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Saponins represent a promising class of vaccine adjuvant. Together with the TLR4-ligand MPL, QS-21is
part of the Adjuvant System AS01, a key component of the malaria and zoster candidate vaccines that

. display demonstrated clinical efficacy. However, the mechanism of action of QS-21 in this liposomal

. formulation is poorly understood. Upon intra-muscular immunisation, we observed that QS-21 rapidly

- accumulated in CD169* resident macrophages of the draining lymph node where it elicited a local

. innate immune response. Depletion of these cells abrogated QS-21-mediated innate cell recruitment

. tothe lymph node, dendritic cell (DC) phenotypic maturation as well as the adjuvant effect on T-cell and

: antibody responses to co-administered antigens. DCs rather than lymph node-resident macrophages

. were directly involved in T-cell priming by QS-21, as revealed by the decrease in antigen-specific T-cell
response in Batf3—/~ mice. Further analysis showed that the adjuvant effect of 0S-21 depended on the

© integration of Caspase-1 and MyD88 pathways, at least in part through the local release of HMGBL1.

. Taken together, this work unravels the key role of lymph node sentinel macrophage in controlling the

: adjuvant effect of a molecule proven to improve vaccine response in humans.

Purified recombinant/sub-unit antigens elicit modest antibody responses. Therefore, vaccines containing these
antigens also include immunostimulatory molecules known as adjuvants, that can enhance and shape specific
immune responses’. These immunostimulatory molecules are thought to activate innate immune cells acting
either as pathogen-associated molecular patterns (PAMPs) or by inducing danger-associated molecular patterns
(DAMPs).
: Among the many adjuvants tested in humans so far, the Adjuvant System ASO1 is the only one able to induce
: protective immunity against malaria and is a key component of the zoster vaccine that recently showed a 97%
* efficacy in the elderly*. ASO01 is a liposome-based adjuvant comprising 3-O-desacyl-4’-monophosphoryl lipid
A (MPL), a Toll-like receptor 4 ligand and QS-21, a saponin extracted from the bark of the Quillaja saponaria
: Molina tree. The adjuvant has been shown to induce robust antigen-specific cellular and humoral adaptive
responses (reviewed in Gargon et al.’). Furthermore, recent data obtained in mouse models have shown that AS01
induces a rapid activation of the innate immune response both at the site of injection and in the draining lymph
node. Immunisation with ASO1-adjuvanted recombinant proteins leads to the recruitment of antigen-loaded
dendritic cells to the draining lymph node that is critical for the induction of antigen-specific adaptive responses®.
While ASO01 induces potent immune cellular and humoral responses, the exact role of the QS-21 compo-
nent is poorly characterised. Saponins exhibit a diverse range of biological activities such as immunomodulatory,
anti-tumoral and anti-microbial properties’. QS-21 is a water soluble triterpene glycoside with amphiphilic char-
acter and was found to possess a high level of adjuvant activity combined with a comparatively low level of tox-
icity®. However, it still possesses haemolytic activity that can be eliminated through adequate formulation®. Two
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Figure 1. QS-21 is a potent adjuvant for the induction of cellular and humoral responses. (A) Experiment
timeline. (B) Mice were immunised as in (A) and cytokine production and polyfunctionality of HBs-specific
CD4 and CD8 T cells were assessed by flow cytometric cytokine intracellular staining at days 7 and 21. Data

is represented as median of 6 (Ag alone groups) or 20 (Ag+ QS-21 groups) animals. (C) Percentage of OVA-
specific CD8 T cells quantified by H2Kb-SIINFEKL pentamer staining at days 7 and 21. (D) Expression

of CD127 and KLRG1 on pentamer-positive CD8 T cells measured by flow cytometry. (F) Anti-HBs IgG1

and IgG2c titres measured by ELISA in the serum of mice immunised with antigens alone (Ag) or antigens
formulated with QS-21 on days 7 and 21. Each point represents a single mouse and the horizontal bar represents
the geometric mean. Statistical significance was determined by a non-parametric Mann Mann-Whitney test.
The data is representative of at least 2 independent experiments.

structural features of QS-21 have been identified as being critical for its adjuvant activity: the triterpene aldehyde
and the fatty acyl side chain'®. QS-21 has been shown to enhance CD8 T-cell responses in mice, possibly through
the promotion of antigen cross-presentation by dendritic cells, as has been described for other saponins!'12.
Moreover, QS-21 promotes the production of antigen-specific antibodies both in mice'® and in humans”'*15,
Whether QS-21 activates cells via a specific receptor remains unknown, and the signalling pathways it induces are
also still poorly understood. QS-21 has been shown to activate the inflammasome in vitro'®. Furthermore, a recent
report has demonstrated that QS-21 activates ASC-NLRP3 inflammasome and subsequent IL-1(3/IL-18 release!’.
Finally, ISCOMATRIX, an adjuvant containing saponins, also activates the inflammasome in vitro, which can lead
to [L-18 release in vivo that is important for CD8 T cells and IgG2c antibody responses!®.

The goal of this study was to identify mechanisms involved in the activation of the immune system by the
QS-21 component of AS01. We identified CD169" resident macrophages of the lymph node draining the injec-
tion site as the main cells targeted by QS-21 when formulated into liposomes.

Results

QS-21 incorporated in liposomes induces robust adaptive immune responses to co-adminis-
tered antigens. QS-21 was incorporated into cholesterol-containing liposomes, similarly to the clinical
AS01 formulation®. To assess the adjuvanticity of this QS-21 formulation, mice were immunised intramuscu-
larly against two model antigens (Ag): HBs, a clinically relevant Ag used in the Engerix™ vaccine, and OVA that
allows tracking of Ag-specific CD8 T cells using SIINFEKL-H2Kb pentamers following the protocol described
in Fig. 1A. Ag-specific responses were measured either 7 days after the first (post dose I) or second (post dose II)
injection. Upon restimulation with HBs peptides in vitro, the frequency of cytokine-producing CD4 and CD8
T cells was low post dose I, but increased significantly post dose II in the group receiving antigen co-administered
with QS-21 as compared to antigen alone. Furthermore, a robust increase in the number of cells producing simul-
taneously two or three cytokines was observed after the second immunisation (Fig. 1B and Supplementary Fig. S1).
Similarly to HBs-specific CD8 T cells, QS-21 strongly supported the expansion of OVA-specific CD8 T-cells, espe-
cially post dose II (Fig. 1C). Ag-specific effector CD8 T cells differentiate into two main subsets: terminally dif-
ferentiated effector (TE) cells that are CD127~ and KLRG1" and memory precursor (MP) cells that are CD127*
KLRG1™ and can become long-lived memory cells!’. Immunisation with QS-21-adjuvanted Ags led to the dif-
ferentiation of both TE and MP CD8 T-cell subsets (Fig. 1D). Finally, QS-21-also increased anti-HBs IgG1 and
IgG2c production when co-administered with antigens, establishing QS-21 in a liposome formulation as a robust
adjuvant inducing both cellular and humoral responses following a prime-boost regimen (Fig. 1F).
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Figure 2. QS-21 induces rapid changes in gene expression in draining lymph node. (A,B) Monocyte
(CD11b* Ly6C* Ly6G~), neutrophil (SSC" CD11b* Ly6C™ Ly6G+), eosinophil (SSC" CD11b* Ly6C*

Ly6G~ SiglecF") and dendritic cell (CD11ct MHCII') recruitment was assessed by flow cytometry 24 h post
immunisation in the muscle (A) and draining lymph node (B). Each point represents a pool of 2 (DLN) or 3
(muscle) mice and the horizontal bar is the geometric mean. (C) Heatmap representation of mRNA expression
(Fold change over PBS) of the top upregulated genes (Fold Change over PBS >10 in either the injection site or
draining lymph node) measured by microarray analysis. (D,E) Fold change over PBS of the top 50 upregulated
genes at 2, 4 or 6 hours in the draining lymph node (D) or injection site (E). The top upregulated genes in the
draining lymph node (Cxcl1, il6, il1b) are represented on each chart. (F) InnateDB analysis of pathway over-
representation of significantly upregulated genes (p-value < 0.05 and fold change >3) using the hypergeometric
algorithm and Benjamini Hochberg correction for p-values.

