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Abstract

Type | interferons (IFNs) are key mediators of immune defense against viruses and bacteria. Type
I IFNs have also been implicated in protection against fungal infection, but their roles in anti-
fungal immunity have not been thoroughly investigated. A recent study demonstrated that bacterial
and fungal B-glucans stimulate IFN-B production by dendritic cells (DCs) following detection by
the Dectin-1 receptor, but the effects of B-glucan-induced type I IFNs have not been defined. We
investigated whether type | IFNs regulate CD8 T cell activation by fungal p-glucan particle-
stimulated DCs. We demonstrate that p-glucan-stimulated DCs induce CD8 T cell proliferation,
activation marker (CD44 and CD69) expression, and production of IFN-y, IL-2 and granzyme B.
Moreover, we show that type | IFNs support robust CD8 T cell activation (proliferation, and IFN-y
and granzyme B production) by p-glucan-stimulated DCs both /7 vitro and in vivo due to
autocrine effects on the DCs. Specifically, type | IFNs promote antigen presentation on MHC |
molecules, CD86 and CD40 expression, and the production of IL-12 p70, IL-2, IL-6 and TNF-a
by B-glucan-stimulated DCs. We also demonstrate a role for autocrine type | IFN signaling in
bacterial lipopolysaccharide (LPS)-induced DC maturation, although in the context of LPS
stimulation, this mechanism is not so critical for CD8 T cell activation (promotes IFN-y
production, but not proliferation or granzyme B production). This study provides insight into the
mechanisms underlying CD8 T cell activation during infection, which may be useful in the
rational design of vaccines directed against pathogens and tumors.
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Introduction

CD4 T cells have been shown to play key roles in the control of pathogenic fungi (1, 2). Thl
cells yield interferon (IFN)-y to promote fungal killing by macrophages and neutrophils,
while the Th17 cytokines IL-17 and IL-22 recruit and activate neutrophils. The role of CD8
T cells in anti-fungal defense is less well defined, although several studies have
demonstrated that they are important. For example, depletion of CD8 T cells renders mice
more susceptible to pulmonary infection with Crypotococcus neoformans and
Paracoccidioides brasiliensis (3, 4). Some fungi have been shown to be facultative
intracellular parasites (5) and thus infected cells may represent targets for CD8 T cell-
mediated cytotoxicity. However, most fungi grow in yeast and filamentous forms that must
be targeted for destruction by internalization (phagocytosis) or by extracellular mechanisms
including neutrophil extracellular traps. CD8 T cell-dependent anti-fungal defense is
therefore likely due in large part to the IFN-y-mediated activation of macrophages and
neutrophils.

B-glucans are glucose polymers that are commonly found in the cell walls of fungi, as well
as some hacteria. p-glucans in particulate form (e.g. exposed on the surface of a yeast cell)
activate the C-type lectin receptor (CLR) Dectin-1, which plays key roles in anti-fungal
defense (6). Dectin-1, which is predominantly expressed by myeloid phagocytes (including
DCs), signals via an ITAM-like motif to activate signaling pathways that trigger
phagocytosis, an oxidative burst, and inflammatory cytokine production (6). Bacterial and
fungal p-glucans have also been shown to induce the Dectin-1-dependent maturation of
DCs, which enables them to efficiently activate both CD4 T cells (Th17 polarization in
particular) and CD8 T cells (1, 7-9).

The caspase activation and recruitment domain (CARD) 9 adaptor protein plays a central
role in anti-fungal defense due to its ability to activate NF-xB downstream of Dectin-1 and
other CLRs that detect fungal components (6). Dectin-1 signaling via the CARD9-NF-xB
pathway leads to DC production of inflammatory cytokines, including IL-6, IL-12 and TNF-
a (10). A recent paper showed that CARDS also transduces signals via interferon regulatory
factor (IRF)5 to induce the expression of IFN-f by DCs (11).

Type | IFNs (including IFN-a and IFN-B) are key mediators of immune defense against
viruses and also bacteria, largely due to their ability to activate cytotoxic effector cells (NK
and CD8 T cells) to kill infected host cells (12). More recently, type | IFNs have been
implicated in protection against fungal infection (12). For example, DCs have been shown to
produce IFN-B upon stimulation with C. neoformans and Candida albicans, and mice
deficient in the type | IFN receptor (IFNAR) are more susceptible to infection with these
fungi (11, 13, 14). A recent study demonstrated that DCs are a major source of IFN-p
following C. albicans infection (11).

