-immunization. A panel of 154 pre-selected
genes were grouped by their involvement in inflammation, migration
or antigen uptake and presentation (Figures 3A and 3B). From this
panel, the i.d. and i.m. groups modulated a common set of 50 and
34 genes with log, (fold change) > 2 at the LNP/mRNA injection sites
and in the draining LNs, respectively (Figure 3C). This suggests that
im. and i.d. delivery of LNP/mRNA to a large extent induces similar
innate immune activation at 24 hr. This may help explain the similar
H10-induced adaptive responses in the groups after the prime-boost
immunization (Figures 1A-1D).

Genes associated with inflammatory mediators, e.g., IL1B, MYDS88,
PTX3, and NLRP3, were upregulated in the LNP/mRNA-injected sites
and respective draining LNs (Figures 3D and 3E). As reported
recently, mice immunized with mRNA upregulated genes specifically
connected to the IFN response, including type I IFN-inducible MX1
(MxA).** In addition to upregulation of MXI, IFN-inducible chemo-
kines CXCL10 (IP-10) and CXCLI11 (I-TAC) were expressed at high
levels especially in the skin of the i.d. group and at similar levels in
the draining LNs of both groups. In fact, CXCL10 and CXCL1I
were the highest upregulated IFN-inducible genes expressed at about
7- to 11-fold higher levels than the PBS control sites. While upregu-
lation of the IFNa receptor 2 (IFNAR2) gene was detected after both
id. and i.m. administration, expression of the IFN« 1/13 was mainly
observed in the skin 24 hr post-immunization. Genes for LNP uptake
(LDLR)* plus antigen processing (CTSL) and antigen loading (TAP2)
were also upregulated along with the T cell co-stimulatory molecules
CD80 and CDS86 at both the injection sites and in the draining LNs.

LNP/mRNA Exposure Results in Type | IFN Production and
Phenotypic Differentiation of APCs

The gene expression pattern correlated with a transient type I IFN
response on the protein level observed by upregulation of MxA in
the draining LNs (Figure 4A) after LNP/mRNA administration.
While MxA was not found at 4 hr, it was readily detected at 24 hr
and returned to much lower levels after 14 days. As expected, MxA
expression was not detected in control sites receiving PBS and empty
LNP (Figures 4A and 4B). In line with the strong upregulation of the
IFN-inducible CXCL10 gene at 24 hr after LNP/mRNA administra-
tion, the plasma levels of CXCL10 (IP-10) were also elevated (Fig-
ure 4C). Protamine-complexed mRNA and self-replicating RNA
have been shown to induce IFNe. in vitro'*** and RNA formulated
in liposomes stimulated IFNea in vivo in mice in a TLR7-dependent

manner.”**>*> Since PDCs express high levels of TLR7 and are unique
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Figure 2. Rapid Immune Cell Infiltration in Response to LNP/mRNA Administration to Distinct Injection Sites

(A-F) Cell suspensions obtained from muscle and skin injected with PBS or indicated formulations at 4 and 24 hr or 9 days post-immunization were used for enumeration of
immune cells per gram tissue from the injection sites. (A) Gating of infiltrating live CD45* immune cells in muscle (i.m.) and skin (i.d.) injected with PBS, LNP without
MRNA (Empty), or with mRNA content at 4 and 24 hr. (B) Comparison of CD45" immune cell levels in muscle versus skin at 4 or 24 hr after injection of empty LNP (=) or LNP
with mRNA cargo (+). (C and D) Characterization of the CD45" mobilized immune cell subsets: (C) CD66abce” neutrophils and (D) CD14* CD16™ classical monocytes,
CD14" CD16" intermediate monocytes, and CD14~ CD16" non-classical monocytes. (E) CD11¢™ myeloid dendritic cells (DCs) and CD123* plasmacytoid DCs. (F) CD1c
(BDCA-1) + or—DCs in muscle and CD1a* or CD209 (DC-SIGN)* APCs in skin at 4 and 24 hr (n = 5/group) and day 9 (n = 2/group). Filled and open circles show the mean and
individual values, respectively. *p < 0.05, **p < 0.01; ns, not significant. Wilcoxon signed-rank test.

in their secretion of high levels of type I IFNs, we exposed them to
LNP/mRNA in vitro. LNP/mRNA, but not empty LNP, induced
detectable IFNa production in PDCs indicating a contribution by
the mRNA content. However, the responses to LNP/mRNA were
lower compared to the synthetic TLR7/8 agonist R848 (Figure 4D).

