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Complement regulates conventional DC-mediated NK-cell
activation by inducing TGF-B1 in Gr-1* myeloid cells
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SUMMARY

Complement activation modulates DC-mediated T-cell activation, but whether complement affects
DC-mediated priming of NK cells is unknown. Here we demonstrate that conventional DCs
(cDCs) from €37~ and C5aR™~ mice are hyper-responsive to polyl:C, a TLR3 ligand, leading to
enhanced NK-cell activation. We found that cDCs lack C5a receptor (C5aR) and do not respond to
Cb5a directly. Depletion of Gr-1* myeloid cells augments polyl:C-induced cDC activation in WT
but not in C37~ or C5aR~'~ mice, indicating that the effect of complement activation on cDCs is
indirectly mediated through C5aR-expressing Gr-1* myeloid cells. We further demonstrated that
the mechanism by which Gr-1* myeloid cells regulate the activity of cDCs involves C5a-
dependent TGF-B1 production in Gr-1* myeloid cells. C5a enhances and blocking C5aR decreases
TGF-B1 production in cultured bone marrow Gr-1*CD11b* cells. C5aR deficiency is associated
with reduced circulating TGF-B1 levels, while depleting Gr-1* myeloid cells abrogates this
difference between WT and C5aR~~ mice. Lastly, we showed that enhanced cDC-NK cell activity
in 37~ mice led to delayed melanoma tumor growth. Thus, complement activation indirectly
regulates cDC-NK cell activation in response to inflammatory stimuli such as TLR3 by promoting
TGF-B1 production in Gr-1* myeloid cells at steady state.
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INTRODUCTION

NK cells are essential effector lymphocytes in anti-viral and tumor immunity. Naive NK
cells require priming from accessory cells, particularly DCs, to initiate IFN-y secretion and
degranulation [1, 2]. DCs that are activated through sensor-like pattern recognition receptors
(PRRs) produce pro-inflammatory cytokines such as TNF-a, IL-12, IL-15, IL-18 and type |
IFNs, and they prime or activate NK cells in both cell contact-dependent and independent
manner [1]. CD11cM9"MHC class 117 ¢DCs play a pivotal role in priming and activating NK
cells /in vivo [2-4]. Homeostatic peripheral cDCs mainly reside in the spleen and develop
from a unique committed precursor known as pre-cDCs, driven by FMS-like tyrosine kinase
3 (FIt-3) ligand [5-7]. Splenic cDCs preferentially express TLR3 and stimulation with
polyl:C, an agonist for TLR3, activates NK cells mostly through cDCs [3, 8, 9].

Complement system plays an important role in modulating the DC-mediated T-cell immune
response [10], yet it is unknown whether complement affects cDC-mediated NK-cell
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activation (cDC-NK cell activation). Activation of the complement cascade leads to
degradation of C3 and C5 and subsequent generation of the anaphylatoxins C3a and C5a
that mediate chemotaxis and modulation of immune cell function [10]. The most potent split
product, C5a, signals through a G-protein coupled receptor C5aR and has multiple pro-
inflammatory properties. The impact of C5a on DC-T-cell activation appears to be
contradictory in several animal models. C5a promotes bone marrow derived DCs (BMDC)-
mediated T-cell activation by providing co-stimulatory signals for maturation of BMDCs
[11-13]. In contrast, C5a was inhibitory in pulmonary DC-mediated T-cell activation in a
mouse model of allergen-induced asthma [14], and splenic DCs from C5aR~~ mice are more
potent inducers of Th17 and regulatory T (Treg) cell differentiation than WT splenic DCs
[15]. These apparently paradoxical roles of C5a on DC-mediated T-cell immune responses
may be related to differences in DC subsets. GM-CSF induced BMDCs, which have been
widely used for studying DCs /n vitro, resemble monocyte-derived CD11¢™™ DCs in vivo,
also known as TNF/iNOS-producing DCs (TipDCs) that usually arise during inflammation
[16]. In contrast, cDCs represent steady-state DCs and do not develop from monocytes [5,
17]. Although it is clear that BMDCs express C5aR [13], whether C5aR is expressed by
cDCs has been a subject of controversy [18, 19]. As for NK cells, they express complement
receptor CR3 and CR4 that facilitate cytolysis of complement opsonized cells, and C3a and
C3b inhibit human NK cell cytotoxic activity /n vitro[20, 21]. However, it is unclear
whether NK cells are affected by C5a and express its receptor.

Given the importance of cDCs in NK-cell activation and the precedent role for complement
in modulating DC-T cell interaction, we asked whether the complement system affects cDC-
mediated NK-cell activation. To address this question, we analyzed NK-cell activation
mediated by splenic cDCs triggered with polyl:C in C37~and C5aR™~ mice, in which either
activation of complement cascade is blocked due to C3 deficiency or host cells cannot
respond to the complement activation product C5a. Our data indicate that both cDCs and
NK cells lack C5aR, and are not influenced by C5a directly. Surprisingly, cDCs from
complement deficient mice are hyper-responsive to polyl:C stimulation and lead to
enhanced NK-cell activation, mediated indirectly through Gr-1* myeloid cells that highly
express C5aR. We found that Gr-1* myeloid cells produce TGF-B1 in a C5aR-dependent
manner, which conditions cDCs for their response to polyl:C. Finally, we showed that
enhanced activation of cDCs and NK cells in the absence of complement C3 contributed to
harnessing tumor growth in a mouse model of melanoma.

