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The persistence of interleukin-6 is regulated by a
blood buffer system derived from dendritic cells
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SUMMARY

The interleukin-6 (IL-6) membrane receptor and its circulating soluble form, sIL-6R, can be targeted by
antibody therapy to reduce deleterious immune signaling caused by chronic overexpression of the pro-
inflammatory cytokine IL-6. This strategy may also hold promise for treating acute hyperinflammation,
such as observed in coronavirus disease 2019 (COVID-19), highlighting a need to define regulators of IL-6
homeostasis. We found that conventional dendritic cells (cDCs), defined in mice via expression of the
transcription factor Zbtb46, were a major source of circulating sIL-6R and, thus, systemically regulated
IL-6 signaling. This was uncovered through identification of a cDC-dependent but T cell-independent modal-
ity that naturally adjuvants plasma cell differentiation and antibody responses to protein antigens. This
pathway was then revealed as part of a broader biological buffer system in which cDC-derived sIL-6R set
the in-solution persistence of IL-6. This control axis may further inform the development of therapeutic agents

to modulate pro-inflammatory immune reactions.

INTRODUCTION

Interleukin-6 (IL-6) is a potent pro-inflammatory cytokine
released following immune challenge or tissue injury, where it
broadly stimulates innate and adaptive immune reactions (Kish-
imoto, 2010; Tanaka et al., 2014). Overexpression of IL-6 can
lead to chronic inflammatory disorders (Spencer et al., 2019; Ta-
naka et al., 2016) and potentially fatal hyperinflammation, such
as seen during advanced coronavirus disease 2019 (COVID-
19) (McElvaney et al., 2020; Mehta et al., 2020). Hyperinflamma-
tory states can be treated by antibody blockade therapies
targeting the IL-6 receptor (IL-6R) and its soluble circulating
form (sIL-6R) (Tanaka et al., 2016, 2018), and some early clinical
studies have reported successful application to treat COVID-19
(Biran et al., 2020; Somers et al., 2020; Xu et al., 2020), under-
scoring the importance of defining the homeostatic factors that
regulate immune signaling though IL-6.

IL-6 classic signaling occurs when this cytokine engages IL-
6R on a target cell co-displaying gp130, the receptor’s signaling
subunit (Rose-John, 2012; Wolf et al., 2014). IL-6R expression,
and thus IL-6 classic signaling, is largely restricted to immune
cells and hepatocytes (Rose-John, 2012; Tanaka et al., 2014).
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In contrast, surface gp130 is more widely expressed, enabling
IL-6 trans signaling via the complex formed between IL-6 and
circulating sIL-6R (Rose-John, 2012; Wolf et al., 2014). Opera-
tionally, these IL-6 signaling modes can be distinguished by
the circulating form of gp130 (sgp130), which inhibits the latter
but not former (Jostock et al., 2001; Tenhumberg et al., 2008).
IL-6 classic signaling is implicated in acute-phase responses,
whereas IL-6 trans signaling typically initiates pro-inflammatory
pathways (Rose-John, 2012; Scheller et al., 2006). IL-6 classic
signaling is also important for production of hepatocyte growth
factor during liver regeneration but can be substituted by the
trans signaling mode (Fazel Modares et al., 2019).

sIL-6R and sgp130 are also thought to comprise a biological
buffer system that is predicted to regulate IL-6 half-life in blood
(Rose-John, 2012, 2017; Scheller and Rose-John, 2012). In
healthy humans, serum IL-6 is nearly undetectable (2-6
pg/mL), whereas the concentrations of sIL-6R and sgp130 are
in molar excess (Rose-John, 2012, 2017; Scheller and Rose-
John, 2012), stoichiometries that are also conserved in mice
(Doganci et al., 2005; Schuett et al., 2012). IL-6 binds sIL-6R
with nanomolar affinity, and the IL-6:sIL-6R complex engages
inhibitory sgp130 with picomolar affinity, suggesting that free
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IL-6 is captured and neutralized rapidly at steady state (Rose-
John, 2012, 2017; Scheller and Rose-John, 2012). In pro-in-
flammatory states, sIL-6R is elevated, whereas sgp130 stays
relatively constant, enabling IL-6 trans signaling through molar
excess of sIL-6R (Rose-John, 2012, 2017; Scheller and Rose-
John, 2012; Tanaka et al., 2014).

The capacity of sIL-6R to set the half-life of free IL-6 and
restrict its systemic signaling has not been validated experimen-
tally in vivo (Baran et al., 2018). One issue is that sIL-6R is gener-
ated post-translationally and is difficult to manipulate. Cell
culture systems have implicated A disintegrin and metalloen-
zymes (ADAMs) as sheddases that catalyze sIL-6R release
from surface IL-6R (Chalaris et al., 2007; Garbers et al., 2014;
Matthews et al., 2003; Mullberg et al., 1994, 1995; Riethmueller
et al., 2016; Vollmer et al., 1996), but their genetic depletion is le-
thal in mice, and cell-specific depletion of ADAM sheddases has
failed to alter sIL-6R set point in vivo (Garbers et al., 2011; Schu-
macher etal., 2015, 2016). The cellular sources of sIL-6R are also
only broadly defined; cell-specific depletion of IL-6R using Alb
cre and lyz2 cre shows 40% and 60% reduction in circulating
slL-6R (McFarland-Mancini et al., 2010). Alb is selective for mu-
rine hepatocytes (Weisend et al., 2009), but Lyz2 is expressed in
numerous cell lineages, including monocytes and macrophages,
CD11c* dendritic cells, granulocytes, and type Il lung alveolar
cells (Shi et al., 2018).

