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Abstract

Dendritic cells (DCs) and complement are both key members of the innate
immune system, and are critical for immunogenic as well as regulatory functions
of adaptive immunity. Recent experimental mouse models have shown that
production of alternative pathway (AP) components by DCs strongly affects their
functional capacity to activate and regulate T cell responses. In this study we
investigated the production and regulation of properdin (fP) and factor H (fH)
both integral regulators of the AP, by both human monocyte-derived DCs and
tolerogenic DCs (tolDCs). Both fP and fH were expressed and produced by DCs,
as shown by Q-PCR, intracellular staining, Western blotting and ELISA, with
significantly higher levels of both AP components produced by tolDCs. Upon
activation with IFNy both cells increased fH production, while simultaneously
decreasing production of fP. This was unique for IFNy as LPS and IFNa or IFNf
did not demonstrate this dual regulation. IL-27, a member of the IL-12 family
which elicits features of IFNy stimulation, did increase fH, but production of fP
remained unaffected. The functional capacity of fP and fH produced by DCs and
tolDCs was confirmed by their ability to bind C3b and the capacity of fP to bind
to necrotic cells. Inhibition of fH production by DCs through siRNA, resulted in a
greater ability to induce allogenic CD4" T cell proliferation. In contrast, inhibition
of fP production by DCs’led to a significantly reduced allostimulatory capacity.
In summary this study shows that production of fP and fH by DCs, differentially
regulates the T cell stimulatory capacity of these cells, and that the local cytokine
environment can profoundly affect the production of fP and fH by DCs.

Introduction

Dendritic cells (DCs) and the complement system are both integral members
of the innate immune system!2. The complement system is composed of three
distinct pathways-classical, lectin and alternative. Together these pathways
serve as key mediators of the innate immune response, involved in defending
the host from pathogens, removing immune complexes and facilitating efficient
phagocytosis of apoptotic cells?*. A key role of complement in the humoral arm
of the adaptive immune response has been demonstrated through experimental
depletion of complement resulting in poorer antibody responses, and opsonisation
with complement fragments which profoundly lowers the amount of antigen
needed to induce antibody production*’. Recently, there has been an increasing
body of evidence demonstrating that complement may function more broadly as
a link between innate and adaptive immunity. This includes murine studies which
have demonstrated a role for the AP in the DC: T cell synapse®®. Both APC and
T cells have been shown to increase C3a and C5a receptor on their surface, while
a surface regulator, decay accelerating factor, has been shown to be decreased,
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allowing for further complement activation®'°.

The AP is unique in that it can become auto activated via C3 hydrolysis generating
a C3b like molecule which can bind covalently to an activating surface recruiting
factor B, which is then cleaved by factor D generating a C3 convertase (C3bBb).
This C3 convertase can convert further C3 to C3b, with stabilisation of the enzyme
by properdin (fP) allowing for propagation of the AP activation''. Regulation of
the AP is key, with fP promoting AP activation and negative regulators such as
factor H (fH), limiting the availability of C3b, or acting as a co-factor for factor
I, which degrades C3b. This delicate balance between activators and inhibitors
of the AP is crucial for controlling complement activation'?. The majority
of complement proteins are produced by the liver, although white blood cells
including DCs can also act as a local source of certain complement proteins'.
The source of fP is largely restricted to white cells, including neutrophils'*".
Factor H is most abundantly expressed in the liver, but also here extra hepatic
production has been described, which includes mesangial cells, endothelial cells
and fibroblasts'®!"®. This suggests that local cell populations, either resident or
infiltrating, can significantly contribute to the overall complement activation at a
particular site of inflammation.

DCs are distinct among other cells in the immune system as they are uniquely
equipped to respond to a host of innate stimuli while also adapting and tailoring
their functions in response to the local cytokine environment. This had led to
the understanding that DCs are not just immunogenic but that tolerogenic DCs
also exist. These tolDCs are characterised by differences in cytokine production
and expression of co-stimulatory molecules, which has a direct impact on the
strength and quality of their T cell stimulatory capacities®. Previous studies
have demonstrated by RT-PCR that DCs can express many components of the
complement system?'22, however protein data to support this has been limited.
Furthermore there is only limited data available on the regulation of AP component
production by DCs or particularly tolDC populations. Local production of
complement components such as C3 by APCs at the site of inflammation or
immunological synapse can be instrumental in the immune response®. With the
demonstration that local AP activation at the interface of APC and T cells plays
a key role in the regulation of T cell responses®, regulation of the AP in the
local environment will be key in controlling the strength of the T cell response.
Therefore, we investigated the regulation of two integral modulating factors of
the AP, fP and fH. Combined both molecules have the ability to influence the
balance of the AP towards activation or regulation.

In this study, we demonstrate that DCs are a source of fP and fH and that tolDCs
are superior producers of both components. We observed a differential regulation
of fP and fH, whereby IFNy profoundly inhibited fP in both cell types, while
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simultaneously increasing production of fH. This distinct dual effect was found
to be unique for type II IFN. IL-27 did significantly enhance fH levels in DC
supernatants but not fP. Importantly, RNA interference of fH in DCs increased
their allostimulatory capacity, while siRNA targeting of fP decreased T cell
proliferation. Taken together, our data suggests that the local cellular and cytokine
microenvironment are crucial for overall complement regulation and thereby T
cell immunity.