C37 mice have enhanced NK activity in response to polyl:C stimulation

TLR stimulation is essential for priming and activation of NK cells. In initial experiments,
we examined polyl:C induced NK-cell activation by stimulating unfractioned cells from
spleen, blood, mesenteric lymph nodes (MLNs) and BM with polyl:C. As shown in Fig. 1A
and B, polyl:C induced potent IFN-y production by NK cells in the spleen, as early as 5
hours after stimulation, whereas minimal NK-cell activation was detected in the LNs , BM
or blood, suggesting that the spleen is the primary site of early phase NK-cell activation. To
determine if complement alters TLR-induced NK-cell activation in the spleen, we studied
C3~ mice which are unable to activate complement by any of the initiating pathways.
There was a > 3-fold increase in polyl:C induced IFN-y producing NK cells in C37-
splenocytes compared with WT mice, while imiquimod (TLR7), LPS (TLR4) or CpG DNA
ODN1585 (TLR9) did not cause significant induction of IFN-y-producing NK cells in this 5
hour assay (Fig. 1C). Cytotoxic activity of splenic NK cells in response to /n vitro polyl:C
stimulation was also significantly augmented in €37~ mice compared with WT mice using
total splenocytes as effector cells and YAC-1 cells as target (Fig. 1D).
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Moreover, in vivoactivation of NK cells upon polyl:C injection was significantly higher in
C3= mice than in WT mice, as shown by their increased killing activity (Fig. 1E) and IFN-
7y production, although CD69 and granzyme B expression in NK cells was similar between
C3=-and WT mice (Supporting Information Fig. 1A-C). Analyzing the percentage and
absolute numbers of cDCs, NK cells, as well as the early activation marker CD69 on NK
cells, revealed no significant difference between €3~ and WT mice (Supporting
Information Fig. 2A-D). These results indicate that complement C3 or a downstream
product of the complement cascades plays an inhibitory role in polyl:C-induced NK-cell
activation.

Splenic cDCs from C37~and C5aR~'~ mice are hyper-responsive to polyl:C

Previous studies indicate that cDCs, which preferentially express TLR3 [9], are essential for
polyl:C induced NK-cell activation /n vivo [2]. Therefore, we asked if polyl:C induced NK-
cell activation in the spleen is mediated by cDCs. We first measured distribution of cDCs in
lymphoid organs and found that spleen has the highest percentage of cDCs compared with
LNs, blood and BM (Fig. 2A). Indeed, distribution of cDCs (gated as MHC classs
11*CD11cNi9" cells Supporting Information Fig 2E) in the lymphoid organs mirrored their
NK cell response to polyl:C (Fig. 1A). To confirm that polyl:C induced NK-cell activation
in the spleen is mediated by cDCs, we used mice containing a diphtheria toxin receptor
(DTR) transgene (tg) under the control of CD11c promoter (CD11c DTR tg mice), which
allows for specific depletion of CD11cN9" cells by a single injection of diphtheria toxin
(DT) [22]. As shown in Fig. 2B, polyl:C induced NK-cell activation in the spleen of CD11c
DTR tg mice was abolished 2 days after DT injection, a time when more than 70% of
CD11chigh cells (Supporting Information Fig. 2E) but <5% of NK cells were depleted (data
not shown). Hence, increased NK-cell activation in the spleen of C3"~ mice in response to
polyl:C could be attributed to the impact of complement activation on either cDCs or NK
cells.

To determine which cells are the targets of complement activation, we isolated splenic cDCs
and NK cells from WT, €37~ or C5aR~~ mice, and performed mix-match co-culture
experiments. In the absence of cDCs, NK cells did not respond to polyl:C (Fig. 2C, D).
Splenic cDCs from €37~ (Fig. 2C) and C5aR™~ (Fig. 2D) mice induced significantly higher
IFN-y production in NK cells than their corresponding WT c¢DCs (C57BL/6 as control for
€3~ mice and BALB/c for C5aR~"~ mice). In contrast, NK cells from WT and C5aR"~
mice responded at similar levels to polyl:C in the presence of WT or C5aR~~ cDCs (Fig.
2D). In addition, /n vivo activation of NK cells was also augmented in C5aR-~ mice
compared with WT mice (Supporting Information Fig 1A-C). These data suggest that the
impact of complement activation, specifically C5a, is mediated through cDCs, rather than
directly on NK cells. Indeed, we were unable to detect C5aR expression on quiescent and
activated NK cells in LPS- or polyl:C-treated mice (Supporting Information Fig. 3).
Furthermore, the cDC-NK cell response was not altered in mice lacking C3aR or CR3 (data
not shown), two down-stream receptors of C3, excluding their involvement in modulating
cDC-NK cell activation.

To define the basis for increased cDC-NK cell activation in €37~ and C5aR"~ mice, we
examined production of pro-inflammatory cytokines/molecules in cDCs that are essential for
NK-cell activation, including TNF-a., IL-15, IL-15 receptor a subunit (IL-15Ra), and IL-12
[23-25]. Upon poly!:C stimulation, splenic cDCs from €37~ (Fig. 2E) and C5aR~~ mice
(Fig. 2F) produced significantly higher levels of /L-15, /L-15Ra and TNF-a than WT
cDCs, while minimal /L-12p40was generated. Similar results were obtained upon polyl:C
injection /n vivo (Supporting Information Fig. 1D), suggesting that in the absence of
complement, specifically C5a-C5aR interaction, splenic cDCs are hyper-responsive to
polyl:C. Furthermore, MHC class 11, CD80, CD86 (Supporting Information Fig. 1E-G),
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CD11b and TLR3 (data not shown) were similarly expressed in both naive and activated
C3'=and C5aR~ cDCs compared with WT cDCs, excluding the involvement of these
factors in causing augmented NK-cell activation.

