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Interleukin-1 (IL-1) is a key mediator of inflammation and
immunity. Naturally-occurring IL-1 receptor antagonist (IL-
1Ra) binds and blocks the IL-1 receptor-1 (IL-1R1), preventing
signaling. Anakinra, a recombinant form of IL-1Ra, is used to
treat a spectrum of inflammatory diseases. However, anakinra is
rapidly cleared from the body and requires daily administration.
To create a longer-lasting alternative, PASylated IL-1Ra (PAS–
IL-1Ra) has been generated by in-frame fusion of a long,
defined-length, N-terminal Pro/Ala/Ser (PAS) random-coil
polypeptide with IL-1Ra. Here, we compared the efficacy of two
PAS–IL-1Ra molecules, PAS600 –IL-1Ra and PAS800 –IL-1Ra
(carrying 600 and 800 PAS residues, respectively), with that
of anakinra in mice. PAS600 –IL-1Ra displayed markedly
extended blood plasma levels 3 days post-administration,
whereas anakinra was undetectable after 24 h. We also studied
PAS600 –IL-1Ra and PAS800 –IL-1Ra for efficacy in monoso-
dium urate (MSU) crystal-induced peritonitis. 5 days post-ad-
ministration, PAS800 –IL-1Ra significantly reduced leukocyte
influx and inflammatory markers in MSU-induced peritonitis,
whereas equimolar anakinra administered 24 h before MSU
challenge was ineffective. The 6-h pretreatment with equimolar
anakinra or PAS800 –IL-1Ra before MSU challenge similarly
reduced inflammatory markers. In cultured A549 lung carci-
noma cells, anakinra, PAS600 –IL-1Ra, and PAS800-IL-Ra
reduced IL-1�–induced IL-6 and IL-8 levels with comparable
potency. In human peripheral blood mononuclear cells, these
molecules suppressed Candida albicans–induced production of

the cancer-promoting cytokine IL-22. Surface plasmon reso-
nance analyses revealed significant binding between PAS–IL-
1Ra and IL-1R1, although with a slightly lower affinity than
anakinra. These results validate PAS–IL-1Ra as an active IL-1
antagonist with marked in vivo potency and a significantly
extended half-life compared with anakinra.

Interleukin (IL)3-1� and IL-1� are initiators and regulators
of innate and acquired immunity (1, 2), sterile inflammation,
tissue remodeling (3), cell death (4), hypoxia-ischemia (5), and
organ failure (6). First separately identified in 1974 (7), IL-1�
and IL-1� signaling has since been implicated in a wide range of
pathological conditions, including gout and rheumatoid arthri-
tis (RA) (8), type II diabetes (9), and systemic autoinflammatory
conditions such as cryopyrin-associated periodic syndromes
(10), heart disease (11), and cancer (1).

The binding of IL-1� or IL-1� to the extracellular domain of
the IL-1 receptor 1 (IL-1R1) allows the receptor to associate
with the IL-1R1 accessory protein (IL-1RAcP, now IL-1R3) co-
receptor, resulting in dimerization of the cytosolic Toll/inter-
leukin-1 receptor (TIR) domains, and subsequent downstream
mitogen-activated protein kinase activation as well as NF-�B
nuclear translocation (12). In the nucleus, NF-�B induces tran-
scription of inflammatory factors such as monocyte chemoat-
tractant protein-1, IL-6, IL-8, granulocyte colony-stimulating
factor (G-CSF), cyclooxygenase-2, and IL-1� and IL-1� them-
selves, among others (13).

The physiological and pathological activities of IL-1 are reg-
ulated by the endogenous IL-1 receptor antagonist (IL-1Ra), a
member of the IL-1 family (14). IL-1Ra binds IL-1R1 with an
affinity higher than IL-1� and IL-1�, but does not recruit
IL-1R3, thus preventing association of TIR domains and intra-
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cellular signaling (2). The vital role of IL-1Ra in the regulation
of IL-1 signaling is demonstrated in the rare genetic condition
“deficiency of the interleukin-1 antagonist” (DIRA), which is
associated with neonatal-onset pustular dermatosis, sterile
multifocal osteomyelitis, and periostitis (15). DIRA is an auto-
somal recessive autoinflammatory syndrome resulting from
mutations in IL1RN, the gene encoding IL-1Ra. Furthermore,
unbalanced ratios between IL-1 and IL-1Ra occur in several
models of inflammatory disease (16).

The ability of IL-1Ra to inhibit IL-1� and IL-1� signaling
promoted the development of a recombinant form for thera-
peutic use. In 2001, anakinra (brand name Kineret�), the
recombinant unglycosylated form of IL-1Ra, was approved for
the treatment of RA in the United States (17–19). Since then,
anakinra has been used to treat adult-onset Still’s disease (20),
systemic juvenile idiopathic arthritis (21), and both gout and
calcium pyrophosphate deposition disease (formally pseudog-
out) (22). Anakinra is typically self-administered by patients via
subcutaneous injection (23). Because of its small size (17.3
kDa), anakinra is rapidly removed from the body by renal filtra-
tion; a 2 mg/kg anakinra bolus has a half-life of 3.29 h in humans
(24) and, notably, just a few minutes in mice (25). Anakinra
requires daily administration for therapeutic effect, which
poses challenges for some patients. The current need for every-
day self-injection risks decreased patient treatment compliance
(26). Increasing the half-life of anakinra through modification
of the molecule is a new approach to address these challenges.

