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Unchecked inflammation can result in severe diseases with
highmortality, such asmacrophage activation syndrome (MAS).
MAS and associated cytokine storms have been observed in
COVID-19 patients exhibiting systemic hyperinflammation.
Interleukin-18 (IL-18), a proinflammatory cytokine belonging to
the IL-1 family, is elevated in bothMAS andCOVID-19 patients,
and its level is known to correlate with the severity of COVID-19
symptoms. IL-18 binds its specific receptor IL-1 receptor 5 (IL-
1R5, also known as IL-18 receptor alpha chain), leading to the
recruitment of the coreceptor, IL-1 receptor 7 (IL-1R7, also
known as IL-18 receptor beta chain). This heterotrimeric com-
plex then initiates downstream signaling, resulting in systemic
and local inflammation. Here, we developed a novel humanized
monoclonal anti-IL-1R7 antibody to specifically block the ac-
tivity of IL-18 and its inflammatory signaling. We characterized
the function of this antibody in human cell lines, in freshly ob-
tained peripheral blood mononuclear cells (PBMCs) and in hu-
man whole blood cultures. We found that the anti-IL-1R7
antibody significantly suppressed IL-18-mediated NFκB activa-
tion, reduced IL-18-stimulated IFNγ and IL-6 production in
human cell lines, and reduced IL-18-induced IFNγ, IL-6, and
TNFα production in PBMCs. Moreover, the anti-IL-1R7 anti-
body significantly inhibited LPS- and Candida albicans–
induced IFNγ production in PBMCs, as well as LPS-induced
IFNγ production in whole blood cultures. Our data suggest
that blocking IL-1R7 could represent a potential therapeutic
strategy to specifically modulate IL-18 signaling and may war-
rant further investigation into its clinical potential for treating
IL-18-mediated diseases, including MAS and COVID-19.

Initially identified as an IFNγ-inducing factor, interleukin-18
(IL-18) is amember of the IL-1 family of cytokines (1–3). Similar
to IL-1β, IL-18 is synthesized as an inactive precursor requiring
processing by caspase-1 into an active (mature) cytokine (4). IL-
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18 forms a signaling complex by binding to the IL-1 receptor 5
(IL-1R5, also known as IL-18 alpha chain), which is the ligand-
binding chain for mature IL-18; however, this binding is of low
affinity. In cells that express the coreceptor, termed IL-1 re-
ceptor 7 (IL-1R7, also known as IL-18 receptor beta chain), a
high affinity complex is formed. With the juxtaposition of Toll-
IL-1 receptor (TIR) domains in the cytosolic segment of the IL-
18 receptor complex, downstream inflammatory signaling is
initiated including sequential recruitment and activation of
MyD88, IRAKs, TRAF6, and NFκB (1).

IL-18 is upregulated in many diseases including inflammatory
bowel diseases (IBD), macrophage activation syndrome (MAS),
and COVID-19 (1, 5–30). Thus, there is considerable interest to
develop IL-18 inhibitors to treat these diseases. The activity of
IL-18 is kept low by its natural inhibitor, the IL-18-binding
protein (IL-18BP), which provides a competing high-affinity
binding site for IL-18 (31). Clinical studies reveal that blocking
IL-18 with IL-18BP reduces the severe life-threatening colitis in
children with the NLRC4 mutation (32). In addition, blocking
IL-12, IL-18, and IFNγ has shown to reduce the severity of
experimental IBD in mice (33–35). Importantly, neutralization
of IL-18 with anti-IL-18 antibodies or IL-18BP is effective in
both dextran sodium sulfate (DSS) and trinitrobenzoic sulfonic
acid (TNSB)-induced models of IBD and reduces intestinal IFNγ
and TNFα, demonstrating IL-18 as a pivotal mediator in
experimental colitis (34, 36, 37). MAS, which is also known as
secondary hemophagocytic lymphohistiocytosis (sHLH), is
characterized by a severe hyperinflammatory state with pancy-
topenia, liver dysfunction, increased D-dimer and ferritin, and
coagulopathy (26). A severe IL-18/IL-18BP imbalance was found
in MAS patients where the plasma concentrations of IL-18 were
20–30-fold higher than in patients with rheumatic arthritis (38–
42). In addition, MAS is observed in COVID-19 patients with
severe disease (28, 43). The serum levels of IL-18 were signifi-
cantly higher in the COVID-19 patients with MAS compared
with COVID-19 patients without MAS (28) and were associated
with disease severity and poor clinical outcome in COVID-19
patients (29, 30). Patients with a gain-of-function mutation in
NLRC4 (32) or deficiency in X-linked inhibitor of apoptosis
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Anti-IL-1R7 suppresses IL-18 pathway
(XIAP) (19) experience a life-threatening hyperinflammatory
state with high levels of free IL-18 that is similar to MAS;
treatment of these patients with IL-18BP alleviates the inflam-
matory state (26). In addition, markedly elevated plasma IL-18
levels are present in patients with systemic juvenile idiopathic
arthritis (sJIA) or systemic inflammatory adult-onset Still’s
disease (AOSD), which are at high risk of developing life-
threatening MAS (22, 39, 42, 44, 45). Treatment with ana-
kinra, a natural antagonist for the IL-1 receptor, is effective for
the patients with sJIA or AOSD who develop MAS (26, 46, 47).
The mechanism here includes a reduction in the processing of
the inactive IL-18 precursor into an active cytokine (48).
Moreover, IL-18BP has also been used effectively to treat pa-
tients with refractory AOSD and sJIA and demonstrated early
signs of clinical and laboratory marker efficacy (49, 50).
Together, these findings suggest that IL-18 neutralization can
contribute to the resolution of the hyperinflammatory state.
Although IL-18 is a validated therapeutic target for treating IBD
and MAS, IL-1R5 also serves as a receptor for the anti-
inflammatory cytokine IL-37 (51, 52). Therefore, antibodies
against IL-1R5 would concurrently block endogenous IL-37 and
its anti-inflammatory functions. In addition, because of the high
affinity of IL-18BP for IL-18, IL-18BP also binds IL-37 (53, 54).
Thus, use of IL-18BP to reduce the activity of IL-18 has the
disadvantage of binding to IL-37 and reducing the function of
IL-37 in disease. In fact, several studies have reported inflam-
matory diseases associated with low IL-37 (55–57). The anti-
inflammatory properties of IL-18BP are lost at high doses (58).
Indeed, there are data revealing that blocking IL-1R5 with an-
tibodies or using IL-18BP exacerbates inflammation (59, 60).

