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Ef cacy of a Virus-Like Nanoparticle
As Treatment for a Chronic Viral
Infection Is Hindered by IRAK1
Regulation and Antibody Interference

Karine Chartrand !, Marie-Eve Lebel !, Esther Tarrab?, Pierre Savard 2, Denis Leclerc 2
and Alain Lamarre *

Immunovirology Laboratory, Institut national de la recherche scienti que (INRS), INRS-Institut Armand-Frappier,
Laval, Quebec, Canada?Infectious Disease Research Center, Department of Microbiology, Infectiology and Immunology,
Laval University, Quebec City, Quebec, Canada

Although vaccination has been an effective way of preventing infections ever since the
eighteenth century, the generation of therapeutic vaccines and immunotherapies is still a
work in progress. A number of challenges impede the development of these therapeutic
approaches such as safety issues related to the administration of whole pathogens
whether attenuated or inactivated. One safe alternative to classical vaccination methods
gaining recognition is the use of nanoparticles, whether synthetic or naturally derived. We
have recently demonstrated that the papaya mosaic virus (PapMV)-like nanoparticle can
be used as a prophylactic vaccine against various viral and bacterial infections through
the induction of protective humoral and cellular immune responses. Moreover, PapMV is
also very ef cient when used as an immune adjuvant in an immunotherapeutic setting at
slowing down the growth of aggressive mouse melanoma tumors in a type | interferon
(IFN-I)-dependent manner. In the present study, we were interested in exploiting the
capacity of PapMV of inducing robust IFN-I production as treatment for the chronic viral
infection model lymphocytic choriomeningitis virus (LCMV) clone 13 (CI13). Treatment
of LCMV Cl13-infected mice with two systemic administrations of PapMV was ineffec-
tive, as shown by the lack of changes in viral titers and immune response to LCMV
following treatment. Moreover, IFN- production following PapMV administration was
almost completely abolished in LCMV-infected mice. To better isolate the mechanisms
at play, we determined the in uence of a pretreatment with PapMV on secondary PapMV
administration, therefore eliminating potential variables emanating from the infection.
Pretreatment with PapMV led to the same outcome as an LCMV infection in that IFN-
production following secondary PapMV immunization was abrogated for up to 50 days
while immune activation was also dramatically impaired. We showed that two distinct
and overlapping mechanisms were responsible for this outcome. While short-term inhi-
bition was partially the result of interleukin-1 receptor-associated kinase 1 degradation, a
crucial component of the toll-like receptor 7 signaling pathway, long-term inhibition was
mainly due to interference by PapMV-speci ¢ antibodies. Thus, we identi ed a possible
pitfall in the use of virus-like particles for the systemic treatment of chronic viral infections
and discuss mitigating alternatives to circumvent these potential problems.

Keywords: plasmacytoid dendritic cells, interferon- ,

choriomeningitis virus clone 13

PapMV, IRAK1, Sca-1, antibodies, lymphocytic
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INTRODUCTION immune system. Furthermore, we have shown that PapMV
induces protective immune responses against pathogens when
Type | interferons (IFN-I), mainly IFN- and IFN-, are a family used as a vaccine platform or an adjuvastg4, 36) and slows
of cytokines with potent antiviral and immunomodulatory prop- melanoma development when used in an immunotherapeutic
erties. e e ects of these cytokines on their milieu are complexsetting g7).
and a ect multiple cells of the immune system by: (i) inducing  Considering that PapMV induces strong IFN-I responses, we
activation of dendritic cells (DCs),); (ii) sustaining activation sought to evaluate its potential as an immune adjuvant for the
of CD8 T cells §, 4); and (jii) inducing di erentiation of B cells  treatment for chronic viral infections with the objective of replac-
into antibody secreting cell§,€). us early IFN-I production  ing exogenous IFN- administration with endogenous IFN-
is essential for the control of most viral infections such as mousecretion following systemic PapMV delivery. is approach
hepatitis virus (MHV) {), lymphocytic choriomeningitis virus would provide a universally applicable immune stimulatory
(LCMV) (8, 9), or simian immunode ciency virus (SIV)JL().  molecule that could be used against all viral infections without
However, whereas early and transient expression of IFN-I controlgquiring expression of de ned viral antigens. We observed that
the infection, prolonged exposure bears detrimental e ects to thgeatment of mice chronically infected with the persistent strain of
host's immune responsé@-12). e balancing act between the | CMV (LCMV-CI13) with PapMV was unable to clear the infec-
positive and negative e ects of the IFN-I response is observed fidn. Moreover, multiple administrations of PapMV induced an
the clinical setting as displayed by the well-documented adverggmune tolerance as shown by the almost complete abrogation of
e ects of IFN therapy(3, 14). us, despite being the standard- |FN- production following secondary PapMV administration.
of-care against various diseases, emerging therapies now focusishow that this tolerization is the result of a combination of fac-

IFN-free glter_native_s. _ tors including interleukin-1 receptor-associated kinase 1 (IRAKI)
~ Uponviralinfection, plasmacytoid DCs (pDCs) are characterdegradation and interference by PapMV-speci ¢ antibodies. is
ized as the main producers of IFN-I [reviewed in Ref.{6)].  information will be crucial for further clinical development of the

is major characteristic is mainly due to their Toll-like receptor papMV platform.

(TLR) expression pro le. While other innate immune cells express

a wide array of TLRs, pDCs mainly express the endosomal TLR

and TLR9 {6), which bind genetic material typically associate ATERIALS AND METHODS

with viral pathogens, such as ssRNA and unmethylated DNﬁEthiCS Statement

respectively. ese receptors are also capable of recognizing ana- . . .
; . - L s study was performed in accordance with the Canadian

logs of their natural ligands such as imidazoquinoline and Cp

for TLR7 and TLR9, respectively?). rough their production Ol.mC” on Animal Care guidelines. Ailwvogxpenments were

. . reviewed and approved by the Institut national de la recherche
of IFN-I, pDCs also serve as a bridge between innate and adaptive . . .
) . o . scienti que animal care committee.
immune responses as illustrated by their ability to activate natura
killer cells (8), other DCs 19, 20) as well as T celld4 & 21).

Consequently, upon pDC depletion, mice become highly suscey'ce )
tible to viral infection with MHV {), herpes simplex viru®?%, emale 6- to 10-week-old C57BL/6 mice were purchased from
23, LCMV (24), vesicular stomatitis virus.), or the murine Charlgs River Labora'ForlesT_Jmc_e were_klndly provided by Dr.
cytomegalovirus(g among others. Rolf Zinkernagel (Zurich University, Switzerland).