The type | IFN receptor, which comprises IFNAR1 and IFNAR2 subunits, is broadly
expressed on hematopoietic and non-hematopoietic cells, and type | IFNs have been shown
to act via diverse mechanisms (12). The roles of type | IFNs in anti-fungal immunity have
not yet been thoroughly investigated, although type I IFNs have been implicated in the
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promotion of fungicidal responses, the recruitment and activation of neutrophils, and
production of the cytokines IFN-y and TNF-a (11, 13, 14).

In the current study we investigated whether type | IFNs produced by DCs in response to
stimulation with fungal B-glucan particles regulate DC-mediated CD8 T cell activation.
Using neutralizing antibodies and IFNAR1-deficient mice, we show that type | IFNs are
required for robust CD8 T cell proliferation and production of IFN-y and granzyme B upon
co-culture with fungal B-glucan-stimulated DCs. However, in contrast to the influence of
other cytokines that orchestrate T cell activation and polarization, the direct action of type |
IFNs on CD8 T cells is not required. Instead, our /n vitroand in vivo studies demonstrate
that autocrine IFNAR signaling in the f-glucan-stimulated DCs is required for efficient CD8
T cell activation. We show that autocrine type | IFN signaling promotes antigen
presentation, upregulation of the co-stimulatory molecules CD40 and CD86, and production
of certain inflammatory cytokines (IL-12 p70, IL-6 and TNF-a.). We also report a similar
role for autocrine type I IFN signaling in DC maturation following LPS stimulation,
although in that context, autocrine type I IFN signaling promotes IFN-y production, but not
proliferation or granzyme B production by CD8 T cells.

Materials and Methods

Microbial components

Mice

Cells

Fungal p-glucan particles were prepared by treating Saccharomyces cerevisiae zymosan A
(Sigma) to remove TLR agonists (depleted zymosan) as previously described (15). Briefly,
zymosan particles were boiled in 10 M NaOH for 30 minutes and then thoroughly washed
with PBS and sonicated prior to use. Sa/monella minnesota lipopolysaccharide (LPS) was
from Invivogen.

All animal procedures were performed with the prior approval of the Institutional Animal
Care and Use Committee at Cedars-Sinai Medical Center. Wild-type C57BL/6 mice
(CD45.2 and the congenic CD45.1 strain), IFNAR1-deficient mice and OVA peptide
(SIINFEKL)-specific OT-1 mice were purchased from The Jackson Laboratory. Dectin-1-
deficient mice, originally obtained from Gordon Brown (University of Aberdeen, UK), were
bred in house.

Dendritic cells were derived from the bone marrow of mouse femurs and tibias by culture
with 20 ng/ml mGM-CSF for 8 days. Adherent cells (>95% CD11b* CD11c*) were
harvested from the cultures, plated and rested for 4 hours prior to stimulation. Naive CD8 T
cells were isolated from the spleens and lymph nodes of OT-1 mice by negative selection
(>90% CD8* CD4419) using a kit from Stem Cell Technologies, according to the
manufacturer's instructions.
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DC:T cell co-culture

DCs were treated with OVA peptide (SIINFEKL; 1.1 nM) for 30 minutes and then
stimulated with B-glucan particles or LPS for 24 hours. DCs were then washed thoroughly
and CFSE-labeled naive CD8 T cells were added at a 1:5 ratio (8x10* DCs plus 40x104 T
cells) and cultures were supplemented with 1 M sodium pyruvate and 50 mM -
mercaptoethanol. In some experiments, anti-IFNAR1 blocking antibodies, anti-CD86
blocking antibodies or isotype control antibodies (200 pg/ml; BioLegend) were added to DC
cultures and/or DC:T cell co-cultures as described in the figure legends. Following 3 days of
co-culture, T cells were harvested for flow cytometry (CFSE, CD44, CD69) and for re-
stimulation to assess cytokine and granzyme B production. T cells were re-stimulated with
50 ng/ml PMA plus 500 ng/ml ionomycin for 6 hours with GolgiPlug and GolgiStop
(Biolegend) for the last 4 hours in order to assess cytokine and granzyme B production by
intracellular flow cytometry, and for 24 hours (without the protein export inhibitors) for
cytokine assessment by ELISA.