LNP/mRNA may induce cellular activation directly but also in a
bystander manner via type I IENs as previously described.”® Consis-
tent with the upregulated CD80 gene expression in the injection sites
and LNs, we found that APCs at these sites upregulated CD80 surface
expression compared to APCs from the donor-matched PBS injection
sites (Figure 4E). The CD14" CD16" and the CD14~ CD16" mono-
cyte subsets plus CD1a" DCs infiltrating the injection sites and the

2638 Molecular Therapy Vol. 25 No 12 December 2017

skin-draining LNs showed the highest upregulation of CD80 (Fig-
ure 4F). In the i.m. group, CD1c" MDCs were more efficient at upre-
gulating CD80 than CD1c™ DCs. CDla* APCs responded more
strongly than CD209" APCs both in the LNP/mRNA injected skin
and its draining LNs. PDCs in both groups showed increased CD80
expression.

Interestingly, LNP alone, which was sufficient to induce immune cell
infiltration to the injection sites (Figures 2A and 2B), did not show
marked CD80 upregulation (Figure S4A). This suggests that the
mRNA cargo is the main inducer of cellular activation of APCs.
We confirmed that immune activation was not related to the specific
protein encoded by the mRNA, as APCs upregulated CD80 or CD86
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Figure 3. Gene Expression Analysis of the LNP/mRNA Injection Sites and the Draining LNs

(A-E) Gene regulation at the LNP/mRNA vaccine injection sites and in the draining LNs relative to corresponding PBS controls at 24 hr. logs, fold change (FC) represents logs
(ratio of the mean expressions at vaccine and PBS sites) (n = 4/group). (A and B) Heatmaps of selected genes at the injection sites (A) and draining LNs (B) that are primarily
involved in inflammation, migration, antigen uptake, and presentation. Examples of these genes are in the dashed boxes. (C) The number of selected genes with log, (FC) > 2
exclusively or mutually expressed in i.m. and i.d. groups and involved in inflammation (orange), migration (blue), or antigen uptake and presentation (gray). Boxes show
upregulated genes only ini.m. ori.d. group. (D and E) log, (FC) of specific genes of interest at the vaccine injection sites (D) and in the draining LNs (E) related to the indicated

pathways. Gray asterisks are genes involved in IFN signaling, and black asterisks are IFN-inducible genes.
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Figure 4. LNP/mRNA Induce Cellular Activation with Type | IFN Response Signature

(A-F) Analysis of cellular activation in situ post-immunization and in vitro. (A and B) Type | IFN-inducible MxA expression (red) in LNs draining PBS, LNP/mRNA, or empty LNP
injection sites at the indicated time points (A) and the number of MxA* cells per mm? LN area in i.m. and i.d. group combined (B). n = 4/group. Mean = SEM is shown. DAPI*
cell nuclei in blue. Scale bars, 200 um. (C) Serum CXCL10 (IP-10) prior and 24 hr after immunization (n = 4/group). Bar represents the mean. (D) IFNe production in vitro by

(legend continued on next page)
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with similar efficiency in vitro when LNP contained mRNA encoding
H10 or the fluorescent mCitrine protein (Figure S4B).

Multiple APC Subsets Translate the Vaccine mRNA In Vivo

Previous mouse studies showed translation of administered RNA in
organs or tissues by in vivo bioluminescence™*”~*’ or by histological
staining,**° Although translated mRNA is detected by these
approaches, they do not specify the infiltrating or tissue resident
immune cells capable of vaccine mRNA translation. We used
Atto655-labeled LNP with mRNA encoding the fluorescent mCitrine
protein for separate detection of LNP uptake and mCitrine transla-

tion in specific target cells following administration.

A noticeable number of total APCs, as defined by expression of HLA-
DR, were found to contain LNP and/or mCitrine already at 4 hr but
were increased at 24 hr at the injection sites and in the draining LNs
(Figure 5A). Distribution of the vaccine at the injection sites was also
verified in situ (Figure S5A). The i.d. group showed a slightly more
rapid appearance of mCitrine* APCs in the draining LNs. No LNP™*
or mCitrine® cells were detected at the PBS or unlabeled empty
LNP control sites demonstrating specificity of the signal and that
the uptake and translation of LNP/mRNA are restricted to the vacci-
nation sites and their draining LNs.

Infiltrating neutrophils were efficient at internalizing LNP but
showed low capacity to translate the mRNA (Figure 5B). In contrast,
classical CD14" CD16™ monocytes were found to be most abundant
mCitrine” immune cells at 24 hr after LNP/mRNA delivery. In addi-
tion, APC populations such as the CD16" monocyte subsets, CD1c*
and CD1c™ DCs as well as CD123" PDCs and CDla" and CD209"
APCs at the LNP/mRNA injection sites also showed clear mCitrine
translation especially at 24 hr (Figures 5C and 5D). Among the less
abundant APCs, CD14" CD16" and CD14~ CD16" monocytes in
the LNP/mRNA-draining LNs of the i.m. group were proportionally
the most efficient cells at LNP uptake at 24 hr, while CD14" CD16"
monocytes and PDCs translated more mCitrine (Figure 5E). Overall,
there was more mCitrine” and less LNP* monocytes and DCs at 24 hr
compared to 4 hr. The inverse relation may indicate that a large pro-
portion of the acquired LNP has been degraded intracellularly at 24 hr
and the mRNA cargo has advanced to translation. Detachment or
quenching of the Atto-655 dye of the LNPs is unlikely since LNP
was readily detectable in neutrophils at both time points (Figure 5B).
While CD1a™ and CD209" APCs in skin showed some low mCitrine
signal at day 9, no other mCitrine” immune cells were detected at
the injection sites or draining LNs (Figures 5B-5D).