Using a combination of bone marrow chimeras and validated
cell-specific approaches to deplete IL-6R, we show that conven-
tional dendritic cells (cDCs), defined in mice by expression of the
transcription factor Zbtb46 (Meredith et al., 2012; Satpathy et al.,
2012a), play a central role in maintaining systemic sIL-6R. DCs
connect the innate and adaptive immune systems by priming
T cells (Alvarez et al., 2008; Henrickson et al., 2013), which is
necessary for thymus-dependent (TD) B cell responses, under-
scoring humoral immunity (Stebegg et al., 2020; Tesfaye et al.,
2019). We identified cDC control over systemic sIL-6R by uncov-
ering a modality that modulates TD antibody output independent
from T cell priming. In this pathway, cDC-derived sIL-6R enabled
IL-6 trans signaling at the B cell surface, promoting differentia-
tion to antibody-secreting plasma cells. We further demonstrate
that cDC-derived sIL-6R captures the free IL-6 released
following bacterial and viral challenges. Here induction of slL-
6R release required Toll-like receptor (TLR) ligation followed by
ADAM sheddase activity. Our study establishes cDC-derived
slL-6R as a core component of a biological buffer system regu-
lating in-solution persistence of IL-6 and, consequently, immune
signaling through this cytokine.

RESULTS

A cDC-dependent but T cell-independent axis that
regulates antibody output

We first evaluated splenic antibody responses following intrave-
nous challenge with influenza viral glycoprotein hemagglutinin
(HA), an extensively described protein antigen (Altman et al,,
2018; Angeletti et al., 2017). Immunoglobulin G (IgG) and IgM re-
sponses were lost following splenectomy, whereas only IgG
output was reduced in Tcra™~ mice (Figure 1A). When cDCs
were depleted in Zbtb46-diphtheria toxin receptor (DTR) bone
marrow chimeras (Meredith et al., 2012; Satpathy et al., 2012a),
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IgG and IgM output was reduced significantly (Figure 1A). The chi-
meras did not show a defect in antigen uptake within the spleen
(Figure S1B). Reduction in IgG was expected in the absence of
DC-primed T cell help (O et al., 2014), but co-reduction in the
T cell receptor (TCR)-independent IgM response suggested that
cDCs may also regulate humoral immunity independent of T cell
priming. We confirmed this for other non-HA antigens, including
HIV gp120 and ovalbumin (Figures S1C and S1D). The IgM
response could be rescued in mixed chimeras containing 50%
Zbtb46 DTR:50% major histocompatibility complex (MHC) class
I-deficient (homozygous H294P7E4); diphtheria toxin (DT)-treated
animals raised no IgG (indicating successful depletion of cDC-
bearing MHC class Il) but retained the native IgM response in
the MHC class II-deficient background (Figure 1A). Accordingly,
we proceeded to use IgM elicitation as a readout to identify fac-
tors responsible for T cell-independent but cDC-dependent con-
trol over humoral immunity (Figure 1B).

Genetic ablation of IRF5 and IL-6 (but not IL-12 or IFNAR)
functionally recapitulates the IgM response defect

We hypothesized that cDCs may exert effects through secreted
molecules and that interferon regulatory factor 5 (IRF5) could be
important because it is needed for generating IL-12 and IL-6
(Takaoka et al., 2005), cytokines that support humoral immune
reactions (Dubois et al., 1998; Karnowski et al., 2012; Kim
et al., 2008; Tanaka et al., 2014). Indeed, we recapitulated the
IgM response deficit in the Irf5~/~ and 16~/~ genotypes but not
in 1112p40~'~ or Ifnar1~'~ mice (Figures 1C and S1E). Injection
of Irf5~/~ mice with recombinant IL-6 partially rescued IgM and
IgG titers (Figure 1C), consistent with IL-6 dependence and anin-
dependence from interferon-o/p receptor (IFNAR) signaling. All
immunizations were performed using Sigma adjuvant, which de-
ploys bacterial lipid A, a well-described stimulator of IL-6 release
(Matsuura et al., 1999; Wang et al., 1991).

cDCs set the circulating concentration of siL-6R, which
is needed for efficient antibody responses

If the IgM response deficits represented the same IL-6-depen-
dent but IFNAR-independent pathway, we hypothesized that
IRF5 signaling was needed to produce IL-6 by cDCs and/or
that IL-6R derived from cDCs was needed to support IL-6
signaling. Accordingly, we generated mice in which IL-6R or
IRF5 was depleted under Zbtb46. B cell, T cell, macrophage,
and DC subsets were phenotypically similar in these genotypes
(Figure S2), and cDCs showed selective depletion of IL-6R in
¢DC-IL6ra™’~ (Figure 2A) and reduction in total IRF5 in cDC-
If5~/~ (Figure 2B). Antibody responses were unaffected in
cDC-Irf5~~, but IgM (and IgG) response deficits occurred in
cDC-IL6ra~’~ (Figure 2C). Serum sIL-6R was also strongly
reduced in this genotype (Figure 2D), and injection of recombi-
nant sIL-6R rescued IgM and IgG output (Figure 2E). Thus,
cDCs are a major source of sIL-6R, and sIL-6R is one factor in
T cell-independent control over B cell priming.

The majority of the serum sIL-6R was also lost in Zbtb46-DTR
chimeras and restored in mixed chimeras (50% Zbtb46
DTR:50% MHC class Il deficient) (Figure S3A). We also exam-
ined Batf3~/~ mice, which are depleted for cDC1 (Hildner et al.,
2008; Figure S3B). Zbtb46 does not discriminate between
cDC1 or cDC2 (Figure SB). We found that cDC1 (a minor cDC
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Figure 2. cDCs set the circulating concentration of sIL-6R, and this regulates antibody responses

(A) Histograms reporting surface IL-6R in immune cells from WT, ¢cDC-/rf5~'~, and cDC-IL6ra~'~ mice (B cells = B220*/CD3~, T cells = CD3*/B220~, cDCs =
CD37/B220 /MHCII*/CD11cM, tissue resident macrophages = CD3/B220/CD11b*/F4-80%). Quantification of these data is presented as the proportion of cells
expressing surface IL-6R (mean + SD, n = 3 per group, **p < 0.001, ANOVA with Tukey’s test).
(B) Total IRF5 was measured in cDCs (B220~/CD3~/CD11c"/MHCII*) isolated by fluorescence-activated cell sorting (FACS) on splenocytes of WT and cDC-
Irf5~'~ animals. The sorted cDCs (200,000 cells) were lysed, separated by SDS-PAGE, and immunoblotted for either IRF5 or p-actin.