In vivo CD8 T cell activation

Naive CD8 T cells from OT-I mice (CD45.2%) CD8 T cells were injected i.v. into CD45.1*
recipient mice (5x10° T cells/recipient). The same day, DCs plated with GM-CSF were
given OVA peptide 257-264 (SIINFEKL,; 550 pM) and then stimulated for 24 hours with
fungal B-glucan particles (100 pg/ml). The following day, the DCs were lifted and washed
with PBS prior to i.v. delivery into the same recipient mice (5x10° DCs/mouse). Spleens
were harvested 4 days later, and donor-derived CD8 T cells (CD45.2* CD8™ cells) were
evaluated by flow cytometry to assess numbers and maturation. Splenocytes were also plated
and re-stimulated with OVA peptide (SIINFEKL; 1.1 nM) for 6 hours (with GolgiPlug and
GolgiStop for the last 4 hours) for assessment of cytokine and granzyme B production by
intracellular flow cytometry.

Flow cytometry and Western blotting

Flow cytometry was performed as described previously (16) using a BD Fortessa Analyzer,
and data were analyzed using FlowJo software. Antibodies were from BioLegend (MHC I,
MHC IOVA (SIINFEKL), CD8a, CD44, CD80, CD86) and BD Bioscience (CD8a, CD40,
CD69, IFN-vy, IL-2) and eBiosciences (granzyme B). Western blotting was performed as
described previously (16) using the NUPAGE Novex gel system from Invitrogen and
antibodies from Cell Signaling Technologies. A LI-COR Odyssey imaging system was used
for visualization and densitometric analysis.

Cytokine measurements

Type | IFN production was assessed indirectly using interferon-stimulated response element
(ISRE)-luciferase L929 reporter cells from Bruce Beutler's laboratory (17) and a luciferase
assay system kit from Promega. All other cytokines were assessed using ELISA kits from
BiolLegend.
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Statistical analysis

Results

Statistical significance was assessed using t-tests (Figures 1 and 2) or ANOVA with
Bonferroni correction (Figures 3-5, 7-8 and Supplemental Figure 1).

Fungal p-glucan particle stimulation induces Dectin-1-dependent DC maturation

In order to determine how fungal B-glucans influence CD8 T cell activation by DCs, we first
assessed antigen presentation, co-stimulatory molecule expression and cytokine production
by bone marrow-derived DCs stimulated with g-glucan particles derived from
Saccharomyces cerevisiae (see Materials and Methods). B-glucan stimulation did not
significantly increase surface levels of MHC I, but did increase the presentation of
ovalbumin (OVA) peptide on MHC | molecules at the cell surface (Figure 1A). Surface
expression of the co-stimulatory molecules CD40 and CD86 (but not CD80) was also
elevated following B-glucan stimulation (Figure 1B), and the DCs produced IL-6, TNF-a.,
IL-12 p40, IL-12 p70 and IL-2 (Figure 1C). Consistent with a recent report that p-glucan-
containing particles (curdlan and zymosan) induce the production of type I interferons
(IFNs) (11), we also observed type | IFN production by the fungal p-glucan particle-
stimulated DCs (Figure 1C). All of the DC responses to f-glucan particles were Dectin-1-
dependent (Supplemental Figure 1). The effects of fungal B-glucan particles on DC
maturation were comparable with Gram-negative bacterial lipopolysaccharide (LPS)
stimulation (Figure 1), except that LPS consistently induced higher levels of IL-6 and IL-12
p70 production, but did not stimulate IL-2 release (Figure 1C).

Fungal p-glucan particle-stimulated DCs activate CD8 T cells

We next examined the ability of the B-glucan particle-stimulated DCs to activate CD8 T
cells. DCs were incubated with OVA peptide and stimulated with either fungal p-glucan
particles or LPS prior to co-culture with naive OVA-specific (OT-1) CD8 T cells. Consistent
with previous reports that DCs stimulated via Dectin-1 can prime CD8 T cells (7-9), fungal
B-glucan particle stimulation of DCs increased the expression of T cell activation markers
(CD44 and CD69; Figure 2A) and the production of IFN-y, IL-2 and granzyme B by CD8 T
cells following re-stimulation with PMA and ionomycin (Figure 2B-C and Supplemental
Figure 2A). CD8 T cell activation by the B-glucan-stimulated DCs was Dectin-1-dependent
(Supplemental Figure 2B-C). The fungal -glucan-stimulated DCs were comparable to LPS-
stimulated DCs in their ability to activate CD8 T cells (Figure 2 and Supplemental Figure 2).
Interestingly, the CD8 T cells co-cultured with unstimulated DCs proliferated more robustly
than those co-cultured with B-glucan/LPS-stimulated DCs (Figure 2A) but were not fully
activated (Figure 2 and Supplementary Figure 2). The B-glucan/LPS-stimulated DCs were
particularly effective at inducing CD69, IFN-y and granzyme B production (Figure 2 and
Supplementary Figure 2).
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Type | IFNs produced by fungal g-glucan-primed DCs regulate CD8 T cell activation via
autocrine signaling in DCs