By harnessing the central role of pDCs, we have demonstrated
the potential for the use of a plant virus-like nanoparticle as &€lls and Virus
vaccine candidate as well as an adjuvant in various infectiougmphocytic choriomeningitis virus CI13 was kindly provided by
models £5-34). Our platform is based on the papaya mosaid®r. Rolf Zinkernagel (Zurich University, Switzerland). MC57G
virus (PapMV) nanoparticle that contains a non-replicative broblast were cultured in minimal essential medium with Earle’s
synthetic ssRNA rendering it safe for future human use. e syn-salt (Wisent, St-Bruno, QC, Canada) containing 5% heat inacti-
thetic ssRNA found inside the capsid is recognized by the TLRAted fetal bovine serum (FBS) (PAA Laboratories, Mississauga,
of pDCs B1), leading to the production of IFN- 26, 31, 35,  ON, Canada).
IL-6 (30, 31) along with other cytokines and chemokines. PapMV
resultantly activates DCs, macrophages, T cells as well as B deggoMV Nanoparticles
(26, 28, 31, 35, making this platform versatile in activating the PapMV nanoparticles were provided by Folia Biotech (Quebec,
QC, Canada) and were produced as described b&@rd&(ie y,
coat proteins are self assembled in véround a non-coding
Abbreviations: BFA, Brefeldin A; BMpDCs, bone marrow-derived plasmacytoid SSRNA. Lipopolysaccharide (LPS) contamination was always <50
dendritic cells; dpi, days postinfection; FBS, fetal bovine serum; HBV, hepati@dotoxin units/mg protein and considered as negligible.
B virus; HCV, hepatitis C virus; IFN, interferon; IRAK1, interleukin-1 receptor-
associated kinase 1; LCMV CI13, lymphocytic choriomeningitis virus clone 1:EC MV CIl13 Infection and Treatment
LPS, lipopolysaccharide; MFI, mean uorescence intensity; MHC-I, class | majqr,. . . .
histc;co[?"ngati)lbility compléx; P’apM\/, papaya mosaic viru);’ nanopérticle; pDC] , .ICe were infected WIth>2103 pfu of LCMV CI13i.v. and treated
plasmacytoid dendritic cells; Poly I:C, polyinosinic:polycyticylic acid; TLR, tollWith 400 pg of PapMV i.v. on days 3 and 5. Serum was collected 6 h
like receptor; WT, wild type. following each treatment to assess IFN- production. Blood was
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collected 8 days postinfection (dpi) and mononuclear cells wepincture. Blood was allowed to clot for 30 min at room tempera-
isolated by density gradient over Ficoll-Pague (GE Healthcatare. Tubes were then centrifuged at 1,§30r 10 min at room

Life Sciences, Mississauga, ON, Canada) and centrifugedtemnperature. Sera were pooled and injected i.p. to mice whereby
1,200 rpm for 20 min at room temperature. Cells were collectettie serum from two mice was used to inject one mouse. A er
and washed with PBS then stained for 30 min at 37°C wigh,GP 24 h, mice were immunized with 100 pg of PapMV or control
PE tetramers, which were synthesized as previously described Serum was collected 6 h later to quantify IFN- and PapMV-
(38), to label CD8T cells speci c for the MHC-I gp33 epitope speci ¢ antibodies and activation of pDCs was assessed in spleen
of LCMV. Extracellular staining was performed on unwashe@4 h postimmunization.

cells for 20 min at 4°C. Following a wash, cells were xed with

xation bu er (Biolegend, San Diego, CA, USA) for 20 min atFlow Cytometry

room temperature then analyzed by ow cytometry on a BDLSR\nalysis of surface antigens were performed with the following
Fortessa (BD Biosciences, Mississauga, ON, Canada). Splemrtodies and markers: CD3 (145-2C11), CD4 (RM4-5), CD8
collected 30 dpi were disrupted between frosted microscod®3-6.7), CD44 (IM7), CD62L (MEL-14), PD-1 (29F1A12),
slides and cells were stained to assess TB8IlIs GB.{ cells Zombie Aqua, CD11b (M1/70), CD11c (N418), CD45R/B220
as described above. Cells were also incubated with Brefeldin(RA3-6B2), CD317 (927), CD86 (GL-1), CD69 (H1.2F3), Sca-1
(BFA) (Sigma, Oakville, ON, Canada) for 5 h at 37°C to inhibi(E13-161.7) (Biolegend). Fc receptors were blocked using a puri-
vesicular transport. Spleen cells were then stained for intracellul&d anti CD16/32 antibody (2.4G2) (BioXcell). Identi cation of
cytokine production (see below). Blood, spleen, kidney, liver, amDCs was based on their viability (Zombie Ajjaad their sur

brain were also collected 30 dpi to assess viral burden. Orgdase antigen expression (CD™€D11lp, B220, and CD317).

were mechanically disrupted and supernatants were tittered dfor intracellular staining, IFN- (XMG1.2), TNF- (MP6-XT22),
MC57G cells by focus forming assay to assess viral burdenlla® (JES6-5H4) (Biolegend), IFN- (RMMA-1) (PBL Assay

previously described (39). Science, Piscataway, NJ, USA), IRAK1 (D51G7) as well as iso-
type control antibodies were used (Cell Signaling Technologies,
Immunizations Beverly, MA, USA) a er permeabilization using the Intracellular

Mice were injected with 100 or 400 pg of PapMV i.v., 50 pg &ftaining Permeabilization Wash Bu er 10x and Fixation Bu er

imiquimod (R837) (InvivoGen, San Diego, CA, USA), 25 pg ofollowing instructions of manufacturer (Biolegend). Data were
LPS (Sigma), 50 pg of Poly I:C (InvivoGen), or control. acquired using BDLSR Fortessa Flow Cytometer (BD Biosciences)

and analyzed using the FlowJo so ware (FlowJo, LLC).

Organ Processing -
Spleen and bones from hind legs were collected at various tir”E:N' Intrace"l’!lag Stimlor:)g ; . d ibed
points following immunization. Spleens were subjected to dige _k;ce weSrel |mmun|zde bW't 400 pg o PapMV” V. ?ZIS iscrl €
tion with 1 mg/mL of collagenase D (Roche, Mississauga, oRPove. Spleens and bone marrows were collected 4 h postim-

Canada) for 15 min at 37°C. Femurs, tibias, and iliac crests Wép’émization and processed as described above. Cells were then

ushed and single cell suspensions from both spleen and boﬁréCUbated with BFA for 4 h at 37°C followed by IFN- intracel-

marrow were subjected to red blood cell lysis followed by ov!}“ar staining as described above.
cytometry staining.