Enhanced TLR response of cDCs in C37~ and C5aR~~ mice is mediated by Gr-1* myeloid

cells

Analysis of C5aR expression revealed that only a very small portion (~5%) of splenic cDCs
expressed C5aR (Fig. 3A). Moreover, polyl:C stimulation did not upregulate C5aR
expression on cDCs (Fig. 3A). As expected, exogenous C5a had no direct impact on cDC-
NK cell activation (Fig. 3B). Numerous studies have suggested that IL-15 is essential for
DC-mediated NK-cell activation [2, 4, 24]. We found that /L-15 up-regulation in polyl:C
stimulated cDCs was not affected by C5a pre-treatment (Fig. 3B). These results indicate that
complement activation, specifically C5a, did not have a direct impact on splenic cDCs.
Given that isolated cDCs from €37~ and C5aR-"~ mice are hyper-reactive to TLR3
stimulation /n vitro, we predicted that complement activation may influence cDCs indirectly,
possibly through C5aR-expressing cell population(s) that can negatively regulate cDC
activity in vivo. Treg cells regulate development and activation of cDCs [5, 26]. However,
Treg cells do not express C5aR, and depletion of Treg cells did not alter polyl:C triggered
splenic cDC-NK-cell activation (Supporting Information Fig. 4).

A second cell population we considered is myeloid Gr-1*CD11b* cells, which have high
levels of C5aR expression [27] (Supporting Information Fig. 5A) and are a major cell
population that mediates C5a-induced effects. We found that injection of an anti-Gr-1 mAb
resulted in ablation of Gr-1*CD11b* cells (>90%), a small increase (~25%) in splenic cDCs
and no significant change in NK cells, although some NK cells have low levels of Gr-1
expression [28]. Similar results were obtained in €37~ and C5aR~~ mice compared with
WT mice (Supporting Information Fig. 5B-D). Surprisingly, depletion of Gr-1* cells led to a
marked increase in polyl:C induced NK-cell activation using splenocytes from WT mice
(2-3 fold), but minimal changes (~10%) with C37~ or C5aR"- cells (Fig. 3C, D). To address
whether Gr-1* cell depletion affects cDCs or NK cells, we isolated splenic cDCs and NK
cells from anti-Gr-1 or control Ab treated WT or C5aR™"~ mice, and co-cultured them with
NK cells or cDCs from WT mice injected with control Ab, respectively. Upon polyl:C
stimulation, cDCs from Gr-1* cell depleted WT mice induced significantly higher IFN-y
production in co-cultured NK cells compared with cDCs from control Ab injected WT mice,
whereas NK cells from Gr-1* cell depleted WT mice responded similarly to those from
control Ab injected WT mice (Fig. 3E, F). As expected, Gr-1* cell depletion had no impact
on cDCs or NK cells in €37~ (Fig. 3E) or C5aR~~ mice (Fig. 3F). Consistently, cDCs
isolated from WT, but not from €3~ or C5aR~~ mice that are depleted of Gr-1* cells,
produced significantly higher /L-15upon polyl:C stimulation compared with mice treated
with isotype control Ab (Fig. 3G). These results indicate that cDCs are regulated by
complement activation through Gr-1* myeloid cells /n vivo.

C5ainduces TGF-B1 production in Gr-1* myeloid cells

Next, we sought to determine how complement activation, specifically C5a, regulates cDC
activity through Gr-1* myeloid cells. We found that circulating TGF-B1 levels in the blood
were significantly higher in WT mice than C5aR""~ mice (WT: 2481354 pg/ml, n=10;
C5aR"~ mice: 1139+241 pg/ml, n=10, P=0.0057, student #test), and depletion of Gr-1*
cells abrogated this difference (WT mice anti-Gr-1: 995+171 pg/ml, n=6; C5aR~~ mice anti-
Gr-1: 935£179 pg/ml, n=6, P=0.8139, student £test), indicating that Gr-1* cells are a main
source of C5aR-associated TGF-B1 production in the circulation (Fig. 4A). Furthermore,
pre-incubation of cDCs with serum from WT mice significantly inhibited polyl:C induced
/L-15upregulation, which was reversed by blocking TGF-p1. In contrast, serum from
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C5aR™~ mice only mildly suppressed activation of cDCs, and anti-TGF-B1 treatment had
minimal effects (Fig. 4B). In addition, pre-treatment of cDCs with recombinant TGF-p1
inhibited polyl:C induced /L-15expression (Fig. 4C). These findings suggest that steady-
state cDCs may be conditioned by TGF-p1 in the circulation, which is generated, in part, by
Gr-1* myeloid cells in a C5aR-dependent manner.

We then measured /n vitro production of TGF-B1 by Gr-1*CD11b* cells. As shown in Fig.
4D, cultured BM Gr-1*CD11b* cells (abbreviated as Gr-1* cells in the graph), but not Gr-1
cells, spontaneously produce large amount of TGF-p1. Total TGF-B1 levels, measured by
acid treatment of samples which activates latent form of TGF-B1 (Fig. 4D middle panel), as
well as active TGF-B1 (Fig. 4D right panel), are both significantly higher in the culture
supernatant of WT Gr-1*CD11b" cells than C5aR~"~ cells. Treatment of WT Gr-1*CD11b*
cells with C5a led to increased TGF-p1 production. Moreover, in the absence of
exogenously added C5a, blocking C5aR signaling in Gr-1*CD11b* cells with an antagonist
for C5a-C5aR binding (C5aRA, A8%71-73) [29] reduced TGF-B1 production in these cells,
suggesting that C5a was generated by local complement activation in BM Gr-1*CD11b*
cells and acted in an autocrine manner (Fig. 4D middle panel). Although C5aRA, A8%71-73,
has been reported to block both C5aR and C5L2, an orphan receptor for C5a [29], there was
no change in C5aR™ cells treated with C5aRA, excluding the possibility that C5L2 plays a
role in inducing TGF-B1. Because BM Gr-1*CD11b* cells are a heterogeneous cell
population, we examined TGF-B1 production in subsets of Gr-1"CD11b* cells based on
Ly6C expression. As shown in Fig. 4E, BM Gr-1*CD11b™ cells can be divided into 5 sub-
populations, and there are no differences in their distribution between C5aR~~ and WT
mice. Among these subsets, only Gr-1M3dhLy6CIt cells produce significant amount of TGF-
B1. Furthermore, arginase-1 and IL-10 have been implicated to be associated with regulatory
activity of myeloid-derived suppressor cells (MDSC) and activated neutrophils [27, 30],
both of which co-express Gr-1 and CD11b. However, we detected no difference in
arginase-1 or 1L-10 production between WT and C5aR"~ BM Gr-1*CD11b* cells in normal
mice (Supporting Information Fig. 6).