(C) Serum IgM versus IgG responses against HA (with lipid A adjuvant) in transgenic mice (mean + SD, n = 4 animals per group). The dilution curves were quantified
by endpoint dilution; **p < 0.01, ANOVA with Tukey’s test.
(D) Serum sIL-6R as measured in WT, cDC-Irf5~/~, and cDC-IL6ra~’~ (mean + SD, n = 4 animals per group); ****p < 0.0001, ANOVA with Tukey’s test.

(E) Co-injection of recombinant murine sIL-6R rescued the IgM and IgG responses to HA (with lipid A adjuvant) in cDC-/L6ra~’~ animals (mean + SD, n = 4 animals
per group). The dilution curves were quantified by endpoint dilution; *“p < 0.01, ANOVA with Tukey’s test.
See also Figures S2 and S3 for immune cell subsets in cDC-/L6ra~’~ and ¢cDC-IL6ra™’~, sILBR concentration in cDC-DTR, and IL6R expression by cDC1 and
cDC2 in ¢cDC-IL6ra~'~ and Batf3~/~.
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Figure 3. cDC-derived sIL-6R gates antibody responses by controlling plasma cell differentiation

(A) Surface expression of gp130 on B cells (B220*/CD3", gate |) versus plasmablasts (CD3~/B220'°/CD138*, gate Il) isolated from spleen of WT mice. The
splenocytes were either left unstimulated or exposed to sIL-6Ra or IL6-sIL-6Ra (hyper-IL-6).
(B) Same as in (A), except that animals were first immunized with lipid A adjuvant and spleen was harvested 3 days later.
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component) accounted for a minor fraction of circulating sIL-6R
(Figure S3C) and that antibody responses were not affected in
Batf3~'~ (Figure S3D).

IL-6 trans signaling through cDC-derived sIL-6R
naturally adjuvants humoral responses by promoting
differentiation to plasma cells in vivo

B cells are limited in surface gp130, which is needed for IL-6
trans signaling (Larousserie et al., 2006). We found that gp130
increased upon B cell differentiation to plasmablasts and verified
that these cells are specifically receptive to IL-6 trans signaling,
as measured by induction of STAT3 phosphorylation by IL6-
slL-6Ra (hyper-IL6) (Fischer et al., 1997; Xu et al., 2017; Figures
3A-3D). The number of plasmablasts could be increased by
pre-immunizing with our lipid A adjuvant (3 days post vaccina-
tion; Figures 3B and 3D). To define the significance of IL-6 trans
signaling in vivo, we repeated our immunization regimen contain-
ing the lipid A adjuvant and measured plasmablast differentiation
to plasma cells 1 week post vaccination. We found that differen-
tiation was attenuated in cDC-/IL6ra~’~ but partially restored by
injection of recombinant sIL-6R (Figure 3E). cDC-Irf5~'~ mice
showed no defect compared with wild-type (WT) animals.
Collectively, this reveals a natural B cell-adjuvating activity of
cDC-derived slIL-6R (Figure 3F).

cDCs regulate TLR4-dependent induction of sIL-6R
release and serum persistence of IL-6 following
bacterial immune stimulation

sIL6R and sgp130 are proposed to form a biological buffer sys-
tem that regulates IL-6 half-life in blood (Rose-John, 2012,
2017; Scheller and Rose-John, 2012), but this has not been
demonstrated experimentally in vivo (Baran et al., 2018). To
evaluate this, we intravenously injected our transgenic animals
with bacterial lipid A to mimic sepsis and then tracked the phar-
macokinetics of IL-6 release and capture in the bloodstream
(Figure 4A). After injection, sIL-6R concentration became
elevated and then declined in WT and ¢DC-/rf5~~ mice but
remained low and did not change in cDC-IL6ra™’'~ (Figure 4A).
Induction of sIL-6R release did not occur in TIr4~'~, but these
animals retained a normal slIL-6R set point. Free IL-6, induced
by lipid A exposure, was only detectable in cDC-IL6ra~’~, where
it showed delayed clearance (Figure 4A). Similar dysregulation
was seen in Zbtb46-DTR chimeras (Figure 4B). Restoration of
serum sIL-6R in cDC-/L6ra~’~ via gene delivery by adeno-asso-
ciated virus (AAV) largely rescued IL-6 capture after inoculating
with bacterial lipid A (Figure S4A). In contrast to bacterial lipo-
polysaccharide (LPS), IL-6 treatment alone did not stimulate
sIL-6R release, as evaluated in bone marrow-derived DCs
(BMDCs) (Figure 4C).

Immunity

cDCs regulate TLR7-dependent induction of sIL-6R
biogenesis and serum persistence of IL-6 following
infection with influenza virus

We infected WT, TIrd~~, TIr7~/~, and cDC-IL6ra~'~ mice with
New Caledonia/20/1999 (NC99), an H1N1 virus that propagates
but does not cause disease in mice (Amitai et al., 2020; Glaser
et al., 2007; Sangesland et al., 2019). We observed induction
of sIL-6R release in all genotypes except TIr7”’~ and cDC-
IL6ra~'~, where TLR7 recognizes influenza viral RNA (Lund
et al., 2004). Influenza virus is also a strong inducer of IL-6
release (Dutta et al., 2013; Vogel et al., 2014), and we found
that downstream capture of the released IL-6 was dysregulated
in cDC-IL6ra’~ (Figure 4D). This buffer activity was rescued by
AAV-mediated restoration of sIL-6R (Figure S4B).

We next performed the same AAV-mediated rescue of sIL-6R
in a severe model of infection. Animals received a lethal dose of
A/Puerto Rico/8/34 (PR8) influenza virus in which lung disease is
accompanied by cytokine storming (Dutta et al., 2013; Vogel
et al., 2014). We found that restoration of sIL-6R significantly
slowed the morbidity rate, as measured by daily weight loss
(Figure S4C).