Type | IFNs have been shown to be important for anti-fungal defense and are known to have
pleiotropic effects on the immune system (12). We therefore next investigated whether type |
IFNs play a role in CD8 T cell activation by fungal g-glucan-stimulated DCs using an
antibody that blocks type I IFN detection by its receptor (anti-IFNAR1). Continuous
antibody supplementation throughout both the DC stimulation and DC:T cell co-culture
stages (Figure 3A) inhibited CD8 T cell proliferation and reduced IFN-y and granzyme B
production, but did not alter the expression of the activation markers CD44 and CD69 or
reduce IL-2 production by the proliferating CD8 T cells (Figure 3B-D).

Interestingly, the presence of the IFNAR1 antibody during the co-culture only (i.e. not
during the DC stimulation phase; Figure 3A) had no effect on CD8 T cell proliferation,
activation marker expression, or IFN-y and granzyme B production (Figure 3B-D). We
therefore investigated whether addition of the IFNAR1 antibody during the DC stimulation
stage only, followed by thorough washing to remove the antibody prior to the co-culture
stage (Figure 3A), was sufficient to alter CD8 T cell activation. We observed similar effects
to the continuous blockade of IFNAR1 signaling throughout the DC stimulation and co-
culture stages i.e. decreased T cell proliferation and reduced IFN-y and granzyme B
production (Figure 3B-D).

To further corroborate these findings, we assessed the ability of IFNAR1-deficient DCs to
activate CD8 T cells /n vitro following B-glucan stimulation. Consistent with the data
obtained using the neutralizing antibody, the CD8 T cells co-cultured with IFNAR1-
deficient DCs exhibited reduced proliferation and IFN-y and granzyme B production
(Figure 4). Intracellular flow cytometry analysis revealed that levels of IFN-y and granzyme
B were not altered on a per cell basis, but that fewer T cells produced these mediators
(Figure 4B-D).

We next assessed the role of autocrine type I IFN signaling in CD8 T cell activation by p-
glucan-stimulated DCs /n vivo. Wild-type and IFNAR1-deficient DCs incubated with OVA
peptide and stimulated with fungal p-glucan particles were adoptively transferred into
recipient mice that had received naive OVA-specific (OT-1) CD8 T cells the previous day
(Figure 5A). The wild-type DCs induced strong OVA-specific CD8 T cell expansion and
IFN-7, IL-2 and granzyme B production, but the IFNAR1-deficient DCs failed to activate
the CD8 T cells (Figure 5B-C).

To confirm that type | IFNs act in an autocrine manner on the DCs we assessed the
activation of signal transducer and activator of transcription 1 (STAT1), a key downstream
mediator of IFNAR signaling. p-glucan stimulation induced phosphorylation of STAT1 on
both Y701 and S727 (Figure 6A-B). Phosphorylation of Y701 is necessary for STAT1 to
enter the nucleus and regulate transcription. The kinetics of STAT1 Y701 phosphorylation
corresponded with the timing of type | IFN production (Figure 6C), and stimulation of DCs
from IFNAR1-deficient mice confirmed that this activatory phosphorylation was type | IFN-
dependent (Figure 6A). In contrast, STAT1 phosphorylation at S727 was induced at earlier
time points and was type | IFN-independent (Figure 6A-B). Phosphorylation of p38 MAP
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kinase following B-glucan stimulation was also intact in the IFNAR1-deficient DCs (Figure
6A-B), indicating that although Dectin-1-mediated p-glucan responses were deficient,
Dectin-1 signaling was not itself impacted by IFNAR1 deletion.