Materials and Methods

Cell culture and Reagents

Human monocytes were isolated from buffy coats obtained from healthy donors using Ficoll density gradient
centrifugation followed by positive selection using anti-CD14 MACS microbeads (Miltenyi Biotech GmBH,
Bergisch Gladbach, Germany). DCs were generated and cultured in RPMI 1640 supplemented with 10% heat
inactivated foetal calf serum (FCS), 90 U/mL penicillin, and 90 pg/mL streptomycin (Gibco/Life technologies,
Breda, The Netherlands), 5 ng/mL GM-CSF and 10 ng/mL IL-4 (Biosource Europe, Belgium), as described
before. Tolerogenic DC (tolDCs) were generated by addition of Dexamethasone (10°M Dex) (Pharmacy,
L.U.M.C,, Leiden, the Netherlands) only at the start of culture (day 0)*. Cultures were refreshed with medium
containing cytokines on day 3. For stimulation experiments, immature DCs were harvested on day 6, washed
and seeded accordingly, followed by addition of 200 ng/ml LPS (E.Coli EH100 Enzo, Belgium), 100 ng/ml
each of IFNy, IFNa, IFNB (Peprotech) or 100 ng/ml IL-27 (R&D). Neutrophils were isolated as previously
described?, briefly blood from healthy donors was collected using ACD tubes (BD Vacutainer). Neutrophils
were isolated by Ficoll-Paque and Dextran T-500 gradients (Sigma Aldrich). The preparation contained greater
than 90% neutrophils as confirmed by flow cytometry using CD16 (R&D Systems), CD11b (BD Biosciences),
and CD66b (AbD Serotec) antibodies.

Flow Cytometry

For intracellular staining, cells were stimulated overnight, with the addition of Brefeldin-A (10pg/ml) for the
last 5 hrs of culture. The cells were then harvested, washed and fixed in PBS containing 4% formaldehyde and
1% heat inactivated FCS, washed with PBS containing 1% BSA and permeabilised with perm buffer (PBS,
0.5 % saponin, 0.1% BSA) for 10 mins. Cells were stained with primary antibodies including anti-fP (Quidel)
and anti-fH (Hycult Biotech, Uden, The Netherlands) for 30 mins at 4°C in perm buffer followed by goat anti
mouse Ig APC conjugated secondary antibody. Isotype matched control antibodies were used to determine the
level of background staining. The fluorescence was measured on a FACS Calibur flow cytometer, and data were
analyzed with Flow Jo and Cell Quest Software.

mRNA isolation, cDNA synthesis, and RT-PCR

Cells were harvested and mRNA was isolated from DCs using an Rneasy kit according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). DNA was digested using the on-column RNase-free DNase set. cDNA
was synthesised using a reverse transcription system kit (Promega) following the manufacturer’s guidelines
and stored at —20°C until analysis. Specific primers for human Properdin, Factor H, IFNyR1, IFNyR2, gp130
and WSX-1 (Table I) were designed using the computer software Oligo explorer and synthesised at Biolegio.
Primer specificity was tested by homology search with the human genome (basic local alignment search tool or
BLAST; National Center for Biotechnology Information) and later confirmed by electrophoresis through 2%
agarose gels containing ethidium bromide followed by visualisation under UV light. GAPDH was used as an
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endogenous reference gene. For each sample, the relative abundance of target mRNA was calculated from the
obtained Ct values for the target gene and expressed relative to the endogenous reference gene GAPDH.

Table I: Real Time PCR Oligonucleotide sequences

NCBI ID Protein ID Forward Sequence (5°-3") Reverse Sequence (5'-3")
CFP 5199 Properdin GTAATCACCCTGCTCCCAAG TTGCGGCTTCGTGTCTCC
CFH 3075 fH GCACACAAGATGGATGGTCG GGTCTGCGCTTTTGGAAGAG
IL27RA 9466 WSX-1 AAGTTCTGATCTGCCAGTTCCACTA GCTCCAAATCTTGGATCTCAACA
IL6ST 3572 2p130 GTGTTTAGGATTCGCTGTATGA CTGTAGCCTTGAGTATGGGATG
IFNGRI 3459 IFNyR1 TCTTTGGGTCAGAGTTAAAGCCA TTCCATCTCGGCATACAGCAA
IFNGR2 3460 IFNyR2 CTCCTCAGCACCCGAAGATTC GCCGTGAACCATTTACTGTCG
GAPDH 2597 GAPDH TTCCAGGAGCGAGATCCCT CACCCATGACGAACATGGG

DC-T cell co culture

Allogeneic CD4" T cells were isolated from buffy coats by negative selection using the MACS CD4" T Cell
Isolation Kit II (Miltenyi Biotec). DCs from all conditions were harvested after 24hrs, washed, and plated in
96-well round bottom plates at a starting ratio of 1:40 with 100,000 T cells/well. Cells were cultured for 5 days
and supernatant was harvested to measure IFNy production by means of ELISA. Proliferation was assessed by
the addition of *[H]-thymidine (0, 5 pCi/well)*.