Induction of sIL-6R release, but not the set point, is
regulated by cDC-ADAM17

Induction of sIL-6R release following immune stimulation is
needed to generate molar excess relative to sgp130 to enable
IL-6 trans signaling and pro-inflammatory reactions (Rose-
John, 2012, 2017; Scheller and Rose-John, 2012; Tanaka
et al., 2014). The cell surface sheddase ADAM17 has been impli-
cated in sIL-6R release from BMDC following incubation with
LPS in vitro (Garbers et al., 2011). We found that induction of
slL-6R release in vivo was significantly blunted in cDC-
Adam17~'~ mice following inoculation with bacterial lipid A
and after infection with influenza virus (Figures 4E and 4F).
Notably, the sIL-6R set point was unaffected in cDC-
Adam177/~, suggesting that the set point and immune-stimu-
lated release rely on different mechanisms (Figure 4G).

DISCUSSION

The textbook model of humoral immunity predicts that cDC
removal should only reduce T cell-dependent antibody re-
sponses because of lack of DC-primed T cell help (Adler et al.,
2017; Andersen et al., 2019; O et al., 2014). However, we found
that co-reduction in TCR-independent IgM output was a general
property of TD antigens. Reduced IgM responses have also been
seen in ltgax-DTR chimeras (Gonzalez et al., 2010) but have not
been explained. This defect appears to be reversible because
longer-term exposure to DT in Zbtb46-DTR chimeras (18 weeks)

(C) Quantification of the data in (A). Signaling induced within gate | and gate |l was measured as the percentage of STAT3-activated cells (sIL-6Ra-stimulated
minus unstimulated and IL-6-slL-6Ra-stimulated minus unstimulated; mean + SD, n = 4 animals per group, ***p < 0.001, Student’s t test).

(D) Quantification of the data in (B) (as in C).

(E) Differentiation from plasmablasts (CD3~/B220'°/CD138*/MHCII*) to plasma cells (CD3~/B220'°/CD138*/MHC class 1°/CD93") was monitored within each

genotype 1 week post-immunization with lipid A adjuvant, and cDC-/L6ra™’~

mice were also co-injected with recombinant sIL-6R (as in Figure 2E). The proportion

of plasmablasts differentiating into plasma cells (indicated by a box in flow plots) was then quantified below (mean + SD, n = 3 animals per group; **p < 0.005,

ANOVA with Tukey’s test).

(F) Model for T cell-independent, cDC-dependent control over antibody responses.
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fails to sustain cDC depletion, and anti-DT immunoglobulin be-
comes detectable (Rombouts et al., 2017). We demonstrated
that the cDC-dependent IgM response could be functionally
rescued within our 2-week DT exposure period when non-
depleted cDCs were present in the MHC class lI-deficient back-
ground. We therefore applied this IgM response as a functional
readout to identify cDC-dependent but T cell-independent fac-
tors regulating humoral immunity.

DCs have long been demonstrated to directly prime B cells
through antigen uptake and display (Balazs et al., 2002; Bergtold
et al., 2005; Chappell et al., 2012; MaclLennan and Vinuesa,
2002; Qi et al., 2006). However, we found that antigen uptake
into the spleen was unaffected following cDC depletion,
suggesting that other factors may also be in operation. Notably,
genetic depletion of IL-6 and its master regulator IRF5 (Takaoka
et al., 2005) recapitulated the IgM response defect. Although in-
dependent of IFNAR, the phenotype could be partially rescued
by recombinant IL-6, a known promoter of humoral reactions
(Dubois et al.,, 1998; Karnowski et al., 2012; Tanaka et al.,
2014). A previous study has shown that loss of IL-6 function in
a mouse model of rheumatoid arthritis could only be fully
rescued by injection of hyper-IL-6 (Nowell et al., 2003). Because
our inoculum contained bacterial lipid A adjuvant, a potent
inducer of IL-6 release (Matsuura et al., 1999; Wang et al.,
1991), we hypothesized that cDCs could modulate such IL-6-
dependent effects through IL-6 production and/or by manipu-
lating access to IL-6R. Our transgenic mice suggested that the
latter was true, where cDC-/L6ra~’~ recapitulated the IgM
response deficit. This was not seen in cDC-Irf5~/~, suggesting
that cDC production of IL-6, which is not needed for systemic
IL-6 release (Heink et al., 2017), was also not required here.
Notably, circulating sIL-6R was strongly reduced in cDC-
IL6ra~’~, and injecting sIL-6R partially restored IgM and IgG
output. This does not preclude a role of cDC-IL-6R (Heink
etal., 2017) but strongly implicates cDC-derived sIL-6R in gating
IL-6-dependent and T cell-independent control over B cell prim-
ing. B cells are limited in surface gp130 (Larousserie et al., 2006),
but we found that gp130 was elevated in plasmablasts,
rendering these cells receptive to IL-6 trans signaling. Moreover,
addition of recombinant sIL-6R to partially restored defective
plasma cell differentiation in cDC-IL6ra~'~ mice. These findings
unveil a cDC-governed pathway for naturally adjuvating antibody
responses through IL-6 trans signaling.

Immunity

Our results also demonstrate that cDCs regulate the concen-
tration of sIL-6R in blood. Zbtb46 is also expressed by endothe-
lial cells (Satpathy et al., 2012a), but these cells do not express
IL-6R (Romano et al., 1997), and our Zbtb46-DTR chimeras
confirmed cDC-dependent sIL-6R reduction when the endothe-
lium was unaltered. Our orthogonal analyses of Batf3~/~, which
are depleted in cDC1 (minority cDCs) but preserve cDC2 (major-
ity cDCs) (Hildner et al., 2008), suggest an additive contribution
to the sIL-6R in circulation.