Autocrine type | IFN signaling regulates DC maturation

In order to gain insight into how IFNARL1 signaling in DCs promotes CD8 T cell activation,
we next investigated the roles of p-glucan-induced type I IFNs in DC maturation. p-glucan
stimulation of MHC I-OVA, CD40 and CD86 surface expression was significantly reduced
in IFNAR1-deficient DCs (Figure 7A), and production of IL-12 p70 (a known regulator of
IFN-y production), IL-6, TNF-a, and to a lesser extent I1L-2, was also suppressed (Figure
7B). The importance of CD86 upregulation was revealed by the addition of an anti-CD86
blocking antibody to wild-type DC:T cell co-cultures, which demonstrated that CD86 co-
stimulation is required for the induction of IFN-y and granzyme B production by CD8 T
cells activated by p-glucan-stimulated DCs, but not for T cell proliferation (Figure 7C-E).

Autocrine type | IFN signaling also regulates LPS-induced DC maturation and CD8 T cell

activation

Finally, we observed a similar autocrine role for type | IFNs in the maturation of LPS-
stimulated DCs, and the activation of CD8 T cells by LPS-stimulated DCs (Figure 8). LPS-
induced MHC IOVA and CD86 upregulation was severely compromised in IFNAR1-
deficient DCs (Figure 8A), and 1L-12 p70, IL-6 and TNF-y production was reduced (Figure
8B). LPS-stimulated IFNAR1-deficient DCs were also less efficient than wild-type DCs at
inducing IFN-y production by CD8 T cells in /n vitro co-cultures, although T cell
proliferation and granzyme B production were not compromised (Figure 8C-E).

Taken together, our data show that type I IFNs induced by microbial stimuli can promote DC
maturation and thereby play a key role in CD8 T cell activation, although the precise role
depends on the specific microbial stimulus.

Discussion

In this study we have shown that stimulation with fungal p-glucan particles induces DC
maturation (including antigen presentation on MHC I, induction of the co-stimulatory
molecules CD40 and CD86, and production of inflammatory cytokines) and that, like LPS-
stimulated DCs, fungal B-glucan-stimulated DCs promote CD8 T cell activation
(proliferation, expression of CD44 and CD69, and production of IFN-y, IL-2 and granzyme
B). Interestingly, consistent with previous observations (8), unstimulated DCs induced
stronger CD8 T cell proliferation than B-glucan- or LPS-stimulated DCs. Nevertheless, both
B-glucan- and LPS-stimulated DCs induced stronger T cell activation than the unstimulated
DCs, and were particularly effective at inducing CD69, IFN-y and granzyme B production.
Our data are consistent with and extend the findings of previous studies demonstrating that
mouse and human DCs activated via Dectin-1 with fungal and/or bacterial p-glucans can
prime CD8 T cell responses in addition to activating CD4 T cells (7-9).

Moreover, we have demonstrated that type | IFNs produced by DCs in response to
stimulation with fungal B-glucan particles or LPS regulate CD8 T cell activation (although
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with distinct roles in response to the different stimuli, perhaps due to the collaborative
effects of other cytokines). Interestingly, unlike many of the other DC cytokines that act
directly on T cells to regulate their activation and polarization, we have shown that in
response to B-glucan or LPS stimulation, type | IFNs regulate CD8 T cell activation via
autocrine effects on the DCs (Supplemental Figure 3). Specifically, type I IFNs induced by
fungal p-glucan stimulation of Dectin-1 or by LPS stimulation of TLR4 promote antigen
presentation, CD40 and CD86 expression, and the production of IL-12 p70, IL-6 and TNF-
a. IL-12 p70 is a well characterized regulator of IFN-y production by T cells, but the
relevance of TNF-a and IL-6 to CD8 T cell activation by p-glucan-stimulated DCs is not yet
clear. TNF-a has previously been reported to promote anti-viral CD8 T cell responses (18,
19). IL-6 has been shown to promote CD8 T cell activation via trans signaling (20) and in
synergy with IL-7 or IL-15 (21), although other studies have suggested that it can negatively
regulate DC maturation and CD8 T cell responses (22, 23).

Type | IFNs produced by mouse DCs following stimulation with TLR agonists (including
LPS) have previously been shown to act in an autocrine manner to promote the expression of
costimulatory molecules and inflammatory cytokines (including IL-6 and TNF-a) (24, 25).
Type | IFNs have also been reported to accelerate the appearance of maturation markers,
including HLA and CD86, when human DCs are derived from CD34" progenitors using
GM-CSF, TNF-a and IL-4 (26). Our study demonstrates that fungal p-glucan particle-
induced type | IFNs have a similar influence on DC activation, and importantly, that these
autocrine effects of both fungal p-glucan- and LPS-induced type | IFNs impact CD8 T cell
activation.