PASylation� is a protein modification technology first
described by Schlapschy et al. (27) that has been used to gener-
ate several cytokines and therapeutic “biobetters” with
expanded hydrodynamic volumes and half-lives, including
human growth hormone (28), interferon-� (29), leptin (30),
Coversin (a C5 complement inhibitor) (31), an IFN-� superago-
nist (32), and radiolabeled Fab fragments targeting HER2 and
CD20 (33). Expression of a modified structural gene encoding a
long N- or C-terminal sequence of proline, alanine, and serine
residues (hence “PAS”) creates a random coil chain associated

with increased hydrodynamic volume without unfavorable
adverse effects on the biochemical protein function (34).
Importantly, immunogenicity has not been observed for any
PASylated proteins tested in vivo in preclinical models (35, 36).
Generating these fusion proteins via transcription/translation
of a recombinant gene in a suitable host cell avoids challenges
posed by post-translational protein modification strategies like
PEGylation, including low functional yields, enhanced hy-
drophobicity and concerns of immunogenicity, indigestibility,
and persistence of the PEG moiety in the body (37–39). Along
with these improvements, modulation of the precise length of
the PAS moiety (via the number of sequence repeats in the
coding gene) allows for fine-tuning of the protein hydrody-
namic volume, which correlates with plasma half-life (27).

In the effort to create a functional IL-1Ra analog that escapes
glomerular filtration by size exclusion, and hence increases its
functional half-life, PAS–IL-1Ra protein analogs were recently
developed (40). Here, we demonstrate the efficacy of the
PAS600 –IL-1Ra and PAS800 –IL-1Ra analogs in vitro and in
vivo.

Results

PAS600 –IL-1Ra shows extended plasma half-life and efficacy
in vivo

To investigate the half-life of PAS–IL-1Ra, 10 mg/kg
PAS600 –IL-1Ra (147.1 nmol/kg, see Fig. S1 for PAS–IL-1Ra
molecular masses by electrospray ionization MS) or 10 mg/kg
anakinra (579.5 nmol/kg) were administered subcutaneously in
C57Bl/6 mice (Fig. 1). Mice were bled from the orbital plexus
with heparinized capillary tubes at regular intervals. As shown
in Fig. 2A, 24 h post-injection, the level of IL-1Ra in the blood
plasma of the anakinra group was undetectable by ELISA; in
contrast, a mean of 114.0 � 34.0 ng/ml IL-1Ra (6.63 � 1.97 pM)
was detected in the PAS600 –IL-1Ra group. This level
was measured following the administration of 3.90 nmol of
PAS600 –IL-1Ra, which is 25.4% of the mole-equivalent ana-

Figure 1. Three-dimensional structure of PASylated IL-1Ra. Molecular model of IL-1Ra (teal) with an N-terminal PAS extension (here, 200 residues, red) in
arbitrary random conformation. Association with the extracellular domain of IL-1R1 (gray) is indicated (based on the crystal structure of the complex, PDB code
1IRA (67)). The four Cys side chains of IL-1Ra are highlighted (yellow); two of them are engaged in a structural disulfide bridge.
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kinra dose (15.4 nmol). Human IL-Ra–specific ELISA detected
equimolar anakinra and PAS600 –IL-1Ra at similar quantities
(Fig. S2). These data reveal the extended half-life of PAS600 –
IL-1Ra at 3 days post-administration. In addition to the larger
molecular size of PAS600 –IL-1Ra, the extended half-life could
in part be due to a possible “depot” effect at the subcutaneous
site. For example, molecules with a large hydrodynamic size,
including PEGylated proteins of different molecular weight
PEGs, are prone to retention at the administration sites (41).

To investigate a possible depot effect, 15 mg/kg (220.6 nmol/
kg) PAS600 –IL-1Ra was instilled intraperitoneally (i.p.) in
BALB/c mice, and blood plasma was collected at specific inter-
vals (Fig. 2B). IL-1Ra detected in the blood plasma closely fol-
lowed the Bateman function, with distinct rapid distribution
and slow elimination phases (42).

To test the efficacy of the PAS600 –IL-1Ra molecule, we used
a well-described IL-1�–mediated mouse inflammation model
where anakinra has broad anti-inflammatory effects (43). In
this model, MSU crystals were instilled i.p.; after 4 h the mice
were sacrificed, and the severity of peritonitis and systemic
inflammation was determined. Mice were treated with 0.8
mg/kg (11.8 nmol/kg) PAS600 –IL-1Ra 48 h before MSU crystal
challenge. 6 h post-MSU crystal challenge, the i.p. fluid of

PAS600 –IL-1Ra–treated mice contained significantly less
MPO (�59.0%, p � 0.023), a measurement of IL-1–mediated
neutrophil degranulation, as compared with vehicle-treated
mice (Fig. 3B). 48 h after i.p. instillation, PAS600 –IL-1Ra was
still detectable in the i.p. fluid (Fig. 3C), demonstrating partial
retention of the molecule at the administration site.