Cell Sorting

B M ived Pl id Bone marrow-derived pDCs were stimulated for 24 or 48 h
one . _arrOW_Denve Plasmacytol and stained for sorting. Fc receptors were blocked as previously

Dendritic Cells (BMpDCs) described and pDCs were identi ed as CDBR20PDCAL".

Bone marrow-derived pDCs were prepared by ushing the bongells were collected in FBS then washed twice with cold PBS

marrow of femurs, tibias and iliac crests, and subjected to regjlowed by protein extraction (see below). Sort was performed
blood cell lysis. Cells were seeded at1®f cells/mL in RPMI  ysing a BD FACSJazz (BD Biosciences).

1640 (Wisent) containing 10% FBS, 100 IU penicillin, 100 pg/
ml streptomycin (Wisent), 55 pM -mercaptoethanol, 1 mM Immunoblotting

sodium pyruvate, 1x MEM non-essential amino acids, angtor immunoblotting, cells were harvested and lysed in Triton
10 mM HEPES (Gibco) supplemented with 200 ng/ml of FLT3-IX-100 lysis bu er [20 mM Tris-HCI pH 8.0, 1% Triton X-100,
(BioXcell, Lebanon, PA, USA). On days 7-9, cells were stimgpos Glycerol, 150 mM NaCl, protease inhibitor cocktail
lated with 100 pg/ml of PapMV, 25 pg/ml of imiquimod (R837)(Roche)]. Lysates were then loaded on a 10% SDS-PAGE followed
(InvivoGen), 12.5 pg/ml of polyinosinic:polycyticylic acid (Polypy transfer on a polyvinylidene di uoride membranes (BioRad,
I:C) (InvivoGen) or control. On days 8-10, supernatants wergjississauga, ON, Canada). Membranes were blocked in 5% dry
frozen at 20°C for IFN- detection and cells stained for ow mjlk TBS-T (TBS, 0.1% Tween-20) for 2 h at room temperature.

cytometry analysis or cell sorting. Primary antibodies against mouse IRAK1 and -actin (Cell
Signaling Technologies) were diluted in TBS-T and incubated
Serum Transfer with the membranes o/n at 4°C. Antirabbit IgG HRP (Jackson

Mice were immunized with 100 pg PapMV i.v. on day 0. On dajmmunoResearch, West Grove, PA, USA) were used as secondary
5 or 25, mice were euthanized and blood was collected by cardéatibodies whereby they were diluted in TBS-T and incubated
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with the membranes for 1 h at room temperature. Detection wa
performed with ECL chemiluminescence kit (BioRad).

ELISA and Multiplex

Interferon- levels in mice serum or cell culture supernatants wer
quanti ed by ELISA according to the manufacturer’s directions
(A ymetrix eBiosciences). TNF-, IL-6, IL-10, IL12p40, IL12p70,
IL-9, IL-15, KC, G-CSF, M-CSF, RANTES, MIP-1, MIP-1,

MIP-2, IP-10, and MCP-1 levels in mice serum were quanti ec
using Milliplex Map Mouse Cytokine/Chemokine Premixed 32
Plex (Millipore, Etobicoke, Canada) according to manufacturer
directions. Measurement of median uorescence intensity (MFI
was performed using Bio-plex (Biorad). PapMV-speci ¢ antibody
titers were determined as described previously (25). Detection
PapMV-speci ¢ IgM was performed with peroxidase-conjugatec
goat antimouse IgM (Jackson Immunoresearch Laboratories).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism So wa
(GraphPad Soware). Error bars represent SEM. Two-taile

Student’s-test was used and Welch's correction was applied whe

needed.

RESULTS

Treatment of Chronic LCMV CI13 Infection
with PapMV Does Not Improve Viral

Clearance

e impact of IFN- on viral infections in mice was shown to
vary according to the kinetics and strength of production during
the ongoing infection. Early IFN- was shown to be essential t
the control of the infection (8, 10,40) while long-term IFN-
was detrimental to the host and favored viral persistence (10-1
In one such study, treatment of LCMV Cl13-infected mice with
exogenous IFN- on days 3 and 5 postinfection resulted in th
increase of GRurspecic CD8 T cells as well as a decrease i
viral load 32 dpi (8). is led us to hypothesize that the treatment
of a chronic infection such as LCMV CI13 with PapMV could
result in a similar clearance of the virus given the capacity
PapMV to induce potent IFN- production following immuniza-
tion (26,31,35). We therefore infected mice with LCMV CI13 and
treated them 3 and 5 dpi with 400 pg of PapMV i.v. Blood wa
collected at various time points to assess viral load, which was
a ected by the treatments with PapMV (Figure 1A). To assess th
e ciency of the PapMV treatment, serum was collected 6 h fol
lowing the treatment on days 3 and 5 and IFN- was quanti ed by
ELISA. Although the administration of 400 pg of PapMV inducec
strong IFN- production in naive mice, LCMV Cl13-infected
mice barely produced IFN- at all (Figure 1B) whether assesse
aer the rst treatment on day 3 or the second treatment on
day 5. ese results indicate that the infection with LCMV CI13
hinders IFN- production following PapMV administration. Of
note, PapMV not only induces IFN- inimmunized mice but also
other cytokines and chemokines such as IL-6, IP-10, and MCP
(31,35), which rely on di erent sets of signaling pathways thar