Different from other promiscuous accessory proteins in the
IL-1 receptor family such as IL-1R3 (61), IL-1R7 is the sole
accessory chain for IL-1R5 and IL-18 signaling (62). IL-1R7 is
essential for the recruitment and activation of IRAK, which is
required for IL-18-induced signaling and function (63–66).Most
importantly, anti-IL-1R7 allows for targeting IL-18 specifically
without affecting endogenous IL-37 signaling and is the rationale
for the development of anti-IL-1R7. The anti-IL-1R7 antibody
used in the present study bound specifically to human IL-1R7 and
contained the Fc-LALA mutation to prevent the triggering of
FcγRs (61, 67). Using this novel antibody, we carried out in vitro
cultures to assess the effectiveness of anti-IL-1R7 in inhibiting IL-
18 activities in both human cell lines and primary cells.We found
that the anti-IL-1R7 antibody specifically suppresses IL-18-
mediated proinflammatory signaling and subsequent cytokine
production.Data from these studies suggest that blocking IL-1R7
could be a potential therapeutic strategy to specifically modulate
IL-18 signaling and IL-18-related inflammatory diseases
including MAS and possibly in patients with MAS-like clinical
manifestations of COVID-19.

Results

The binding specificity of anti-IL-1R7 antibodies to human
IL-1R7

We selected two anti-IL-1R7 antibodies to determine
binding to human cell lines. These antibodies (MAB 300 and
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MAB 304) were humanized IgG1 and expressed with the
LALA sequence. They were developed to target human IL-1R7
(hIL-1R7) and thus to inhibit assembling of the IL-18/IL-1R5/
IL-1R7 ternary complex and the subsequent proinflammatory
signaling of IL-18. The binding capacities of the antibodies
were first tested by titration to either immobilized recombi-
nant human IL-1R7 or recombinant rhesus monkey IL-1R7
(rhIL-1R7). As shown in Figure 1A, two different anti-IL-1R7
antibodies MAB300 (left) and MAB304 (right) both bind
immobilized recombinant human or rhesus IL-1R7 protein
dose-dependently with a maximum binding capacity achieved
between the concentration of 1–10 μg/ml. The EC50 values of
the fitted binding curves are shown in Table 1. MAB 300 binds
to human and rhesus monkey IL-1R7 with similar EC50 values
of 18.4 and 19.7 ng/ml, respectively, whereas MAB 304 binds
to human and rhesus monkey IL-1R7 with EC50 values of 14.2
and 13.6 ng/ml, respectively. Next, we further analyzed the
binding of the antibodies to cells ectopically expressing hu-
man- or mouse-IL-1R7. As presented in Figure 1B, similar to
the recombinant protein binding in Figure 1A, both MAB 300
and MAB 304 antibodies bind efficiently to HEK-293-FreeStyle
cells transiently expressing full-length human-IL-1R7 encod-
ing DNA. MAB 300 binds to hIL-1R7 expressing cells in a
dose-dependent manner and an EC50 of 64.6 ng/ml (see
Table 1), while MAB 304 binds with an EC50 of 39.6 ng/ml.
Importantly, both antibodies do not bind to mouse-IL-1R7
(mIL-1R7) expressed on HEK-293-FreeStyle cells (Fig. 1B
and Table 1).

Effects of the anti-IL-1R7 antibodies on IL-18-mediated
proinflammatory signaling and cytokine production in human
cell lines

We carried out experiments using in vitro cell model sys-
tems to characterize the activity of the anti-hIL-1R7 antibodies
in blocking IL-18-mediated proinflammatory signaling and
cytokine production. First, HEK-Blue-IL-18 cells stably trans-
fected with an NFκB-driven reporter gene construct were used
to assess blockage of IL-18-induced proinflammatory
signaling. Figure 2A shows the inhibition of IL-18-induced
proinflammatory signaling by anti-IL-1R7 and the reference
anti-IL-1R7 monoclonal antibody (mAB) MAB1181 in HEK-
Blue IL-18 cells, respectively. Whereas the reference anti-
body MAB1181 reduces the production and secretion of the
reporter to a limited extent, MAB300 and MAB304 signifi-
cantly block IL-18-mediated signaling in this cell line with an
EC50 value of 2851 ng/ml and 3750 ng/ml, respectively (Fig. 2A
and Table 2 upper).

We also used the human lung epithelial A549 cells stably
transfected with the human IL-1R7 encoding gene alone
(A549-hIL-1R7) or with both human IL-1R7 and IL-1R9 genes
(A549-hIL-1R7/9), and human KG-1 cells to test the effect of
anti-IL-1R7 on inhibition of IL-18-induced release of IL-6 and
IFNγ. In the A549-hIL-1R7/9 cells, anti-IL-1R7 MAB300 and
MAB304 significantly block IL-18-induced release of the IL-6
cytokine with an EC50 value of 336 and 994 ng/ml, respectively
(see Fig. 2B and Table 2, middle). Again, the extent of the



Figure 1. The binding specificity of anti-IL-1R7 antibodies to human IL-1R7. A, dose titration curve for anti-IL-1R7 binding to immobilized recombinant
human or rhesus IL-1R7 protein. ELISA data showing the in vitro binding affinity of anti-IL-1R7 to IL-1R7. Left curve for anti-IL-1R7 MAB300 and right curve for
MAB 304. B, dose titration curves for anti-IL-1R7 binding to HEK-293-FreeStyle cells transiently expressing full-length human- or mouse-IL-1R7 encoding
DNAs. Left curve for MAB300 and right curve for MAB 304.