PAS800 –IL-1Ra reduces leukocyte influx and cytokines in
MSU-crystal–induced peritonitis

We next investigated a larger PASylated IL-1Ra, PAS800 –
IL-1Ra. PAS800 –IL-1Ra has an 800-residue Pro/Ala/Ser chain
on its N terminus, compared with the 600-residue N-terminal
chain on PAS600 –IL-1Ra, comprising the same 20-mer pro-
line, alanine, and serine sequence repeat (PAS#1) (27). These
additional residues further increase the molecule’s hydrody-
namic volume, as discussed previously (40). We again used the
MSU-crystal–induced peritonitis model. 48.3 mg/kg PAS800 –
IL-1Ra (579.5 nmol/kg) was administered i.p. 5 days before
MSU-crystal–induced peritonitis challenge. For comparison,
equimolar anakinra or PBS vehicle was administered i.p. 24 h
before peritonitis. After 4 h, the mice were sacrificed. 5 days
after mice had received PAS800 –1Ra, a mean level of 77.20 �
62.60 pM PAS–IL-1Ra was present in the i.p. fluid (Fig. 4E). In
the anakinra-treated mice, the mean IL-1Ra level was consid-
erably lower (4.43 � 4.62 pM), demonstrating extended reten-
tion of the PAS800 –IL-1Ra molecule in vivo.

As shown in Fig. 4A, there were significantly reduced num-
bers of lymphocytes (�26.9%, p � 0.003), monocytes (�37.7%,
p � 0.0003), and granulocytes (�45.0%, p � 0.0004) present in
the peritoneal cavity as compared with vehicle treatment. By
comparison, the equimolar anakinra dose administered i.p. 24 h
before MSU-crystal peritonitis challenge failed to significantly
reduce lymphocytes (�4.1%, p � 0.68), monocytes (�8.4%, p �
0.47), or granulocytes (�8.3%, p � 0.47). PAS800–IL-1Ra–treated
mice also showed reductions in IL-6 (�67.2%, p � 0.012), G-CSF
(�76.8%, p � 0.0001), and MPO (�37.2%, p � 0.052) in the i.p.
fluid (Fig. 4, B–D). In comparison, anakinra-treated mice showed
no significant change in IL-6 (�16.7%, p � 0.65), G-CSF (�17.8%,
p � 0.27), and MPO (�32.2%, p � 0.37).

Circulating markers of IL-1–mediated inflammation were
also significantly reduced in PAS800 –IL-1Ra–treated mice,
including blood plasma G-CSF (�76.6%, p � 0.0001) and IL-6
(�57.1%, p � 0.0003) (Fig. 5, A and B). Anakinra-treated mice
showed no significant change in these markers. IL-1Ra blood
plasma levels in PAS800 –IL-1Ra–treated mice averaged 27.7
ng/ml (1.6 nM) at the time of sacrifice, where blood plasma
IL-1Ra levels in anakinra-treated mice were undetectable
(below baseline detection in vehicle mice) (Fig. 5C).

To investigate whether PAS800 –IL-1Ra or anakinra reduce
inflammatory cytokine production from circulating white blood
cells (WBC), we also cultured whole blood from these mice. To
normalize for differences in WBC counts of mice, circulating
blood leukocytes were used to calculate picograms of mouse
IL-6 per leukocyte by group (vehicle x̄ � 3.79 � 106/ml, anak-
inra x̄ � 3.57 � 106/ml, and PAS800 –IL-1Ra x̄ � 3.50 � 106/
ml). Total blood leukocyte counts were not significantly differ-
ent between treatment groups (Fig. S3). After 24 h in culture,
ex vivo spontaneous IL-6 secretion per million leukocytes

Figure 2. PAS600 –IL-1Ra exhibits an extended plasma half-life. A, plasma
levels of IL-1Ra in mice administered subcutaneously with 10 mg/kg (579.5
nmol/kg) anakinra or 10 mg/kg (147.1 nmol/kg) PAS600 –IL-1Ra. n � 3. B,
blood plasma concentrations of PAS600 –IL-1Ra after i.p. administration in
mice displayed pharmacokinetics according to the Bateman function, reveal-
ing fast biodistribution and a terminal elimination half-life ��1/2 � 11.3 �
2.3 h. For comparison, a ��1/2 value of 2 min was reported for unmodified
IL-1Ra (25). Data are presented as mean � S.D.
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were significantly reduced in PAS800 –IL-1Ra–treated mice
(�31.9%, p � 0.011), but not in anakinra-treated mice (�2.1%,
p � 0.87) (Fig. 5G). Circulating leukocyte populations were not
significantly different between treatment groups (data not
shown).

We next administered equimolar (579.5 nmol/kg) anakinra
and PAS800 –IL-1Ra, respectively, at the same time. We
selected a 6-h pretreatment based on previous studies of anak-
inra in MSU-crystal–induced peritonitis. As shown in Fig. 6,
anakinra pretreatment reduced levels of IL-6 (�57.7%, p �
0.095) and G-CSF (�35.5%, p � 0.33) in the i.p. fluid (Fig. 6, A
and B) and IL-6 (�20.5%, p � 0.63) and G-CSF (�50.3%, p �
0.27) in the blood plasma (Fig. 6, D and E), although not signif-
icantly, due to a pronounced outlier. PAS800 –IL-1Ra signifi-
cantly reduced levels of IL-6 (�96.2%, p � 0.0005) and G-CSF
(�70.6%, p � 0.0027) in the i.p. fluid (Fig. 6, A and B) and IL-6
(�70.0%, p � 0.001) and G-CSF (�82.8%, p � 0.0001) in the
blood plasma (Fig. 6, D and E). Mice in the PAS800 –IL-1Ra
group also showed reduced blood lysate G-CSF (�85.7%, p �
0.0051, Fig. 6G) and KC (�58.1%, p � 0.069, Fig. 6H), where
anakinra-treated mice experienced lesser reductions in G-CSF
(�35.3%, p � 0.30) and no reduction in KC (�6.8%, p � 0.87).
We detected less spontaneous IL-6 in whole-blood culture

supernatants from PAS800 –IL-1Ra–treated mice (�58.0%,
p � 0.002, Fig. 6I), where anakinra-treated mice showed a
smaller reduction (�29.7%, p � 0.21). There were no signifi-
cant differences in circulating leukocyte populations (data not
shown). At sacrifice, PAS800 –IL-1Ra–treated mice had more
than 25-fold more detectable IL-1Ra in the i.p. fluid as com-
pared with anakinra-treated mice (7.43 nM versus 0.29 nM), and
more than 176-fold more detectable IL-1Ra in the blood plasma
(69.89 nM versus 0.40 nM). Thus, in a more acute model,
PAS800 –IL-1Ra still results in a large differential of local and
circulating IL-1Ra as compared with anakinra.