1S

)|

re
d
2N

~—

ISFIGURE 1 | Treatment of an established lymphocytic choriomeningitis virus
N@Mone 13 (LCMV CI13) infection with PapMV does not improve viral clearance.
eMice were infected with LCMV CI13 followed by treatments with PapMV on
| days 3 and 5 (A) Kinetics of viral burden expressed as LCMV CI13 PFU/ml of
blood (B) ELISA quanti cation of interferon (IFN)- in serum of mice 6 h
following treatment with control or PapMV. (C) Percentages of Gz-speci ¢
CD8" T cells in the blood 8 dpi. (D) CD44, PD-1, and CD62L expression on
CD8' T cells in blood 8 dpi. (E) Percentages of GR-specic CD8* T cells in
dthe spleen 30 dpi. (F) CD44, PD-1, and CD62L expression on CD8T cells in
the spleen 30 dpi. (G) Percentages of CD8T cells producing IFN-, TNF-,
or IL-2 in response to a stimulation with the GB4, peptide for 5 h. (H) Viral
loads of LCMV CI13 in spleen, kidney, liver, and brain 30 dpi. Results are
expressed as PFU/g of each organ. For (D,F), results are expressed as a
ratio of the sample’s mean uorescence intensity (MFI) over the average MFI
_Pf control samples (*p < 0.05; **p < 0.01; ***p < 0.001) (n = 2, three mice
\ per group).
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IFN- for their production. It is therefore possible that immune 50 days prior to a second immunization with PapMV. Sera were
cells were activated through these auxiliary cytokines followingpllected 6 h following the second immunization to assess IFN-
treatment with PapMV despite the absence of detectable IFN- iproduction by ELISA. A single administration of PapMV induced
the serum. To test this, we assessed activation of CTBéls as strong IFN- production, as detected in the serum 6 h postim-
well as the proportion of GRsrspecic CD8 T cells. e pro- munization (Figure 2A). When mice were pretreated with 100 pg
portion of GRs_srspeci c CD8 T cells in blood on day 8 postin- of PapMV, the production of IFN- was abolished following a
fection was similar in groups treated with the control or PapMVsecondary immunization for up to 50 days following pretreatment
(Figure 1C) and a similar trend was noticed for the expressiofFigure 2A). A similar hindrance was observed in the production
of CD44 on CD8T cells (Figure 1D). We also assessed exhausf TNF-, IL-6, IL-12p40, IL-12p70, and IL-15, whereas produc-
tion of CD8 T cells by means of PD-1 expression, which wason of IL-10 and IL-9 was enhanced and una ected, respectively
increased in mice treated with PapMV compared to mice treate@Figure S1 in Supplementary Material). Similarly, production of
with control (Figure 1D). Expression of CD62L on CDBcells  various chemokines and growth factors was also suppressed fol-
was reduced in PapMV compared to mice treated with contrdbwing a second immunization as observed with the production
(Figure 1D). Together, these data indicate that the treatment aif M-CSF, RANTES, MIP-1 , MIP-1 , IP-10, and MCP-1 whereas
LCMV Cl13-infected mice with PapMV on days 3 and 5 does ngiroduction of KC, G-CSF, and MIP-2 was enhanced or una ected
increase the activation of CDB cells. However, these treatments(Figure S1 in Supplementary Material). While there are other
seem to increase the exhaustion of CD&ells as indicated by cytokines and chemokines that are di erentially regulated upon
the increased expression of the inhibitory receptor PD-1 (41RapMV administration, we focused on IFN- production based
PapMV treatment did not lead to homing of CDBcells in lym-  on its wide-ranging use in therapeutic settings (14).

phoid organs, as shown by their decrease in CD62L expression,Since pDCs are major producers of IFN- upon stimulation

an adhesion molecule involved in the homing of lymphocytes twith a TLR7 ligand, we sought to determine whether the absence
secondary lymphoid organs. e percentage of &aR-specic  of IFN- was due to a lack of activation of pDCs. Spleens of mice
CD8" T cells was not di erent on day 30 postinfection betweerpretreated with 100 pg of PapMV were collected 24 h following
control and PapMV-treated group (Figure 1E). As well, thethe second immunization and activation of pDCs was assessed by
expression of PD-1, CD44, and CD62L was not signi cantly dif-

ferent between these two groups (Figure 1F). Furthermore, our
results revealed that the functionality of &Rspecic CD8
T cells was not a ected by the treatment of LCMV CI13 infection
with PapMV, as shown by the similar percentage of IFN- , TNF-,
or IL-2 positive CD8T cells in the spleen (Figure 1G) between
control and PapMV-treated groups. To further con rm that the
PapMV treatments had no e ect on the clearance of LCMV CI13,
we collected lymphoid and non-lymphoid organs at 30 dpi and
assessed the viral load of LCMV CI13. In the spleen, kidney, liver
and brain, both groups displayed similarly elevated LCMV CI13
titers (Figure 1H), which, along with previous data, indicated that
treatment with PapMV was ine ective in clearing an LCMV CI13
infection. Notably, it has been shown that cells previously infected
with chronic viruses such as hepatitis B virus (HBV) 482 ,or
hepatitis C virus (HCV) (4445) were unresponsive to further
TLR ligand stimulation. Based on our ndings, we surmise that
a possible TLR tolerance mechanism might be at play aer an
LCMV CI13 infection, therefore hindering further activation of
immune cells by a subsequent TLR ligand stimulation such as
PapMV.

Pretreatment with PapMV Inhibits Further

EﬁeCtS Of Secondary PapMV FIGURE 2 | Pretreatment with PapMV prevents plasmacytoid dendritic cells

Administration (pDCs) from responding to a subsequent PapMV administration. (A) ELISA
Lymphocytic choriomeningitis virus clone 13 activates immun quanti cation of interferon (IFN)- in serum 6 h following immunization with
cells through the TLR7/MyD88 endosomal pathway (46) as welf @MY once (PapMV 1x) or preceded by pretreatment with PapMv at
K various time intervals. (B) CD69 (left) and CD86 (right) expression on splenic|
as the RIG-I/Mda5 CytOSO|IC pathway (47)' In order to exclud pDCs 24 h following immunization with PapMV once (PapMV 1x) or
activation and cytokine production caused by engagement of t ©receded by pretreatment with PapMV at various time intervals. Results are
RIG-1/Mda5 pathway, we decided to move to a PapMV-only basedexpressed as a ratio of the sample’s mean uorescence intensity (MFI) over
model in which only TLR7 is stimulated. We therefore pretreatedh average MFI of control samples (*p < 0.05; **p < 0.01; ***p < 0.001)

mice with PapMV at di erent time intervals ranging from 1 to (n =2-8, two to four mice per group).
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ow cytometry. As seen with IFN- production, a single immu- Refractory State Induced by PapMV
nization with PapMV induced upregulation of CD69 and CD86
(Figure 2B) on pDCs. Conversely, when mice were pretreate@retreatment Affects the Response

with PapMV 1-5 days prior to a second immunization, ppcd0 Other TLR7 and TLR4 Ligands but