Western Blot DCs were plated at 1 x 10° cells/ml, and stimulated at indicated time points with either IFNy or
IL-27. Cells were harvested, washed in ice-cold phosphate-buffered saline and lysed in medium stringency
lysis buffer for 30 minutes. The lysates were centrifuged at 13,000 rpm and the supernatants were harvested.
Protein concentration was determined by a Pierce assay and 30ug was loaded per lane. The samples were boiled
for 5 min in 1x loading buffer under reducing conditions, and SDS-PAGE analysis was performed. Blots were
probed for p-STAT, total STAT 1 (both Cell signaling technologies), Properdin (Quidel) and factor H (Santa
Cruz biotech). Anti B-actin (Abcam, Cambridge, UK) was used as a loading control. Blots were stripped using
western blot stripping buffer (Thermo Scientific, Illinois, USA).

Confocal microscopy

Cells were cultured on 8 well chamber slides (Nunc) and stimulated overnight with IFNy followed by
Brefeldin-A for the last 5 hours of culture. The slides were subsequently washed and fixed in PBS containing 4%
formaldehyde, 1% heat inactivated FCS followed by washing with PBS containing 1% BSA and permeabilised
with perm buffer (PBS, 0.5 % saponin, 0.1% BSA) for 10 mins. The DCs were then stained using purified
anti-fP or anti-fH followed by goat anti-mouse-Alexa 488. Hoechst was used for nuclear staining. Stains were
visualised using Leica TCS SP5 or Zeiss LSM710 NLO.

Complement binding assays

For determination of properdin function, necrotic cells were exposed to supernatant of DC or tolDC for 1 hour
at 4°C, followed by detection of properdin binding by flow cytometry and microscopy. Purified human C3b
was coated overnight on a 96 well Nunc plate followed by exposure to DC or tolDC supernatants and detection
of properdin binding with rabbit anti human fP. To determine specificity of the assay tolDC sups were {P
depleted by incubating with anti-properdin pre-coupled A/G beads overnight at 4°C. Both depleted and control
non-depleted tolDC supernatant was assessed for ability to bind C3b as above. For determination of Factor H
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binding, DCs were either unstimulated or stimulated with [FNy prior to supernatant exposure to coated human
C3b, followed by detection by mouse anti factor H (Abcam).

Cytokine and Complement production

DCs or neutrophils were plated at 1x10%ml in RPMI and treated as per mentioned earlier. Cell culture
supernatants were harvested after indicated time points and frozen at —20°C until analysis. Subsequently they
were tested for the presence of IL-12p40 and IL-10 by ELISA (Biolegend, Sanquin respectively) according
to manufacturer’s instructions, or properdin and fH using in-house specific sandwich ELISAs?*?" Cell culture
medium with 10% FCS unexposed to cells was negative in all complement assays used.

RNA interference

DCs were transfected with 50 nM siRNA through the use of the transfection reagent Lipofectamine 2000 (Life
Technologies) and were used for experiments 24hr after transfection. The following SMARTpool siRNAs were
used (Dharmacon): CFP, CFH and nontargeting siRNA as a control. Silencing of expression was verified by fP
and fH ELISA.

Statistical analysis
Statistical analysis was performed with Graph Pad Prism (Graph Pad Software, San Diego, CA) using a one-

tailed t-test. P-values < 0.05 were considered statistically significant.
Results

TolDCs display elevated levels of properdin and fH.

To investigate the ability of DCs to produce properdin (fP) and factor H (fH),
we first assessed by RT-PCR if fP and fH were expressed in both DC and tolDC
populations. We demonstrate that DCs and tolDCs expressed both factors, and that
tolDCs showed more than 10 fold higher transcription of both fP and fH compared
to DCs (Fig.1A,B).Western blotting was performed to analyse protein expression.
Under reducing conditions for fP an expected band of approx. 55kDa was found,
with no discernible changes noted with IFNy stimulation over time (Fig.1C). The
same cell lysates were assessed for the presence of fH, showing a band of approx.
155kDa in lysates of tolDCs (Fig.1D). In this case, expression of fH clearly
increased over time with IFNy stimulation (Fig.1D). We further assessed fP and
fH production within DCs and tolDCs using intracellular microscopy. Using this
method we could demonstrate expression of fP and fH protein in both DCs and
tolDCs (Fig.1E). Incubation with IFNy reduced the presence of fP, whereas at the
same time it appeared to increase the expression of fH. To further quantify these
observations, we performed intracellular flow cytometry, and confirmed these
opposing effects of [IFNy on fP and fH expression (Fig.1F).
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Figure 1: Expression and production of properdin and fH by human DC and tolDC. Dendritic
cells were harvested after 6 days of culture after which mRNA was isolated followed by cDNA
synthesis. The transcript levels of (A) Properdin (B) Factor H were determined by RT-PCR. GAPDH
mRNA expression from the same samples was used as an endogenous reference gene (relative
mRNA expression). Data shown is mean + SD of 8 independent experiments. DCs and tolDCs
were either untreated or stimulated for indicated time points with IFNy. Cells were harvested, lysed
and samples were loaded on 10% SDS gel followed by transfer to nitrocellulose membranes. Blots
were probed with antibodies directed against either (C) properdin or (D) Factor H. Blots shown are
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representative of 2 independent experiments. (E) DCs were cultured on 8 well chamber slides and
either untreated or stimulated with IFNy for 16 hours followed by incubation with Brefeldin A for
the last 5 hours of culture. The cells were then fixed and permeabilised, followed by incubation
with anti-fP or anti-fH followed by detection with GaM-Alexa*®. (F) DCs were either untreated or
stimulated with IFNy for 16 hours followed by incubation with Brefeldin A for the last 5 hours of
culture. The cells were then fixed and permeabilised, followed by incubation with purified anti-fP
or anti-fH followed by detection by flow cytometry with GaM-APC. Data shown is mean + SD of
3 independent experiments.