Intramuscularinjection of QS-21 leads to a rapid local innate response in the draining lymph node.
In order to assess local innate responses that may be linked to the adjuvant effect of QS-21, PBS or QS-21 were
administered i.m. to mice and innate cell recruitment was measured in both the muscle and the draining lymph
node (DLN). Twenty-four hours post-injection, low or no recruitment of monocytes or neutrophils were
observed at the injection site (Fig. 2A). In contrast, at the same time point, accumulation of monocytes, neutro-
phils, eosinophils and dendritic cells was readily detectable in the draining lymph node (Fig. 2B). Increase in den-
dritic cell number was low (2-fold increase) when compared to monocytes and neutrophils (>10-fold increase).
Microarray analysis of gene expression at the injection site and in the DLN was performed 2, 4 or 6 hours after
i.m. injection. A heatmap representation of the top upregulated genes (QS-21/PBS fold change >10 in either the
DLN or injection site at either 2, 4 or 6 hours) shows that the response was both faster and of higher magnitude in
the DLN compared to the injection site (Fig. 2C). The variations over time of expression of the top 50 upregulated
genes in either the injection site or DLN were also represented as stacked line charts (Fig. 2D,E). These representa-
tions highlight the fact that the magnitude and speed of induction of gene expression is greater in the DLN than
at the injection site. Analysis of overrepresented immune signalling pathways in the DLN using the InnateDB
web resource?® shows that QS-21 induced innate immune activation, with the top pathways involving cytokine,
chemokine, TLR or NLR signalling (Fig. 2F).

QS-21 is drained to the lymph node where it colocalises with CD11b* CD169* resident mac-
rophages. The microarray data (Fig. 2C-E) identified a rapid innate activation signature in the DLN.
Consistently with this finding, recent results have shown that fluorescently labelled QS-21 incorporated in AS01
is rapidly drained to the subcapsular region of the lymph node®. Using a similar experimental setting, the cells
targeted by QS-21 in vivo were further analysed by confocal microscopy. The draining (iliac) lymph nodes were
recovered 30 min and 3 h following injection and visualised by confocal microscopy. Bodipy-labelled QS-21 accu-
mulated in the subcapsular sinus (SCS) as early as 30 min following injection (Fig. 3A) and colocalised at both
time points with CD11b* CD1697 cells, which are macrophages known for their ability to capture lymph-borne
particles?’. As previously demonstrated in the context of lymph-borne infections?**, immunisation with QS-21
led to a rapid loss of lymph node macrophages, the CD11b* CD169" F4/80~ SCS subpopulation being more
affected than CD11b* CD169* F4/80" medullary sinus macrophages (Fig. 3B,C).

Lymph Node Resident macrophages are critical for innate and effector responses to antigens
adjuvanted with QS-21. LN-resident macrophages have been shown to initiate the response to and limit
the dissemination of various pathogens and particles**-%°. To determine the role of resident macrophages in the
response to QS-21, these cells were depleted by i.m. injection of clodronate-containing liposomes (CL)? 6 days
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Figure 3. QS-21-bodipy rapidly accumulates in the draining lymph node where it colocalises with CD11b*
CD169* macrophages of the subcapsular sinus. (A) Mice were injected i.m. with liposomes containing
bodipy-labelled QS-21. The draining lymph nodes were recovered 30 min and 3 h post injection and stained
with anti-CD11b, anti-CD169 and anti-B220 antibodies and analysed by confocal microscopy. (B) Flow
cytometry analysis of subcapsular sinus (CD169* F4/80~) and medullary sinus (CD169" F4/80") macrophages
in mice 24 h following PBS or QS-21 injection. (C) Quantification of the loss of LN-resident macrophages
detected by flow cytometry. Results from two independent experiments. Each point represents one mouse.
Statistical significance was determined by a non-parametric Mann-Whitney test.

prior to the first immunisation. Mice were immunised following the protocol described in Fig. 1A. Six days post
CL injection, depletion was limited to CD169" macrophages of the DLN, with no significant effect on other innate
cell populations (Supplementary Fig. S2). Macrophage depletion resulted in the abrogation of monocyte, neutro-
phil and dendritic cell recruitment to the DLN 24 h post-immunisation (Fig. 4A). Clodronate treatment sup-
pressed QS-21-induced upregulation of CD80 and CD86 by dendritic cells (DCs), indicating that macrophages
are required for their phenotypic maturation (Fig. 4B). The adaptive response was also affected by CL-treatment,
as depletion of LN-macrophages led to a strong decrease in the frequency of HBs-specific CD4 (Fig. 4C) and HBs-
and OVA-specific CD8 (Fig. 4E) T cells. Polyfunctional T cells (i.e. cells simultaneously producing a combination
of effector cytokines) can be crucial determinants for the efficacy of vaccines?®. CD4 T-cell polyfunctionality was
quantified following a previously described index?. Remaining CD4 T cells from CL-treated animals showed
decreased polyfunctionality when compared to controls (Fig. 4D). Finally, the HBs-specific IgG1, IgG2c and total
IgG titres were strongly decreased after CL-mediated macrophage depletion, with little effect on the antibody
responses induced by alum-adjuvanted antigens, indicating that the effects of macrophage depletion are most
likely specific to QS-21 (Fig. 4F).

Batf3-dependent dendritic cells regulate QS-21-mediated CD4 and CD8 T-cell responses.
Although SCS macrophages may directly present peptide antigens to effector T cells®, other antigen-presenting
cells could be involved in direct antigen presentation. Dendritic cells are the most potent inducers of T-cell
proliferation, and their recruitment and activation were decreased following CD169" macrophage depletion.
In order to determine the potential involvement of specific DC subsets in QS-21-induced Ag-specific T-cell
responses, mice lacking expression of BATF3 were immunised as in Fig. 1A. This model was favoured, as clas-
sical DC depletion models can also deplete macrophage subpopulations that express CD11c*!. Batf3~/~ mice
display severe defects in the development of CD8* and CD103* dendritic cells®***, subsets that mediate antigen
cross-presentation. No CD103* dendritic cells were detectable in the DLN of BATF3-deficient mice, whereas
CD169" cell numbers in the DLN were comparable to WT mice (Supplementary Fig. S3). Upon immunisa-
tion, the frequency and polyfunctionality of HBs-specific CD4 T-cells responses were significantly reduced in
BATF3-deficient animals (Fig. 5A,B) while both OVA- and HBS-specific CD8 T-cell responses were completely
abolished (Fig. 5C). However, the altered CD4 T-cell responses did not translate into differences in antibody lev-
els, with increased IgG1 and normal IgG2 titres in Batf3~'~ mice (Fig. 5D).
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Figure 4. Clodronate-mediated depletion of CD169" subcapsular sinus macrophages greatly reduces
innate and effector responses induced by QS-21. (A) Monocyte, neutrophil and dendritic cell recruitment to
the DLN measured by flow cytometry 24 h post QS-21 injection (Ag: n=5, QS-21: n=10). (B) Expression of
the co-stimulatory molecules CD80 and CD86 on dendritic cells measured by flow cytometry 24 h post QS-21
injection (Ag: n=4, QS-21: n=5) (C) Mice were injected with clodronate or control liposomes 6 days prior to
vaccination and immunised as in 1 A. At day 21, median cytokine production (C) and polyfunctionality (D) of
HBs-specific CD4 T cells, cytokine production by HBs-specific CD8 T cells (E), and frequency of OVA-specific
circulating CD8 T-cells (E) were assessed by flow cytometry (Ag: n=4, QS-21: n=38). (F) Anti-HBs IgGl1,
IgG2c and total IgG titres in the serum of mice injected with QS-21 or Alum were measured by ELISA at day 21
(Ag:n=8, QS-21: n=16, Alum: n = 8). Each point represents a single mouse and the horizontal bar represents
the geometric mean. Statistical significance was determined by a non-parametric Mann-Whitney test. The data
is representative of at least 2 independent experiments.