Comparison of anakinra, PAS600 –IL-1Ra., and PAS800 –IL-
1Ra for reduction of IL-1-dependent signaling in vitro

A549 cells are immortalized bronchial epithelial adenocarci-
noma cells that respond to IL-1, producing IL-6 and IL-8 (44).
A549 cells were treated with or without anakinra, PAS600 –IL-
1Ra, or PAS800 –IL-1Ra 1 h before the addition of IL-1�. After
24 h of culture, significant dose-dependent reductions in secre-
tion of IL-6 (Fig. 7A) and IL-8 (Fig. 7B) were observed for
PAS600 –IL-1Ra (�85.0% IL-6, p � 0.0001; �66.1% IL-8, p �
0.0023), PAS800 –IL-1Ra (�83.0% IL-6, p � 0.0001; �66.3%
IL-8, p � 0.0025), and anakinra (�97.5% IL-6, p � 0.0001;

Figure 3. PAS600 –IL-1Ra reduces MSU-crystal peritoneal inflammation. A, graphical abstract of experimental MSU-induced peritonitis. 1) MSU crystals
stimulate the release of inflammatory cytokines from 2) resident peritoneal macrophages, including IL-1�, IL-6, KC, and G-CSF. 3) Secreted cytokines entering
the circulation stimulate neutrophil release from the bone marrow, which enters the bloodstream and reaches the peritoneal cavity. 4) The inflammatory milieu
in the peritoneal cavity stimulates further cytokine and MPO release from infiltrating neutrophils. 5) Anakinra or PAS–IL-1Ra pretreatment inhibits IL-1 signaling
in resident macrophages, the bone marrow, and infiltrating neutrophils, reducing the host inflammatory response. B, mean i.p. fluid MPO 6 h after MSU crystal
challenge. C, mean i.p. fluid human IL-1Ra (in pg/ml or pM, see under “Experimental procedures”) in PAS600 –IL-1Ra–treated mice 6 h after MSU challenge. B and
C, n � 5, one point represents one mouse. Data presented as mean � S.E.; *, p � 0.05 (two-tailed Student’s t test).
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�84.0% IL-8, p � 0.0001). Reductions of IL-6 and IL-8
between PAS600 –IL-1Ra and PAS800 –IL-1Ra were not sig-
nificantly different at any equivalent dose. Pretreatments at
equimolar concentrations (579.5 nM) showed similar reduc-
tions of IL-6 and IL-8 secretion, suggesting comparable IL-1
signal inhibition.

The effect of PAS600 –IL-1Ra and PAS800 –IL-1Ra was also
tested in PBMC. We used stimulation with heat-killed Candida
albicans to induce IL-22, as IL-22 is immunosuppressive in
murine models of human cancer and is inhibited by anakinra
(45). Therefore, we used an equimolar concentration of ana-
kinra for comparison. After 5 days, the level of IL-22 in cell
culture supernatants was significantly reduced by PAS600 –IL-
1Ra (�56.0%, p � 0.0034 at 579.5 nM) and PAS800 –IL-1Ra
(�54.0%, p � 0.0003 at 579.5 nM). Reductions of IL-22 between
PAS600 –IL-1Ra and PAS800 –IL-1Ra were not significantly
different at any equivalent dose (Fig. 7C). Similarly, anakinra
significantly reduced IL-22 secretion at equimolar doses to

PAS600 –IL-1Ra and PAS800 –IL-1Ra (�84.7%, p � 0.0001 at
579.5 nM).

Because equimolar concentrations of anakinra were more
effective in suppressing IL-6, IL-8, and IL-22 in vitro, we com-
pared the binding activities of PAS600 –IL-1Ra, PAS800 –IL-
1Ra, and anakinra to the immobilized extracellular domains of
the human IL-1R1. Real-time affinity measurements by SPR
spectroscopy are depicted in Fig. 8. Both PAS–IL-1Ra versions
retained high receptor-binding activity. In line with the cell
culture experiments, fusion of IL-1Ra with a PAS#1(800)
sequence (creating PAS800 –IL-1Ra) led to a moderate 6-fold
decrease in IL-1R1 affinity, which was mainly due to a slower
association rate (kon of 2.23 � 105 M�1 s�1, as compared with
9.82 � 105 M�1 s�1 for anakinra, see Table 1).