Uptake of LNPs was reported to be facilitated in the presence of
ApoE.”” Monocytes and DCs highly express LDL- and LDL-like
receptors.”® B cells also express LDL receptors,’' but were few in com-

parison to monocytes and DCs at the injection sites (Figures S2A and
S$2B), but LNP" mCitrine * B cells and T cells existed in the draining
LNs in both the i.d. and i.m. groups (Figure S5B).

mRNA Translation in APCs Leads to Phenotypic Differentiation
Since monocytes and DCs at the injection sites and in the draining
LNs showed efficient LNP uptake and mRNA translation in addition
to phenotypic differentiation, we assessed whether these features
co-existed in the same cell. We found higher expression of the
T cell co-stimulatory marker, CD80, in the APCs that showed
mRNA translation (mCitrine*) compared to mCitrine- APCs, which
suggests that cellular activation during mRNA translation ultimately
result antigen-loaded APCs optimized for antigen presentation (Fig-
ure 5F). As expected, there was no CD80 upregulation on cells
exposed to empty LNP without mRNA. We observed the same
pattern in isolated rhesus and human APCs exposed in vitro to
LNP/mRNA (Figure S5C).

Priming of T Cell Responses Is Restricted to the mRNA Vaccine-
Draining Lymph Nodes

We have earlier shown that the location of vaccine®™ APCs after
protein/adjuvant vaccine administration is exclusively in the vac-
cine-draining LNs leading to priming of CD4" T cells at this site.’
We investigated if H10-specific CD4" T cells were initially generated
by the LNP H10 mRNA vaccine in the LNs draining vaccine admin-
istration versus irrelevant distally located LNs at day 9 post-immuni-
zation. Carboxyfluorescein succinimidyl ester (CFSE)-labeled LN
suspensions were cultured with H10 peptides to stimulate prolifera-
tion of H10-specific CD4" T cells identified by CFSE-dilution.
CD4" T cell proliferation was strictly found in the vaccine-draining
LNs and not present in the irrelevant control gut-draining LNs (Fig-
ure 6A). This demonstrates that priming of responses occurs exclu-
sively in the draining LNs of mRNA vaccine administration. The
location of the priming was confirmed by additional experiments
where IFNy production by H10-specific CD4" T cells was detected
only in the vaccine-draining LN after expansion for 3 days followed
by restimulation with H10 peptides (Figure 6B). Thus, LNP/mRNA-
induced immunity, as represented by the priming of H10-specific
CDA4 T cells, was restricted to the LNs draining vaccine administration
sites. Collectively, this study shows that mRNA vaccine delivery
results in rapid cell infiltration and type I IFN-polarized activation
coinciding with effective translation of the mRNA in APCs, which
result in induction of robust vaccine-specific immunity.

DISCUSSION
mRNA and modified mRNA vaccines have emerged as a promising
vaccine platform and are being evaluated in preclinical studies as

6,

. . . . 3-6,16 . .
well as human trials for infectious diseases. Despite this, several

fundamental aspects of the mechanisms of action of mRNA vaccines

rhesus CD123* PDCs stimulated for 16 hr with the indicated conditions. n = 8. Mean + SEM is shown. (E) Expression of co-stimulatory CD80 at 24 hr on lineage (CD3/CD8/
CD20)” HLA-DR™ APCs at the injection sites and in the draining LNs. Gray-filled histogram are PBS control sites, and blue (i.m.) and red (i.d.) lines denote LNP/mRNA sites
from the same animal. (F) Compiled background (i.e., PBS site) subtracted from the mean fluorescence intensity (MFI) of CD80 on APC subsets at 4 and 24 hr. n = 4/group.
Mean + SEM is shown. *p < 0.05, *p < 0.01, **p < 0.001, ns (not significant). Wilcoxon signed-rank test.
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Figure 5. Efficient LNP Uptake and Vaccine mRNA Translation Coincide with Cellular Activation

(A-F) Animals received mRNA-encoding fluorescent mCitrine protein encapsulated in Atto-655-labeled LNP at the indicated time points for analysis of LNP uptake and
mCitrine mRNA translation per gram tissue from the injection sites and the draining LNs. (A) Uptake of LNP and translation of the delivered mRNA by lineage™ HLA-DR* APCs
in suspensions of muscle (i.m.) and skin (i.d.) injection sites and the draining LNs at 4 versus 24 hr post-injection. Empty LNPs indicate unlabeled LNPs without mRNA. (B-D)
Compiled data of LNP uptake and mRNA translation by neutrophils (B) and monocyte (C) or DC (D) subsets at 4 or 24 hr (n = 4/group) and day 9 (n = 2/group). Open and