Anti-IL-1R7 suppresses IL-18 pathway
inhibition and the potency of anti-IL-1R7 are significantly
higher as compared with the reference antibody MAB1181.
Similarly, anti-IL-1R7 also potently inhibits IL-18-induced
IFNγ release in human KG-1 cells (Fig. 2C). The EC50 value
for this inhibition is 40.3 ng/ml for MAB300 and 804 ng/ml for
MAB304, whereas the reference antibody MAB1181 inhibits
only at very high concentrations (Fig. 2C and Table 2, bottom).

Overall, the results demonstrate that the newly developed
anti-IL-1R7 MAB 300 and MAB 304 provide robust inhibition
of IL-18-induced signaling and proinflammatory cell activation
in different in vitro cell systems. In the systems used above,
anti-IL-1R7 MAB 300 showed the best potency compared with
both MAB 304 and the reference antibody, and this difference
is most prominently observed in the KG-1 IFNγ release assay.
Therefore, in the subsequent cell cultures, only MAB300 was
further tested as an anti-IL-1R7 antibody in comparison to a
human IgG1 isotype control antibody. First, we compared side
by side the efficiency of anti-IL-1R7 MAB300 and isotype
control antibody on IL-18-induced IL-6 in A549-hIL-1R7 cells
(68). As shown in Figure 2D, anti-IL-1R7 robustly inhibits IL-
18-induced IL-6 (�70% reduction) in the cell culture at 1, 5,
Table 1
The EC50 values of fitted binding curves of anti-IL-1R7 antibody to
immobilized recombinant human or rhesus IL-1R7 protein (upper) or
to HEK-293-FreeStyle cells transiently expressing full-length human-
or mouse-IL-1R7 encoding DNAs (bottom) as shown in Figure 1

Antibody hIL-1R7/EC50 (ng/ml) rhIL-1R7/EC50 (ng/ml)

MAB 300 18.4 19.7
MAB 304 14.2 13.6
Antibody HEK293/hIL-1R7 EC50 (ng/ml) HEK293/mIL-1R7 EC50 (ng/ml)

MAB 300 64.6 n.a.
MAB 304 39.6 n.a.

EC50 values calculated from fitting curves in Figure 1A (upper) and Figure 1B (bottom).
and 10 μg/ml, with similar potency as the natural IL-18 in-
hibitor IL-18BP. In contrast, the isotype control has no effect
on IL-18-induced IL-6. We also tested the effect of anti-IL-1R7
on IL-1β-induced IL-6 and IL-1α. A moderate inhibitory effect
of anti-IL-1R7 was observed on IL-1β-induced IL-6 (around
10% inhibition at 1 μg/ml and 30% at 5 μg/ml) in the same cells
and no effect was observed on IL-1β-induced IL-1α (Fig. S1).
Thus, we continued with our evaluation of MAB300 (now
indicated as anti-IL-1R7) in primary human cell cultures.

Effects of anti-IL-1R7 on IL-12/IL-18-induced cytokine
production in human peripheral blood mononuclear cell
(PBMC) cultures

We next examined the effect of anti-IL-1R7 on the pro-
duction of cytokines by the combination of IL-18-plus IL-12 in
primary human peripheral blood mononuclear cells (PBMCs)
from healthy donors. IL-12 increases the expression of IL-1R5
and IL-1R7 and enhances the IL-18-induced IFNγ production
in lymphocytes and human PBMCs (69, 70). Similar to its ef-
fect on IL-18-induced IFNγ in KG-1 cells (Fig. 2C), anti-IL-
1R7 significantly inhibited IL-12/IL-18-induced IFNγ pro-
duction in PBMCs in a dose-dependent manner, with a 65%
reduction at 10 μg/ml (Fig. 3A). A reduction of 95% by IL-
18BP was found in the same cells. In contrast, the reference
antibody MAB1181 does not inhibit IL-12/IL-18-induced
IFNγ significantly in PBMCs (Fig. S2). Similar to IL-18BP,
anti-IL-1R7 also inhibits IL-12/IL-18-induced TNFα produc-
tion (Fig. 3B). At 10 μg/ml, anti-IL-1R7 reduced IL-12/IL-18-
induced IL-6 release in PBMCs by 65%, in comparison to a
reduction of 85% by IL-18BP (Fig. 3C). In contrast, IL-1Ra,
which is a natural antagonist for IL-1 signaling, has no effect
on IL-12/IL-18-induced cytokines.
J. Biol. Chem. (2021) 296 100630 3
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Figure 2. The effect of anti-IL-1R7 antibody on IL-18-mediated proinflammatory signaling and cytokine production in different cell line cultures.
A, inhibition of IL-18-induced gene reporter activation by anti-IL-1R7 MAB300 and MAB304 or the reference mAB MAB1181 in HEK-Blue IL-18 cells. SEAP
(Secreted embryonic alkaline phosphatase) activity in the supernatant is determined as a measure of the activation of the IL-18 signaling pathway as
described in Experimental procedures. B, inhibition of IL-18-induced IL-6 production by anti-IL-1R7 or the reference mAB in human A549-hIL-1R7/9 cells. C,
inhibition of IL-18-induced IFNγ release by anti-IL-1R7 or the reference mAB in human KG-1 cells. D, effect of anti-IL-1R7 on IL-18-induced IL-6 in human
A549-hIL-1R7 cell cultures. Cells were pretreated with or without isotype control antibody (Ctrl), anti-IL-1R7 or IL-18BP for at least 30 min before they were
stimulated with 50 ng/ml IL-18 for 24 h. Mean ± SD Percent change of IL-18-induced IL-6 production in A549-hIL-1R7 cells treated with various concen-
trations of anti-IL-1R7 or its isotype control or IL-18BP (n ≧3 for all conditions). ***p < 0.001 compared with IL-18 alone.