Inflammasome activation and Caspase 1/11-dependency of the innate and effector responses to
QS-21. Next, we sought to determine the early innate signalling pathways that are triggered locally by QS-21.
Several QuilA derivatives were previously shown to activate the inflammasome's~'8. To assess the capacity of QS-21
to activate the canonical inflammasome pathway, bone marrow-derived dendritic cells from wild-type mice or
mice invalidated for NALP3 or Caspase-1 were either directly stimulated with MPL, alum or QS-21 or primed
with MPL followed by stimulation with alum or QS-21. In this model, priming is required for optimal inflam-
masome activation and secretion of IL-13*%. Figure 6A shows that IL-18 levels induced by QS-21 were similar to
alum, and dependent on Caspase-1 and NALP3, indicating classical inflammasome activation. Moreover, QS-21
injection in the gastrocnemius muscle led to detectable caspase-1 activation and IL-103 processing in the DLN 1h
post-injection, as shown by the detection of the p10 and p17 subunits of caspase-1 and IL-10, respectively (Fig. 6B).

We then examined the influence of Caspase-1/11 deficiency on the adjuvant effect of QS-21 following the pro-
tocol described in Fig. 1A. Twenty four hours post-immunisation using QS-21, monocyte and neutrophil recruit-
ment to the draining lymph node was significantly reduced, while dendritic cell numbers were not decreased
(Fig. 6C). Seven days after the second immunisation, ex vivo restimulation of spleen cells with antigenic pep-
tides showed no significant decrease in cytokine production by HBs-specific CD4 T cells (Fig. 6D). However,
the quality of the response was altered as CD4 T-cell polyfunctionality was reduced in Caspase-1/11 deficient
animals (Fig. 6E). Similarly, the frequencies of cytokine-producing HBs-specific CD8 T cells and of circulating
OVA-specific CD8 T cells were significantly reduced (Fig. 6F). However, despite these effects on effector and
innate responses, HBs-specific IgG2c and IgG1 titres elicited by QS-21 formulation in caspase-1/11 knockout
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Figure 5. Batf3-dependent dendritic cells regulate QS-21-mediated T-cell responses. Mice were immunised
asin 1 A and adaptive responses were measured at day 21. (A) Flow cytometry analysis of cytokine production

by HBs-specific CD4 T cells in WT and Batf3~'~ mice. (B) polyfunctionality index of CD4 T cells. (C) Flow
cytometry analysis of cytokine production by splenic HBs-specific CD8 T cells and of the frequency of circulating
OVA-specific CD8 T cells (Ag: n=1-2, QS-21: n=38). (D) Anti-HBs IgG1 and IgG2c titres in the serum measured
by ELISA (Ag: n=1-2, QS-21: n=8). Each point represents one mouse and the horizontal bar represents the
geometric mean. Statistical significance was determined by a non-parametric Mann-Whitney test.

mice were comparable to their wild-type counterparts (Fig. 6G). These observations indicate that Caspase-1 is
involved in QS-21-induced innate cell recruitment and both CD4 and CD8 T-cell responses but not antibody
responses.

MyD88-mediated signalling events are required for optimal responses to QS-21. Caspase-1
activation can lead to the release of IL-103 and IL-18 which signal via their respective receptors, IL-1R and IL-18R.
Since MyD88 is a critical adaptor for the signalling downstream of these receptors and of Toll-Like Receptors
(TLRs), we evaluated the role of MyD88 in the adjuvant effect of QS-21. WT or MyD88-invalidated mice were
immunised according to the protocol described in Fig. 1A. In contrast to the results obtained in Caspase-1-KO
animals, MyD88 was dispensable for monocyte recruitment to the DLN. However, neutrophil and dendritic
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Figure 6. QS-21 elicited innate cell recruitment and CD4/CD8 T-cell responses are dependent on
Caspase-1. (A) Bone-marrow derived dendritic cells (BMDCs) from mice lacking NALP3 or Caspase-1
expression were primed overnight with MPL and stimulated with either QS-21 or alum. IL-10 release in

the supernatant was determined by ELISA. The data is represented as mean and SEM of 3 independent
experiments. (B) WT or caspase-1 KO mice were injected i.m. with either PBS or QS-21 and the draining lymph
nodes were recovered at the indicated time points. Whole lymph nodes were lysed and caspase-1 and IL-13
processing were detected by western blot. (C) Innate cell recruitment to the iliac DLN in WT and Caspase-1

KO mice 24 h post QS-21 injection. Absolute numbers of monocytes (Lin-CD11b* Ly6C* Ly6G ™), neutrophils
(SSCM Lin~ CD11b* Ly6C™™ Ly6G™) and dendritic cells (Lin~ CD11ct MHCII*) per DLN were assessed by flow
cytometry (PBS: n=5, QS-21: n=5-10). (D-F) Mice were immunised as in 1 A. At day 21, cytokine production
(D) and polyfunctionality (E) of HBs-specific CD4 were evaluated by flow cytometry. (F) Cytokine production
of HBs-specific and frequency of OVA-specifc CD8 T cells were evaluated by flow cytometry (Ag: n=3, QS-21:
n=9-10). (G) Anti-HBs IgG1 and IgG2c titres in the serum at day 21 were measured by ELISA (Ag: n=5-6,
QS-21: n=20). Each point represents one mouse and the horizontal bar represents the geometric mean.
Statistical significance was determined by a non-parametric Mann-Whitney test. The data is representative of 2
independent experiments.

cell recruitment were largely MyD88-dependent (Fig. 7A). The frequency of QS-21-adjuvanted HBs/OVA
vaccine-induced cytokine-producing Ag-specific CD4 and CD8 T cells was significantly reduced in MyD88
knock-out mice, as were both the polyfunctionality of CD4 T cells and the proportion of circulating Ag-specific
CD8 T cells (Fig. 7B-D). Furthermore, in contrast to the results from Caspase-1/11-deficient mice, HBs-specific
IgG2c and IgGl titres were consistently reduced in MyD88 KO mice (Fig. 7E).