Discussion

Because PASylating proteins for clinical use leads to greater
circulating half-lives, these proteins show extended efficacy fol-

Figure 4. Comparison of 5-day PAS800 –IL-1Ra and 1-day anakinra pretreatment efficacy in MSU-crystal–induced peritonitis. A, peritoneal leukocyte
populations were assessed in i.p. fluid by automated cell counter (vehicle ranges: lymphocytes, 0.83–2.24 � 106/ml; monocytes, 0.44 – 0.84 � 106/ml; granu-
locytes, 1.08 –2.02 � 106/ml). Mouse IL-6 (B) (vehicle range 138 – 8620 pg/ml), mouse G-CSF (C) (vehicle range 111–559 pg/ml), mouse MPO (D) (vehicle range
2.42–39.80 ng/ml), and human IL-1Ra (E) in the i.p. fluid 4 h after i.p. instillation of MSU (120 mg/kg) are shown. B–D, data are expressed as percent change from
the vehicle group mean of each experiment, with the vehicle group mean set at 100%. Then, cytokine levels or cell counts from each mouse were expressed as
percentage of the vehicle mean. Experiments 1 (5 mice) and 2 (5 mice) were then combined; one point represents one mouse. Data presented as mean � S.E.;
ns, not significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001; and ****, p � 0.0001 (vehicle/PAS800 –IL-1Ra comparison); #, p � 0.05; ##, p � 0.01; and ###, p � 0.001
(anakinra/PAS800 –IL-1Ra comparison) (two-tailed Student’s t test).
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lowing administration. Anakinra is the recombinant form of
naturally-occurring IL-1Ra used to treat a broad spectrum of
inflammatory diseases (14); however, anakinra requires daily
administration. Hence, PASylation� of IL-1Ra would reduce
the need for daily injections. Patient adherence to medication is
a major challenge in treating disease effectively (46), and in the
case of anakinra, discomfort following subcutaneous injection
can result in missed doses and decreased therapeutic effect.
Furthermore, gout patients show low treatment adherence and
persistence in their 1st year of therapy (36.8%), in part due to
daily injections (47). Reducing the frequency of injections in
gout while retaining therapeutic effect could greatly increase
patient quality of life and adherence to treatment. A longer-
lasting IL-1Ra would require less frequent administration,
addressing these concerns. Moreover, PASylated IL-1Ra would
result in a longer-lasting steady-state drug level in circulation
and enhanced pharmacological effect due to saturation levels
and prolonged IL-1R1 occupancy. Thus, the major goals of this
investigation were to investigate extension of IL-1Ra half-life

via PASylation� and the resulting IL-1 blockade activity and
efficacy.

As with PASylated molecules previously investigated (35),
PAS600 –IL-1Ra demonstrates increased plasma retention. In
this study, we evaluated PAS600 –IL-1Ra pharmacokinetics in
mice. As shown in Fig. 2, a single administration of 10 mg/kg
(147.1 nmol/kg) PAS600 –IL-1Ra administered subcutaneously
in mice was detectable in plasma after 3 days. On a mass basis,
PAS600 –IL-1Ra outlasts anakinra in the circulation. Similarly,
PAS600 –IL-1Ra instilled i.p. showed extended pharmacoki-
netics. Both subcutaneous and i.p. administration led to peak
plasma PAS–IL-1Ra levels 6 h later, indicating rapid absorption
into the circulation regardless of the administration site.

With the extended half-life of PAS–IL-1Ra, we examined its
efficacy in vivo. We chose a model where IL-1 blockade has
established efficacy: MSU-crystal–induced inflammation (14).
In gouty arthritis attacks, MSU crystals stimulate synovial
macrophages to initiate local inflammation by IL-1� secretion,
which induces chemokines such as IL-8 that attract monocytes

Figure 5. Comparison of 5-day PAS800 –IL-1Ra and 1-day anakinra pretreatment in systemic inflammation in MSU-peritonitis. A–C, plasma levels of
mouse IL-6 (A), vehicle range 149 –2920 pg/ml, mouse G-CSF (B), vehicle range 3.71–15.30 ng/ml, and human IL-1Ra (C). D–F, remaining blood pellet was lysed
in 0.5% Triton X-100 following centrifugation and assayed for mouse G-CSF (D), mouse MPO (E) (2.92–333.47 ng/ml), and KC (F) (551–11578 pg/ml). Whole
blood, diluted 1 part in 5, was cultured for 24 h. Supernatants were assayed for mouse IL-6 (G). Absolute IL-6 (vehicle range 17.5–37.0 pg/ml) was normalized
per million of circulating leukocytes (see “Results”). Data are expressed as percent change from the vehicle group mean of each experiment, with the vehicle
group mean set at 100%. Experiments 1 (5 mice) and 2 (5 mice) were then combined, and one point represents one mouse. Data are presented as mean � S.E.;
ns, not significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001; and ****, p � 0.0001 (control/PAS800 –IL-1Ra comparison); #, p � 0.05; ##, p � 0.01; and ###, p � 0.001
(anakinra/PAS800 –IL-1Ra comparison) (two-tailed Student’s t test).
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and neutrophils (48). In mice, MSU-crystal–induced peritonitis
provides a gout-like model (48).

PAS600 –IL-1Ra was first investigated in MSU-crystal peri-
tonitis. Administering 0.8 mg/kg (11.8 nmol/kg) PAS600 –IL-
1Ra 2 days (48 h) before MSU crystal challenge significantly
reduced MPO in the peritoneal exudate fluid. MPO serves as a
marker of neutrophil influx and activation, which is IL-1– de-
pendent. This amount of PAS–IL-1Ra (0.8 mg/kg) represents
2% of the 10 mg/kg anakinra dose used in later investigations by
molarity. Nevertheless, PAS–IL-1Ra provided anti-inflamma-
tory activity comparable with a higher dose of anakinra given
closer to peritonitis onset.