Anti-IL-1R7 suppresses IL-18 pathway
Effects of anti-IL-1R7 antibody on LPS-induced cytokine
production in human PBMC and whole blood cultures

As an IFNγ-inducing factor, IL-18 is constitutively
expressed in fresh human PBMCs and whole blood (71). It is
required for and also facilitates LPS-induced IFNγ in PBMCs
and whole blood (71, 72). Thus, we further measured the ef-
fects of anti-IL-1R7 on the production of LPS-induced IFNγ
and other cytokines in both PBMC and whole blood cultures.
Table 2
The EC50 values of fitted binding curves of the inhibition of anti-IL-
1R7 to IL-18-mediated proinflammatory signaling and cytokine
production in human HEK-Blue-IL-18 cells (upper) or A549 cells
stably transfected with the human IL-1R7/9 genes (middle) or KG-1
cells (bottom) as presented in Figure 2, A–C

Antibody EC50 (ng/ml)

MAB 300 2851
MAB 304 3750
MAB1181 reference mAB 8315

Antibody EC50 (ng/ml)

MAB300 336
MAB 304 994
MAB1181 reference mAB >10,000

Antibody EC50 (ng/ml)

MAB300 40.3
MAB 304 804
MAB1181 reference mAB 3523

EC50 values calculated from fitting curves in Figure 2A (upper), Figure 2B (middle), and
Figure 2C (bottom).
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As shown in Figure 4A, anti-IL-1R7 specifically inhibited 24-h
LPS-induced IFNγ in PBMC cultures, with a nearly 85% in-
hibition at 10 μg/ml of the antibody. This reduction is com-
parable to or even greater than the reduction by IL-18BP.
There was no significant reduction on LPS-induced TNFα, IL-
6 and IL-1β using either anti-IL-1R7 or IL-18BP (Fig. 4, B–D).
In contrast, while not affecting IL-12/18-induced cytokines,
IL-1Ra reduced LPS-induced IFNγ, TNFα, and IL-1β, consis-
tent with an important role of IL-1 in LPS-induced inflam-
matory signaling (73). Similar results were observed in 3-day
LPS-induced cytokines (Fig. S3). In parallel, we also assessed
the function of anti-IL-1R7 on LPS-induced cytokines in whole
blood cultures. In line with the effects observed in PBMC
cultures, anti-IL-1R7 inhibited LPS-induced IFNγ (�73%) in
whole blood cultures. In these same cultures, we found no
reduction in LPS-induced TNFα or IL-6 (Fig. 5). IL-18BP and
IL-1Ra suppressed LPS-induced IFNγ, TNFα, or IL-6, similarly
as observations in PBMC cultures.

Effects of anti-IL-1R7 antibody on Candida-induced cytokine
production in PBMC cultures

Candida has been shown to markedly induce Th1 lympho-
cyte activation and IFNγ production in PBMCs after 48 h (74)
and IL-18 mediates the Candida-induced IFNγ production
(75). We thus assessed the effect of anti-IL-1R7 on Candida-
induced cytokine production. As presented in Figure S4,
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Figure 3. The effect of anti-IL-1R7 antibody on IL-12/IL-18-induced cytokine production in human PBMC cultures. Cells were pretreated with or
without Ctrl, anti-IL-1R7, or IL-18BP or IL-1Ra for at least 30 min before they were stimulated with 2 ng IL-12 + 20 ng/ml IL-18 for 24 h. A, effect of anti-IL-1R7
on IL-12/IL-18-induced IFNγ. B, effect of anti-IL-1R7 on IL-12/IL-18-induced TNFα. C, effect of anti-IL-1R7 on IL-12/IL-18-induced IL-6. Mean ± SD Percent
change of IL-12/IL-18-induced cytokine production in PBMCs with various concentrations of anti-IL-1R7 or its isotype control or IL-18BP or IL-1Ra (n ≧ 4 for
all conditions). ***p < 0.001, **p < 0.01 compared with IL-12/IL-18 alone.

Anti-IL-1R7 suppresses IL-18 pathway
anti-IL-1R7 reduced Candida-induced IFNγ by 20% signifi-
cantly (Fig. S4A). In comparison to the isotype control anti-
body, there was no effect of the anti-IL-1R7 on the level of
Candida-induced TNFα, IL-6, or IL-1β (Fig. S4, B–D). Simi-
larly, IL-18BP significantly inhibited Candida-induced IFNγ by
20%, but not on other cytokines. In contrast, IL-1Ra, showing
no obvious effect on Candida-induced IFNγ, significantly
reduced Candida-induced TNFα (40%), IL-6 (57%), and IL-1β
(60%) in the PBMC cultures (Fig. S4).

Discussion

In summary, our data have confirmed the binding affinity
and specificity of the novel LALA-mutated anti-human IL-1R7
(MAB 300) to both recombinant and cell surface expressed
J. Biol. Chem. (2021) 296 100630 5
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Figure 4. The effect of anti-IL-1R7 antibody on LPS-induced cytokine production in human PBMC culture. Cells were pretreated with or without Ctrl,
anti-IL-1R7, or IL-18BP or IL-1Ra for at least 30 min before they were stimulated with 10 ng/ml LPS for 24 h. A, effect of anti-IL-1R7 on LPS-induced IFNγ.
B Effect of anti-IL-1R7 on LPS-induced TNFα. C, effect of anti-IL-1R7 on LPS-induced IL-6. D, effect of anti-IL-1R7 on LPS-induced IL-1β. Mean ± SD Percent
change of LPS-induced cytokine production in PBMCs with various concentrations of anti-IL-1R7 or its isotype control or IL-18BP or IL-1Ra (n ≧4 for all
conditions). ***p < 0.001, **p < 0.01, and *p < 0.05, compared with LPS alone.