QS-21-mediated HMGB1 release in the DLN is required for optimal CD4 T-cell responses.  Since
the adaptive responses induced in vivo by QS-21 were found to be decreased in caspasel/11- and MyD88-deficient
animals, we hypothesised that IL-1 and/or IL-18 signalling events may be involved. We therefore evaluated
Ag-specific immune responses elicited upon immunisation of IL-18 and IL-1R-deficient mice. There was
no decrease in Ag-specific CD4 or CD8 T-cell responses in either group (Supplementary Fig. S4). Although
T-cell responses were maintained, we observed some minor but significant reductions in HBs-specific IgG titres
(Supplementary Fig. S5). These results indicate that other mediators contributed to the adjuvanticity of QS-21.
Caspase-1 activation is known to trigger pyroptosis and the release of Damage-Associated Molecular patterns
(DAMPs). Among these mediators, high-mobility group protein B1 (HMGB1) activates innate response in a
MyD88-dependent manner through TLR4 and RAGE®. To determine whether QS-21 immunisation leads to
HMGBI release in vivo, mice were injected i.m. with QS-21 and the DLNs were recovered after 6 h. The whole
lymph nodes were then cultured for 24h in complete medium and HMGBI was quantified in the superna-
tants by ELISA. Figure 8A shows that injection of the QS-21 adjuvant significantly increased HMGBI release
at the time point studied. To investigate the role of this molecule in the adjuvant effect of QS-21, the interac-
tion between HMGB1 and MD-2 (myeloid differentiation factor 2, the TLR4 co-receptor) was inhibited with a
specific tetrameric peptide (FSSE-NH,)*. Mice treated with the HMGB1-inhibitory peptide (FSSE-NH,) as in
Fig. 8B presented significantly decreased frequency of HBs-specific cytokine-producing CD4 and CD8 T cells
(Fig. 8C and E) but no detectable effect on polyfunctionality, OVA-specific CD8 cells or anti-HBs antibody pro-
duction when compared to the group injected with a scrambled control peptide (SESE-NH,) (Fig. 8D-F). These
data indicate that HMGB1-TLR4 signalling partially contributes to the induction of Ag-specific CD4 and CD8
T-cell responses elicited by QS-21 formulation.
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Figure 7. QS-21-elicited neutrophil and dendritic cell recruitment, cellular CD4/CD8 T-cell responses
and antibody production are dependent on MyD88. (A) Innate cell recruitment in the iliac DLN 24 h post
QS-21 injection. Absolute numbers of monocytes (Lin~ CD11b* Ly6C* Ly6G~), neutrophils (SSC" Lin~
CD11b* Ly6Cint Ly6G™) and dendritic cells (Lin~ CD11ct MHCIIT) per DLN were assessed by flow cytometry
(PBS: n=6, QS-21: n="7-8). (B-D) WT and MyD88 KO mice were immunised as in 1 A. At day 21, median
cytokine production (B) and polyfunctionality (C) of HBs-specific CD4 were evaluated by intracellular staining
(Ag:n=3,QS-21: n=14). (D) Cytokine production of HBs-specific splenic CD8 T cells and frequency of
OVA-specific circulating CD8 T cells assessed by flow cytometry (Ag: n=3-6, QS-21: n=14-21). (E) Anti-
HBs IgG1 and IgG2c titres in the serum at day 21 were measured by ELISA (Ag: n=6, QS-21: n=21). Each
point represents one mouse and the horizontal bar represents the geometric mean. Statistical significance was
determined by a non-parametric Mann-Whitney test. The data is representative of 2 independent experiments.

Discussion
Here, we have defined cellular and molecular mechanisms involved in the adjuvant effect of QS-21 when incorpo-
rated into cholesterol-containing liposomes. We found that lymph node resident CD169" macrophages act as the
key target cells of QS-21 and control its adjuvant effect. Depletion of these cells with clodronate-containing lipos-
omes greatly diminished QS-21-mediated innate cell recruitment and immune responses to co-administered anti-
gens, demonstrating a previously unappreciated role for these macrophages in response to adjuvants. However,
CD169" macrophages were not sufficient to drive T-cell responses, as the absence of BATF3-dependent dendritic
cells also diminished these responses. We further show that activation of the Caspase-1/MyD88 pathway in the
DLN was crucial for the adjuvant effect of QS-21, at least in part through the release of HMGBI.

Subcapsular sinus macrophages rapidly capture lymph-borne particles such as viruses or bacteria, limit-
ing the spread of pathogens to the afferent lymph and the blood?*?¢. These cells can also present antigens to
B cells and produce cytokines that induce a rapid local innate immune response?*?¢. Data shown here and
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Figure 8. QS-21 injection leads to HMGBI release that is required for optimal CD4 T-cell responses. (A) Mice
were injected i.m. with QS-21 and the draining lymph nodes were recovered 6 h post injection. The whole lymph
nodes were cultured for 24 h in complete medium and HMGB1 was detected in the supernatant by ELISA (n=10).
(B) Experiment timeline. Mice received four i.p. peptide (500 pug per mouse - red arrows) injections at day 0 and
day 14 (1 h before immunisation and then at 12 h intervals). The FSSE-NH, peptide inhibits HMGB1-MD-2
interaction while the scrambled control (SFSE-NH,) does not. (C-F) FSSE and control peptide-treated mice were
immunised as in (B). At day 21, cytokine production (C) and polyfunctionality (D) of HBs-specific CD4 T cells
were evaluated after in vitro restimulation by intracellular staining. The data is represented as the median of 6

(Ag) or 20 (QS-21) mice. (E) Cytokine production by HBs-specific splenic CD8 and frequency of antigen (OVA)-
specific circulating CD8 T cells assessed by flow cytometry (Ag: n =6, QS-21: n=20). (F) Anti-HBs IgG1 and
IgG2c titres in the serum at day 21 were measured by ELISA (Ag: n=3, QS-21: n=10). Each point represents a
single mouse and the horizontal bar represents the geometric mean. Statistical significance was determined by a
non-parametric Mann-Whitney test. The data represents a pool of 2 independent experiments.

previously published by our group® have revealed that unlike co-administered labelled antigens fluorescent
QS-21 (formulated in AS01) primarily colocalised with SCS macrophages shortly after injection, suggesting that
liposome-containing QS-21 is specifically retained by those cells. This is in agreement with previously published
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data showing that SCS macrophages acquire particulate matter while soluble antigens can freely flow into the
lymphoid follicle?*-?%7. The loss of CD169" macrophages upon QS-21 injection is reminiscent of the effect of
lymph-borne pathogens on these cells. Inflammasome activation in these cells leading to pyroptotic cell death
also initiates local innate immune cell recruitment and subsequent adaptive immunity?®.

Along this line, our data show that clodronate liposome-mediated depletion of LN-resident macrophages
inhibited recruitment of monocytes, neutrophils and DCs to the draining lymph node, possibly through mod-
ification of the high endothelial venule function®®. This would indicate that macrophages were the main cells
targeted by QS-21 within the first hours post-injection. These observations mirror those of Kastenmiiller
and colleagues who revealed that SCS macrophages orchestrate the response to pathogens by inducing an
IL-18-dependent IFN-~ response in various innate effector cells?. In our system, LN-resident macrophage
depletion greatly reduced Ag-specific CD4, CD8 and humoral responses to antigens adjuvanted with QS-21 but
not with alum, highlighting the difference between liposomal formulations and other adjuvants. CD169" mac-
rophages can play different roles in the regulation of adaptive immune responses. Lymph node SCS macrophages
can transfer particulate antigens directly to B lymphocytes, which then migrate to the T cell zone***. CD169*
macrophages can also directly cross-present antigens to CD8 T cells in a dendritic cell-independent manner®.
These observations rely on the fact that CD169" macrophages can capture antigens, retain them and present them
to either T cells or B cells. This does not seem to be the mechanism observed with QS-21 for several reasons. First,
as previously noted, while QS-21 was retained in the SCS, a co-formulated antigen was rapidly drained to the
medulla®. Second, mice lacking the CD8a™ and CD103" dendritic cell subsets but not CD169" macrophages do
not mount CD8 T-cell responses following immunisation with a QS-21-adjuvanted vaccine and exhibit decreased
CD4 T-cell responses. Dendritic cells are therefore responsible for the activation of antigen-specific T cells, as
previously shown for AS01°. Furthermore, preliminary work using an ex-vivo presentation assay (as described in
Didierlaurent et al.) showed that, indeed, resident DCs and monocyte-derived DCs were able to present antigens
to T cells after immunisation with a QS21-adjuvanted vaccine. Macrophages are therefore the QS-21-target cells
and most likely trigger the early inflammatory response responsible for APC recruitment and activation, and
subsequent antigen-specific T-cell priming. Nevertheless, these LN-resident macrophages were critical for the
innate and adaptive responses to QS-21-adjuvanted vaccines.