(legend continued on next page)
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are largely unknown. In this study, we show that two immunizations
of LNP/H10 mRNA without adjuvant induced antibody titers that
persisted above the protective level for seasonal influenza transmis-
sion during the study period of 25 weeks. We found that APCs
were targeted by the vaccine both at the site of administration and
in the draining LNs, leading to rapid translation of the vaccine antigen
and phenotypic differentiation particularly in the APCs that produce
the antigen. The innate immune cell activation was characterized by
mRNA-mediated type I IFN responses, which were transient and
local. Generation of vaccine-specific immunity developed within
9 days after immunization and exclusively occurred in the vaccine-
draining LNs regardless of which administration route (i.d. or i.m.)
was used.

Efficient targeting of professional APCs by mRNA vaccines may be
one mechanism by which vaccine-specific responses are rapidly and
efficiently generated.” Using multicolor flow cytometry of cell suspen-
sions from the site of injection and the draining LNs, we found that
the predominant cell populations that were mobilized after LNP/
mRNA vaccine delivery were neutrophils, monocytes and DCs.
This infiltration pattern is reminiscent of what was reported on
mouse muscle receiving the SAM vaccine in nanoemulsion* and by
our previous observations with administration of an adenoviral
vector” or protein antigen with different adjuvants in the NHP
model.** However, here we found that although these cell populations
efficiently internalized LNP according to their high endocytic activity,
only monocytes and MDCs showed high translation of the mRNA-
encoding protein. We found that HI10 responses were specifically
generated in the vaccine-draining LNs suggesting that APCs at this
location must have been either directly targeted by the vaccine or
internalized antigen sequestered from adjacent cells. Also, our data
indicate that the APCs that translated protein also specifically under-
went maturation, characterized by upregulation of co-stimulatory
molecules required in the antigen presentation process. Furthermore,
type I IENs have been reported to support upregulation of molecules
involved in antigen presentation and processing in vitro,”* which is in
line with our data on increased gene expression of CD80, TAP2, CTSL
and HLA-DR along with an IFN response.

Both by i.d. and by i.m. delivery, multiple monocyte and DC subsets at
the injection sites and in the draining LNs showed translation of the
mRNA. Interestingly, apart from classical monocytes, our LNP/
mRNA vaccine also targeted the CD14" CD16" intermediate mono-
cytes, which have been shown to support antibody responses by stim-
ulating plasmablast differentiation® and secrete pro-inflammatory
cytokines upon TLR7 stimulation.'® By i.m. administration CD11c*
MDCs including the CD1c" DCs superior at stimulating strong
CD4" T cell responses®® and the CD1c~ population containing the

CD141" DCs with cross-presenting abilities’” showed efficient pro-
duction of the antigen. In contrast, by i.d. administration skin DCs,
ie, CDla" DCs and CD209" DC populations® were targeted.
Thus, antigen production and presentation to CD4" T cells are likely
performed by different APC subsets depending on the delivery route
of the LNP/mRNA vaccine. Rapid targeting and activation of skin
DCs and efficient transport to draining LNs could explain why the
i.d. group showed stronger initial responses. In addition, only skin
monocytes and DCs showed evidence of antigen translation at day
9, indicating prolonged antigen availability. In vivo imaging of mice
receiving LNP/mRNA by different routes showed that i.d. delivery re-
sulted in the most durable expression of mMRNA-encoded protein.””

PDCs infiltrated the injection sites by either delivery route but showed
low translation of the mRNA. Since PDCs exhibit low antigen presen-
tation capacity® they likely contribute to the responses induced by
mRNA vaccines by other functions, e.g., production of type I IFNs.
Moreover, as the size of the LNPs (approximately 100 nm) enables
both passive or cell-associated transport to the draining LN, this
allows for delivery of LNP/mRNA to a range of cells and may explain
the rather strong signals in B cells and T cells in draining LNs. Because
B cells express TLR7’” and present antigens, this may facilitate inter-
actions with cognate T helper cells during the process of B cell differ-
entiation into vaccine-specific antibody secreting cells.