Anti-IL-1R7 suppresses IL-18 pathway
human IL-1R7 and demonstrated the efficacy of the antibody
in inhibiting IL-18-mediated inflammatory signaling, re-
sponses, and cytokine production. We observed similar trends
of inhibitory effects between the newly developed anti-IL-1R7
and IL-18BP on IL-18-mediated inflammatory responses and
cytokine production. However, different from IL-18BP, our
antibody selectively binds the human IL-1R7 with a high af-
finity in the nanomolar range and prevents IL-18 signaling
without affecting the anti-inflammatory signaling of IL-37
(Figure 6 and Fig. S5) (26). The antibody does not interfere
with IL-1R5, which is needed for binding IL-37 (52). And it
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does not interfere with IL-18BP binding to IL-37 (53). In fact,
any reduction in IL-37 levels due to binding to IL-18BP can
result in greater inflammation. Thus, the specificity of anti-IL-
1R7 for IL-18 blockade is the rationale to prevent IL-18
activity.

In any IL-18-related pathological condition, the outcome of
blocking IL-18 correlates with the concentration of free, active
IL-18, the surface level of IL-1R5, the presence of IL-1R7, and
the level of IL-18BP (1). In health, the naturally occurring IL-
18BP binds IL-18 with a high affinity (0.5 nM) and markedly
low concentrations of free IL-18 are available, if any, to trigger
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Figure 6. Models depicting how IL-18BP and anti-IL-1R7 antibodies inhibit the IL-18 pathway. A, the model of how IL-18BP modulates the function of
IL-18 or IL-37. B, the model of how anti-IL-1R7 regulates the function of IL-18 while leaving the IL-37 pathway intact. For simplicity, only the extracellular
domains of the receptor complexes are shown.
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the IL-1R5. IL-1R5 is thus available to bind the anti-
inflammatory cytokine IL-37. However, in diseases with
hyperinflammatory status, such as MAS, large amounts of free
IL-18 are produced to bind IL-1R5 and less IL-1R5 becomes
available for IL-37 to function as an anti-inflammatory cyto-
kine. On the other hand, if the concentration of IL-18BP in-
creases and exceeds the need to bind IL-18, IL-37 can bind to
the excess IL-18BP and is not available for promoting its anti-
inflammatory portfolio (52, 53, 76). This concept fits well with
a recent finding from a Dutch study where 300 patients at high
risk for a cardiovascular event had high levels of IL-18BP (77).
In that study, biomarkers of risk such as CRP correlated with
the level of IL-18BP. Therefore, considering that IL-18BP or
anti-IL-1R5 antibodies could interfere the anti-inflammatory
activity of IL-37 in humans (51–54), the clinical application
of anti-IL-1R7 would be more precise in treating IL-18-
mediated diseases.

In contrast to MAB1181, a current commercially available
reference monoclonal antibody for anti-IL-1R7, our novel anti-
IL-1R7 (MAB300) shows a twofold greater ability in sup-
pressing IL-18-activated NFκB signaling and IL-6 or IFNγ
production and a higher efficiency than another candidate
antibody we developed (MAB304) (Fig. 2). In the experiment
of Figure 2C, we unexpectedly observed a lower basal level of
secreted IFNγ for MAB304. This may be related to some
variation in the number of cells seeded on the culture plate. In
addition, it should be noted that the EC50 values for inhibition
of IL-18-induced cell activation differ significantly between the
different cell systems tested (Table 2). This may be explained
by the artificial gene reporter setup used in HEK-Blue IL-18
cells to measure IL-18 blockade and the expression levels of
transfected IL-18 receptors in the A549-IL-1R7/9 cells. In our
PBMC cultures, the reference antibody MAB1181 does not
significantly inhibit IL-12/IL-18-induced IFNγ production in
primary PBMCs (Fig. S2). Targeting at different protein frag-
ments in IL-1R7 as immunogens may affect the bioactivities of
the antibodies robustly in vivo. Recently, Liu et al reported the
development of a synthetic human antibody via phage-display
system, which can antagonize IL-1R7 and its signaling through
an allosteric mechanism (78). We compared our data from a
similar KG1 assay for IL-18-induced IFNγ release and
observed an IC50 of 40 ng/ml with our lead candidate
(MAB300) (Fig. 2C). This corresponds to an IC50 of 0.26 nM
and is more effective than the reported IgG 3131 with an IC50
of 3 nM by Liu et al. (78). Moreover, our antibodies have
incorporated an Fc-LALA (L234A/L235A) substitution with
an advantage to prevent the triggering of FcγRs (61, 67). In the
previous study using an Fc-mediated gene reporter assay (61),
antibody with the LALA mutation completely abrogated Fc-
mediated effector cell functions without cytotoxic potential.

In our human A549 cell study, it is noteworthy that we
tested the anti-IL-1R7 in two different but similar A549 cell
lines. In the A549 cell line expressing both IL-1R7 and IL-1R9,
MAB1181 was used as the reference monoclonal anti-IL-1R7
antibody to compare the inhibitory effects of anti-IL-1R7 an-
tibodies MAB 300 and MAB304 on IL-18-induced IL-6
(Fig. 2B). In the A549-IL-1R7 cell line where only IL-1R7
was stably overexpressed, an anti-Digoxigenin antibody was
used as a nonbinding isotype control in parallel to compare the
effect of anti-IL-1R7 (MAB300) on IL-18-induced IL-6
(Fig. 2D). In both experiments, MAB300 suppressed IL-18-
induced IL-6 with similar reductions: �66% inhibition at
1 μg/ml and �70% inhibition at 10 μg/ml. The results from the
two A549 cell line cultures confirmed the dependency of IL-
1R7 in IL-18 signaling. Not surprisingly, the expression of
IL-1R9 had no effect on the activity of IL-18. In contrast to the
marked inhibition on IL-18-induced IL-6 production from
A549-IL-1R7 cells by anti-IL-1R7, we detected a moderate
reduction on IL-1β-induced IL-6. No effect was observed on
IL-1β-induced IL-1α production (Fig. S1). As there are no T
cells or NK cells in the A549 cell cultures, there is likely no role
of IFNγ on the IL-1β signaling as can take place in PBMC
cultures (79). The minor inhibition on IL-1β-induced IL-6 we
observed in the A549 cells may be explained by an effect of the
anti-IL-1R7 on the NF-κB signaling in the cells via the stably
overexpressed IL-1R7 (68).