Induction of sIL-6R release, as stimulated by diverse immune
challenges, was also cDC dependent. This additional sIL-6R
release underscores the proinflammatory state and is needed
to bring sIL-6R to molar excess over sgp130 and enable IL-6
trans signaling (Rose-John, 2012, 2017; Scheller and Rose-
John, 2012). We found that immune release of sIL-6R after inoc-
ulation with bacterial lipid A or after influenza viral infection
required ligation of the appropriate innate immune receptor fol-
lowed by cDC-dependent sIL-6R production. The latter step
relied on sheddase activity by ADAM17, consistent with studies
on BMDCs in vitro (Garbers et al., 2011; Schumacher et al.,
2015). Notably, the sIL-6R set point was not dependent on
cDC-ADAM17, suggesting that set point and induction are
regulated by distinct pathways, perhaps involving multiple
sheddases and/or vesicular release mechanisms (Garbers
et al., 2011; Schumacher et al., 2015, 2016). Our results do
not preclude production of sIL-6R by non-cDC cell types, and
¢cDC contribution to sIL-6R set point is likely included when as-
sessed with lyz2-cre (McFarland-Mancini et al., 2010; Shi
et al., 2018).

Although IL-6 release is an immunodefensive action, inflam-
matory disorders and cytokine storms are often marked by hy-
perelevated concentrations of this cytokine (Narazaki et al.,
2017; Tanaka et al., 2016, 2018) and can signify terminal
states, as in COVID-19 (McElvaney et al., 2020; Mehta et al.,
2020). Defects in the human IL-6R gene are also linked to
elevated IL-6 (Spencer et al, 2019). We experimentally
demonstrated that cDC-derived slL-6R regulates the concen-
tration of free IL-6 in blood. IL-6 showed delayed clearance
when cDC-derived sIL-6R was lacking, and restoration of
sIL-6R rescued in-solution capture of IL-6 in our bacterial
and virus challenge models. Restoration of sIL-6R also slowed
morbidity after lethal influenza viral challenge, where respira-
tory distress is underscored by cytokine storming (Dutta

Figure 4. cDCs regulate the systemic slL-6R set point and induction of release, regulating the pharmacokinetics of free IL-6 generated in
response to diverse immune challenges

(A) Animals were injected intravenously with bacterial lipid A to mimic sepsis and promote IL-6 release. Serum concentrations of sIL-6R and IL-6 were measured in
WT, cDC™ Irf5~/~, TIr4~'~, and cDC-IL6ra~’~ (mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA with Tukey’s test; n = 3 per group).

(B) sIL-6R and IL-6 serum concentrations during the same time course in Zbtb46-DTR chimeras receiving and not receiving DT (mean + SD; *p < 0.05, **p < 0.01,
**p < 0.001, ANOVA with Tukey’s test; n = 3 per group).

(C) BMDCs were cultured and exposed to recombinant IL-6 or bacterial LPS, and sIL-6R was measured in the supernatant (mean SD; ***p < 0.0001, ANOVA with
Tukey’s test).

(D) Animals were infected with a sublethal dose of NC99 influenza virus, and serum sIL-6R and IL-6 concentrations were measured in WT, TIrd "=, TIr7~/~, and
cDC-IL6ra'~ (mean + SD; *p < 0.05, ***p < 0.001, ANOVA with Tukey’s test; n = 3 per group). In bacterial and viral challenge models, the defect in IL-6 capture
within cDC-/L6ra~'~ was rescued by restoring sIL-6R using AAV gene delivery (Figures S4A and S4B). Restoration of sIL-6R also reduced the morbidity rate after
lethal challenge with influenza virus (Figure S4C).

(E and F) cDC-Adam17~'~ had no defect in the sIL-6R set point but significantly blunted sIL-6R release following stimulation with bacterial lipid A (E) or infection
with influenza virus (F) (mean + SD; *p < 0.04, **p < 0.01, F test for slope comparison; n = 5 per group).

(G) Regulating free IL-6 and IL-6 trans signaling via cDC-derived sIL-6R.

Please also see Figure S4.
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et al.,, 2013; Vogel et al., 2014). Regulating the in-solution
persistence of IL-6 will also be reliant on sgp130, where our re-
sults reinforce the view that sIL-6R is a buffering agent that
guards against systemic IL-6 signaling (Rose-John, 2012,
2017; Scheller and Rose-John, 2012; Tanaka et al., 2016).
IL-6 buffering may also have general therapeutic properties:
a SNP in human IL-6R enhances ADAM17 sheddase activity
in vitro (Mullberg et al., 1994), is matched with higher sIL-6R
serum concentration in vivo, and is associated with reduced
risk of congestive heart disease, atrial fibrillation, abdominal
aortic aneurism, and rheumatoid arthritis (Sarwar et al,,
2012; Ferreira et al., 2013; Interleukin-6 Receptor Mendelian
Randomization Analysis (ILBR MR) Consortium et al., 2012;
Scheller and Rose-John, 2012).

Limitations of Study

Our conclusions rely on Zbtb46 expression as a specific marker
of ¢DCs in mice (Diao et al., 2018; Durai and Murphy, 2016;
Loschko et al., 2016a, 2016b; Lu et al., 2017; Macdougall
et al., 2018; Meredith et al., 2012; Rombouts et al., 2017; Satpa-
thy et al., 2012a, 2012b; Sun et al., 2017; Zhang et al., 2019).
There is no comparable marker for human cDCs, and the contri-
bution of this immune cell lineage to serum sIL-6R in humans re-
mains unclear. Nevertheless, our finding that sIL-6R serves to
buffer the in-solution persistence of free IL-6 will be independent
of the cellular source of slIL-6R.
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Diphtheria toxin (DT) Sigma Cat#D0564
Streptavidin conjugated APC ThermoFisher Cat# S32362
Critical commercial assays

Mouse IL-6 ELISA Kit R&D systems Cat#M6000B
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BirA Biotin-Protein Ligase Bulk Reaction Kit Avidity Cat#Bulk BirA
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Mouse: IL6rafo/flox

Mouse: Adam?17710x/flox
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Mouse: Tird =/~
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Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Zhao et al., 2019

Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory
Jackson laboratory

Stock no. 000664
Stock no. 002116
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