PASylation� allows increasing half-life extension as the PAS
moiety is elongated. Thus, we investigated the potency of
PAS800 –IL-1Ra as a longer PAS–IL-1Ra conjugate. PAS800 –
IL-1Ra administered 5 days (120 h) before MSU crystal chal-
lenge markedly reduced leukocyte infiltration and IL-1–
mediated inflammation (Figs. 4 and 5). The effectiveness of
PAS800 –IL-1Ra in the same model as PAS600 –IL-1Ra sup-
ports a general conservation of inhibitory potency among PAS–
IL-1Ra analogs with different molecular weights. Furthermore,
the longer effective half-life of PAS800 –IL-1Ra as compared

with PAS600 –IL-1Ra supports the reported relationship
between PAS moiety length and half-life (40).

But how does dosing every 5 days in mice relate to humans?
In general, mice have reduced half-lives of small molecules and
proteins compared with larger mammals (35). This implies a
potentially longer effective half-life for PAS800 –IL-1Ra in
humans at equivalent doses. Notably, anakinra dosing 24 h
before peritoneal MSU crystal challenge in mice showed little
efficacy in reducing inflammation or leukocyte infiltration
(Figs. 4 and 5). Given the efficacy of daily anakinra in humans,
weekly PAS800 –IL-1Ra dosing may have similar therapeutic
efficacy (42).

Comparison of PAS–IL-1Ra at extended dosing schedules
does not address the question of efficacy in an acute model.
Anakinra is known for its rapid anti-inflammatory effects in
multiple conditions, including gout flares (14). Whether rapid
efficacy of is also observed for PAS–IL-1Ra is an issue. In
a head–to– head comparison of equimolar anakinra and
PAS800 –IL-1Ra, PAS800 –IL-1Ra equaled or exceeded the
anti-inflammatory effects of anakinra when both were given 6 h
before MSU challenge (Fig. 6). Of note, the plasma levels of
IL-1Ra in PAS800 –IL-1Ra- and anakinra-treated mice differed

Figure 6. 6-h pretreatment with PAS800 –IL-1Ra and anakinra reduce inflammation in MSU-crystal–induced peritonitis. A–C, i.p. fluid concentrations of
mouse IL-6 (A), mouse G-CSF (B), and human IL-1Ra (C) 4 h after i.p. MSU crystal instillation, as in Fig. 5. D–F, plasma concentrations of mouse IL-6 (D), mouse
G-CSF (E), and human IL-1Ra (F) from the same experiment. G and H, remaining blood pellet was lysed with 0.5% Triton X-100, as in Fig. 5, and assayed for mouse
G-CSF (G) and KC (H). Whole blood, diluted 1 part in 5, was cultured for 24 h and then the supernatant was assayed for mouse IL-6 (I), as in Fig. 5. Data are
presented as mean � S.E.; ns, not significant;*, p � 0.05; **, p � 0.01; ***, p � 0.001; and ****, p � 0.0001 (Control/PAS800 –IL-1Ra comparison); #, p � 0.05
(Anakinra/PAS800 –IL-1Ra comparison) (two-tailed Student’s t test).
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by 176-fold between the administration and the end of the
experiment (Fig. 6, C and F). The rapid decline of circulating
anakinra concentrations as compared with PAS800 –IL-1Ra
likely explains the difference of efficacy, and it highlights a likely
clinical outcome of PAS800 –IL-1Ra use. Because PAS–IL-1Ra
has reduced IL-1 receptor blockade activity as compared with
anakinra, the high level of circulating PASylated IL-1Ra com-
pensates for the lower affinity and renders a more effective IL-1
receptor blockade compared with anakinra. Comparing inflam-
matory cytokine markers between experiments further illus-
trates the immediate and long-term improvements of PAS–IL-
1Ra efficacy over anakinra (Fig. S4).

Will PAS–IL-1Ra therapy show a qualitative improvement
over current anakinra therapy? The data suggest that PAS–IL-
1Ra improves therapeutic response as compared with anakinra
in short- and long-term dosage. For example, direct cytokine
and leukocyte measurements demonstrate PAS800 –IL-1Ra
outperforms anakinra in IL-1 receptor blockade, even over sev-
eral days (Figs. 4 and 5). Furthermore, the maintenance of high
circulating IL-1Ra levels could prevent concentration “troughs”
of IL-1Ra between doses. Given the rapid clearance of anakinra,
patients are treated with daily administration. By slowing the
clearance of IL-1Ra in circulation and reducing the number of
weekly injections required for IL-1 receptor blockade, PAS–IL-
1Ra could prevent concentration troughs. Without rapid drops
of IL-1Ra levels characteristic of daily anakinra, intermittent
IL-1 signaling spikes would occur less frequently. In a recent
analysis, recurrent gouty arthritis attacks while on medication
was a major factor for treatment noncompliance (49). Some
patients, sensing the drug was not effective, stopped treatment.
PAS–IL-1Ra will likely be used in chronic IL-1–mediated con-
ditions such as RA and osteoarthritis (50), along with athero-
sclerosis (51), type 2 diabetes (52, 53), and heart failure (54, 55),
each of which can occur in patients with recurrent attacks of
gout and is effectively treated in humans by reducing IL-1 sig-
naling (50).

To support an IL-1–specific inhibitory mechanism by PAS–
IL-1Ra, the IL-1–responsive A549 cell line was employed to test
IL-1 blockade. IL-1� stimulated IL-6 (Fig. 7A) and IL-8 (Fig. 7B)
release, which was attenuated in a dose-dependent manner by
anakinra, and was similarly reduced by PAS600 –IL-1Ra and
PAS800 –IL-1Ra at equivalent molarities. Similar dose-depen-
dent reductions in IL-22 were observed for C. albicans–stimu-
lated human PBMC (Fig. 7C). Reductions in IL-1– dependent
cytokine release in cell assays support the direct IL-1 blockade
capabilities of PAS–IL-1Ra.