The lack of antigen" cells at the PBS or non-injected control sites
demonstrates a restricted distribution to the injection site and the
draining LNs of the LNP/mRNA vaccine after administration, which

4,29
as well as

is in line with earlier studies on mRNA delivery in mice
in NHPs immunized with protein antigen in adjuvant.’” Therefore,
the presence of professional APCs with translated mRNA and with
upregulated co-stimulatory molecules in vaccine-draining LNs pro-
vides an ample milieu for priming of naive CD4" T cells. Not surpris-
ingly, we found ongoing generation of vaccine-specific CD4" T cells
only in the vaccine-draining LNs. Detection of mRNA-encoded anti-
gens in the LNs peaked at 24 hr whereas the antibody responses were
sustained for weeks. This is in line with the short detection time for
vaccine protein antigen” cells’* that also induces durable vaccine im-
munity.*? It is possible that vaccine antigen levels below the detection
limit on follicular DCs in the LNs sufficiently provide antigens to
maintain vaccine responses, however vaccine-induced plasma cells
in bone marrow secrete antibodies independent of cognate antigens.*’

A recurrent finding in mouse reports on mRNA delivery is the induc-
tion of type I IFN responses.>*>*>*>*> We show that LNP/mRNA
vaccine delivered to distinctly different clinically relevant immuniza-
tion sites induced significant type I IFN responses both at the gene
and protein level in the draining LNs. The mRNA construct used

closed circles denote mean + SEM of LNP* and mCitrine™ cells, respectively. Asterisks indicate significantly higher mCitrine* subsets compared to the opposing group or cell
subset at the same time point. Mann-Whitney test. (E) Proportions of LNP* or mCitrine™ cell subsets. Doughnut and pie charts represent the more versus less frequent cell
subsets, respectively. (F) CD80 expression on HLA-DR* Lin~ APCs according to their LNP uptake (L) and mCitrine mRNA translation (M) as indicted by the quadrant gate.
CD80 MFI and the percentage of CD80* of these populations are compiled, and asterisks indicate significant differences compared to the L~ M~ population. n = 4/group.

Mean + SEM is shown. Wilcoxon signed-rank test. *p < 0.05, **p < 0.01.
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Figure 6. Priming of H10-Specific CD4" T Cells Is Restricted to Draining LNs
(A and B) H10-naive animals received i.m. or i.d. immunizations with LNP with H10
mRNA upon which LNs draining vaccine injection or irrelevant non-vaccine draining
LNs were harvested 9 days later for evaluation of H10-specific of CD4" T cell re-
sponses. (A) CFSE-labeled suspensions of LNs draining i.m. or i.d. LNP/H10 mRNA
injection sites or irrelevant gut draining control LNs at day 9 post-immunization were
cultured for 3 days with H10 peptides for CFSE dilution by responding and prolif-
erating H10-specific CD4* T cells. (B) IFNy production after 6 hr H10 peptide
stimulation by H10-specific CD4* T cells in the indicated LN cell suspensions that
were cultured for 3 days with H10-peptides (i.e., to allow expansion of H10-specific
CD4* T cells) or with media only. n = 2/group. Mean + SD is shown.

in this study was modified to increase translational efficiency while
avoiding excess innate activation.” This type of mRNA constructs
have shown promise for regenerative'"'” and cancer therapies.”"’
Type I IFNs have been shown to be critical for inducing anti-tumor
responses both in mice and in humans in response to intravenously
administered RNA aimed at cancer immunotherapy.z’]3 However,
other studies utilizing mice devoid of the IFNa receptor showed
that IFNo reduces the antigen expression and consequently the
induction of antigen-specific immunity,” while we recently found
that the level of immunity was not affected.® Whether type I IFNs
are beneficial or detrimental for the generation of vaccine-induced
immunity is an intense topic of debate.>**>** Contradictory results
may relate to differences in IFNo amounts stimulated by the specific
mRNA formulations and/or the route of administration. The timing
of transfection, cellular activation and initiation of translation of the
vaccine mRNA in vivo may also be critical to circumvent any type I
IFN-mediated block in mRNA translation.

Furthermore, IFNg, is known to support CD8" T cell immunity,***>
but we observed low H10-specific CD8" T cells in the rhesus macaque
model. mRNA vaccines have been shown to induce CD8" T cell
responses in mice”” but remains to be investigated more thoroughly
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in NHPs and humans. The modest CD8" T cell responses in our study
may be explained by the limited CD8" T cell epitopes present in influ-

o
enza HA for rhesus macaques as shown for humans.*®

Comparison of trivalent versus monovalent seasonal influenza
vaccines showed that the more potent trivalent vaccine also induced
stronger type I TFN responses in vaccinated individuals.”” While HA-
specific antibodies confer protection for influenza, other infections
may require a stronger polyfunctional Th1 CD4" T cell response
than observed in this study. Whether this can be achieved by
co-formulating the mRNA vaccine with a strong Thl skewing adju-
vant like poly I:C remains to be explored.”*>* We have previously
reported that high-magnitude vaccine responses obtained by protein
antigen together with a TLR7 agonist and alum was associated with a
potent type I IEN response in NHPs,*” similar to what we observed in
the current study.

To conclude, our data obtained from a rhesus macaque model, appre-
ciated for its high translational value for human vaccine responses,
provide mechanistic insights by which modified mRNA vaccines
initiate innate immune activities at the injection site and in draining
LNs that culminate in the priming of CD4" T cells. A much better
understanding of how strong vaccine responses can be elicited,
tailored and sustained over time with modified mRNA construct
would have significant impact on improving the design of this new
vaccine platform.