We further characterized the function of the anti-IL-1R7
antibody on primary human PBMC and whole blood
J. Biol. Chem. (2021) 296 100630 7



Anti-IL-1R7 suppresses IL-18 pathway
cultures. First, we assessed the effect of the antibody on IL-12/
IL-18-induced IFNγ secretion in PBMCs. This is a direct IL-
18-stimulated inflammatory response and the suppressive ef-
fect of anti-IL-1R7 is straightforward and dose-dependent.
Interestingly, besides IFNγ, both anti-IL-1R7 and IL-18BP
inhibit IL-12/IL-18-induced TNFα production (Fig. 3B). This
is consistent with previous studies where IL-18 was shown to
induce TNFα production and IL-18BP reduces Staphylococcus
epidermidis–induced TNF-α production in human whole
blood (80–83). Though IL-12/IL-18-induced IL-1β production
was below detection, an inhibitory effect was observed on IL-
12/IL-18-induced intracellular IL-1α by anti-IL-1R7 and IL-
18BP (Fig. S6A), indicating a potential impact of IL-18
signaling on IL-1. It is not surprising that in comparison to
IL-18BP, our anti-IL-1R7 presented a relatively weaker inhi-
bition on IL-12/IL-18-induced cytokine production (Fig. 3).
IL-18BP is known to be a natural inhibitor to IL-18 (31) and
directly binds and blocks the activity of IL-18. In contrast, anti-
IL-1R7 indirectly suppresses the activity of IL-18 by blocking
the function of its coreceptor IL-1R7. The detailed mechanism
by which our novel anti-IL-1R7 suppresses the function of
endogenous IL-1R7 and how it regulates the association of IL-
1R7 to IL-1R5 and/or IL-18 to initiate the downstream IL-18
signaling would be worthy of further investigation.

In the attempt to test the effects of anti-IL-1R7 on
pathogen-activated inflammatory responses where other
signaling besides IL-18 is involved, we found that the antibody
also significantly suppressed LPS-induced IFNγ in both PBMC
and whole blood cultures (Figs. 4 and 5; and Fig. S3). This is
consistent with the requirement of IL-18 in LPS-induced IFNγ
production in PBMCs (71, 84). Though no obvious effect was
observed in LPS-induced TNFα, IL-6, or IL-1β, LPS-induced
intracellular IL-1α was found to be downregulated by anti-
IL-1R7 (Fig. S6B), suggesting a potential involvement of IL-
18 on LPS-mediated IL-1 signaling. In the Candida model, a
significant suppression was detected in Candida-induced IFNγ
while no effect was observed on other cytokines such as TNFα,
IL-6, IL-1β, or IL-1α (Figs. S4 and S6C). Moreover, the effect of
either anti-IL-1R7 or IL-18BP on Candida-induced IFNγ
production was smaller than that of LPS and IL-12/IL-18. We
postulate that this might be due to the various pattern
recognition receptors and signaling pathways that mediate the
complexed Candida-host immune responses (85, 86), in which
IL-18 plays a relatively minor role.

Notably, in the recent COVID-19 outbreak, a cytokine
profile resembling sHLH was found to be associated with
COVID-19 disease severity, characterized by increased cyto-
kines such as IFNγ, MCP-1, MIP1-α, and TNFα (87). More-
over, high levels of IL-18 were found to be associated with
disease severity and poor clinical outcome in COVID-19 pa-
tients (27, 29, 30, 88, 89). These findings shed light on the role
of IL-18 in the COVID-19 pathogenesis and indicate a po-
tential of high plasma IL-18 as a disease marker in the prog-
nosis and treatment of severe COVID-19 patients.
Importantly, the COVID-19 pandemic has brought attention
to a virally induced hyperinflammatory lung injury, sometimes
evolving to cytokine storm syndrome, multiple-organ failure,
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and death (90, 91). This finding mirrors what has been
observed in MAS (92, 93). Indeed, MAS was found to present
in some COVID-19 patients and a significantly higher serum
IL-18 level was observed in the patients with MAS than pa-
tients without MAS (28, 43). In the same study, patients with
or without MAS also present higher serum IL-18 than healthy
controls and IL-18 level was significantly higher in non-
survivors compared with survivors (28). Similarly, in SARS
caused by SARS-CoV-1, IL-18 concentration was found to be
considerably elevated compared with those in healthy subjects
and was significantly higher in nonsurvivors compared with
survivors (94, 95). IL-18 was involved in an IFNγ-related
cytokine storm in the patients (94). Moreover, IL-18 and IL-
1R7 are found to be highly expressed in cell-to-cell commu-
nication among immune cells in COVID-19 patients (96) and
elevated IFNγ was observed in COVID-19 patients in line with
increased IL-18 levels (30, 88, 89). However, their exact
function remains unknown.