We also examined the inhibitory activity of PAS–IL-1Ra on
the production of IL-22. IL-22, a member of the IL-10 family,
increases proliferation of malignant cells, tumor progression,
and immunosuppression (45). Thus, IL-22 has become a key
target for immune checkpoint inhibition in cancers of epithelial
origin, including lung, liver, colon, breast, and gastric cancers

(45). In humans, breast cancer cells induce IL-1� from myeloid
and lymphoid cells, which stimulates IL-22 release from diverse
lymphoid cells. Disrupting this IL-1 signal with IL-1Ra reduced
IL-22 levels and IL-22–producing cell numbers in two breast
cancer models, and coincided with slowed tumor growth (45).
From this, IL-1 blockade shows promise as a checkpoint inhi-
bition strategy in cancer. As we have demonstrated, PAS–IL-
1Ra not only retains IL-1 blockade activity but also inhibits
downstream stimulation of IL-22 in PBMC. Because IL-22 is
exclusively produced by immune cells such as those in PBMC,
systemic IL-1 blockade through IL-1Ra may be capable of broad
IL-22 inhibition. Furthermore, blocking IL-22 upstream may be
preferable to direct IL-22 depletion therapy, which may disrupt
intestinal inflammatory balance, hinder clearance of intestinal
infections, and affect intestinal microbiota populations (56).
Accordingly, PAS–IL-1Ra could be administered as a long-last-
ing immune checkpoint inhibitor of IL-22–mediated cancer
growth and progression. Greatly increased retention of PAS–
IL-1Ra may even augment the anticancer efficacy of IL-1 recep-
tor blockade (1, 57).

Investigation of PAS–IL-1Ra in cell assays showed moderate
reductions in IL-1 inhibition potency as compared with ana-
kinra at equimolar concentrations (Fig. 7). To investigate these
differences in potency in vitro, and to investigate direct IL-1R1
binding by PAS–IL-1Ra, SPR analysis was used (Fig. 8). The
data reveal direct binding of PAS–IL-1Ra to IL-1R1, similar to
anakinra. The higher receptor KD seen for PAS–IL-1Ra may be
the source of reduced in vitro activity. Reduction in target affin-
ity is also well-known for other polymers, including PEG, which
may be caused by a slower-diffusion rate due to the enlarged
molecular dimensions of the conjugate (58). Nevertheless, this
effect is likely overcompensated in vivo due to the much-pro-
longed plasma half-life. Understandably, this cannot be simu-
lated in a cell culture assay. According to the Law of Mass
Action, receptor binding in vivo is governed both by drug affin-
ity and its circulating concentration. Because PASylation� dra-
matically extends the circulating drug life span, efficient recep-
tor blocking is strongly favored in vivo, as demonstrated with
the mouse data presented here for PAS–IL-1Ra.

For PAS–IL-1Ra to become an effective treatment, it must
demonstrate safety. Concerns of vacuolization and immunoge-
nicity in similar PEGylated proteins have been raised (37–39).
But if PAS–IL-1Ra shares properties common to other PASy-
lated proteins, including extended plasma retention, conserved
function, and retarded migration in SDS-PAGE (Fig. S5), it
likely also shares their safety profile. Data from PASylated pro-
tein studies in nonhuman primates are particularly relevant,
because no adverse effects were observed following chronic
dosing (36, 59). Recently, a PASylated i-body conjugated with a
600-residue PAS polypeptide similar to that of PAS600 –IL-1Ra
showed no adverse effects in cynomolgus monkeys at doses up

Figure 7. Comparison between anakinra and PASylated IL-1Ra in A549 cells and human PBMC. A and B, A549 cells were stimulated for 24 h with
recombinant human IL-1�. Experimental n � 4, vehicle IL-6 range 2.03–12.62 ng/ml (A) and vehicle IL-8 range 13.2–36.3 ng/ml (B). C, PBMC from six healthy
donors, stimulated 5 days with heat-killed C. albicans. Vehicle IL-22 range 64.6 – 6290 pg/ml. A–C, equimolar anakinra, PAS600 –IL-1Ra and PAS800 –IL-1Ra
treatments of 5.8 –580 nM are indicated below bar graphs. These values were calculated from MS values (Fig. S2). Data are expressed as % change from the
vehicle group, with the mean of the vehicle group triplicate set at 100%. One point represents one averaged triplicate (one experimental group). Data are
presented as mean � S.E.; *, p � 0.05; **, p � 0.01; ***, p � 0.001; and ****, p � 0.0001 (two-tailed Student’s t test).

PASylated IL-1Ra blocks urate crystal inflammation

876 J. Biol. Chem. (2020) 295(3) 868 –882

http://www.jbc.org/cgi/content/full/RA119.010340/DC1
http://www.jbc.org/cgi/content/full/RA119.010340/DC1
http://www.jbc.org/cgi/content/full/RA119.010340/DC1


to 100 mg/kg, along with the characteristic extended plasma
retention and receptor-binding activity (60).