Subcapsular sinus macrophages constitutively produce and store pro-IL-18 that can be released in an
inflammasome-dependent manner after bacterial infection, which leads to IFN-~ production by innate lymphoid
cells, and they are also able to produce IL-13, which leads to neutrophil recruitment to the lymph node®. In
addition, transient inflammasome activation in SCS macrophages also occurs following local viral infection®.
This activation of the inflammasome leads to a rapid recruitment of innate cells and broadens the scope of T-cell
responses®. We observed that QS-21 induced canonical NALP3-dependent IL-18 secretion in vitro. Additionally,
QS-21 injection in the muscle led to detectable caspase-1 and IL-1f3 cleavage in the draining lymph node after
1h, when QS-21 is detected in CD169" macrophages. These observations suggest that transient inflammasome
activation occurs rapidly in these cells following immunisation with QS-21.

ISCOMATRIX, an adjuvant containing several QuilA saponin fractions also induces inflammasome activa-
tion in vivo with subsequent IL-103 and IL-18 production, the latter being required for early innate responses!'.
We observed impaired monocyte and neutrophil recruitment to the DLN in Caspase-1/11 deficient mice.
QS-21-mediated neutrophil recruitment was also abolished in mice lacking MyD88, but monocyte recruitment
was not altered. Neutrophil recruitment was therefore dependent on Caspase-1 and possibly IL-13/IL-18 signal-
ling while monocyte recruitment seemed to be partially dependent on Caspase-1 but independent of MyD88.
This finding is in agreement with previously published data with whole bacteria®*#. The role of the inflammas-
ome pathway in adaptive cellular and humoral responses elicited by vaccine adjuvants is controversial. Some
groups have exposed a role of NLRP3 in Ag-specific antibody production induced by alum, while others have
seen no difference between WT and NLRP3-KO mice*!. Furthermore, a recent report has shown that NLRP3-KO
mice displayed increased Ag-specific cellular and humoral response upon immunisation with free QS-21". The
importance of the inflammasome pathway in adaptive responses is difficult to pinpoint, given that caspase-1
has multiple substrates that could have diverging effects on the activation and differentiation of lymphocytes*.
Using QS-21 formulated in liposomes, we observed that caspase 1 and MyD88 pathways contribute to Ag-specific
CD4" and CD8™ T-cell responses. Our results indicate that this effect was probably mediated by the local release
of HMGBI rather than by IL-1 or IL-18. MyD88 deficiency led to a strong decrease in Ag-specific IgG1 and
IgG2c antibody titres, probably reflecting decreased IL-1/18 and TLR signalling in B cells themselves*’. However,
absence of caspase-1 did not affect the action of QS-21 on Ag-specific antibody levels. This could be due to the
opposing contribution of IL-1 and IL-18 to the quality of the humoral response. Indeed, lack of IL- 1R resulted in
reduced Ag-specific IgGl titres while absence of IL-18 decreased IgG2¢ but enhanced IgG1 levels.

Taken together, our results show that QS-21 rapidly accumulates in CD169" macrophages of the drain-
ing lymph node where it induces caspase-1 activation and HMGBI release. These early events then orches-
trate the recruitment of innate immune cells and activation of dendritic cells. DCs then presumably trigger
MyD88-dependent activation of antigen-specific cellular and humoral responses. These observations demon-
strate a novel and critical role of resident LN macrophages in the activity of a clinically approved vaccine adjuvant.

Methods

Vaccine formulations. QS-21 (Quillaja saponaria Molina, fraction 21; licensed by GSK from Antigenics
LLC, a wholly owned subsidiary of Agenus Inc., a Delaware, USA corporation) and Hepatitis B surface (HBs)
antigen were provided by GSK Vaccines. For the experiments, QS-21 was formulated in DOPC liposomes con-
taining cholesterol at 100 pg/ml. The term “QS-21” used in the manuscript refers to QS-21 formulated in lipos-
omes. Ovalbumin was obtained from Calbiochem and confirmed to be endotoxin-free. All formulations used in
this study were made in GSK Vaccines laboratories.
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Mice. (C57BL/6 mice were purchased from Harlan Horst. Caspase-1-deficient (Caspl KO), Batf3-deficient
and IL-18-deficient (IL-18 KO) mice on C57BL/6 background were obtained from The Jackson Laboratory.
MyD88-deficient (MyD88 KO) and NLRP3-deficient mice on C57BL/6 background were obtained from
Dr S. Akira and Dr J.P. Ting, respectively. IL-1 receptor-deficient mice (IL-1R KO mice) mice on C57BL/6 back-
ground were kindly provided by Dr B. Ryffel. These mice were housed and bred in our specific pathogen-free ani-
mal facility. All animal studies were approved by the Animal Welfare and Ethics Committee of the BIOPOLE ULB
CHARLEROIL. All experiments were conducted in accordance with the recommended guidelines and regulations.

Mice immunisations. i.m. injections, containing 4 g of HBs or 1 pg of OVA, both with 1 g of formulated
QS-21 were performed on 6-to 12-week-old female or male mice, in both hind limbs, in the gastrocnemius
muscles and with a volume of 20 pl/muscle. For SCS macrophage depletion, clodronate or control liposomes
(Encapsula NanoSciences) were injected 6 days prior to immunisation.

HBs-specific antibody response. Anti-HBs Ab concentrations were measured by ELISA, using HBs pro-
tein as the coating antigen, goat anti-mouse IgG (GAM,; SouthernBiotech or Jackson ImmunoResearch) was used
as coating for the standard antibody. The HBs protein or the GAM IgG were pre-coated onto a 96-well ELISA
plate at a final concentration of 1pg/ml and 5pg/ml, respectively, incubated overnight at 4°C. After blocking,
diluted serum samples and the IgG standard (SouthernBiotech) were incubated for 2 hours at RT. Plates were
then incubated with Biotin-conjugated goat anti-mouse IgG (SouthernBiotech or Jackson ImmunoResearch)
followed by horseradish peroxidase-conjugated streptavidin for 30 min. The plates were incubated in a solution of
tetramethylbenzidine (TMB, Invitrogen). The reaction was stopped with 1 M hydrochloric acid. The plates were
read at 450 nm on a microplate reader.