Taken together, the above data suggest that Gr-1* myeloid cells are an important source of
circulatory TGF-B1, the production of which is partially dependent on C5aR signaling, and
that cDCs are conditioned by circulatory TGF-B1 /in vivoin a complement-dependent
manner through Gr-1* myeloid cells.

Activation of cDCs and NK cells controls tumor growth in C3~~ mice

Given that complement-induced TGF-B1 production in Gr-1* myeloid cells regulates
capacity of cDCs to prime NK cells, and that NK cells play an important role in tumor
immunity, we examined the possibility that augmented cDC-NK cell activity in the absence
of C3 would lead to suppression of tumor growth in €37~ mice. To address this, we
employed B16 melanoma syngeneic tumor model. In agreement with a previous report using
a different tumor model [27], tumor growth was dramatically delayed in 37~ mice (Fig.
5A). Treatment with anti-NK1.1 mAb ablated >90% NK cells in both WT and €37~ mice
(Supporting Information Fig. 7). Upon NK cell depletion, tumor growth in 37~ mice
reverted to that of WT mice, whereas tumor growth in WT mice was not significantly
altered by NK cell depletion (Fig. 5A). In €37~ mice, there was increased NK cell
infiltration in the tumor tissues compared with WT mice (Fig. 5B). Flow-cytometry analysis
revealed a significant increase in activated IFN-y-producing NK cells in the tumor tissues of
C3~ mice, while minimal IFN-y-producing NK cells were found in the spleen or blood
from both strains (Fig. 5C). In addition, tumor weight inversely correlated with IFN-y-
producing NK cells in the tumor (n=16 mice, r=-0.7661, £=0.003, Pearson correlation) (Fig.
5D). Thus, delayed tumor growth in €37~ mice is dependent on enhanced NK-cell
activation.

Eur J Immunol. Author manuscript; available in PMC 2013 July 01.
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Given the importance of splenic cDCs in priming NK cells, we predicted that activation of
NK cells in tumor-bearing €37~ mice is triggered by hyper-reactive cDCs in these mice. We
were unable to detect cDCs in the tumor tissue from either C37~ or WT mice, and there was
no significant change in MHC class Il or co-stimulatory molecule CD80 on splenic ¢cDCs in
these tumor-bearing mice (data not shown). To directly prove that cDCs are essential for
controlling tumor growth in C37~ mice, we bred CD11c DTR tg mice with C37~ mice.
Upon depletion of DCs with DT injection in CD11c DTR tg mice, C3 deficiency led to
significantly increased tumor weights compared with C37~ mice without CD11¢c DTR
transgene. In contrast, DC depletion had no significant impact on tumor growth in C3+/-
mice (Fig. 5G). Collectively, these results support our hypothesis that complement has a
regulatory role in cDC-NK cell mediated anti-tumor immune response.

DISCUSSION

In the present study, we examined the influence of complement activation on cDC-NK cell
interface, innate immunity elements essential in defense against viral infections and tumors.
We showed for the first time that complement activation, specifically C5a, plays an
inhibitory role for cDC-mediated NK-cell activation. Our finding that C5a-induced TGF-p1
production by Gr-1* myeloid cells regulates cDC-NK-cell activation reveals a previously
unidentified mechanism of immune regulation. We demonstrated the importance of these
pathways /in vivo by showing cDC and NK cell-dependent suppression of tumor growth in
C3= mice. These results highlight the complexity of complement mediated regulation of
DC function and elucidate new pathways of control (Fig. 5).

It is largely unknown how cDCs are regulated /n vivo. Here we demonstrated that Gr-1*
myeloid cells inhibit cDCs /n vivo. Both the development and activity of cDCs may be
regulated by Gr-1* myeloid cells. First, the presence of increased numbers of cDCs upon
Gr-17 cell depletion suggests that development of cDCs is affected by Gr-1* myeloid cells,
although complement may not be involved in this process because €37~ and C5aR™"~ mice
have similar numbers of splenic cDCs compared with WT mice. Second, Gr-1* cell
depletion leads to augmented TLR3 response by cDCs in complement sufficient but not in
C3'= or C5aR~~ mice, indicating that steady-state cDCs may be conditioned by Gr-1*
myeloid cells and this is dependent upon Cb5a-induced TGF-B1 production. The suppression
of cDC activity induced by Gr-1*myeloid cells is not related to changes in expression of
canonical DC markers, including CD11c, MHC class Il, CD11b, CD80, CD86 and TLR3.
Myeloid Gr-1*CD11b* cells consist of neutrophils, monocytes, some macrophages, and
their progenitor or precursor cells. Treatment with anti-Gr-1 mAb depletes granulocytes,
peripheral neutrophils, as well as MDSCs [31]. Regulatory activity has been reported in
activated neutrophils and normal BM Gr-1*CD11b* cells [30, 31]. Of note, MDSCs are the
major TGF-B1 producing cells in tumor-bearing mice [32]. We recognize that the TGF-B1-
producing Gr-1* myeloid cells in our study could be related to MDSCs or regulatory
neutrophils.