were unable to respond to the second immunization, as observi&ot TLR3

by the absence of CD69 or CD86 upregulation (Figure 2B). Her@p assess whether the refractory state induced by a pretreatment
we found that the expression of activation markers on pDCs owith PapMV a ected only further administrations of PapMV, we
day 1 aer the pretreatment was due to remnants of the initigbretreated mice with PapMV and then challenged them 5 days
immunization rather than the activation of pDCs following thelater with LPS, R837, or Poly I:C, which are ligands for TLR4,
second immunization (Figure S2 in Supplementary Material)TLR7, and TLR3, respectively. We then assessed the expression
With a 25-day or more lag between the pretreatment and thef CD69 on pDCs (Figure 3A). As expected, mice treated with
second immunization, pDCs were activated by the second immuPS, R837, or Poly I:C alone showed an upregulation of CD69
nization although to a lesser intensity than mice treated only ona pDCs, indicating activation. When mice were pretreated with
with PapMV (Figure 2B). Altogether, these results demonstrat®apMV, subsequent immunizations with LPS or R837 were not
that the administration of PapMV induces a refractory stat@és e cient in inducing the activation of pDCs as immuniza-

in pDCs rendering them unable to respond to further PapMMions in naive animals but still showed some degree of CD69
immunizations. In short intervals, this e ect is completely upregulation. ese results indicate that the inhibition induced
inhibitory while for longer intervals the inhibition is only partial, by pretreatment with PapMV not only impacts subsequent
indicating that distinct mechanisms are possibly concomitantlymmunizations with PapMV but also other TLR7 ligands as well
interfering with the response. at other TLR pathways, such as TLR4, although the inhibition

FIGURE 3 | Interleukin-1 receptor-associated kinase 1 (IRAK1) is degraded by PapMV in bone marrow-derived plasmacytoid dendritic cells. (A) CD69 expression
on splenic plasmacytoid dendritic cells (pDCs) 6 h following the last immunization with the control and R837 and 24 h following immunization with the control,
lipopolysaccharide (LPS), or polyinosinic:polycyticylic acid (Poly I:C) once) (or preceded with a pretreatment with PapMV (35 days prior (n= 2-3, two to three

mice per group, one representative experiment is shown for R837 samples). (B) CD69 (left) and CD86 (right) expression on bone marrow-derived BMpDCs 2—-48 h
poststimulation with control (black bars), Poly I:C (checkered bars), R837 (gray bars), or PapMV (white bars). (C) ELISA quanti cation of IkNeulture supernatant
from BMpDCs stimulated 2—48 h with PapMV. (D) Representative overlay histograms of IRAK1 expression in BMpDCs following a stimulation of 24 h with control
(lled graph), Poly I:C, R837, or PapMV (full line), or secondary antibody staining control (dashed line). (E) IRAK1 expression in BMpDCs 2-48 h following stimulatjon
with the control (black bars), Poly I:C (checkered bars), R837 (gray bars), or PapMV (white bars). (F) Immunoblot of IRAK1 (top) and acfirettom) of BMpDCs 24 h
following stimulation with control, PapMV, R837, or Poly I:C. BMpDCs were sorted to isolate pDCs prior to protein extraction and immunoblotting. (A,B,E) Results
are expressed as a ratio of the MFI of the sample on the average MFI of control samples. (A) 2, two to three mice per group) (B,D,E) (representative experiment
of two to ten experiments, two to three replicates per group) (C)n(= 2, 2 replicates per time point) (*p< 0.05; **p < 0.01; ***p < 0.001).
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is less pronounced. Strikingly, unlike the inhibition observedVhen comparing IRAK1 expression ratios obtained by western
with LPS and R837, administration of PapMV prior to Poly I:Cblot and ow cytometry (Table Figures 3E,F), we noticed simi-
resulted in the expression of CD69, indicative of pDC activationar ratios between the two assays for R837 and PapMV stimulated
which was similar in the control and treated groups (Figure 3A)BMpDCs while the ratios vary for Poly I:C stimulated BMpDCs.
Altogether, these results point toward an inhibitory mechanisnTaken together, these results indicate that PapMV induces the
induced by PapMV pretreatment that a ects TLR7 and TLR4egradation of IRAK1 in pDCs, which could in part explain the
pathways while the TLR3 pathway remains una ected. tolerance observed when mice are pretreated with PapMV.

PapMV Induces the Upregulation of Sca-1

Stimulation with PapMV Induces on pDCs Despite Its Expression Not Being
Degradation of IRAK1 in pDCs Associated with IFN- Production

Toll-like receptor pathways are not specic to each receptofieterogeneity in the pDC population has been described (57—
Indeed, most of the complexes implicated in the signaling cascaddéough the biological signi cance of this phenomenon is still
are shared across pathways [reviewed in Ref1 @8 Jf PapMV largely unknown. Various reports have, however, indicated that
were to a ect the TLR7 signaling pathway, other TLR signalin§vo subsets of pDCs expressing di erent sets of markers were
pathways would also be a ected, resulting in the cross-inhibitioli erentially associated with IFN- production following TLR
observed when cells are pretreated with PapMV. Indeed, sugimulation 67-59,61). Among these studies, it has been sug-
cross-inhibition was observed in response to stimulations wit§ested that expression of Sca-1 could discriminate between IFN-
various TLR ligands such as TLR4 ligands (50-52) TLR7 liganekpducing pDCs and those that do not: StgpCs were weak
(52,53) and TLR9 ligands (533), establishing the presence ofProducers of IFN- while Sca-1pDCs were strong producers
homo and hetero tolerance in the TLR signaling pathways. [(91)- us, by evaluating the expression of Sca-1 in pDCs, we
these studies, one common mechanism reported to be involvé@ught to determine whether it could explain the inhibition in

in the observed cross tolerance was through the degradation!6fN- production observed with longer periods between PapMV
IRAK1 (52,54,55), a kinase implicated in all MyD88-dependantireatments. As previously described (61), pDCs from the spleen
TLR signaling pathways, therefore excluding TLR3, whicRre mostly ScaX88.45% Figure 4A; Spleen; Naive) while pDCs
signals through a MyD88-independent pathway (56). erefore, from the bone marrow, although still in majority Scaf@9.90%