Ag-specificT-cell response. 2 x 10° splenocytes from immunised mice were stimulated in vitro in a 96-well
microplate with HBs or OVA peptide pools at 1 pg/ml. The HBs peptide pool consists of 15-mer peptides with 11
amino acid overlaps encompassing the whole protein. The OVA peptide pool consists of 17 15-mer peptides selected
for H2-Kb epitope content. Anti-CD49d and anti-CD28 Abs at 1 pg/ml (BD Biosciences) were added to the culture,
and the cells were incubated 2h at 37 °C. Brefeldin A (1 pg/ml; BD Biosciences) was then added and cells were fur-
ther cultured over-night at 37 °C. Cell suspensions were washed, resuspended in 50 pul of PBS with 2% FCS, 2 mM
EDTA containing 2% Fc blocking reagent (1/50; 2.4G2; BD Biosciences) and stained with anti-CD4 pacific blue
(clone RM 4.-5 BD Biosciences; 1/100 final dilution) and anti-CD8-PerCP (clone 53-6.7 BD Biosciences, 1/100 final
dilution). Cells were permeabilised in 200 pl of Cytofix-Cytoperm (BD Biosciences), washed with 1 x Perm Wash
solution (BD Biosciences) and resuspended with 50l 1x Perm Wash buffer containing anti-IFN-~- APC (clone
XMG1.2 BD Biosciences, 1/100), anti-IL-2-FITC (clone JES6-5H4 BD Biosciences, 1/1000) and anti-TNF-PE (clone
MP6-XT22 BD Biosciences, 1/2000). Cells were fixed in 200 pl of 1x CellFix solution (BD biosciences) and samples
were acquired on a BD LSRFortessa flow cytometer (BD Biosciences). Analyses were performed using Flow]Jo soft-
ware. Polyfunctionality was assessed with Funky Cells Data miner as previously described?®.

For OVA-specific CD8 T-cell responses, 50 pl of whole blood collected with anti-coagulant (heparin,
Sanofi- Aventis) was incubated 10 min with 3 pl of PE-labelled MHCI SIINFEKL specific pentamer (Prolmmune).
Cells were stained with anti-CD4-FITC (clone H129.19 BD Biosciences), anti-CD19-FITC (clone eBiol1D3
eBioscience) and anti-CD8-PerCp (clone 53-6.7 BD Biosciences), plus anti-CD127 PE-Cy7 (clone SB/199 BD
Biosciences) and anti-KLRG1-APC (Clone 2F1 BD Biosciences) diluted in 50 pl (1/50 final dilution of all anti-
bodies) of PBS 2% FCS-2 mM EDTA. Red cells were then lysed (BD FACS Lysing Solution), washed twice,
fixed in 200 pl of 1x CellFix solution (BD biosciences) and acquired with a BD LSRFortessa flow cytometer (BD
Biosciences). Analyses were performed using Flow]o software.

Microarray analysis. Total RNA was isolated by homogenising pooled DLN in Tripure reagent (1 ml/100 mg
tissue; Roche Applied Science) and then extracted with chloroform followed by RNeasy Minikit (Qiagen) accord-
ing to the manufacturer’s protocol. A DNAse treatment was applied on the RNeasy column to avoid genomic DNA
contamination. RNA was concentrated by ethanol precipitation, and quantified by RiboGreen (Life Technologies).
1 g of each RNA sample was used for target preparation, using a one-cycle cDNA synthesis kit, and hybrid-
ised to GeneChip Whole Mouse Genome 430 2.0 arrays (Affymetrix). Data acquisition was performed using
GeneChip Operating Software (Affymetrix) and data quality control and normalisation was performed with the
R and Bioconductor stats packages. Fold changes (QS-21 vs PBS) were calculated for each organ at each time
point. A heatmap of the top significantly upregulated genes (FC vs PBS >10, p-value <0.05) was generated with
MeV software. The histograms of the top 50 upregulated genes were generated with Graphpad Prism software.
Pathway over-representation of significantly upregulated genes (p-value < 0.05 and fold change >3) was per-
formed with the InnateDB web resource using the hypergeometric algorithm and Benjamini-Hochberg correction
for p-values?. The microarray data are available on the GEO repository with the accession number GSE90864

SDS-PAGE and Western Blot.  QS-21 was administered i.m. to mice in both hind legs and the iliac lymph
nodes (ILN) were recovered at 1, 3 or 6 hours. The ILNs were rinsed twice in ice cold PBS and transferred into a
pre-chilled glass homogenisation tube. 200 ul of RIPA buffer (PBS with 1% NP-40, 0.5% Na deoxycholate and 0.1%
SDS) containing protease (cOmplete Mini Protease Inhibitor Cocktail Tablet, Roche) and phosphatase inhibitors
(PhosSTOP, Roche) was transferred into the tube and the tissue was homogenised with a pestle. The homogenate
was incubated on ice for 20 minutes and cleared by centrifugation at 12000 g for 20 minutes at 4 °C. Protein con-
centration was measured with the Micro BCA Protein Assay kit (Pierce) and 20 pg of protein was loaded onto a
12% Bis-Tris polyacrylamide gel. Gels were run in NuPAGE MOPS SDS Running Buffer (Invitrogen) at 150V for
1 hour. Proteins were transferred onto a PVDF membrane (Amersham) for 1h at 100V, blocked in TBS-Tween
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containing 5% BSA and detected with anti-Caspase-1 p10 (Santa Cruz sc-515), anti- IL-13 (Cell Signaling #2021)
and anti-Actin (Sigma) antibodies following manufacturer’s instructions.

IL-13 ELISA. Bone marrow-derived dendritic cells from WT, Caspase-1 KO or NALP3 KO mice were dif-
ferentiated as previously described*:. The cells were stimulated with MPL (10 pg/ml - GSK), Alum (250 pg/ml),
liposomal QS-21 (10 pg/ml) or a combination of MPL 4+ Alum or MPL + QS-21 and IL-1(3 was detected in the
supernatant by ELISA (R&D Systems) following manufacturer’s instructions.

QS-21 labelling and immunofluorescence. QS-21-BODIPY (formulated in AS01) was produced as
reported in ref. 6. Frozen cryostat sections of draining lymph nodes (DLN) (5 mm) from mice immunised with
QS-21- BODIPY were fixed in acetone. Ab staining of DLN sections (CD11b, CD169 - clone MOMA-1- and
B cells, biotinylated rat anti-mouse CD45R/B220; BD Biosciences) was performed in PBS/2% donkey serum,
overnight at 4°C, in conjunction with Dylight594-conjugated streptavidin (for CD45R/ B220). Tissue sections
were examined with a confocal laser scanning microscope (Zeiss LSM 780 Meta). Minor brightness and contrast
adjustments were made using Zeiss and/or other routine image-manipulation software and were applied uni-
formly to the whole image.

Innate cell phenotyping in muscle and lymph node.  Pooled tissues (gastrocnemius muscle or iliac
lymph node [ILN]) from three immunised mice were treated by mechanical dissociation in 3 ml DMEM con-
taining DNase I (100 mg/ml; Roche), 1% FCS and Liberase (Roche) at 0.1 U/ml (muscle), or 0.26 U/ml (ILN) for
30min under agitation at 37 °C (muscle) or at room temperature (ILN). Liberase digestion was stopped by adding
10mM EDTA and incubating on ice. Larger clumps of material were removed by passing the preparation through
a 100 mM nylon cell strainer (BD Biosciences). The muscle preparation was enriched for hematopoietic cells by
centrifugation on a Percoll gradient (Amersham-Pharmacia). Cells were washed twice and resuspended in PBS
containing 2mM EDTA and 2% FCS. After treatment with 2.4G2 Ab for 5min to block the FcR, the cells were
stained with the following anti-mouse Abs: anti-Ly6C-FITC, the PE- conjugated lineage identifiers (anti-SiglecF,
anti-CD8a, anti-CD4, anti- CD19, and anti-NK1.1), anti-Ly6G-PerCP, anti-Ly6C-PerCP, anti-MHC class II
(MHCII) (I-A/1-E)-Alexa700, anti-CD11b-PB, anti-CD11¢-PECy7, anti-CD169 (clone MOMA-1) APC-Cy7-
conjugated lineage identifiers (anti-CD3, anti-CD19, and anti-Ly6G), and anti-CD45-PO. All Abs were obtained
from BD Biosciences, except the anti-CD169 that was from BMA Biomedicals. Fluorescent events were acquired
using an LSR2 and analysed using FACSDiva software (BD Biosciences). Monocytes were defined as Ly6C high
CD11b* Ly6G- cells, and neutrophils were defined as SSC high CD11b*Ly6G/ Gr1"i". After exclusion of neutro-
phil, monocyte and lymphocyte populations, DCs were gated as CD11c + MHCII+ from muscles or as CD11c
mid MHCII high from ILNs.