The mechanism we identify for Gr-1* myeloid cell-mediated suppression of cDCs is novel.
They are a significant source of circulating TGF-p1 at steady state, and their production of
TGF-p1 is dependent upon C5aR signaling. Several other reports link complement
activation to TGF-B1 in other cell types. C3a and C5a induce TGF-1 production in human
and mouse tubular cells, respectively [33, 34], while TGF-B1 upregulates local synthesis of
C3 and factor B in human monocytes [35]. Our finding that TGF-B1 suppressed polyl:C
induced IL-15 production in cDCs is in contrast to a previous report that TGF-1 cannot
inhibit TLR3-TRIF-dependent pathway in macrophages [36]. This difference may be due to
the different cell types studied and experimental conditions. For example, TGF-B1 inhibition
of polyl:C-stimulated cDCs occurred only with overnight incubation of the cells with TGF-
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B1 and was absent with 4 hour incubation (data not shown). Furthermore, increased cytokine
production by cDCs from complement-deficient mice was demonstrated by ex vivo
stimulation of cells in the absence of TGF-B1 suggesting a pre-conditional effect of TGF-p1
on TLR3 response in cDCs, rather than direct inhibition of MyD88-dependent pathway [36].
C5a-induced TGF-B1 may modulate biological function in other cell types, yet unlike cDCs,
NK cell function, known to be regulated by soluble TGF-B1 [37], was not altered in C5aR™~
mice in spite of their reduced TGF-B1 levels. It is possible that sensitivity to TGF-p1 differs
between cell types. Moreover, we showed that in BM Gr-1*CD11b* cells TGF-B1
production is partially dependent on C5a, while plasma TGF-B1 levels in C5aR™~ mice are
not higher than those in anti-Gr-1 mAb treated WT mice. This discrepancy may be
explained by incomplete depletion of Gr-1* cells. Nevertheless, the cross-talk between
complement system and TGF-p1 in the immune system reveals a new pathway of regulation
that may be important for proper function of immune cells.

Multiple studies have examined the role of complement components, particularly C5a, in
modulating DC-mediated T-cell activation in various disease models but with no consensus
[11-15]. Indeed, the findings are contradictory, perhaps because both cDCs and BMDCs
have been targets. BMDCs, derived from monocytes and induced by GM-CSF /n vitro,
highly expressing C5aR, synthesize and activate complement components locally [11-13].
C5a has been shown to provide co-stimulatory signals for maturation of BMDCs and
promote BMDC-mediated T-cell activation [12, 13]. In contrast, we and others showed that
splenic cDCs had minimal C5aR expression at steady and activated states [18, 19],
suggesting that C5a cannot influence cDCs directly. It is now known that cDCs arise
independently from monocytes that give rise to BMDCs [5, 17]. Hence, we predict that the
different effects of complement activation on cDCs and BMDCs reflects their distinct
lineages and is related to the expression pattern of C5aR.

Given the importance of cDCs and NK cells in anti-tumor immunity, we focused on ¢cDC-
NK interactions rather than cDC-T cell interactions, and assessed tumor growth in
complement C3 deficient mice. Delayed tumor growth has been noted in complement
deficient and C5aR antagonist-treated mice and was shown to be a consequence of defective
MDSC function and dependent upon activation of CD8" T cells [27]. Our findings that NK
cells and cDCs control tumor growth in C3"~ mice suggest a new mechanism for
complement in tumor models, i.e., cDCs are conditioned by complement-induced TGF-p in
tumor-free steady state. We focused on polyl:C stimulation /n vitro because cDCs highly
express TLR3 [9], although other stimuli could also influence cDC activity. However, the
nature of the stimuli that activate cDCs in the tumor-bearing mice is unclear and may extend
beyond those we studied. We speculate that cDCs are activated by tumor-derived antigens or
endogenous TLR ligands, such as nucleic acids released from apoptotic and necrotic cells in
tumor-bearing hosts. Based on our observation in polyl:C activated cDCs, it is possible that
complement and Gr-1* myeloid cells could also regulate activation of cDCs in response to
stimuli other than TLR3 ligand in a tumor scenario. Activated cDCs could then prime NK
cells, which may be required for cross-priming of tumor-specific CD8* T cells [38]. In the
tumor-bearing hosts, cDCs and NK cells might also be directly suppressed by tumor-
associated MDSCs [39], the activity of which is enhanced by complement C5a [27].

In summary, our data suggest a novel model of complement-regulated cDC-NK-cell
activation in which the effect of complement activation is mediated through the regulation of
TGF-B1 production by Gr-1* myeloid cells at steady state. We present evidence for another
pathway for complement to control host responses to danger.

Eur J Immunol. Author manuscript; available in PMC 2013 July 01.
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MATERIALS AND METHODS

Mice

Adult female mice (6-10 wk old) were used in all experiments. C37~, CR37~, CD11c DTR
tg, C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory. C3aR~~ and
C5aR~~ mice on BALB/c background are kindly provided by Dr. Craig Gerald from
Harvard Medical School. Mice were housed in the animal facilities of Hospital for Special
Surgery in accordance with National Institutes of Health guidelines, and the studies were
approved by the Institute of Animal Care and Use Committee.

In vivo depletion of DCs, Treg and Gr-1* myeloid cells

Reagents

To deplete CD11cN9" cells /7 vivo, CD11c DTR tg mice were i.p. injected with 100 ng DT
or a mutant form CRM as control (VWR). Two days later, CD11c expression was analyzed
in the spleen with more than 70% reduction in CD11c"9" cells and less than 10% reduction
in CD11c'%" cells. To deplete Gr-1* myeloid cells, mice were i.p. injected with 50 g anti-
Gr-1 mAb (clone RB6-8C5) or isotype control mAb (BD Pharmingen). Three days later,
more than 90% CD11b*Gr-1* cells were depleted in the blood and spleen. To deplete Treg
cells, mice were i.p. injected with 100 g anti-CD25 mAb (clone PC61, BD Pharmingen).
Three days later, more than 80% of CD4*CD25* Treg cells were ablated.