we assessed IRAK1 expression in pDCs by ow cytometry afddure 4A; Bone marrow; Naive), display of a larger population
immunoblotting to analyze the regulation of IRAK1 following ©f Sca-1than in the spleen. A er an immunization with PapMV,
PapMV stimulation. Given that pDCs account for only 0.2% ofhe proportion of pDCs expressing Sca-1 increased to close to
all splenocytes, we evaluated the response of pDCs to PapNQ0% in both the spleen and the bone marrow (Figure 4A) and
in vitro using BMpDCs. A er di erentiation of bone marrow remained elevated for at least 5 days in both organs. e distribu-
cells with FIt3L for 8 days, cells were stimulated with Papmyion of Sca-1 expression among pDCs returned to naive and con-
Similar to our observations from in vigplenic pDCs, BMpDCs trol levels by 25 days post-PapMV immunization. To determine
were readily activated by various TLR ligands including PapMWhich of the Sca-1 expression pro le was associated with IFN-
as shown by the upregulation of CD69, CD86 (Figure 3B) an@roduction, we performed IFN- intracellular staining on pDCs
the accumulation of IFN- in culture supernatants following from spleen and bone marrow of mice immunized with 400 ug of
stimulation Figure 3C). Since PapMV activates BMpDCs, we”aPMV 4 h prior. In the spleen, most IFN-pDCs were Sca-1
investigated the regulation of IRAK1 following stimulation with (Figure 4B). However, in the bone marrow, both Scasid Sca-
various TLR ligands. We rst assessed IRAK1 expression by oy PDCs were expressing IFN- aer a PapMV immunization
cytometry following various incubation periods of BMpDCs with (Figure 4B). No signi cant di erence was denoted between the
TLR?7 ligands, PapMV and R837, or TLR3 ligand, Poly I:C. A0 groups in the bone marrow. Niederquell et al. (61) proposed
expected, R837 induced a strong downregulation of IRAK1 a ifat Sca-1 pDCs could be precursors of ScapDCs. In this

24 h in BMpDCs in vitrqFigures 3D,E). Surprisingly, stimula- "€gard, it is possible that the proportion of ScaFN- * pDCs

tion of BMpDCs with Poly I:C induced a small downregulationa'e in fact Sca-lcells that are upregulating Sca-1 in response
of IRAK1 starting at 6 h poststimulation. Stimulation of BMpDCs!© stimulation. When intracellular staining for IFN- was per
with PapMV induced the degradation of IRAK1 albeit to a lessdPrmed 2 and 6 h postimmunization to assess the progression of
extent than R837 and with slower kinetics (Figures 3D,E). To

con rm the modulation of IRAK1 expression, we sorted pDCs
24 h poststimulation with PapMV, R837 and Poly |:C and extracteThBLE 1 | Comparison of IRAK1 regulation ratios by ow cytometry and
total cellular proteins to evaluate the expression of IRAK1 byyestern blot.

immunoblotting. We found that 24 h post-R837-stimulation, thesampie Flow cytometry Immunoblot band
expression of IRAK1 was undetectable (Figure 3F) while stimu- ratio intensity ratio
lation with Poly I:C did not induce any degradation of IRAK1

(Figure 3F). IRAK1 was also degraded following stimulation ngntrol 1.000 1.000

i _ MV 0.631 0.587
BMpDCs with PapMV although the extent of degradation waggsz 0.166 0.026
lower in comparison to that observed with R837 (Figure 3F)polyinosinic:polycyticylic acid 0.716 1.011
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FIGURE 4 | PapMV induces Sca-1 on splenic and bone marrow-derived plasmacytoid dendritic cell (pDCs), despite its expression not being associated with
interferon (IFN)- production. (A) Percentages of pDCs from spleen (left) and bone marrow (right) positive for Sca-1 expression 1, 5, and 25 days following an
immunization with control (black squares), R837 (open inverted triangles), and PapMV (open circles) (n = 2—4, 1-3 mice per group). (B) Representative ow
cytometry plots of IFN- production by pDCs according to their Sca-1 expression pro le 4 h postimmunization followed by a 4-h incubation with Brefeldin A (BFA).
Spleen (top) and bone marrow (bottom) samples are represented. (C) Percentages of intracellular IFNpDCs found in the spleen (left) and the bone marrow (right)
4 h following an immunization with control or PapMV followed by 4-h incubation with BFA before intracellular staining (*p < 0.05; **p < 0.01; ***p < 0.001).

the IFN- * population with respect to Sca-1 expression in bottC57BI/6 mice (Figure 2A), a single immunization with PapMV in

spleen and bone marrow, no di erence was observed betwedil mice induced the production of IFN- (Figure 5A) although

the three time points (data not shown). Altogether, these resulis a slightly more pronounced fashion. When a PapMV pretreat-

indicate that although PapMV induces expression of Sca-1, IFNment was administered 5, 9, or 25 days prior to secondary PapMV

production does not seem to be associated with Sca-1 expressimmunizations, the production of IFN- following the second

in this experimental setting. immunization was equivalent to the response of naive animals,
which diered signi cantly from results obtained in C57BI/6

: : : ) mice Figure 5A). Since IFN- production was not a ected by the
Antibodies Are ReSponSIble for Long-term pretreatment, we examined the expression of CD69 and CD86 on

Attenuation of the Response of pDCs to pDCs a er multitreatments with PapMV. Similarly to what was
PapMV Immunization observed with IFN- production, CD69 and CD86 (Figure 5B)
Our results suggest that inhibition of the response to multiplexpression on pDCs was not signi cantly di erent between naive
administrations of PapMV is induced through shared mechanismsice and PapMV pretreated mice receiving a PapMV immuniza-
between TLR-associated pathways for short periods (Figure 3Apn. To con rm that the IFN- production and pDC activation
and PapMV-speci ¢ components that a ect IFN- production in ;T mice was due to the absence of antibodies and not of
(Figure 2A) as well as pDC activation (Figure 2B) for longerB cells, we performed transfer experiments with immune serum.
periods. We were therefore interested in assessing the role playidce two di erent pro les are observed at day 5 and day 25 in
by antibodies in the refractory state induced by PapMV pretreatwild-type (WT) mice with respect to the inhibition generated by
ment knowing that they were shown to a ect responses to primea PapMV pretreatment, we assessed the kinetics of IgM and IgG
boost vaccine regimens in other systemsq8,We determined production in the serum of mice a er a PapMV immunization
the antibody-mediated impact of PapMV pretreatment on further(Figure 5C). As expected, both IgM and IgG speci ¢ for PapMV
PapMV immunizations using+J mice, which lack functional were found in the serum of WT mice 5 days postimmunization
B cells and consequently also lack antibodies (64). As observedninile 25 days postimmunization, only a high IgG titer was
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FIGURE 5 | PapMV-speci ¢ antibodies are responsible for the long-term attenuation of plasmacytoid dendritic cell (pDC) activation in response to a secondary
immunization with PapMV. (A) ELISA quanti cation of interferon (IFN)in serum of JiT mice 6 h following immunization with PapMV once (PapMV I)xor
preceded by a PapMV pretreatment at various intervals (r 2-5, two to four mice per group). (B) CD69 (left) and CD86 (right) expression on splenic pDCs aflJ
mice 24 h following immunization with control, PapMV once (PapMV Ipor preceded with a pretreatment with PapMV at various time intervals. (C) Kinetics of
PapMV-speci ¢ IgG and IgM development in C57BI/6 mouse serum after immunization with PapMV as determined by ELISA. (D) Schematic representation of
the serum transfer experiments. (E) ELISA quanti cation of IFN-in serum of C57BI/6 mice transferred with immune serum 6 h following an immunization with
control (C) or PapMV (P). (F) CD69 (left) and CD86 (right) expression on splenic pDCs of serum transferred C57BI/6 mice immunized with control (C) or PapM
(P).(B,E) Results are expressed as a ratio of the MFI of the sample of the average MFI of controls{r8-6, one to three mice per group) (*p< 0.05; **p < 0.01;
***p < 0.001).