For all experiments, animals were maintained within Ragon Institute’s HPPF barrier facility and were conducted with institutional

IACUC approval (MGH protocols 2014N000252 and #2014N000005).
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Transgenic mice

The following mice were purchased from Jackson Laboratories: C57BL/6, Tcra™'~, Zbtb46-DTR*"*, MHCII deficient (homozygous
H29AbT-E8) 1i6=/= " [112p40™/~, Zbtb46-cre*’*, I16ra">/1o% jrf51o/10x - Agam1 7711 Batt3 ™'~ Tird~'=, TIr7~'~ and Ifnar1™~. The
cDC-ll6ra~~, cDC- Irf5~/~ and cDC-Adam17~'~ genotypes were generated by crossing the Zbtb46-cre™’* with i6rao/ %, jrf5 flox/flox
or Adam1719¢f1o% respectively. The Irf5~/~ animals were as described (Zhao et al., 2019). All genotypes were confirmed by PCR,
according to the instructions provided by Jackson Laboratories. Animal experiments were performed on mice aged 6-12 weeks.

Bone marrow chimeras

Bone marrow chimeras were generated as described (Meredith et al., 2012). C57BL/6 mice were lethally irradiated at 950 cGrey and
intravenously received 1 x 107 BM cells per mouse from one of two donors: either Zbtb46-DTR*'* (generating chimeras with 100%
zDCs) or a mixture of Zbtb46-DTR (50%) + MHCII deficient (homozygous H294°7-E4) (509%). The bone marrow was reconstituted for
8 weeks and our immune challenges were then conducted over the next two-week period during which time diphtheria toxin (DT)
(Sigma D0564) was administered IP, first with an initial shot 20ng/g body weight and then 4ng/g every other day.

Splenectomized mice

Mouse splenectomies were as described (Rubtsov et al., 2005). Prior to the surgery animals were treated buprenorphine HCI
(0.1 mg/kg sc) 30 minutes prior to the surgical procedure as pre-emptive analgesia. The left flank skin was then shaved and then
swabbed with a sterile sponge moistened with 5% betadine and then 70% ethanol. Following this, the animals were anesthetized
with ketamine (0.10 mg/g i.p.) and xylazine (0.012 mg/g i.p.). After confirming the depth of anesthesia using toe pinch, a 1.5-2cm
incision was made within left hypochondrium using surgical scissors. Animals were closely observed for normal rhythmic breathing
pattern throughout this time. The spleen was then exposed and gently pushed free of adjacent tissue using blunt-ended scissors and
forceps. The splenic artery was then tied off at the superior polus by a single knot tie of 3-0 plane CATGUT. An additional knot was
then made at the efferent venule, exiting the spleen at the inferior polus. The connective tissue was cut away and the spleen was
removed by gently cutting on the splenic side of each knotted blood vessel. The surgical wound was then closed with sterile suturing
of the peritoneum. The skin layer was then closed with four to five autoclips, using an autoclip wound-clip applicator. The animals
were then with gentamicin IM (40mg/kg). For sham controls the same surgery was performed, except the spleen was not removed
and the blood vessels were not ligated. After surgery, the mice were observed daily for two weeks to ensure recovery before begin-
ning immunization experiments. Autoclips were removed 7 to 10 days post-surgery, using autoclip-removing forceps.

METHOD DETAILS

Protein antigens

Trimeric influenza hemagglutinin (HA) or and monomeric gp120 (resurfaced core 3) were purified as described (Weaver et al., 2016;
Wu et al., 2010). 293F cells grown in Freestyle media (Life Technologies) were transfected with 500 pg/L of HA or probe plasmid
(293fectin™ Reagent, Life Technologies). At day 5, the culture was centrifuged (2,000 x g, 10 min) and the supernatant was filtered
(VacuCap 8/0.2 um filters, Pall Corporation) and loaded on Ni Sepharose FF resin (GE Healthcare) by gravity flow. The resin was
washed (6 column volumes of PBS containing 20mM imidazole) and then HA or gp120 was eluted in 500mM imidazole. The proteins
were then concentrated (Amicon Ultra concentrators, 30kDa, cut off), and were separated by size exclusion FPLC using a Superdex
200 10/300 column (GE Healthcare). Trimeric HA or monomeric gp120 was then collected, concentrated and stored at —80°C. To
construct a fluorescent version of HA, trimers bearing Avi tag (a site specific biotinylation sequence) were biotinylated using the com-
mercial BirA biotin ligase (Avidity) and then labeled fluorescently with streptavidin conjugated APC (Life Technologies) as described
previously (Weaver et al., 2016). Ovalbumin was purchased commercially (Biosearch Technologies).

Immunization regimens

Mice were intravenously immunized with 15ug of either HA, gp120 or ovalbumin, each supplemented with Sigma adjuvant system
(Sigma). Sigma adjuvant (formally known as Ribi (Yassine et al., 2015)) is an oil-in-water emulsion which was initially adjusted with
ddH,0 so that its immunostimulant, the TLR4 agonist monophosphoryl! Lipid A and potent inducer of IL-6 release (Matsuura et al.,
1999; Wang et al., 1991), is present in the inoculum at 12.5ug [~100x less than the LD50 for lipid A-induction of septic shock in
B6 mice (Galanos et al., 1979)]. To capture the primary antibody response from the spleen, blood was sampled at days 3, 7 and
14 post-immunization [the primary IgM + IgG response against these proteins peaked at day 14, consistent with previous studies
of blood-based responses against protein antigens in mice (Rubtsov et al., 2005; Sangesland et al., 2020; Song and Cerny,
2003)]. In some experiments, the HA immunization regimen also included intraperitoneal injection with recombinant murine IL-6
(rIL6) (R&D systems) or recombinant murine sIL6R (R&D systems). These IP injections occurred daily (100ng/mouse), starting one
day before the IV immunization of HA antigen, and up to day 14. To analyze plasmablast differentiation into plasma cells during these
responses, animals were also harvested for splenocytes at days 3 and 7 days post-immunization.