Recombinant human C5a was purchased from Calbiochem (EMD chemicals, Gibbstown,
NJ). C5aR antagonist (A8%71-73) was a gift from Dr. Jérg Kéhl (Medical School Hanover,
Germany). Recombinant TGF-B1 and anti-TGF-B1 mAb (clone 1D11) were purchased from
R&D Systems. TLR agonists, including polyl:C, LPS, imiquimod, CpG DNA ODN1585
and control ODN were purchased from Invivogene (San Diego, CA). 5-(and-6)-
carboxyfluorescein diacetate succinimydyl ester (CFSE) was purchased from Invitrogen.

Flow cytometry

Cells were blocked for Fc receptors with anti-mouse CD16/CD32 mAb (clone 2.4G2, BD
Pharmingen). Fluorochrome conjugated anti-mouse antibodies for flowcytometry were
purchased from eBioscience, BD Pharmingen, Cedarline or Abcam, including: anti-NKp46
(29A1.4), anti-CD3e (145-2C11), anti-CD11c (N418), anti-MHC class Il I-A/I-E
(M5/114.15.2), anti-CD11b (M1/70), anti-Gr-1 (RB6-8C5), anti-Ly6C (HK1.4), anti-C5aR
(20/70), and anti-CD25 mAb(3C7). For intracellular staining of IFN-vy, cells were fixed and
permeabilized with cytofix/cytoperm and perm/wash buffer (BD Bioscience). PerCP-Cy5.5
anti-mouse IFN-y (XMG1.2) was used to stain the cells. Data were acquired on a FACScan
or FACS Calibur cytometer (Becton Dickinson). FACS data were analyzed using Flowjo
software (Tree Star).

Cell isolation and stimulation

Mouse NK cells were purified from spleen with NK cell isolation kit by negative selection
(Miltenyi Biotech). The purity of NK cells are generally >85%. For isolation of cDCs from
spleen, in order to avoid NK cell contamination, mice were first depleted of NK cells by
injecting anti-NK1.1 (C57BL/6 background) or anti-Asio-GM1 Ab (BALB/c background)
24 hours before DC isolation. Splenic cDCs were then enriched by positive selection of
CD11c* cells using magnetic microbeads (Miltenyi Biotech) and CD11cM9"MHC class I1*
cells were sorted on a Becton-Dickinson Vantage cell sorter (Becton Dickinson), with >95%
purity. To isolate Gr-1*CD11b* cells, BM cells were enriched with biotin-anti-Gr-1 mAb
(RB6-8C5) and anti-biotin-magnetic beads (Miltenyi Biotech) and Gr-1*CD11b* cells were
then sorted with >95% purity.
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Total splenocytes (2x10° cells), or purified NK (1x10° cells) co-cultured with 2x10° splenic
cDCs (DC:NK ratio 2:1), were stimulated with: polyl:C (0.5-20 pg/ml) for 5 hours at 37°C
in serum-free OPTI-MEM culture medium (Gibco) in 96-well plate. In some experiments,
cDCs were pre-incubated with recombinant hC5a (Sigma-Aldrich) 1 pg/ml for 10 min
before polyl:C stimulation.

Cytotoxic assay of NK cells

Total splenocytes or purified NK cells were used as effector cells to kill target YAC-1 cells
in a fluorescence-based cytotoxic assay [40]. Briefly, YAC-1 cells were labeled with 200
nM CFSE at 37°C for 15 min, then cultured with purifed NK cells or splenocytes that have
been adjusted to contain the same number of NK cells prior to the cytotoxic assay. After 5
hours of incubation at 37°C, cells were stained with 7’-AAD for dead cells. Specific lysis
was determined by calculating the percentage of 7°-AAD" cells in the CFSE* YAC-1
population.

Quantitative real-time PCR

ELISA

Total RNA was extracted with RNeasy isolation kit (Qiagen), and reverse-transcribed into
cDNA by Superscript RT 111 (Qiagen). Real-time PCR was performed in triplicate with
SYBR-green method on the ABI PRISM 7900HT Sequence Detection system (Applied
Biosystem). The expression of each gene (fold change) was calculated by two rounds of
normalization (285Ct method), first, normalizing Ct value of the target gene against the
average Ct value of 2 control genes (Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and Cyclin 1 (CCNI)), then, normalizing an experimental condition against untreated
control. The primer sequences were: TNF-a forward 5’-
CCACCACGCTCTTCTGTCTA-3’, reverse 5’-AGGGTCTGGGCCATAGAACT-3’;
IL-12p40forward 5’-AGGAGACAGAGGAGGGGTGT-3’, reverse 5’-
AATAGCGATCCTGAGCTTGC-3’; /L-15forward 5°-
CGTGCTCTACCTTGCAAACA-3’, reverse 5’-TCTCCTCCAGCTCCTCACAT-3’;
/L-15Ra forward 5’-TGGCCTGGTACATCAAATCA-3’, reverse 5’-
TCTTCATCCTCCTTGCTGCT-3’; CCN/ forward 5’-
GAAATGGAGAAACTCATTCCTGATT-3’, reverse 5’-CCCGACAGTGGATCAAC-3’;
GAPDH forward 5’~-ACCCAGAAGACTGTGGATGG-3’, reverse ‘5-
GGATGCAGGGATGATGTTCT-3".