detected. Transfers were carried out with serum collected eithite long-term inhibition and attenuation of the immune response
5 or 25 days a er PapMV administration pooled from matchedfollowing a pretreatment with PapMV.

groups. e serum from the equivalent of two mice was injected

into one recipient mouse, which was immunized with PapMVD|SCUSSION

24 h later (Figure 5D). IFN- production was assessed in the

serum 6 h postimmunization while pDC activation was assesséuterferon- has long been a treatment of choice for chronic viral
24 h postimmunization. Injection of naive serum did not a ectinfections, whether used alone or in combination with other
the production of IFN- (Figure 5E compared feigure 2A) nor  treatments such as ribavirin in the treatment of HCV. Due to
did it a ect the activation of pDCs as shown by the expression @f toxicity, the medical community is moving away from IFN-
CD69 and CD86 (Figure 5F compared to Figure 2B). However-based treatments toward alternatives bearing better adverse
when PapMV-immune serum taken at 5 or 25 days was adminisvent pro les. One alternative toward this end would be to induce
tered to mice, the following immunization with PapMV showedendogenous IFNproduction by the host instead of administer

no production of IFN- (Figure 5E) and a signi cant decrease ining high doses of exogenous IFN- . It is with this aim that we
the expression of CD69 and CD86 on pDCs (Figure 5F) althouglised PapMV nanoparticles, which contain a non-coding ssRNA
not as much as observed in WT mice. Altogether, these result®lecule rendering it non-replicative. PapMV induces the pro-
indicate that PapMV-speci ¢ antibodies play a signi cant role induction of IFN- by pDCs without causing any adverse e ects
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when administered systemically and could therefore potentiallgnultiple systemic administrations of PapMV, at least for the
accelerate the clearance of a persistent LCMV CI13 infection. iSTLR7 pathway, is the suppression of the secondary response. is
approach would also be potentially applicable to other viral infe@utcome was also observed in previous studies and is indicative
tions, as it would not require expression of virus-speci ¢ antigensf TLR tolerance (discussed below) (85;54). We posit that the
We observed that sequential application of PapMV treatmerihability of subsequent PapMV immunizations to drive a robust
has limitations attributed to regulation of the TLR7 pathway asesponse may also be dependent on the route of administration.
well as the presence of PapMV-speci ¢ antibodies upon the rsis conclusion comes from our previous ndings showing
immunization. that sequential intranasal instillations could potentiate PapMV
e treatment of an LCMV CI13 infection with PapMV proved treatments $0). In the previous study, immunizations were
to be ine cient as no changes in viral loads or in LCMV-speci cseparated by seven days and the last immunization led to a higher
immune responses were observed following treatment (Figure 1production of various cytokines in bronchoalveolar lavages. In
Like PapMV, LCMV CI13 is also a TLR7 ligand [reviewed in Re&n intratumoral injection model, we also observed that multiple
(15, 16)]. It is therefore possible that the stimulation of TLR7administrations of PapMV led to decreased tumor growth when
by LCMV CI13 induces TLR tolerance similar to that observeddministered alone or in combination with other immunothera-
when other TLR ligands are used as stimulators (50-53). Furthgies and sustained IFN- following multiple administrations (37).
stimulation of the TLR pathways would therefore be ine cient Pretreatment with PapMV is therefore able to potentiate further
in LCMV-infected mice. Similarly, previous research has showRapMV administrations when delivered locally. Limitations are
that stimulation of HBV-infected (4243) or HCV-infected however observed when PapMV is administered systemically,
(44,45,65) human cells with TLR ligands was unable to inducas shown in this study. e development of immunization regi-
the production of cytokines and activate infected DCs. mens alternating between various administration routes could
Whereas we were unable to clear an LCMV CI13 infectiotherefore be an interesting alternative to mitigate the pitfall of
using PapMV administration, treatment of viral infections with sequential systemic treatments.
exogenous IFN- early in the course of the infection has been With regard to the tolerization of TLRs, we found that deg-
shown to be e cient in the control of LCMV (8), SIV (10), or radation of IRAK1 played a central role. is is in agreement
RSV (40). Of note, in the successful treatment of an LCMWith other studies illustrating that this kinase, which is shared
Cl13 infection with IFN-, Wang et al. administered the IFN- 5 across most of the TLR pathways (56), is degraded following
subtype. However, the IFN- subtype pro le elicited by PapMVTLR2, TLR4, TLR7 and TLR9 stimulation (%5, 69, 70).
has yet to be determined. us, the discrepancy observed coul@dlthough this degradation has been shown to last at least 48 h
be due to a dierence in the IFN- subtype given the disparitypoststimulation (5455) both in vivoand in vitro,the length of
in the immunomodulatory e ects and antiviral capacities bornethis refractory period has yet to be determined. Here, we show
by di erent subtypes (66—68). Furthermore, contrary to directthat the stimulation of BMpDCs with PapMV induces a partial
IFN- injection, treatment with PapMV requires uptake of the degradation of IRAK1, which was observed by ow cytometry
nanoparticle, release and degradation of the ssRNA inside thad later con rmed by immunoblotting (Figure 3). Of note, we
endosome before IFN- can be produced following activation obbserved a stronger IRAK1 degradation with R837 than with
the TLR7 signaling cascade (28,31). Although this sequence PapMV, which might be due to the di erent nature of both TLR7
of events ensures speci city and safety, it is likely more susceptilalgonists. Indeed, R837 is a small synthetic molecule that does
to various regulatory mechanisms. not require uptake to reach the endosome of cells. It is therefore
Lymphocytic choriomeningitis virus CI13 stimulates immuneeasier and faster for this molecule to reach more cells and induce
cells not only through the TLR7/MyD88 pathway (16) but  the degradation of IRAK1 in a more robust fashion. On the other
also through the RIG-I/Mda5 pathway (47). In order to furtherhand, PapMV is a particulate molecule that has to be taken up by