Altogether, results from this study set the stage for future
studies to characterize the in vivo function of this novel anti-
body in clinical studies of IL-18-mediated diseases such as
MAS, IBD, and rheumatic diseases (5, 26). Further research on
its application will not only provide new mechanistic insights
into the function of IL-18 in disease, but also will likely identify
novel therapeutic targets for treating IL-18-mediated diseases.
In particular, patients carrying the NLRC4 mutation with life-
threatening enterocolitis could potentially benefit from such
an antibody specific to IL-18 inhibition (32). Whether anti-IL-
1R7 antibody could also help to reduce the cytokine storm and
associated organ damages in COVID-19 will also be worthy of
further exploration.
Experimental procedures

Antibodies and reagents

The anti-human IL-1R7 antibody was generated by immu-
nization of New Zealand white rabbits (Charles River Labo-
ratories) with human recombinant IL-1R7 protein. Anti-
human IL-1R7 antibody and nonbinding isotype control
antibody were produced as hIgG1-LALA isotype in HEK293-
FreeStyle cells from Thermo Fisher Scientific and purified
from the supernatant using protein-A affinity chromatography
followed by size-exclusion chromatography (MAB Discovery
GmbH). The antibodies have an incorporated double substi-
tution, LALA that significantly reduces binding to FcγRs and
thus can avoid Fc-mediated effector functions (61, 67). The
antibodies were then dissolved in the buffer with 20 mM
Histidine, 140 mM NaCl at pH 6, divided into aliquots, and
stored at –80 �C before use. Lipopolysaccharide (LPS)
Escherichia coli (055:B5) was purchased from Sigma. Heat-
killed Candida albicans UC820 was kindly provided by Pro-
fessor Mihai Netea (Radboud University Medical Centre).
Human IL-12 was from PeproTech. Human IL-18 and IL-1β
were from Bio-Techne. Recombinant human IL-37 46-218 was
produced as described earlier (97). The reference anti-IL-1R7
monoclonal antibody MAB1181 of R&D Systems (R&D
MAB1181 Reference mAB) and the anti-IL-37 monoclonal
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antibody were from Bio-Techne. Clinical-grade recombinant
human IL-18BP was a gift provided by Serono pharmaceutical
research institute (SPRI). Human IL-1Ra (Anakinra) was the
kind gift of Amgen. For cytokine measurements, the corre-
sponding ELISA DuoSets kits for human IL-1β, TNFα, IL-6,
IFNγ, and IL-1α were from Bio-Techne.

Immobilized ELISA binding of anti-IL-1R7 to human IL-1R7

Nunc 384-well MaxiSorp plates were coated with recom-
binant human IL-1R7 extracellular domain (hIL-1R7-FC; MAB
Discovery GmbH), or recombinant rhesus monkey IL-1R7
extracellular domain (Sino Biological Inc; #90122-C08H), at
a concentration of 0.5 μg/ml in PBS for 60 min at room
temperature. Plates were washed three times with wash buffer
(PBS 0.1% Tween) and blocked with PBS, 2% BSA, 0.05%
Tween for 60 min at room temperature. After three washes
with wash buffer, antibodies were added in ELISA buffer (PBS,
0.5% BSA, 0.05% Tween) at concentrations ranging from
10 μg/ml to 0.006 ng/ml (1:3 dilution series) and were incu-
bated for 60 min at room temperature. Plates were washed
three times with wash buffer, followed by incubation with anti-
human-F(ab)2, peroxidase-linked secondary antibody (goat,
AbD Serotec) at a dilution of 1:5000 in ELISA buffer for
60 min at room temperature. Plates were washed six times
with wash buffer before TMB substrate solution (Invitrogen;
15 μl/well) was added. After 5 min of incubation, stop solution
(1 M HCl, 15 μl/well) was added and absorbance (450 nm/
620 nm) measured using a Tecan M1000 plate reader. Fitting
curves and EC50 calculation were done using GraphPad
Prism 8.

Cell binding of anti-IL-1R7 to human IL-1R7

HEK-293-FreeStyle cells were transfected with DNAs
encoding full-length human or mouse-IL-1R7 and using 293-
Free Transfection Reagent (Merck). Twenty-four hours after
transfection, cells were seeded in a 96-well round bottom plate
at a cell density of 1 × 106 cells/ml in stain buffer (BD). Anti-
hIL-1R7 antibody was added to a final concentration ranging
from 10 μg/ml to 0.06 ng/ml and incubated for 1 h in the dark
at 4 �C. Cells were washed once with 150 μl DPBS and incu-
bated with Alexa Fluor 488-conjugated goat F(ab)2 anti-
human IgG (H + L) (Jackson ImmunoResearch Laboratories;
Cat. no. 109-546-003) at a concentration of 0.8 μg/ml in stain
buffer. Cells were washed once with 150 μl DPBS and resus-
pended in 150 μl stain buffer containing 1:500 diluted DRAQ7
solution (Abcam; Cat: ab109202; 0.3 mM). Cells were analyzed
using a BD FACSVerse flow cytometer.

PBMC cultures

The study was approved by (COMIRB) Colorado Medical
Institutional Review Board and abides by the Declaration of
Helsinki principles. Venous blood from healthy consenting
donors was drawn into lithium heparin containing tubes and
PBMCs were isolated using centrifugation over Ficoll-
Hypaque cushions as previously described (51, 98, 99). Cells
were washed three times with saline and resuspended in RPMI
at 5 × 106/ml. For IL-12/IL-18 stimulation, 0.5 × 106 cells were
seeded per well in 96-round bottom well plates and cultured in
a total of 200 μl for 24 h, with or without the combination of
2 ng/ml IL-12 + 20 ng/ml IL-18 in the presence of different
concentrations of control antibody or the reference antibody
MAB1181, anti-IL-1R7, or IL-18BP and IL-1Ra. Aliquots of
the control antibody or anti-human IL-1R7 or IL-18BP and IL-
1Ra were freshly diluted in warm RPMI to different concen-
trations for experiments. For LPS stimulation, 0.5 × 106 cells
were seeded per well in 96-flat bottom well plates and cultured
in a total of 200 μl for 24 h or 200 μl RPMI with 10% FBS for
3 days, with or without 10 ng/ml LPS in the presence of
different concentrations of control antibody or anti-IL-1R7
antibody, or IL-18BP or IL-1Ra. For recombinant IL-37 46-
218 treated PBMC experiments, IL-37 46-218 were pre-
incubated with either Blank (RPMI medium), or 1 μg/ml anti-
IL-37 monoclonal antibody, or 1 μg/ml anti-IL-1R7 antibody
for at least 10 min before they were added to the cells for a 1-h
pretreatment. After that, the cells were stimulated with 10 ng/
ml LPS for 24 h. For cultures with heat-killed Candida alb-
cans, 0.5 × 106 cells were seeded per well in 96-well round-
bottom plate and cultured in a total of 200 μl RPMI with
10% FBS for 5 days, with or without Candida (106 colonies per
ml) (100, 101) in the presence of different concentrations of
control antibody or anti-IL-1R7 antibody, IL-18BP or IL-1Ra.
The antibodies or IL-18BP or IL-1Ra were added 30 min
before the stimuli. After incubation times were completed,
supernatants were collected by centrifugation at 400g for 5 min
and stored at –80 �C. Cells remaining in the wells were lysed in
100 μl 0.5% triton-X in water and stored at –80 �C for intra-
cellular IL-1α analysis.