Other cytokines induced upon microbial exposure have previously been reported to have
autocrine effects on DCs that impact their ability to activate T cells. For instance, TNF-a has
been shown to promote DC maturation in response to viral infection (18, 19). Moreover,
IL-12 produced by L/steria-infected DCs has been reported to promote CD8 T cell activation
by inducing the DCs to produce the chemokines CCL1 and CCL17, which support sustained
cell contact between the DCs and the T cells (27). IL-10 can also act in an autocrine manner
on DCs to suppress their ability to activate and polarize T cells (28).

In addition to shedding light on the mechanisms of activation of CD8 T cells in response to
fungal infection, this study adds to a growing body of literature demonstrating the potential
clinical utility of p-glucans. B-glucans are under evaluation for use as vaccine adjuvants, and
their distinct signaling pathways and adjuvant properties may make them attractive
alternatives to TLR agonists. It is interesting to note that CD8 T cell activation in response to
several fungi has been reported to occur independently of CD4 T cell help (4, 29). Thus
vaccination strategies that target CD8 T cells may be useful for promoting defense against
opportunistic fungal pathogens in immunocompromised patients lacking CD4 T cells, such
as AIDS patients.

Induction of potent CD8 T cell responses is also of particular interest for immunotherapy
against tumors. p-glucans are already being evaluated in clinical trials in combination with
antibodies against tumor antigens, following a series of studies that demonstrated the
efficacy of such combination therapies in mouse models (30). The adjuvant properties of -
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glucans may also be beneficial for the development of DC vaccines designed to provoke T
cell responses directed against tumor antigens. Sipuleucel-T (Provenge) was the first FDA-
approved DC vaccine for the treatment of prostate cancer, and recent studies have stimulated
further interest in the use of adjuvants in the development of DC vaccines to provoke more
potent effector T cell responses (31, 32).

Finally, tumor cell-associated N-glycans detected by Dectin-1 on DCs have recently been
demonstrated to induce upregulation of surface molecules that activate NK cell cytotoxic
responses (33). This effect was IRF5-dependent, but type | IFN-independent. It would
therefore be interesting to evaluate whether fungal B-glucans also promote NK cell
activation by DCs (via Dectin-1 and IRF5, but not type | IFNSs), and whether tumor cell N-
glycans promote or modify the ability of DCs to prime CD8 T cell responses via the
autocrine action of type | IFNs induced by Dectin-1-IRF5 signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fungal p-glucan particles promote antigen presentation and induce DC matur ation
Bone marrow-derived DCs were stimulated with 100 pg/ml fungal B-glucan particles or 100

ng/ml LPS for 24 hours, and surface expression of MHC I, MHC I-OVA peptide
(SIINFEKL) and co-stimulatory molecules was assessed by flow cytometry (A-B). For

MHC IOVA measurement, DC cultures were supplemented with 5.5 uM OVA peptide

(SIINFEKL) 1 hour prior to p-glucan/LPS stimulation. Cytokine levels in culture
supernatants harvested 24 hours after DC stimulation were assessed by ELISA (all except
type | IFN) or a luciferase reporter assay (type | IFN) (C). Cytokine data are mean plus
standard deviation of triplicate culture. All data are representative of at least 3 independent
experiments. *p<0.05, **p<0.01, ***p<0.001 (relative to unstimulated DCs)
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Figure 2. Fungal p-glucan particle stimulation of DCs enhancestheir ability to activate CD8 T
cells

DCs cultures were supplemented with 1.1 nM OVA peptide (SIINFEKL) for 1 hour prior to
stimulation with 100 ug/ml fungal p-glucan particles or 100 ng/ml LPS for 24 hours. DCs
were then washed with PBS prior to the addition of CFSE-labeled naive OT-1 CD8 T cells
(1:5 DC:T cell ratio). Co-cultures were incubated for 3 days, and T cells were then harvested
for assessment of proliferation (CFSE dilution; gated on CD8* cells) and surface expression
of CD44 and CD69 (gated on proliferating CD8™ cells) by flow cytometry (A). T cells were
also re-stimulated with PMA + ionomycin to assess cytokine production by ELISA (B; 24
hour supernatants, mean plus standard deviation of triplicate culture) and granzyme B
production by intracellular flow cytometry (C; 6 hour stimulation with protein export
inhibitors for the final 4 hours, gated on CD8* cells). % granzyme B-producing T cells and
granzyme B MFI (gated on granzyme B-producing T cells) are indicated (C). All data are
representative of at least 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001
(relative to T cells activated by unstimulated DCs)
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Figure 3. Blockade of IFNAR1 signaling during DC stimulation suppresses CD8 T cell activation
by B-glucan-stimulated DCs