ELISA
To evaluate antibody responses in the serum, MaxSorp plates (Nunc) were coated overnight with 0.2 png/well of either HA, gp120, or
ovalbumin. The plates were blocked by 3% skimmed milk for (1h) at room temperature. After blocking, the plates were incubated for
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1h with serial dilutions of pre- and post- immune sera. The samples were initially diluted at 1:20 in PBS followed by a 1:5 serial dilution
in the same buffer. The wells were then washed 3x with PBST, incubated for 1h with a 1:5000 dilution of either: goat anti-murine IgM
(IlgG-HRP, Southern Biotech) or sheep anti-murine IgG (HRP-IgG, GE Healthcare). The plates were washed (3x PBST) and then devel-
oped using TMB substrate (Dako). The developer reaction was quenched by the addition of 1N sulphuric acid and the plates were
then read at 450nm using a Spectomax Plus (Molecular Devices). Antibody endpoint dilutions were interpolated using Graphpad
Prism version 5.0 (GraphPad Software Inc.), as previously described (Kanekiyo et al., 2013; Yassine et al., 2015). The concentrations
of IL-6 and sIL6R in mouse sera were quantified according to the instructions provided in commercial sandwich ELISA kits from R&D
Systems (Quantikine-M6000B) and Abcam (ab203360), respectively.

Imaging antigen uptake by immunofluorescence

To visualize antigen uptake from the spleen marginal zone into the follicles, zDCs chimeras (DT treated and untreated) mice were
injected intravenously by 30 ng of HA-APC. The spleens were then removed at 1 and 4 h post-injection and then cut into ~5mm thick
pieces. These pieces were submersed in O.C.T Compound (Tissue-Tek; Sakura) and then frozen by immersing the sample in isobu-
tene that was housed in a metal container externally exposed to liquid nitrogen. The resultant frozen tissue block was stored at
—80°C. For immunostaining, the tissue sections were first sectioned on a cryostat (40 um thick) and air-dried overnight. The sections
were then fixed in ice-cold acetone for 10 min, outlined with a wax pen, and rehydrated in PBS for 5 min. The sections were then
blocked with Background sniper (Biocare) for 15 min (room temperature within a dark humid chamber) and then incubated for 1 h
in the same chamber with anti-CD169-FITC (BioRad) to stain metalophilic macrophages and delineate the spleen follicles (the anti-
body was diluted 1:500 in PBS containing 0.1% Tween20). The sections were then washed with PBS in a coplin jar (3x, five min each)
and then slide-mounted using ProLong Gold Antifade (Invitrogen). Images of the fluorescent APC and FITC were then acquired using
a confocal fluorescent microscope (Zeiss LSM 510). To quantify antigen uptake from the spleen marginal zone, the mean fluores-
cence intensity of HA-APC present within the CD169-delinated spleen follicles was quantified using Zeiss “Zen” 2009 LSM imaging
acquisition software in 10 replicates within each of n = 3 DT-treated or n = 3 DT-untreated zDCs chimeras.

Isolation of splenocytes and flow cytometry

Mouse spleens were first disrupted in R10 (RPMI with 10% FBS) containing 1mg/ml collagenase D (Roche collagenase D). After
30 min, the suspension was passed through a 70 um cell strainer and then lysed with the ACK lysis buffer system to remove eryth-
rocytes (Lonza). The splenocytes were then washed in PBS and then stained with viability dye (Aqua or Blue Viability at 0.025 mg/ml;
Thermofisher) before our staining panels were applied. Staining panels were derived from the following fluorescently conjugated anti-
murine antibodies, each used at a final dilution of 1:100 in PBS: CD11c-PE Cy7 (N418, Biolegend); B220-BV605 (RA3-6B2, BD
Horizon); B220-FITC (RA3-6B2, BD PharMingen); MHCII-BV510 (M5/114.15.2, Biolegend); CD3-BV785 (17A2, Biolegend); CD19-
PerCP/Cy5.5 (6D5, Biolegend); IL6R-APC (D7715A7, Biolegend); CD11b-APC (M1/70, Biolegend); B220-FITC (RA3-6B2, BD
PharMingen); CD138-BV421 (281-2, BD Horizon); gp130-APC (KGP130, eBioscience); CD11b-FITC (M1/70, Biolegend); Siglec-H-
APC (551, Biolegend); CD93 (AA4.1, Biolegend); CD8a-BV605 (53-6.7, Biolegend); DCIR2-PE (33D1, Biolegend); Ly6C-BV650
(HK1.4, Biolegend); F4/80-Alexa 488 (BM8, Thermofisher). Samples were assayed on a 5 laser LSR Fortessa (BD Biosciences)
and data was analyzed using FlowdJo software version 9.3.2 (TreeStar).

FACS and immunoblotting

IRF5 is a cytosolic protein, so we isolated cDCs by fluorescence-activated cell sorting (FACS) to confirm reduction in this cell lineage
within the cDC-/rf5~/~ genotype. Splenocytes from WT and cDC-/rf5~'~ mice were processed as above and then stained with Blue
viability dye (0.025mg/ml; Thermofisher) and then the following antibody flow panel (wherein each antibody was used at a final
dilution of 1:100): CD3-BV785 (17A2, Biolegend); B220-FITC (RA3-6B2, BD PharMingen); CD11c-PE Cy7 (N418, Biolegend); and
MHCII-BV510 (M5/114.15.2, Biolegend). We sorted 200.000 sorted cDCs (B220/CD37/CD11c"/MHCII*) from each animal genotype.
For immunoblotting, the cDCs cells were lysed in 100ul of 1X RIPA buffer (ThermoFisher) and the lysate was then immersed in
1x laemmeli buffer (Sigma). After boiling the sample (5 min at 100°C) the samples were separated by SDS-PAGE. The proteins
were then transferred overnight (4°C at 30V) onto nitrocellulose membrane. The membranes were blocked with 5% BSA and then
probed for 1.5h at room temperature with a rabbit anti-murine IRF5 antibody (ab21689, Abcam) at a dilution of 1/1000 in TBS con-
taining 1% BSA. The membranes were then washed (3x TBST) and incubated for 1h with secondary antibody (anti Rabbit-HRP) at a
dilution of 1/2500 in TBS containing 1% BSA. Following four times washing with TBST the membrane was developed with ECL Plus
reagent (Pierce). As a loading control, the samples were also blotted with mouse anti- B-Actin (8H10D10, Cell Signaling Technology)
(1/10000 in 1% BSA) and anti-mouse HRP (1/2500).