Statistical analyses. Statistical analyses were performed with GraphPad Prism software. Statistical signif-
icance was determined with Mann-Whitney non-parametric tests. p > 0.05: not significant; p < 0.05 and >0.01:
*p <0.01 and >0.001: **p < 0.001 and >0.0001: ***p < 0.0001: ****.

References
1. Reed, S. G., Orr, M. T. & Fox, C. B. Key roles of adjuvants in modern vaccines. Nat. Med. 19, 1597-608 (2013).
2. Lal, H. et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in older adults. N. Engl. J. Med. 372, 2087-96 (2015).
3. RTS, S. C. T. P. Efficacy and safety of RTS, S/AS01 malaria vaccine with or without a booster dose in infants and children in Africa:
final results of a phase 3, individually randomised, controlled trial. Lancet 386, 31-45 (2015).
4. White, M. T. et al. Immunogenicity of the RTS, S/AS01 malaria vaccine and implications for duration of vaccine efficacy: Secondary
analysis of data from a phase 3 randomised controlled trial. Lancet Infect. Dis. 15 (2015).
5. Gargon, N. & Van Mechelen, M. Recent clinical experience with vaccines using MPL- and QS-21-containing adjuvant systems.
Expert Rev. Vaccines 10, 471-86 (2011).
6. Didierlaurent, A. M. et al. Enhancement of adaptive immunity by the human vaccine adjuvant ASO1 depends on activated dendritic
cells. J. Immunol. 193, 1920-30 (2014).
7. Sun, H.-X,, Xie, Y. & Ye, Y.-P. Advances in saponin-based adjuvants. Vaccine 27, 1787-1796 (2009).
8. Kensil, C. R, Patel, U., Lennick, M. & Marciani, D. Separation and characterization of saponins with adjuvant activity from Quillaja
saponaria Molina cortex. J. Immunol. 146, 431-7 (1991).
9. Gargon, N., Chomez, P. & Van Mechelen, M. GlaxoSmithKline Adjuvant Systems in vaccines: concepts, achievements and
perspectives. Expert Rev. Vaccines 6, 723-739 (2007).
10. Kensil, C. R. & Kammer, R. QS-21: a water-soluble triterpene glycoside adjuvant. Expert Opin. Investig. Drugs 7, 1475-82 (1998).
11. Newman, M. J. et al. Saponin adjuvant induction of ovalbumin-specific CD8+- cytotoxic T lymphocyte responses. J. Immunol. 148,
2357-62 (1992).
12. Schnurr, M. et al. ISCOMATRIX adjuvant induces efficient cross-presentation of tumor antigen by dendritic cells via rapid cytosolic
antigen delivery and processing via tripeptidyl peptidase IL J. Immunol. 182, 1253-9 (2009).
13. Liu, G., Anderson, C., Scaltreto, H., Barbon, J. & Kensil, C. R. QS-21 structure/function studies: effect of acylation on adjuvant
activity. Vaccine 20, 2808-15 (2002).
14. Evans, T. G. et al. QS-21 promotes an adjuvant effect allowing for reduced antigen dose during HIV-1 envelope subunit
immunization in humans. Vaccine 19, 2080-91 (2001).
15. Ragupathi, G., Gardner, J. R,, Livingston, P. O. & Gin, D. Y. Natural and synthetic saponin adjuvant QS-21 for vaccines against
cancer. Expert Rev. Vaccines 10, 463-70 (2011).
16. Li, H., Willingham, S. B, Ting, J. P.-Y. & Re, E. Cutting edge: inflammasome activation by alum and alum’s adjuvant effect are
mediated by NLRP3. J. Immunol. 181, 17-21 (2008).
17. Marty-Roix, R. et al. Identification of QS-21 as an Inflammasome-activating Molecular Component of Saponin Adjuvants. J. Biol.
Chem. 291, 1123-36 (2016).
18. Wilson, N. S. et al. Inflammasome-dependent and -independent IL-18 production mediates immunity to the ISCOMATRIX
adjuvant. J. Immunol. 192, 3259-68 (2014).
19. Joshi, N. S. et al. Inflammation Directs Memory Precursor and Short-Lived Effector CD8+ T Cell Fates via the Graded Expression
of T-bet Transcription Factor. Immunity 27, 281-295 (2007).

SCIENTIFICREPORTS | 6:39475 | DOI: 10.1038/srep39475 12



www.nature.com/scientificreports/

20. Breuer, K. et al. InnateDB: Systems biology of innate immunity and beyond - Recent updates and continuing curation. Nucleic Acids
Res. 41, 1228-1233 (2013).

21. Qi, H., Kastenmiiller, W. & Germain, R. N. Spatiotemporal basis of innate and adaptive immunity in secondary lymphoid tissue.
Annu. Rev. Cell Dev. Biol. 30, 141-67 (2014).

22. Gaya, M. et al. Inflammation-induced disruption of SCS macrophages impairs B cell responses to secondary infection. Sci. 347,
667-672 (2015).

23. Sagoo, P. et al. In vivo imaging of inflammasome activation reveals a subcapsular macrophage burst response that mobilizes innate
and adaptive immunity. Nat. Med. 22, 64-71 (2016).

24. Junt, T. et al. Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses and present them to antiviral B cells. Nature
450, 110-4 (2007).

25. Carrasco, Y. R. & Batista, F. D. B cells acquire particulate antigen in a macrophage-rich area at the boundary between the follicle and
the subcapsular sinus of the lymph node. Immunity 27, 160-71 (2007).

26. Kastenmiiller, W., Torabi-Parizi, P.,, Subramanian, N., Limmermann, T. & Germain, R. N. A spatially-organized multicellular innate
immune response in lymph nodes limits systemic pathogen spread. Cell 150, 1235-48 (2012).

27. Delemarre, F. G., Kors, N., Kraal, G. & van Rooijen, N. Repopulation of macrophages in popliteal lymph nodes of mice after
liposome-mediated depletion. J. Leukoc. Biol. 47, 251-7 (1990).

28. Darrah, P. A. et al. Multifunctional TH1 cells define a correlate of vaccine-mediated protection against Leishmania major. Nat. Med.
13, 843-850 (2007).

29. Larsen, M. et al. Evaluating cellular polyfunctionality with a novel polyfunctionality index. PLoS One 7, 1-10 (2012).

30. Asano, K. et al. CD169-positive macrophages dominate antitumor immunity by crosspresenting dead cell-associated antigens.
Immunity 34, 85-95 (2011).