MATERIALS AND METHODS

Generation of Modified mRNA and Lipid Nanoparticles

Modified mRNA encoding the HA of HIONS influenza A virus
(A/Jiangxi-Donghu/346/2013) or the yellow fluorescent protein
mCitrine were generated as previously described.® The lipid mixture
was combined with a 50 mM citrate buffer (pH 4.0) containing
mRNA at a 3:1 ratio (aqueous:ethanol) using a microfluidic mixer
(Precision Nanosystems, Vancouver, BC, Canada). For formulations
containing GLA (Avanti Lipids, Alabaster, AL, USA), 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 formulations were dia-
lyzed against PBS, concentrated using Amicon ultra centrifugal filters
(EMD Millipore, Billerica, MA, USA) and passed through a 0.22 pm
filter. Particles were 80-100 nm in size with >95% RNA
encapsulation.

Immunizations

This study was approved by the Local Ethical Committee on Animal
Experiments. Twelve 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. All procedures were performed abiding to
the provisions and general guidelines of the Swedish Animal Welfare
Agency. Animals were allocated to three groups (n = 4/group)
receiving either im. or id. administration of LNP/HI0 mRNA
(50 ng) or LNP/H10 mRNA formulated with GLA adjuvant (5 pg)
by the i.m. route. Animals were immunized at week 0 and 4 and
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the group receiving LNP/HIOmRNA with GLA was boosted again at
week 15. For innate immune response studies, animals received two
im. or id. injections of Atto-655 labeled LNP/mCitrine mRNA
(50 ng/site) at different sites at 4 and 24 hr respectively (n = 4/group).
PBS (24 hr) and empty non-labeled LNP (4 or 24 hr) injections served
as internal controls. For evaluation of priming of CD4" T cells and
vaccine tracking at day 9, contralateral sites received i.m. or i.d. injec-
tions with a 1:1 mixture of Atto-655 labeled LNPs containing either
mCitrine (50 pg) or HI0 mRNA (50 pg). The final injection volumes
were 0.5 (im.) or 0.1 mL (i.d.) for immunogenicity study and 1 (i.m.)
or 0.25 mL (i.d.) for innate response study. im. injections were
administered as described”” and i.d. injections were split into three
separate deliveries (< 10 mm apart) on a marked injection site.

Analyses of Vaccine-Specific Responses after Prime-Boost
Immunizations

The HAI assay was performed with 0.5% turkey red blood cells
(Rockland Antibodies and Assays, Limerick, PA, USA) diluted in
PBS. Non-specific HAI was prevented by incubating serum over-
night at 37°C with receptor destroying enzymes (Denka Seiken,
San José, CA, USA). Serial dilutions (1:2) of serum samples were
performed in V-bottom 96-well plates in duplicates, starting with
a 1:10 dilution. Recombinant HA of H10N8 influenza A virus
(four units), A/Jiangxi-Donghu/346/2013 (Medigen, Frederick,
MD, USA) was added to diluted serum and incubated for 30 min
at room temperature. The reciprocal of the last serum dilution
resulting non-agglutinated red blood cells represented the HAI titer.
Titers <10 were assigned as 1. Stimulation of H10-specific recall
CD4" T cell responses was performed on U-bottom 96-well plates,
where 1.5 million peripheral blood mononuclear cells (PBMCs)
per well were stimulated overnight with overlapping peptides
of full-length H10 protein (2 pg) in presence of brefeldin
A (5 pg/ml, Sigma, St. Louis, MO, USA). Production of IFNYy,
IL-2, and TNF by restimulated H10-specific CD4 T cells was evalu-
ated after intracellular staining (Table S1) as described.’® H10-spe-
cific CD4" T cells were estimated by flow cytometry, and their
polyfunctionality was analyzed using SPICE software (v.5.35).

Analyses of CD4* T Cell Responses in Draining LNs after Priming
PBMC:s and cell suspensions from LNs draining vaccine injection or
gut-draining (mesenteric) control LNs after prime immunization
were labeled with 1 pM CFSE (Invitrogen, Carlsbad, CA, USA) for
7 min at 37°C, and labeling was stopped by neat fetal calf serum
(FCS) and washed with complete media (10% FCS, 1% penicillin/
streptomycin/glutamine in RPMI [all from GIBCO, Stockholm,
Sweden]). CFSE-labeled cells were cultured for three days in absence
or presence of H10 peptides (3 pig, 15-mers overlapping by five amino
acids, 95% purity) (Genscript, Piscataway, NJ, USA) to assess CFSE
dilution by responding H10-specific CD4 T cells. To evaluate IFNy
production by H10-specific CD4 T cells after prime, LN cells or
PBMC:s were expanded in culture with H10 peptides (3 pg) for three
days, washed, and restimulated (2 pg H10 peptides) for 6 hr in pres-
ence of brefeldin A prior to intracellular cytokine staining (ICS) as
described above.