B cell stimulation in vitro

Splenocytes from both immunized and unimmunized animals were harvested as described above. From each animal, four replicates
of five million splenocyte cultures were grown for 20 minutes at 37°C in 5 mL of serum-free (SF) culture medium (RPMI-1640, phenol
red free, 1% glutamine and 5% penicillin—streptomycin) or SF containing freshly 400ng/ml IL6-sIL6Ra (= Hyper-IL6; Fischer et al.,
1997) (9038-SR-025, R&D Systems). After this culture period, the cells were pelleted, fixed and then permeabilized to enable intra-
cellular staining using pY705 STAT3-PE (BioLegend) along with extracellular markers [B220-FITC, MHCII-BV510, CD138-BV421,
CD3-BV786 and gp130-APC], according to the True-Phos™ Protocol provided by Biolegend (Xu et al., 2017). The samples were
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assayed on a 5 laser LSR Fortessa (BD Biosciences) and data was analyzed using FlowJo software version 9.3.2 (TreeStar) as
described above.

Simulation of bone marrow-derived dendritic cells in vitro

Bone marrow-derived dendritic cells (BMDCs) cells were generated as performed previously (Park et al., 2019). In this method, bone
marrow cells from femurs and tibia were first flushed with PBS and the red blood cells were then depleted using ACK lysis buffer. The
remaining marrow cells were plated in 10 cm non-treated plate (CytoOne) in RPMI-1640 media supplemented with 10% FBS, 1%
penicillin/streptomycin, murine GM-CSF (10ng/ml; eBioscience) and murine IL-4 (10ng/ml; MBL). These cells were cultured at
37°C, 5%CO0, for six days, where fresh media was added every 2 days. On day six, the floating and loosely attached cells [represent-
ing the BMDCs (Park et al., 2019)] were collected. BMDC were then divided into three groups for immune stimulation (10° cells/well
within 48-well flat-bottomed plates containing RPMI-1640 media): 1) PBS control; 2) stimulation with 1 pg/ml of recombinant murine
IL-6 (rIL6) (R&D systems); or stimulation with 1 pg/ml of bacterial LPS (Sigma). The stimulation was for 6h in supernatants were then
analyzed by ELISA to measure sIL6R as described earlier.

AAYV slIL6R production

AAV virus encoding amino acid residues 1-357 of murine sIL6R was cloned into an AAV transfer vector. This vector was previously
described (Balazs et al., 2011) but modified to contain the CAG promoter and rabbit beta globin polyadenylation signal. Briefly, re-
combinant AAV was produced via transient transfection of 293T cells with a mixture of plasmid DNAs consisting of the transfer vector,
pAAV2/8-SEED and pHELP (Applied Viromics) and purified via PEG precipitation of collected supernatants, CsCl, ultracentrifugation
and fractionation followed by buffer exchange using a 100kDa MWCO centrifugal filter (Millipore) (Balazs et al., 2011). The virus was
titered as using primers specific for the CMV enhancer region to obtain a final titer via SYBR Green-based qPCR against a diluted
plasmid standard. Aliquots of tittered vector were stored at -80°C and were thawed slowly on ice and diluted in PBS to achieve
the predetermined dose (1.00E+10 genome copies / 20 g mouse) in a 200ul volume.

Bacterial and viral immune challenges

To explore the pharmacokinetics of IL-6 post-immune stimulation in our transgenic animals, Sigma Adjuvant containing 12.5ug of
bacterial lipid A was injected IV, as described earlier, and blood was sampled both before and then 3, 7, and 14 days post challenge.
In some experiments, this was preceded by AAV-gene delivery of murine sIL6R in cDC-/l6ra~'~ mice, using the AAV construct
described above and which was administered IV at 1.00E+10 genome copies / 20 g mouse. Three weeks after delivering the AAV
construct, the lipid A IV challenge regimen was then performed. Serum concentration of sIL6R and IL-6 were measured by ELISA
at each sampling period.

To explore the pharmacokinetics of IL-6 following viral challenge in our transgenic animals, we deployed two murine models of
influenza virus infection. In the first model of infection, mice anesthetized by isoflurane inhalation and then intranasally infected using
a sublethal dose of New Caledonia/20/1999 (NC99) influenza virus (10 TCIDsg units/ml). NC99 infects and propagates within mice
but does not cause disease (Amitai et al., 2020; Glaser et al., 2007; Sangesland et al., 2019). Blood was sampled both before and then
3,7,and 14 days post-viral challenge. In some experiments, this was preceded by AAV-gene delivery of murine sIL6R in cDC-/l6ra~'~
mice, as described above and serum sIL6R and IL-6 concentrations were measured by ELISA at each sampling period. In the second
model of infection, cDC-/l6ra~'~ mice in which sIL6R concentration was and was not restored by AAV mediated gene delivery, were
anesthetized by isoflurane inhalation and then intranasally infected with a 5xLD50 dose of A/Puerto Rico/8/34 (PR8) influenza virus.
Subsequent morbidity (weight loss) was measured daily and the animals were humanly euthanized when they reached < 80% body
weight.

QUANTIFICATION AND STATISTICAL ANALYSIS
Multiple comparisons were evaluated by ANOVA with Tukey’s test and single comparisons were assessed by two-sided Students

t tests. Morbidity rates were evaluated using F-tests to compare slopes. An alpha value of 0.05 was deployed throughout. All statis-
tical analyses were performed using Graphpad Prism version 5.0 (GraphPad Software Inc.).
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