IFNy, but not LPS, exerts opposing effects on the production of fP and fH by
DC and tolDC.

To further assess the differential regulation of fP and fH protein, we performed
ELISAs on cell culture supernatants. In line with Q-PCR data (Fig.1A,B), we
found that tolDCs produced significantly more fP and fH compared to DCs
(Fig.2A,B). For comparison, supernatants from neutrophils, a widely accepted
source of fP, were shown to produce levels of fP similar to DCs, but with only
minimal production of fH.

To investigate whether the differential regulation of fP and fH was a general
feature of mature DCs or was activation dependent, we compared stimulation
with either [FNy or LPS. Both stimuli induced the typical cytokine profile, with
DCs producing high IL-12 and low IL-10, and tolDCs producing no IL-12 but
high levels of IL-10 (Fig.2C,D). In view of the large differences in fP and fH
production (Fig.2A,B), we calculated the relative change upon stimulation for
each donor measured, with the immature/medium state set at 100%. In both
DC and tolDC we observed that fP production was significantly reduced in the
presence of IFNy (Fig.2E,F). This effect was not observed with LPS stimulation
where no clear regulation was noted. Regulation of fH demonstrated the opposite
effect, where both cell types showed a significant increase in fH production
upon treatment with IFNy (Fig.2G,H). Also here, despite the strong induction of
cytokine production (Fig.2C,D), LPS did not show any effect on the production
of fH.

TolDCs express elevated levels of IFNy R, IL-27R and STAT-1.

We observed that IFNy displayed its most striking differences regarding fP and
fH when incubated with tolDCs (Fig.1E). IL-27 is a member of the IL-12 family
of cytokines, but possesses some effector properties in line with IFNy stimulation
2829 We investigated the level of expression of both IFNyR and IL-27R on DC
and tolDCs, and found that tolDCs express higher levels of both [IFNyR1 and R2,
together making the IFNy receptor (Fig.3A). In addition, both DC and tolDCs
expressed the IL-27R, with tolDCs expressing significantly higher levels of both
gp130 and WSX-1, together generating the IL-27R (Fig.3B).
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Figure 2: IFNy exerts opposing effects on the production of fP and fH by DC and tolDC. DCs
were harvested on day 6 and re-plated for another 24 hours. (A) fP and (B) fH production was
measured using ELISA. Data shown is mean + SD of 8-24 independent experiments. Dendritic
cells were harvested after 6 days of culture and stimulated with IFNy or LPS. After 24 hours the
supernatants were harvested and (C) IL-12p40 and (D) IL-10 was measured. Data shown is the mean
+SD of 4 independent experiments. Cells were stimulated for 24 hours after which (E, F) fP and (G,
H) fH was determined by ELISA. Levels upon stimulation were expressed as a percentage relative
to medium values (relative change). Data shown is mean = SD of 12-28 independent experiments.

Both IFNy and IL-27 are known to mediate their downstream functions largely
through phosphorylation of STAT-1. We observed a strong and prolonged
phosphorylation of STAT-1 in tolDCs upon stimulation with both IFNy and IL-
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27, while in comparison, DCs had a much lower and transient level of p-STAT-1.
Interestingly, total STAT-1 levels were elevated in tolDCs compared to DCs
despite the loading control being similar amongst all conditions analysed (Fig.3C).
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Figure 3: ToIDCs express elevated levels of IFNYR, IL-27R and STAT-1. Dendritic cells were
harvested after 6 days of culture after which mRNA was isolated followed by cDNA synthesis.
The transcript levels of (A) IFNyR (B) IL-27R were determined by RT-PCR. GAPDH mRNA
expression from the same samples was used as an endogenous reference gene (relative mRNA
expression). Data shown is mean = SD of 9 independent experiments. DCs and tolDCs were either
untreated or stimulated for indicated time points with IFNy or IL-27. Samples were loaded on
10% SDS gel followed by transfer to nitrocellulose membranes. Blots were probed with antibodies
directed against either (C) total or phosphorylated STAT-1.

Type I IFNs do not possess the same opposing properties as IFNy, while IL-
27 specifically increases fH.

We addressed whether IL-27 could, like IFN-y, also possess dual roles in regulating
alternative pathway components in DCs. In addition to IL-27 stimulation we used
type I IFNs (IFN a and ) to discern whether fP and fH regulation was unique
for type II IFN (IFNy) or was more widely regulated across the IFN family. We
observed that both DCs and tolDCs demonstrated reduced levels of fP upon IFNy
stimulation. IFN-a but not IFN-B did significantly reduce fP levels in tolDC
supernatants, while no regulation of fP was observed in DC with type I IFN
(Fig.4A,C). In contrast, IL-27 did not demonstrate any clear ability to regulate
fP production. The levels of fH remained unchanged in both DC and tolDCs
stimulated with either IFNa or IFN but were significantly upregulated upon IL-
27 and IFNy stimulation respectively (Fig.4 B,D).
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Figure 4: Type I IFNs decrease fP production but do not increase fH, while IL-27 specifically
increases fH. Dendritic cells were harvested after 6 days of culture and stimulated with IFNy,
IFN, IFNa or IL-27. After 48 hours the supernatants were harvested and (A, C) fP and (B, D) fH
was measured by sandwich ELISA. Data shown is the mean +SD of 8-13 independent experiments.