Cell culture supernatant or plasma collected in EDTA was measured for TGF-B1 with
ELISA kit from eBioscience following the manufacturer's instruction. Except where
measurement of active TGF-B1 was specified, total TGF-B1 was measured by treating
samples with AN HCL for 10 min and neutralizing with 1N NaOH in order to activate all
latent form of TGF-B1.

Mouse tumor model

Mouse B16 tumor model was established as described before [37]. Briefly, 6-8 wks old WT
C57BL/6 and €37~ female mice were s.c. injected with 5x10° B16 melanoma cells on the
right flank. NK cells were depleted by i.p. injection of 100 g anti-NK1.1 mAb (PK136) or
isotype control mAb on day-3, day0 and day7 of tumor inoculation. To deplete DC, CD11c
DTR tg and control mice were injected with 100 ng DT i.p. on day5 of tumor inoculation.
Tumor growth was monitored by measuring tumor size (mm3=length x width x depth x
0.4). To isolate lymphocytes from tumors, tumor tissues were minced, digested with
collagenase and DNase, and lymphocytes were enriched by centrifuging cells in 30%
percoll.
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Immunohistochemistry

To stain for infiltrated NK cells, frozen tumor sections were fixed in ice-cold acetone for 10
min and blocked with 10% goat serum, 2% BSA/PBS and peroxidase blocking reagent
(Dako). Tissues were incubated with biotin-anti-NKp46 Ab (R&D System) at RT for 2 hr,
followed with HRP-conjugated secondary Ab, and developed with 3,3’-diaminobenzidine
tablets (Sigma). Mayer's hematoxylin (Sigma) was applied for counter-staining.

Statistical analysis

Data were expressed as mean + s.d. or mean + s.e.m. Normal distribution of data was tested
by Kolmogorov-Smirnov test. Student's t-test was used for statistic analysis of FACS, real-
time PCR and tumor growth data. Pearson test was used for correlation analysis. A<0.05 was
assigned to reject null hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Increased NK-cell activation in €37~ mice in response to polyl:C. (A) Gating strategy. NK
cells were gated as NKp46*CD3" cells (R1), and the percentage of IFN-y* NK cells was
calculated by dividing IFN-y*NK cells against total NK cells in the presence/absence of
polyl:C stimulation. (B) MLNs, BM, blood and spleen cells were stimulated with polyl:C
for 5 hours. The percentage of IFN-y™* cells in NK cell population was analyzed by flow
cytometry as in (A). Data are mean + S.D. n=5 mice per group and reprentative of 3
independent experiments. (C) Splenocytes from C3-~ or WT mice were stimulated with the
indicated TLR agonists and the percentage of IFN-y* NK cells were determined. Data are
mean + SEM n=6 mice/group and reprentative of 3 independent experiments. (D) WT or
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C3~ splenocytes were stimulated with polyl:C or left unstimulated before incubation with
CFSE-label YAC-1 cells and lysis of YAC-1 cells was measured. E/T ratio: effector / target
cell ratio. Data are means = SD and are representative of 5 independent experiments each
with n=3/group. (E) €37~ or WT mice were i.p. injected with 100 g polyl:C or PBS.
Splenic NK cells were purified for cytotoxic assay against YAC-1 cells 24 hours later. Data
are mean + SEM n=6 mice/group and are representative of two independent experiments. *
F£<0.05, ** P<0.02 (Student £test).
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Figure2.

Enhanced activation of splenic cDCs in complement deficient mice. (A) The percentage of
cDCs (CD11cM9"MHC class 11* cells) in the MLNs , BM, blood and spleen of C57BL/6
mice was measured by flow cytometry. Data are mean + SD n=5 mice/group. (B) WT or
CD11c DTR tg mice were injected with DT or CRM as control. Two days later, splenocytes
were isolated and stimulated with polyl:C for NK-cell activation. Data are mean + SEM,
n=4 mice/group. (C, D) Purified splenic cDCs and NK cells were isolated from WT and (C)
C37~ or (D) C5aR"~ mice and were co-cultured in the presence or absence of polyl:C. The
percentage of IFN-y™ cells in the NK cell population was determined by FACS. Data mean
+ SD n=3/group. Results are representative of 5 independent experiments in (A-D). (E, F)
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Splenic cDCs isolated from WT, (E) C3”~ or (F) C5aR™~ mice were stimulated with
polyl:C. Expression of /L-15, IL-15Ra, TNF-a, and /L-12p40was measured by quantitative
real-time PCR. Data are mean + SD n=3/group and the results are representative of 6
independent experiments. * £<0.05, ** A< 0.02 (Student #test).

Eur J Immunol. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qing et al.

MHC class Il

spleen

CbaR-/- cDC

2.31

Page 17
10 ns
. 8
3
< 6
+
P
[
2
0
spleniccDC + + + + - -
NK + + + + + +
poylC - + + - + -
Csa - . + + - +
&8 ns
5
mﬁs
k]
e
Z2
[
Eo
PBS polyl:C polyl:C C5a
+
Cba
*%
O WT control Ab
DS B WT ant-Gr1
3 C5aR-- control Ab
@ C5aR/- anti-Gr-1
&
polyl:C (ug/mi)

mice polyl:C ¢cDC NK

o+ o+ o+

control control
control control :l *
Gr-1Ab control
control control ]3
Gr-1Ab control
control control ]:
control Gr-1Ab
control control ]:
control Gr-1Ab

S S p S
IFNy+NK%

ns
r [ control Ab

M anti-Gr-1

+

10° 10’ 107 10* 10*
CD11c
. WT cDC
3\i . isotype control
% —PBS 24 hr
s “ — polyl:C 24 hr
C5aR
€0 FEX NS [J WTcontrol Ab %
< W WT anti-Gr-1 - 40
S 10 3 C3+- control Ab 9
? B C3/-ant-Gr-1 ? 30
£ >
E 0 E 20
10
o ]
0
polyl:C (ug/ml)
mice polyl:C ¢cDC  NK
c3++ - control control ChaR+/+
c3++ + control control A C5aR+/+
C3++ + Gr1Ab control ChaR+/+
c3+ + control control ]3 C5aR /-
c3-/- + Gr-1Ab control ChaR /-
C3++ + control control :Ia ChaR+/+
Cc3++ + control Gr-1Ab ChaR+/+
c3-/- + control control 7 A
Cc3-/ + control Gr-1Ab ]m gigj
S N PSP
IFNy+NK%
30 *%
ns
@ *% ™
S8 | N
o % 20
E <
o O
w310
28
0
C57BL/6 C3-/- BALB/c C5aR-/-
polytc - + - + - +
Figure 3.