31. Gray, E. E. & Cyster, J. G. Lymph node macrophages. Journal of Innate Immunity 4, 424-436 (2012).

32. Hildner, K. et al. Batf3 deficiency reveals a critical role for CD8c+ dendritic cells in cytotoxic T cell immunity. Science (80 —). 322,
1097-1100 (2008).

33. Edelson, B. T. et al. Peripheral CD103+ dendritic cells form a unified subset developmentally related to CD8alpha+ conventional
dendritic cells. J. Exp. Med. 207, 823-36 (2010).

34. Kahlenberg, J. M., Lundberg, K. C., Kertesy, S. B., Qu, Y. & Dubyak, G. R. Potentiation of caspase-1 activation by the P2X7 receptor
is dependent on TLR signals and requires NF-kappaB-driven protein synthesis. . Immunol. 175, 7611-7622 (2005).

35. Sangiuliano, B., Pérez, N. M., Moreira, D. F. & Belizirio, J. E. Cell Death-Associated Molecular-Pattern Molecules: Inflammatory
Signaling and Control. Mediators Inflamm. 2014, 821043 (2014).

36. Yang, H. et al. MD-2 is required for disulfidle HMGB1-dependent TLR4 signaling. J. Exp. Med. 212, 5-14 (2015).

37. Pape, K. a., Catron, D. M., Itano, A. a. & Jenkins, M. K. The Humoral Immune Response Is Initiated in Lymph Nodes by B Cells that
Acquire Soluble Antigen Directly in the Follicles. Immunity 26, 491-502 (2007).

38. Mebius, R. E., Bauer, J., Twisk, A. J., Brevé, J. & Kraal, G. The functional activity of high endothelial venules: a role for the subcapsular
sinus macrophages in the lymph node. Immunobiology 182, 277-91 (1991).

39. Miller, L. S. et al. MyD88 mediates neutrophil recruitment initiated by IL-1R but not TLR2 activation in immunity against
Staphylococcus aureus. Immunity 24, 79-91 (2006).

40. Miller, L. S. et al. Inflammasome-mediated production of IL-1beta is required for neutrophil recruitment against Staphylococcus
aureus in vivo. J. Immunol. 179, 6933-6942 (2007).

41. Spreafico, R., Ricciardi-Castagnoli, P. & Mortellaro, A. The controversial relationship between NLRP3, alum, danger signals and the
next-generation adjuvants. Eur. J. Immunol. 40, 638-42 (2010).

42. Denes, a., Lopez-Castejon, G. & Brough, D. Caspase-1: is IL-1 just the tip of the ICEberg? Cell Death Dis. 3, €338 (2012).

43. Kasturi, S. P. et al. Programming the magnitude and persistence of antibody responses with innate immunity. Nature 470, 543-7
(2011).

44. Goriely, S. et al. Interferon regulatory factor 3 is involved in Toll-like receptor 4 (TLR4)- and TLR3-induced IL-12p35 gene
activation. Blood 107, 1078-1084 (2006).

Acknowledgements

This study was supported by a public-private partnership between the Walloon Region (DG06) and
GlaxoSmithKline Biologicals SA, the Fonds National de la Recherche Scientifique (FRS-FNRS, Belgium), the
WELBIO and an Interuniversity Attraction Poles Programme of the Belgian Federal Science Policy. SG is a
research associate of the FRS-FNRS. Engerix is a trademark of the GSK group of companies.

Author Contributions

S.D. and I.W. conducted most of the experiments; C.C., S.W., L.V.M., A.D. contributed to some experiments; S.T.
and M.S. provided technical help for the experiments. S.D., LW., C.C. and S.W. analysed the data. C.C., A.E. and
M.C. provided input for research design and interpretation. S.D., LW, S.G. and A.D. designed the study and wrote
the manuscript. All authors were involved in critically revising the manuscript for important intellectual content.
All authors had full access to the data and approved the manuscript before it was submitted by the corresponding
author. S.D. and I.W. share first authorship while S.G. and A.M.D. share senior authorship.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: All authors have declared the following interests. C.C., S.W., M.C., A.E., AM.D.
are employees of the GSK group of companies. S.W., A.E. and A.M.D. own GSK. stocks. The other authors
report no financial conflicts of interest.

How to cite this article: Detienne, S. et al. Central Role of CD169* Lymph Node Resident Macrophages in the
Adjuvanticity of the QS-21 Component of ASO1. Sci. Rep. 6, 39475; doi: 10.1038/srep39475 (2016).

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

SCIENTIFIC REPORTS | 6:39475 | DOI: 10.1038/srep39475 13


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:39475 | DOI: 10.1038/srep39475 14


http://creativecommons.org/licenses/by/4.0/

	Central Role of CD169+ Lymph Node Resident Macrophages in the Adjuvanticity of the QS-21 Component of AS01

	Results

	QS-21 incorporated in liposomes induces robust adaptive immune responses to co-administered antigens. 
	Intramuscular injection of QS-21 leads to a rapid local innate response in the draining lymph node. 
	QS-21 is drained to the lymph node where it colocalises with CD11b+ CD169+ resident macrophages. 
	Lymph Node Resident macrophages are critical for innate and effector responses to antigens adjuvanted with QS-21. 
	Batf3-dependent dendritic cells regulate QS-21-mediated CD4 and CD8 T-cell responses. 
	Inflammasome activation and Caspase 1/11-dependency of the innate and effector responses to QS-21. 
	MyD88-mediated signalling events are required for optimal responses to QS-21. 
	QS-21-mediated HMGB1 release in the DLN is required for optimal CD4 T-cell responses. 

	Discussion

	Methods

	Vaccine formulations. 
	Mice. 
	Mice immunisations. 
	HBs-specific antibody response. 
	Ag-specific T-cell response. 
	Microarray analysis. 
	SDS-PAGE and Western Blot. 
	IL-1β ELISA. 
	QS-21 labelling and immunofluorescence. 
	Innate cell phenotyping in muscle and lymph node. 
	Statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ QS-21 is a potent adjuvant for the induction of cellular and humoral responses.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ QS-21 induces rapid changes in gene expression in draining lymph node.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ QS-21-bodipy rapidly accumulates in the draining lymph node where it colocalises with CD11b+ CD169+ macrophages of the subcapsular sinus.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Clodronate-mediated depletion of CD169+ subcapsular sinus macrophages greatly reduces innate and effector responses induced by QS-21.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Batf3-dependent dendritic cells regulate QS-21-mediated T-cell responses.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ QS-21 elicited innate cell recruitment and CD4/CD8 T-cell responses are dependent on Caspase-1.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ QS-21-elicited neutrophil and dendritic cell recruitment, cellular CD4/CD8 T-cell responses and antibody production are dependent on MyD88.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ QS-21 injection leads to HMGB1 release that is required for optimal CD4 T-cell responses.



 
    
       
          application/pdf
          
             
                Central Role of CD169+ Lymph Node Resident Macrophages in the Adjuvanticity of the QS-21 Component of AS01
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39475
            
         
          
             
                Sophie Detienne
                Iain Welsby
                Catherine Collignon
                Sandrine Wouters
                Margherita Coccia
                Sophie Delhaye
                Laurye Van Maele
                Séverine Thomas
                Maëlle Swertvaegher
                Aurélie Detavernier
                Abdelatif Elouahabi
                Stanislas Goriely
                Arnaud M. Didierlaurent
            
         
          doi:10.1038/srep39475
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39475
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39475
            
         
      
       
          
          
          
             
                doi:10.1038/srep39475
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39475
            
         
          
          
      
       
       
          True
      
   