Human whole blood culture

One milliliter of heparinized blood was added to 12 ×
75 mm round-bottom polypropylene tubes (Falcon) as
described as previously (72) and then 1 ml of RPMI with or
without 10 ng/ml LPS was added for stimulation in the pres-
ence of different concentrations of anti-IL-1R7 or IL-18BP or
IL-1Ra. The antibody or IL-18BP or IL-1Ra was added 30 min
before the stimuli. The tubes were closed tightly with the caps
and were mixed by inversion. Blood was incubated upright in
the sealed tubes at 37 �C for 3 days. After incubation at 37 �C,
the tubes were inverted several times to mix the formed ele-
ments, and Triton X-100 was added (5%; Bio-Rad Labora-
tories) to a final concentration of 1%. The tubes were again
inverted several times until the blood was clarified. The lysed
blood was frozen at –70 �C until assay.

HEK-Blue-IL-18 assay

HEK-Blue IL-18 cells (InvivoGen) were cultivated in
DMEM, 10% FCS, and seeded out in 384-well clear, flat bot-
tom, cell culture treated microplates (Corning) at a cell density
of 12,500 cells/well in 15 μl medium. Various concentrations
of anti-hIL-1R7 MAB antibodies were added in a volume of
5 μl medium and plates were incubated for 60 min at 37 �C/5%
CO2. Recombinant human IL-18 (MBL Co Ltd) protein was
J. Biol. Chem. (2021) 296 100630 9
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added in 5 μl medium to a final concentration of 100 pg/ml
and plates were incubated over night at 37 �C/5% CO2. In
total, 5 μl cell supernatants were transferred to clear, flat-
bottom polystyrene NBS microplates (Corning) containing
20 μl 2xQUANTI-Blue reagent (InvivoGen). Plates were
incubated at 37 �C for 45 min and optical density was
measured at 655 nm using a Tecan M1000 plate reader. Fitting
curves and EC50 calculation were done using GraphPad
Prism 8.

A549-hIL-1R7/9 assay

Human lung epithelial A549 cells stably transfected with
hIL-1R7 and hIL-1R9 encoding genes were cultured in Ham’s
F-12K medium containing 10% FCS. In total, 12,500 cells per
well were seeded into a 384-well clear, flat-bottom, cell culture
treated microplate (Corning) in 15 μl medium. After 24 h at 37
�C, 5% CO2, medium was removed and cells were washed
three times with 25 μl 1× PBS, 0.05% Tween and then resus-
pended in 15 μl growth medium. Antibodies were added at
different concentration in a volume of 5 μl and incubated with
the cells for 60 min. hIL-18 recombinant protein (MBL Co
Ltd) was then added to a final concentration of 10 ng/ml in a
volume of 5 μl. Cells were incubated for 6 h at 37 �C/5% CO2.
The human IL-6 cytokine concentration in the cell superna-
tant was determined using the DuoSet ELISA (Bio-Techne)
according to the manufacturer’s instructions. Fitting curves
and EC50 calculation were done using GraphPad Prism 8.

KG-1 IFNγ release assay

KG-1 cells were cultured in RPMI 1640 medium containing
20% FCS and 2 mM L-glutamine. In total, 13500 KG-1 cells
per well were seeded into a Corning 384 Well Clear Flat
Bottom Polystyrene NBS Microplate in a volume of 15 μl.
Antibodies were added at different concentration in a volume
of 7.5 μl medium and incubated with the cells for 60 min at 37
�C, 5% CO2. hIL-18 and TNFα recombinant protein (Bio-
Techne) were then added in a volume of 7.5 μl at a final
concentration of 5 ng/ml and 10 ng/ml, respectively. Cells
were incubated for 48 h at 37 �C, 5% CO2. Human IFNγ
concentrations in the cell supernatant were determined using
the DuoSet Human IFNγ ELISA kit (Bio-Techne) according to
the manufacturer’s instructions. Fitting curves and EC50

calculation are done using GraphPad Prism 8.

A549-hIL-1R7 cell culture

Human A549 cells stably overexpressing IL-1R7 or IL-18
receptor β chain were cultured in F12-K culture medium
(Cellgro) supplemented with 10% FBS as described before (68).
In total, 50,000 cells were seeded in 96-well flat-bottom cell
culture plate and pretreated with or without different con-
centrations of anti-IL-1R7 or IL-18BP for 30 min. The cells
were further stimulated with 50 ng/ml IL-18 or 1 ng/ml IL-1β
for overnight before the supernatant was collected for IL-6
measurement. Cells remaining in the wells were lysed in
100 μl 0.5% Triton-X in water for intracellular IL-1α
measurement.
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Statistical analysis

Significance of differences was evaluated with Student’s two-
tail t-test. The IL-18, IL-12/IL-18, LPS, or other inflammatory
stimulus-induced cytokine production in cells without pre-
treatment was set at 100% unless specified. The mean percent
change for each condition was calculated for each group. The
data shown represent the mean ± SD.

Data availability

All data are contained within the article and available upon
request.
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