The impact of Gr-1* cell depletion on cDC activity. (A) Fresh splenocytes and splenocytes
either unstimulated for 24 hours or polyl:C treated for 24 hours were stained for cell surface
expression of CD11c, MHC class Il (I-A/1-E) and C5aR. Numbers in the plots indicate the
percentage of gated cells. Data are representative of 6 independent experiments with 3 mice
in each experiment. (B) Splenic cDCs from C57BL/6 mice were left untreated or pre-treated
with Cba and then either stimulated with polyl:C or left unstimulated. IFN-y producing NK
cells were determined in co-cultured NK cells by flow cytometry. Expression of /L-15was
analyzed by real-time PCR in cDCs. Data are mean + SD, n=3 per group and are
representative of 6 independent experiments. (C) €37~ (D) C5aR™~ or WT mice were
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injected with anti-Gr-1 or control mAb. Three days after injection, splenocytes were
isolated, stimulated with polyl:C, and IFN-y production in NK cells was determined. Data
are mean + SEM of n=6 mice/group and are representative of 5 independent experiments.
(E) C37-, (F) C5aR"~or (G) C37~, C5aR~and WT mice were injected with anti-Gr-1 or a
control mAb. Splenic cDCs and NK cells were isolated 72 hours later. (E, F) cDCs and NK
cells were co-cultured in the presence of polyl:C to determine IFN-y production in NK
cells. (G) cDCs were stimulated with polyl:C and /L-15gene expression was measured by
real-time PCR. Data are mean + SD, n=3 mice/group and are representative of 5
independent experiments. * A<0.05, ** A<0.02, *** £<0.01, ns, not significant (Student ¢
test).
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Modulation of ¢cDC activity by C5a-induced TGF-B1 in Gr-1* myeloid cells. (A) WT and
C5aR- mice were injected with anti-Gr-1 or isotype control mAb. Plasma TGF-B1 levels
were tested 2 days later. Each symbol represents data from an individual mouse and the
horizontal bar represents the mean; n=6-10 mice/group. Data are representative of 2
independent experiments. Student ftest ** P<0.02 (/Student ftest). (B, C) Splenic cDCs (B)
were pre-incubated with 10% of WT or C5aR~~ serum in the presence or absence of an anti-
TGF-p1 mADb, or (C) were pre-treated with 10 ng/ml of TGF-f1 for 16 hr, then stimulated
with polyl:C. /L-15expression was measured by real-time PCR. (D) BM Gr-1*CD11b* and
Gr-1" cells isolated from WT or C5aR™"~ mice were cultured with or without C5a (0.5 p.g/

Eur J Immunol. Author manuscript; available in PMC 2013 July 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qing et al.

Page 20

ml) or C5aRA (250 nM) in serum-free OPT-MEM medium for 6 hours. Total (middle) and
active (right) TGF-B1 production in the culture supernatant was measured by ELISA. (E)
BM cells were sorted based on CD11b, Gr-1 and Ly6C expression. TGF-B1 was measured
in the culture supernatant of sorted cells by ELISA. (B-E) Data are either representative
(plots) or mean + SD (graphs) of n=3-5/mice per group and are representative of 4-6
independent experiments. * £<0.05, ** £<0.02 (Student £test).
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Figure5.

Activation of cDCs and NK cells in tumor-bearing €37~ mice. WT and €37~ mice were
injected with B16 melanoma cells subcutaneously. (A) NK cells were depleted with anti-
NKZ1.1 or a control mAb on day -3, day 0 and day 7 of tumor inoculation. Data are means +
SEM of n=5-7 mice/group. * C3"~ mice receiving anti-NK1.1 vs. C3"~ mice receiving
control Ab: pvalues on days after tumor inoculation: day 14 p=0.024, day 16 p=0.048, day
18 p=0.031, day 21 p=0.055, two-tailed unpaired Student #test. (B) Infiltrating NK cells
(brown) in the tumor tissues on day 21 after tumor cell injection. Scale bar: 60 wm. Images
shown are representative of 5-7 mice per group. (C) IFN-y-producing NK cells were
measured on day 21 after tumor cell injection by flow cytometry. Date are mean + SEM of
n=5-7 mice/group. (D) Correlation between tumor infiltrating IFN-y* NK cells with tumor
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weight. Each dot represents data from a single mouse. n=8 mice/group. (E) DT was injected
to all groups of mice to deplete DCs on day 5 after tumor inoculation. Tumor weights were
measured on day 23. Each symbol represents data from a single mouse (n=6-7 mice/group)
and the horizontal line indicates the mean. . (A-E) Data are representative of 3 independent
experiments. (C, E) * A<0.05, ** £<0.02, (Student ¢test). (F) Model of regulation of cDC-
mediated NK-cell activation by complement. In normal hosts at steady state, complement
activation, via C5aR signaling, promotes TGF-B1 production in Gr-1* myeloid cells and
conditions cDCs for their capacity to activate NK cells following, e.g. TLR stimulation.
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