DC derived fP and fH exhibit traditional functional characteristics.

A key characteristic of serum derived fH is its ability to bind C3b, so we assessed
whether fH found in DC supernatants can also demonstrate functional activity by
binding C3b. Although we found minimal binding in immature DC supernatants
the binding was enhanced in the supernatants from IFNy stimulated DCs. This
binding was more pronounced in supernatants of IFNy-stimulated tolDCs
(Fig.5A). We assessed the ability of fP derived from DCs and tolDCs to bind
its traditional ligand C3b and found that while the amount produced by DCs
might be too little for detection, fP derived from tolDCs showed a strong and
dose-dependent binding to C3b (Fig.5B). To confirm the specificity of this assay
we show that binding is inhibited upon depletion of fP using pre-coupled anti-
properdin beads (Fig.5C).Recent evidence suggests that fP possesses additional
functions aside from C3b binding, and may act as an independent recognition
molecule for necrotic and apoptotic cells. Necrotic cells were generated as
previously described *°, and incubated with DC or tolDC conditioned supernatant
followed by detection of fP binding. Using fluorescent microscopy, fP binding
was detected on necrotic cells exposed to DC supernatant and this binding was
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even more evident on necrotic cells exposed to tolDC supernatants (Fig.5D). This
binding to necrotic cells was confirmed by flow cytometric analysis (Fig.5E),
and quantification across a number of donors showed that tolDC supernatants
demonstrated significantly higher levels of fP binding to necrotic cells compared
to supernatant of DCs (Fig.5F).
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Figure 5: DC derived fP and fH exhibit traditional functional characteristics. Dendritic cells
were harvested after 6 days of culture and either untreated or stimulated with IFNy. After 48 hours
the supernatants were harvested and incubated on a 96-well ELISA plate coated with C3b, followed
by detection of (A) fH and (B) fP. (C) To determine the specificity of fP binding the same C3b
binding assay was performed with tolDCs supernatants either untreated or depleted of fP using
pre-coupled anti-properdin beads. Data shown is representative of 3 independent experiments.
(D) Necrotic cells were generated and incubated with 48 hour supernatants from immature DC/
tolDC, followed by detection of fP binding by fluorescent microscopy. (F) The same experiment
was performed followed by detection of fP binding by flow cytometry and calculated by MFI DC
supernatant / MFI Medium alone.

Inhibition of fP in DCs decreases allogenic T cell proliferation, while
inhibition of fH enhances the allostimulatory capacity of DCs.

In light of the recent evidence that AP components may play a role in the
allostimulatory capacity of DCs, we investigated whether silencing of fP or fH in
human DCs could alter T cell activation in an allogenic setting. We successfully
and specifically silenced fP and fH in both immature and IFNy-stimulated DCs
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by up to 60% on average (Fig.6A,F). Cells treated with siRNA were harvested
and co cultured with allogenic total CD4" T cells at indicated ratios for 5 days.
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Figure 6: Inhibition of fP in DCs decreases the allostimulatory capacity of DCs while inhibition

of fH enhances allogenic T cell proliferation. DCs were either non treated, or treated with siRNA

targeting fP or non-specific (non) target. After 24 hours of culture, with or without IFNy activation,

supernatants were harvested and fP was measured by ELISA (A). DCs with either fP or control

silencing, without (B) or with IFNy (C) stimulation were co-cultured with allogenic CD4' T cells

at indicated ratios. T cell proliferation was determined at day 5 of culture by 3[H] incorporation.

Data shown are the mean £SD of triplicate cultures. The mean £SD of proliferation (D) and IFNy

production (E) at the 1:40 ratio of 3 independent experiments of cells silenced for P is shown. DCs

were either non treated, or treated with siRNA targeting fH or non-specific (non) target. After 24

hours of culture, with or without IFNy activation, supernatants were harvested and fH was measured
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by ELISA (F). DCs with either fH or control silencing, without (G) or with IFNy (H) stimulation
were co-cultured with allogenic CD4" T cells at indicated ratios. T cell proliferation was determined
at day 5 of culture by 3[H] incorporation. Data shown are the mean £SD of triplicate cultures.
The mean +SD of proliferation (I) and IFNy production (J) at the 1:40 ratio of 3 independent
experiments of cells silenced for fH is shown.

Proliferation was determined by *[H]-thymidine incorporation. We observed that
silencing of fP in DCs significantly hampered their ability to induce allogenic
T cell proliferation compared with DCs with non-targeted siRNA (Fig.6B).
This inhibition of proliferation was even more pronounced when fP silencing
was combined with IFNy stimulation (Fig.6C). The silencing procedure by itself
did not affect the T cell stimulatory capacity. The reduced proliferation upon fP
silencing was significant for different individual experiments (Fig.6D). In these
co-cultures, IFNy production was relatively low, but showed a trend for reduced
production in IFNy-activated, fP-silenced DC (Fig.6E).