DCs were loaded with OVA peptide (SIINFEKL; 1.1 nM) and stimulated with 100 pg/ml
fungal p-glucan particles for 24 hours. DCs were then washed prior to co-culture with
CFSE-labeled naive OT-1 CD8 T cells (1:5 DC:T cell ratio) for 3 days. Cultures were
supplemented with anti-IFNAR1 antibodies (or isotype control antibodies; 200 pg/ml)
during the DC stimulation stage (aIFNARpc), the DC:T cell co-culture stage
(alIFNARo-cutture), Of throughout both culture stages (aIFNARgy; antibodies replaced after
DC washing) (A). Proliferation (CFSE dilution; gated on CD8" cells) and surface expression
of CD44 and CD69 (gated on proliferating CD8™ cells) were assessed by flow cytometry
(B). T cells were also re-stimulated with PMA + ionomycin to assess cytokine production by
ELISA (C; 24 hour supernatants, mean plus standard deviation of triplicate culture), and
granzyme B production by intracellular flow cytometry (D; 6 hour stimulation with protein
export inhibitors for the final 4 hours, gated on CD8" cells). % granzyme B-producing T
cells and granzyme B MFI (gated on granzyme B-producing T cells) are indicated (D). All
data are representative of at least 3 independent experiments. ***p<0.001

J Immunol. Author manuscript; available in PMC 2018 January 01.

CFSE




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hassanzadeh-Kiabi et al.

A

B IFN-y - IL-2
DCB-qucan 1600 — 50
44.4% E E
— 7 S, 800 S 25
21.0% < c
0 0
CFSE DCynstim. DC[}-qucan DCnstim. DCﬁ-qucan
C IFN-y - IL-2
50 - 50
[} [}
2 =
‘@ 25 @ 25
CD44 a g
X S
0 0
DCunstim. DCB-qucan DCunstim. DCB-qucan
500 500
CD69 _ =
T
s 250 = 250
— wild type
IFNAR1 KO 0 0

DC DC

unstim. DCB-qucan unstim. DCB-qucan

Page 15

O wild type
B IFNAR1 KO

D Granzyme B
50 .
o —_
=
? 25
Q
X
0
DCunstim. DCB-qucan
300
T
= 150
0
I:)Cunstim. DCB-glucan

Figure 4. IFNAR1-deficient DCsareless efficient than wild-type DCs at activating CD8 T cells
following B-glucan stimulation

Wild-type and IFNAR1-deficient DCs were loaded with OVA peptide (SIINFEKL; 1.1 nM)
and stimulated with 100 pg/ml fungal p-glucan particles for 24 hours. DCs were then
washed prior to co-culture with CFSE-labeled naive OT-1 CD8 T cells (1:5 DC:T cell ratio)
for 3 days. T cells were then harvested and proliferation (CFSE dilution; gated on CD8*
cells) and surface expression of CD44 and CD69 (gated on proliferating CD8* cells) were
assessed by flow cytometry (A). T cells were also re-stimulated with PMA + ionomycin to
assess cytokine production by ELISA (B; 24-hour supernatants, mean plus standard
deviation of triplicate culture), and cytokine and granzyme B production by intracellular
flow cytometry (C-D; 6-hour stimulation with protein export inhibitors for the final 4 hours,
gated on CD8* cells). % positive cells and MFI (gated on positive cells) are plotted (C-D).
Data are representative of at least 3 independent experiments (A-B), or mean plus standard
error of 3 independent experiments (C-D). *p<0.05, ***p<0.001
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Figure 5. IFNARL1 deletion compromises the ability of p-glucan-stimulated DCsto activate CD8
T cellsin vivo