Tissue Single-Cell Suspensions

Injected muscle tissues were sampled during necropsy and separately
stored in RPMI on ice as described.> Injected skin (25 mm radius)
was dissected for cell suspension. All tissues were separately processed
without pooling 1 hr after harvesting. Muscle and skin were weighed,
normalized to 1 g by removal of fat, connective tissue, and excess
muscle or skin, respectively. Muscles were processed and digested
with Liberase as described in detail.”” Skin was digested with Liberase
TH (0.26WU/ml, Roche, Indianapolis, IN, USA) plus DNase
(0.1 mg/ml, Sigma) at 37C° for 1 hr under agitation, and Liberase
activity was quenched with complete media. Skin digestions were
filtered through 70 pum cell strainers (BD, Stockholm, Sweden),
washed with PBS, and immediately stained for flow cytometry.
Lymph nodes (LNs) were minced with scissors and mechanically
disrupted in 70 pm cell strainers using a plunger, washed, and stained
immediately. PBMCs were obtained via standard protocols.

Cell Characterization by Flow Cytometry

Filtered and washed suspensions representing approximately 1 gram
of tissue or 5 x 10° LN cells were stained with Live/Dead fixable Blue
dead cell stain kit according to the manufacturer’s protocol (Invitro-
gen), blocked with FcR-blocking reagent (Miltenyi Biotec, San Diego,
CA, USA), and stained with cocktail of fluorescent antibodies
(Table S1). Stained samples were spiked with AccuCount beads
(Spherotech, Lake Forest, IL, USA), and cell subset numbers were
calculated according to the manufacturer’s protocol. A total of
1-2 million events per sample were acquired using LSR Fortessa
flow cytometer (BD) and analyzed with FlowJo software (Tree Star).

CXCL10 (IP-10) ELISA

Serum CXCL10 before and 24 hr after LNP/mCitrine mRNA injec-
tion was detected by Human CXCL10 Quantikine ELISA (R&D
Systems, Minneapolis, MN, USA) using the manufacturer’s protocol.

In Situ Staining

Punch biopsies (4 mm) from the injection sites and the draining LNs
were collected and snap-frozen in OCT (Sakura Finetek, Torrance,
CA). Cryosections of muscle and skin from injection sites and LN
biopsies (6 pm) were stained with anti-MxA antibody (Professors
Haller and Kochs, University of Freiburg, Germany) as described.’
All, except LN, sections were also stained with wheat germ agglu-
tinin-Alexa Fluor 594 (Invitrogen) to visualize plasma membrane.
Sections were mounted with SlowFade Gold antifade regent with or
without DAPI (Invitrogen). Images were acquired using a Nikon
Eclipse Ti-E, Nikon Al confocal microscope, 20X objective. MxA™
cells were quantified using Cell profiler software (Broad Institute).

In Vitro Stimulation

The Institutional Review Board approved the use of human blood.
Rhesus macaque PBMCs or APCs isolated from human blood with
RosettSep monocyte enrichment kit (Stemcell Technologies, Water-
beach, Cambridge, UK) were stimulated overnight with LNP/H10
mRNA (5 pg), LNP/mCitrine mRNA (5 pg), or unlabeled empty
LNP (5 pg) where indicated. Detection of intracellular IFNo and
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cellular activation by CD80/CD86 upregulation was assessed by flow
cytometry (Table S1).

Microarray and Data Analysis

Skin, muscle and LN tissues were stored in RNAlater (Invitrogen)
at —20°C until use (n = 4/group). RNA was prepared using Trizol
(Ambion, Austin, TX, USA) with Tissuelyser (QIAGEN, Valencia,
CA, USA) according to the manufacturer’s protocol. Cyanine-3
(Cy3)-labeled cRNA was prepared from 200 ng total RNA with Quick
Amp Labeling Kit (Agilent, Stockholm, Sweden) according to the
manufacturer’s protocol, followed by RNeasy column purification
(QIAGEN). Cy3-cRNA was hybridized to Agilent Rhesus Macaque
Gene Expression Microarrays v2 (part number G2519F-026806) for
17 hr at 65°C and processed according to the manufacturer’s proto-
col. Slides were scanned by Agilent DNA Microarray Scanner
(G2505C), and images were processed in Agilent Feature Extraction
Software. Local background-adjusted signals (gProcessedSignal)
were additionally quantile normalized using the Bioconductor pack-
age to achieve consistency between samples. Changes in a pre-selected
set of genes of interest, related to inflammation, migration, and anti-
gen uptake/presentation were also considered using descriptive plots.
Probesets corresponding to these genes were identified by manual
curation of the array manufacturer’s annotation. Statistical analysis
and generation of descriptive was carried out using customized scripts
in R (v.3.3) and Python (v.3.5). Gene array data are deposited in GEO:
GSE98211.