Similar experiments were performed using DCs treated with siRNA targeting
fH. These cells induced significantly more T cell proliferation compared to non-
target (non) treated DCs (Fig.6G). This was also observed, but to a lesser degree,
with DCs activated with IFNy (Fig.6H). Both immature and IFNy-stimulated
DCs silenced for fH exhibited more T cell proliferation, in particular at a ratio
of 1:40 (Fig.61). We assessed the production of IFNy in T cell supernatants and
found that immature DCs silenced for fH induced more IFNy production. In line
with our proliferation data the stimulatory effect of silencing fH was less potent
when the DCs were first activated with IFNy (Fig.6J). Taken together loss of fH
induced more T cell proliferation while loss of fP decreased T cell proliferation,
suggesting that the local complement activation is important in regulating DC: T
cell responses.

Discussion

Dendritic cells are a heterogeneous population of professional antigen presenting
cells responsible for both the initiation of immunity and immunological
tolerance. Recent murine studies have suggested that complement activation
is a key determinant in the ability of APCs to direct T cell responses. In this
study we show that production of fP and fH by DCs is subject to regulation by
IFNy and IL-27 and that modulation of these regulators of the AP determines the
potency of the T cell response. This implicates the local cellular and cytokine
microenvironment as crucial mediators of overall complement regulation and
subsequent T cell activation.

Several exciting studies over the last decade have introduced complement as a
system that actively plays a role in regulating T cell immunity. By generating
bone marrow APCs from C37-3"% factor B, factor D, C3aR”-* and C5aR"-
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mice, various groups demonstrated that DCs require local complement activation
in order to become fully competent APCs. To date these studies have mainly
focused on rodent models, however DCs from C3 deficient individuals®® were
also shown to have impaired DC differentiation. More recently, a role of C3a
and C5a derived from human DC in T cell proliferation has been demonstrated
in vitro and in a humanised mouse model®. Further work on human DCs and
the contribution of other complement factors has remained finite with mostly
transcriptional analysis and limited protein data.

We focused on monocyte-derived DCs and tolerogenic DCs and showed that both
cells produced fP and fH in an immature state with tolDCs expressing much higher
levels of both components. Some studies have demonstrated gene expression of
fP and fH in plasmacytoid DCs?'. Although we did not perform PCR analysis on
pDCs, we did test cellular supernatants and did not find any detectable levels of
both components analysed in this study (data not shown).

Several complement components have been shown to possess GAS and ISRE
elements in their promoters**’, so we assessed the ability of IFNy to regulate P
and fH. Interestingly, IFNy possessed opposing roles by decreasing fP production,
while increasing fH. Decrease of fP upon IFNy stimulation has been observed in
primary monocytes and THP-1 cell lines**, but to our knowledge this is the first
report of this dual effect on fH and fP in human DCs. IFNy is the only member of
the type I IFNs so we questioned whether the regulation of fP and fH was unique
for this specific member, or was a broader feature of the IFN family, including
type I IFNs. IFNo and IFNf behaved comparably in terms of fP and fH regulation
and did not possess the same regulatory properties of [FNy.

The IL-12 family has been gaining attention as a key regulator of immunity and
immunological tolerance®**, and one family member, IL-27 has been shown to
exert some functions typically seen with IFNy stimulation?®*#!42, Interestingly
IL-27 stimulation of DCs did increase production of fH but did not influence {P
production again stressing the uniqueness of IFNy in its differential regulation of
these two opposing molecules of the complement system.

We observed in our study considerable variation using LPS stimulation, with
no clear regulation of fP or fH evident across a number of donors, despite its
ability to induce IL-12p40 and IL-10 production. This fluctuating effect of LPS
on fP production was not observed for fH. There are some conflicting reports
regarding the ability of LPS to regulate fP. While it has been shown that LPS can
up-regulate fP in monocytic cells lines*®, decreased transcriptional expression has
been observed in murine BMDCs?*. Conversely again upregulation of fP mRNA
has been seen in human DCs?!. This may be explained by different strains of LPS
used in set of experiments.

We performed western blot analysis to confirm that fP and fH possessed the
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expected molecular structure. fP demonstrated an expected band at approx.
55kDa under reducing conditions. While we did observe a band of approx.
155kDa for fH in tolDC lysates no clear band was evident in DC lysates. Other
studies demonstrating fH in DCs have focussed on DC supernatants®' and it may
be that our detection method was not sensitive enough to detect fH in DC cell
lysates. Notably we did observe two smaller bands of approx. 30-35kDa (data
not shown). Further work is needed to determine if these molecules are fH like
or related proteins and what role they might play in DC biology, although a role
in phagocytosis has been demonstrated previously®. Functionally both fP and
fH were active in the traditional complement assessment by binding to C3b. In
recent years fP has been shown to act as a recognition molecule!'*# with the
ability to bind to, amongst others, apoptotic* and necrotic cells*®. We found that
fP from DCs could bind necrotic cells though we did not test whether this was
independent of complement activation.

We have shown that cytokines can profoundly and differentially regulate the
opposing regulators of the AP, fP and fH. [FNy stimulation of DCs also changes
many phenotypical features of DCs including up regulating co-stimulatory
molecules such as CD80 and CD86. In order to establish whether simply shifting
the balance of production of fP and fH could alter the allostimulatory capabilities
of DCs we silenced fP ot fH in DCs and co-cultured these cells with allogenic
CD4" T cells. We found that inhibition of fH led to a significant increase in T
cell proliferation while inhibition of fP led to decreased proliferation. DCs
silenced for fP and pre-matured with IFNy were even further hampered in their
allostimulatory capacity, likely because of the combined silencing by siRNA
and decreased fP production by IFNy. Further work is needed to fully establish
whether the diverging T cell proliferation is a direct effect of fP and fH on the T
cells or a consequence of altered local complement activation.