(A) Experimental scheme for CD8 T cell and DC adoptive transfer. 5x10° OT-1 CD8 T cells
(CD45.2) were injected i.v. into congenic (CD45.1) recipient mice. The same day, wild type
and IFNARZ1-deficient DCs were loaded with OVA peptide (SIINFEKL; 550 pM) and
stimulated with 100 pg/ml fungal p-glucan particles for 24 hours. The following day, DCs
were harvested and washed, and 5x10° DCs were injected i.v. into the same recipient mice.
Spleens were harvested 4 days later. (B) Donor T cell maturation and expansion was
assessed by flow cytometry of splenocytes (gated on CD45.2* CD8* cells). (C) Splenocytes
were plated and stimulated with OVA peptide (SIINFEKL; 1.1 nM), and cytokine and
granzyme B production was assessed by intracellular flow cytometry (6-hour stimulation
with protein export inhibitors for the final 4 hours; gated on CD45.2* CD8™ cells). Data are
mean plus standard error of pooled data from 2 independent experiments (6-8 mice/group).
**p<0.01, ***p<0.001
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Figure 6. B-glucan stimulation triggers |FNAR1-dependent STAT 1 phosphorylation
Wild-type and IFNAR1-deficient DCs were stimulated with 100 pg/ml fungal p-glucan

particles for the indicated time points. STAT1 and p38 phosphorylation was assessed by
Western blotting (A) and densitometric analysis was performed (B). Type | IFN levels in
culture supernatants were assessed using a luciferase reporter assay (C; mean plus standard
deviation of triplicate culture). All data are representative of at least 3 independent
experiments.
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Figure 7. Autocrinetypel IFN signaling promotes DC maturation following p-glucan stimulation
(A-B) Wild-type and IFNAR1-deficient DCs were stimulated with 100 ug/ml fungal p-
glucan particles for 24 hours. Surface expression of MHC I-OVA and co-stimulatory
molecules was assessed by flow cytometry (A). For MHC I-OVA measurement, DC cultures
were supplemented with 5.5 pM OVA peptide (SIINFEKL) 1 hour prior to B-glucan
stimulation. Cytokine levels in culture supernatants were assessed by ELISA (all except type
I IFN) or a luciferase reporter assay (type | IFN) (B; mean plus standard deviation of
triplicate culture). (C-E) Wild-type DCs were loaded with 1.1 nM OVA peptide (SIINFEKL)
and stimulated as above prior to co-culture with naive CFSE-labeled OT-1 CD8 T cells for 3
days in the presence of anti-CD86 or isotype control antibodies (200 pg/ml). Proliferation
(CFSE dilution) was assessed by flow cytometry (C). T cells were also re-stimulated with
PMA + ionomycin (6 hour stimulation, with protein export inhibitors for the final 4 hours) to
assess IFN-y (D) and granzyme B production (E) by intracellular flow cytometry. % IFN-y/
granzyme B-producing T cells (gated on CD8" cells) and IFN-y/granzyme B MFI (gated on
IFN-y/granzyme B-producing CD8* cells) are indicated (D-E). Data are mean plus standard
error of 5-6 independent experiments (A), or representative of at least 3 independent
experiments (B-E). *p<0.05, **p<0.01, ***p<0.001
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Figure 8. Autocrinetypel IFN signaling also regulates DC maturation and CD8 T cell activation
following L PS stimulation
(A-B) Wild-type and IFNARZ1-deficient DCs were stimulated with 100 ng/ml LPS for 24

hours. Surface expression of MHC I-OVA and costimulatory molecules was assessed by
flow cytometry (A). For MHC I-OVA measurement, DC cultures were supplemented with
5.5 UM OVA peptide (SIINFEKL) 1 hour prior to LPS stimulation. Cytokine levels in
culture supernatants were assessed by ELISA (all except type | IFN) or a luciferase reporter
assay (type | IFN) (B; mean plus standard deviation of triplicate culture). (C-E) Wild-type
and IFNARZ1-deficient DCs were loaded with 1.1 nM OVA peptide (SIINFEKL) and
stimulated as above prior to co-culture with CFSE-labeled OT-1 CD8 T cells for 3 days.
Proliferation was assessed by flow cytometry (C). T cells were also re-stimulated with PMA
+ ionomycin (6 hour stimulation, with protein export inhibitors for the final 4 hours) to
assess IFN-y and IL-2 production by ELISA (D). Granzyme B production following PMA +
ionomycin stimulation was assessed by intracellular flow cytometry; % granzyme B-
producing T cells (gated on CD8* cells) are indicated (E). Data are mean plus standard error
of 4-9 independent experiments (A, E), or representative of at least 3 independent
experiments (B-D). *p<0.05, ***p<0.001
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