Statistical Analysis

Two-way ANOVA test with Tukey’s multiple comparisons was used
for analysis of HAI titers and T cell cytokine responses, whereas the
remaining compiled data were assessed by two-sided paired
(Wilcoxon signed-rank test) or an unpaired (Mann-Whitney test)
t test analysis. All analyses were performed using GraphPad Prism
(v.5.0c) software and considered significant at *p < 0.05, **p < 0.01,
and ***p < 0.001.
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Figure S1
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Figure S1. IFN-y responses by H10-specific CD4+ and CD8+ T cells after prime and boost immunization.
Rhesus macaques received either intramuscular (I.M.) or intradermal (I.D.) prime and boost immunizations with
LNP/H10 mRNA with our without GLA adjuvant at week 0 and 4 respectively. PBMCs collected one week after
prime (open) or boost (filled) were stimulated with H10 peptides for analysis of H10-specific IFN-y production by
total memory CD4+ T cells (blue) vs. CD8+ T cells (red) (n=4/group). Each connected circles show the percentages
of IFN-y+ T cells from an individual animal at the indicated week.



Figure S2
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Figure S2. Gating strategy of rhesus macaque immune cell subsets at immunization sites. (A and B) Cell
suspensions obtained from processed muscle (A) and skin (B) biopsies collected at the LNP/mRNA injection sites
were stained with indicated panels. PBMCs were stained in parallel for reference.



Figure S3
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Figure S3. Immune cell infiltrating the sites of empty LNP vs. LNP/mRNA administration. Muscle and skin
injected with LNP without mRNA content (Empty LNP) or LNP/mRNA were sampled for phenotyping of
infiltrating immune cells. (A) The number of specific cell subsets in the empty LNP-injected muscle (blue) or skin
(red) at 4 hrs (hatched bars, n=3/group) or 24 hrs (n=2/group). (B) Pie charts representing the proportions of
different cell subsets mobilized to the muscle or skin at 24 hrs post-injection with empty LNP vs. LNP/mRNA
(n=5/group). Proportions of infiltrating cell subsets found in lower frequencies are shown by the smaller pie charts
and the doughnut charts depict the more abundant cell types.



Figure S4
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Figure S4. Cellular activation by vaccine mRNA is independent of the encoded protein. (A) Histogram on
CD80 expression by HLA-DR+ Lin (CD3/CD8/CD20)- APCs at the PBS (blue) vs. Empty LNP (red) sites from the
same animals. (B) Histograms of CD80 or CD86 expression by HLA-DR+ Lin- APCs after in vitro stimulation with
LNP containing mRNA encoding H10 or mCitrine. Compiled data on background (i.e. media only) subtracted CD86
MFTI values from stimulated HLA-DR+ Lin- APCs or CD14+ monocytes, (n = 8). Bars represent the mean, ns (not
significant). Wilcoxon signed rank test.
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Figure. S5. LNP/mRNA distribution and targeting of lymphocytes in vivo and APCs in vitro. (A) Images of
muscle and skin at 4 hrs post LNP/mRNA injection. Arrows indicate the distribution of LNPs labeled with Atto-
6470r 655 (green) and cell membrane is visualized with wheat germ agglutinin (red). Asterisk denotes epidermis of
the skin. Scale bars: 200 mm. (B) LNP+ and mCitrine+ T cells and B cells in the draining LNs at the indicated time
points. Open and closed circles denote mean+SEM of LNP+ and mCitrine+ cells respectively. (C) CD80 expression
in vitro on four populations of human (n = 5) and rhesus (n = 4) HLA-DR+ Lin- APCs according to vaccine uptake
and translation as shown in the gating key. Mean +SEM shown.



Table S1. Fluorescently labeled antibodies for flow cytometry.

Marker Clone Company
CD1a SK9 BD Biosciences
CD1c (BDCA-1) AD5-8E7 Miltenyi Biotec

CD11c 3.9 Biolegend
CD123 7G3 BD Biosciences

CD14 M5E2 Biolegend
CD16 3G8 BD Biosciences
CD20 L27 BD Biosciences
CD209 (DC-SIGN) DCN46 BD Biosciences
CD3 SP34-2 BD Biosciences
CD4 L200 BD Biosciences
CD45 D058-1283 BD Biosciences
CD45RA L48 BD Biosciences
CD66 biotin TET2 Miltenyi Biotec

Steptavidin-BV421 - Biolegend
CDs8 RPA-T8 BD Biosciences
CD80 L307.4 BD Biosciences
CD86 IT2.2 BD Biosciences

HLA-DR TU36 Invitrogen
IFN alpha LT27:295 Miltenyi Biotec
IFN gamma 4S.B3 BD Biosciences
IL-2 MQ1-17H12 BD Biosciences

TNF MAb11 Biolegend
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