study the mechanisms at play in this setting and isolate themmune cells to reach the endosome thus elongating the interval
TLR7 pathway from other variables of the LCMV infection, webetween the stimulation and the apparent degradation of IRAK1
pretreated mice with PapMV followed by a second immunizaf71). It would also be of particular interest to verify the regulation
tion at various time points. is approach recapitulated the of IRAK1 in pDCs in vivaHdowever, due to the low proportion of
results observed in LCMV-infected mice with almost complet@DCs in the spleen, we were limited to conducting our analyses
abrogation of IFN- production and pDC activation following in vitro to determine the regulation of IRAK1 in BMpDCs. It is
the secondary PapMV immunization for short time intervalsimportant to note that our results revealed only a partial role
between immunizations and signi cant impairment for longer played by IRAK1 in the tolerance observed following multiple
intervals (Figure 2). A similar outcome was observed for thedministrations of PapMV. Indeed, stimulation of BMpDCs with
production of various cytokines and chemokines such as TNF-PapMV did not induce complete degradation of IRAK1, suggest-
IL-6, IL-12p40, IL-12p70, IL-15, M-CSF, RANTES, and IP-1(ng that there could be residual proteins le in the cells capable of
while others were either not a ected or enhanced by the secongroceeding through the signaling cascade when further encoun-
ary immunization (Figure S1 in Supplementary Material). is tering PapMV. is led us to investigate other potential inhibitory
suggests that PapMV stimulates other pathways in addition tmechanisms.
TLR7 leading to a broad activation of the immune system and Niederquell et al. suggested that expression of Sca-1 could dis-
that these pathways might be dierently aected by multiplecriminate between subsets of pDCs able or not to produce IFN-
PapMV administrations. Nonetheless, the main outcome oih response to TLR stimulation (53). We therefore hypothesized
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that sequential PapMV administrations could preferentiallydiseases. e results obtained during this study open the way to
stimulate or expand pDC subsets unable to produce IFN- , whiclstudy other potential uses for PapMV such as in the treatment of
might explain the abrogation of IFN- production upon secend autoimmune diseases. It was previously shown that in the absence
ary immunizations. However, in our system, Sca-1 expressi@f IFN- , whether in IFNAR-de cient mice or through the use of
on pDCs was not associated with the capacity to produce IFN{FNAR antibody blockade, autoimmune symptoms of lupus prone
in response to PapMV. While we used a particulate moleculmice were improved (778). Multiple systemic administrations
Niederquell et al. used CpG ODN as a TLR9 ligand. Given thaf PapMV induced an inhibition of IFN- production providing
TLR7 and TLR9 are not stimulated by the same ligands (RN& potential therapeutic approach for such an application.
vs. DNA) and similar to R837, CpG ODN is a small synthetic In this study, we showed that treatment of a chronic virus infec-
molecule, the kinetics of activation are therefore di erent in bothtion with PapMV has limitations and still needs to be improved.
models. In this regard, other markers such as Ly49Q (57), CD12&hough a single administration of PapMV induces strong
(72), and CD9 (59) that have also been associated with IFNimmune responses, recall systemic immunizations are much less
production might be more informative. potent partly due to IRAK1 degradation but mainly to interfer
Administration of plant virus-like particles in mice leads toence by PapMV-speci c antibodies. Our results also demonstrate
the rapid production of specic antibodies [reviewed in Refthat the PapMV platform is able to induce an immune response
(73)]. Since antibodies are generated following PapMV injectioriollowing a pretreatment although not yet to a degree that would
we were interested in assessing their impact on multiple admitpe able to clear an ongoing viral infection. Although this outcome
istration regimens. We showed by immunizin@ dnice, which is not favorable in the context of chronic viral infections, it could
are devoid of B cells and antibodies, as well as performing sertoa of interest for other diseases such as autoimmunity. Further
transfer, that PapMV-speci c antibodies generated a er the rstimprovements will therefore be needed for this promising
administration were largely responsible for the tolerance to therapeutic approach to be used in the treatment of chronic viral
second PapMV injection. In the short-term immunization regi- infections or other IFN-dependent chronic diseases.
men (5 days), there was retained inhibition of pDC activation in
JT mice as shown by the slightly diminished expression of CD69
following a second immunization relative to the naive groupETHlCS STATEMENT
(Figure 5B). When transferring PapMV immune serum from day .

5 postimmunization into naive C57BI/6 mice followed by PapMV!S study was carrle_d outin ac_cordange with the re(_:om_menda-
tlgns of the Canadian Council on Animal Care guidelines. e

immunization, we observed lower expression levels of CD69 arn Jtocol was aporoved by the Institut national de la recherche
CD86 compared to mice receiving a single PapMV administraz . P y

tion (Figure 5F compared to Figure 2B). is is either due to scienti que Animal Care Committee.

an underlying mechanism independent of antibodies or due to

the titer of antibody transferred. Although the titer of PapMV AUTHOR CONTRIBUTIONS
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particles to circumvent the e ect of antibodies. It would also be
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be tested to evaluate the potential of PapMV in treating othdull#supplementary-material.

Frontiers in Immunology| www.frontiersin.org 11 January 2018 | Volume 8 | Article 1885



Chartrand et al.

Immune Tolerance Induced by Viral Nanoparticle

FIGURE S1 | Multiplex quanti cation of cytokines and chemokines in serum
6 h following the last immunization with PapMV. Immunizations were performed

7 or 14 days following a rst immunization with PapMV (= 1, ve mice per

group).

FIGURE S2 | CD69 expression kinetics on plasmacytoid dendritic cells after
PapMV immunization. Results are presented as a ratio of the MFI of the sample
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