Taken together our results demonstrate a novel role for fP and fH production by
DCs in the regulation of T cell activation. Both molecules can be influenced by
IFNy whereas only fH is increased by IL-27, indicating that the local cellular and
cytokine environment can potentially influence the local complement activation
and in turn local T cell responses.

Acknowledgements
This work is supported by FP7 Marie Curie Initial Training Network TranSVIR FP7-PEOPLE-
ITN-2008 #238756

Conflict of interest

The authors declare no financial or commercial conflict of interest.

88 '« Chapter 4



References

el S

® N

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Reis e Sousa C. 2006. Dendritic cells in a mature age. Nat Rev Immunol 6: 476-83

Walport MJ. 2001. Complement. First of two parts. N Engl J Med 344: 1058-66

Walport MJ. 2001. Complement. Second of two parts. N Engl ] Med 344: 1140-4

Pepys MB. 1974. Role of complement in induction of antibody production in vivo. Effect of cobra factor and other C3-
reactive agents on thymus-dependent and thymus-independent antibody responses. J Exp Med 140: 126-45

Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon DT. 1996. C3d of complement as a molecular adjuvant:
bridging innate and acquired immunity. Science 271: 348-50

Kwan WH, van der Touw W, Heeger PS. 2012. Complement regulation of T cell immunity. Immunol Res 54: 247-53
Heeger PS, Kemper C. 2012. Novel roles of complement in T effector cell regulation. Immunobiology 217: 216-24
Cravedi P, Leventhal J, Lakhani P, Ward SC, Donovan MJ, Heeger PS. 2013. Immune cell-derived c3a and c5a costimulate
human T cell alloimmunity. Am J Transplant 13: 2530-9

Heeger PS, Lalli PN, Lin F, Valujskikh A, Liu J, Mugim N, Xu Y, Medof ME. 2005. Decay-accelerating factor modulates
induction of T cell immunity. J Exp Med 201: 1523-30

Liu J, Miwa T, Hilliard B, Chen Y, Lambris JD, Wells AD, Song WC. 2005. The complement inhibitory protein DAF
(CD55) suppresses T cell immunity in vivo. J Exp Med 201: 567-77

Kemper C, Hourcade DE. 2008. Properdin: New roles in pattern recognition and target clearance. Mol Immunol 45:
4048-56

Kouser L, Abdul-Aziz M, Nayak A, Stover CM, Sim RB, Kishore U. 2013. Properdin and factor h: opposing players on
the alternative complement pathway “see-saw”. Front Immunol 4: 93

Li K, Sacks SH, Zhou W. 2007. The relative importance of local and systemic complement production in ischaemia,
transplantation and other pathologies. Mol Immunol 44: 3866-74

Schwaeble W, Dippold WG, Schafer MK, Pohla H, Jonas D, Luttig B, Weihe E, Huemer HP, Dierich MP, Reid KB. 1993.
Properdin, a positive regulator of complement activation, is expressed in human T cell lines and peripheral blood T cells.
J Immunol 151: 2521-8

Cortes C, Ohtola JA, Saggu G, Ferreira VP. 2012. Local release of properdin in the cellular microenvironment: role in
pattern recognition and amplification of the alternative pathway of complement. Front Immunol 3: 412

Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. 1987. Human complement factor H: expression of
an additional truncated gene product of 43 kDa in human liver. Eur J Immunol 17: 1485-9

van den Dobbelsteen ME, Verhasselt V, Kaashoek JG, Timmerman JJ, Schroeijers WE, Verweij CL, van der Woude FJ,
van Es LA, Daha MR. 1994. Regulation of C3 and factor H synthesis of human glomerular mesangial cells by IL-1 and
interferon-gamma. Clin Exp Immunol 95: 173-80

Brooimans RA, van der Ark AA, Buurman WA, van Es LA, Daha MR. 1990. Differential regulation of complement
factor H and C3 production in human umbilical vein endothelial cells by IFN-gamma and IL-1. J Immunol 144: 3835-40
Friese MA, Hellwage J, Jokiranta TS, Meri S, Muller-Quernheim HJ, Peter HH, Eibel H, Zipfel PF. 2000. Different
regulation of factor H and FHL-1/reconectin by inflammatory mediators and expression of the two proteins in rheumatoid
arthritis (RA). Clin Exp Immunol 121: 406-15

Morelli AE, Thomson AW. 2007. Tolerogenic dendritic cells and the quest for transplant tolerance. Nat Rev Immunol
7:610-21

Li K, Fazekasova H, Wang N, Sagoo P, Peng Q, Khamri W, Gomes C, Sacks SH, Lombardi G, Zhou W. 2011. Expression
of complement components, receptors and regulators by human dendritic cells. Mol Immunol 48: 1121-7

Reis ES, Barbuto JA, Isaac L. 2006. Human monocyte-derived dendritic cells are a source of several complement
proteins. Inflamm Res 55: 179-84

Strainic MG, Shevach EM, An F, Lin F, Medof ME. 2013. Absence of signaling into CD4(+) cells via C3aR and C5aR
enables autoinductive TGF-betal signaling and induction of Foxp3(+) regulatory T cells. Nat Immunol 14: 162-71
Woltman AM, de Fijter JW, Kamerling SW, Paul LC, Daha MR, van Kooten C. 2000. The effect of calcineurin inhibitors
and corticosteroids on the differentiation of human dendritic cells. Eur J Immunol 30: 1807-12

Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, Punaro M, Baisch J, Guiducci C, Coffman RL, Barrat
FJ, Banchereau J, Pascual V. 2011. Netting neutrophils are major inducers of type I IFN production in pediatric systemic
lupus erythematosus. Sci Transl Med 3: 73ra20

Siezenga MA, van der Geest RN, Mallat MJ, Rabelink TJ, Daha MR, Berger SP. 2010. Urinary properdin excretion is
associated with intrarenal complement activation and poor renal function. Nephrol Dial Transplant 25: 1157-61
Brooimans RA, Hiemstra PS, van der Atk AA, Sim RB, van Es LA, Daha MR. 1989. Biosynthesis of complement factor
H by human umbilical vein endothelial cells. Regulation by T cell growth factor and IFN-gamma. J Immunol 142: 2024-
30

Karakhanova S, Bedke T, Enk AH, Mahnke K. 2011. IL-27 renders DC immunosuppressive by induction of B7-H1. J
Leukoc Biol 89: 837-45

Feng XM, Liu N, Yang SG, Hu LY, Chen XL, Fang ZH, Ren Q, Lu SH, Liu B, Han ZC. 2008. Regulation of the class
1I and class I MHC pathways in human THP-1 monocytic cells by interleukin-27. Biochem Biophys Res Commun 367:
553-9

Xu W, Berger SP, Trouw LA, de Boer HC, Schlagwein N, Mutsaers C, Daha MR, van Kooten C. 2008. Properdin binds
to late apoptotic and necrotic cells independently of C3b and regulates alternative pathway complement activation. J
Immunol 180: 7613-21

Peng Q, Li K, Patel H, Sacks SH, Zhou W. 2006. Dendritic cell synthesis of C3 is required for full T cell activation and
development of a Th1 phenotype. J Immunol 176: 3330-41

Zhou W, Patel H, Li K, Peng Q, Villiers MB, Sacks SH. 2006. Macrophages from C3-deficient mice have impaired
potency to stimulate alloreactive T cells. Blood 107: 2461-9

Peng Q, Li K, Anderson K, Farrar CA, Lu B, Smith RA, Sacks SH, Zhou W. 2008. Local production and activation

DC derived fP and fH modulate T cell responses * 89




34,

35.

36.

37.

39.
41.

42.

43,
44,
45.

46.

90

of complement up-regulates the allostimulatory function of dendritic cells through C3a-C3aR interaction. Blood 111:
2452-61

Peng Q, Li K, Wang N, Li Q, Asgari E, Lu B, Woodruff TM, Sacks SH, Zhou W. 2009. Dendritic cell function in
allostimulation is modulated by C5aR signaling. J Immunol 183: 6058-68

Ghannam A, Pernollet M, Fauquert JL, Monnier N, Ponard D, Villiers MB, Peguet-Navarro J, Tridon A, Lunardi J,
Gerlier D, Drouet C. 2008. Human C3 deficiency associated with impairments in dendritic cell differentiation, memory
B cells, and regulatory T cells. J Immunol 181: 5158-66

Huang Y, Krein PM, Winston BW. 2001. Characterization of [IFN-gamma regulation of the complement factor B gene in
macrophages. Eur J Immunol 31: 3676-86

Volanakis JE. 1995. Transcriptional regulation of complement genes. Annu Rev Immunol 13: 277-305

Schwaeble W, Huemer HP, Most J, Dierich MP, Strobel M, Claus C, Reid KB, Ziegler-Heitbrock HW. 1994. Expression
of properdin in human monocytes. Eur J Biochem 219: 759-64

Collison LW, Vignali DAA. 2008. Interleukin-35: odd one out or part of the family? Immunological Reviews 226: 248-62
Vignali DAA, Kuchroo VK. 2012. IL-12 family cytokines: immunological playmakers. Nat Immunol 13: 722-8
Amadi-Obi A, Yu CR, Dambuza I, Kim SH, Marrero B, Egwuagu CE. 2012. Interleukin 27 induces the expression of
complement factor H (CFH) in the retina. PLoS One 7: e45801

Feng XM, Chen XL, Liu N, Chen Z, Zhou YL, Han ZB, Zhang L, Han ZC. 2007. Interleukin-27 upregulates major
histocompatibility complex class II expression in primary human endothelial cells through induction of major
histocompatibility complex class II transactivator. Hum Immunol 68: 965-72

Kang YH, Urban BC, Sim RB, Kishore U. 2012. Human complement Factor H modulates C1g-mediated phagocytosis of
apoptotic cells. Immunobiology 217: 455-64

Kemper C, Atkinson JP, Hourcade DE. 2010. Properdin: emerging roles of a pattern-recognition molecule. Annu Rev
Immunol 28: 131-55

O'Flynn J, Dixon KO, Faber Krol MC, Daha MR, van Kooten C. 2013. Myeloperoxidase directs properdin mediated
complement activation. Journal of Innate Immunity In publication

Kemper C, Mitchell LM, Zhang L, Hourcade DE. 2008. The complement protein properdin binds apoptotic T cells and
promotes complement activation and phagocytosis. Proc Natl Acad Sci U S A 105: 9023-8

* Chapter 4



DC derived fP and fH modulate T cell responses * 91