Immune responses to PAS–IL-1Ra in humans remain to be
investigated. On the Food and Drug Administration–approved

label for Kineret�, the manufacturer reports that 28% of RA
patients tested positively for anti-anakinra antibodies after 6
months of treatment using a highly-sensitive anakinra-binding
biosensor assay. Of the 1274 subjects with available data, �1%

Figure 8. In vitro binding of PASylated IL-1Ra and anakinra. Real-time kinetic SPR analysis on a BIAcore 2000 instrument of PAS800 –IL-1Ra (A), PAS600 –
IL-1Ra (B), and anakinra versus IL-1R1 (as Fc chimera) (C) immobilized on a CM3 sensorchip (�RU � 180). The signals for various ligand concentrations are
depicted as red lines with curve fits according to a 1:1 Langmuir model shown in black. The resulting kinetic and affinity parameters are listed in Table 1.
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(9 subjects) were seropositive for antibodies capable of neutral-
izing the biologic effects of anakinra in a cell-based bioassay.
Recent long-term follow-up studies indicate that the incidence
of anti-anakinra–neutralizing antibodies is extremely low (61–
63). Although these values provide assurance about the relative
nonimmunogenicity of recombinant IL-1Ra in patients with
chronic inflammatory and autoimmune diseases, the predict-
ability of immunogenicity of PAS–IL-1Ra in immunosup-
pressed patients is of considerable interest (62). The presence of
anti-PAS–IL-1Ra–neutralizing antibodies will be closely mon-
itored in clinical trials (64 –66).

In summary, after applying PASylation� technology to natu-
rally-occurring IL-1Ra, PAS600 –IL-1Ra and PAS800 –IL-1Ra
were examined for pharmacokinetics as well as efficacy. The
addition of the extended PAS moiety greatly extended the half-
life of IL-1Ra without significantly reducing IL-1 receptor 1
blockade capabilities. This allowed equimolar PAS–IL-1Ra to
outperform anakinra in inflammatory MSU-crystal peritonitis
in mice even when administered 5 days prior to challenge. As
off-label use of anakinra expands, and IL-1 signaling is impli-
cated in several inflammatory diseases, including cancer, PAS–
IL-1Ra may constitute a new treatment option.

Experimental procedures

Mice

Male C57Bl/6 mice were purchased from The Jackson Labo-
ratory (Bar Harbor, ME) and housed in the University of Colo-
rado Anschutz Campus vivarium. Animal groups were age-
matched by birth date, and all mice were 6 – 8 weeks of age.
Mouse protocols were approved by the Institutional Animal
Care and Use Committee of the University of Colorado at
Denver.

Reagents

Anakinra was the kind gift of Amgen (Thousand Oaks, CA).
PASylated recombinant human IL-1Ra (e.g. P600 –IL-1Ra) was
prepared as described previously (40). For this study, a struc-
tural gene for PAS800 –IL-1Ra was constructed using a longer
nonrepetitive reading frame with improved genetic stability
(35) and without the addition of an affinity tag. The fusion pro-
tein was produced in the cytoplasm of Escherichia coli Origa-
miTM B strain (Merck Millipore, Darmstadt, Germany) in a
correctly-folded state and purified in several chromatographic
steps, followed by endotoxin depletion (see supporting Experi-
mental methods). The homogeneity of PAS600-IL-1Ra and
PAS800-IL-1Ra preparations, including absence of aggregates,
was assessed by analytical SEC (Fig. S6). Recombinant human
IL-1� was purchased from R&D Systems (Minneapolis, MN). A
clinical isolate of C. albicans was grown in Saboraud’s broth
overnight, washed three times with sterile saline, counted in a

hemocytometer, and boiled for 30 min. RPMI 1640 � L-gluta-
mine, F-12K media, and heat-inactivated fetal calf serum (FCS)
were purchased from Thermo Fisher Scientific (Hampton,
NH). Penicillin/streptomycin, 0.25% trypsin solution (2.21 mM

EDTA), and MSU crystals were purchased from Sigma.

Specific ELISA

Cytokine and MPO concentrations were analyzed via ELISA
kits (DuoSet�, R&D Systems, Minneapolis, MN) as per the
manufacturer’s instructions. Anakinra and PAS–IL-1Ra con-
centrations were measured by human IL-1Ra ELISA and found
to give similar detections for each molecule as compared with
control IL-1Ra (Fig. S1).

For all graphs of human IL-1Ra, the left y axis denotes ELISA-
detected human IL-1Ra (using the provided IL-1Ra standard),
and the right y axis denotes equivalent moles of IL-1Ra (anak-
inra, PAS600 –IL-1Ra, and PAS800 –IL-1Ra have different
molar weights, see Fig. S2). Molarity for all ELISA-detected
IL-1Ra was calculated using the molecular mass of anakinra
(17.3 kDa).

Subcutaneous PAS600 –IL-1Ra dosing for subcutaneous
pharmacokinetics

10 mg/kg (147.1 nmol/kg) PAS600 –IL-1Ra or 10 mg/kg
(579.5 nmol/kg) anakinra was injected subcutaneously in 200 �l
of sterile saline in mice, and then blood was collected at 2 and
6 h (PAS600 –IL-1Ra only), then 24 and 48 h, and again after
72 h. Blood was drawn in heparinized 20-�l capillary tubes
(Sarstedt AG & Co., Nümbrecht, Germany) from the orbital
plexus after anesthetization by isoflurane inhalation (Piramel
Critical Care, Bethlehem, PA). Heparinized blood was centri-
fuged 10 min at 1344 � g at 23 °C (Heraeus Biofuge 13, Marshal
Scientific, Hampton, NH), and plasma was aspirated and frozen
at �20 °C for specific ELISA.

PAS600 –IL-1Ra dosing for intraperitoneal pharmacokinetics

PK studies in BALB/c mice (i.p. application of 15 mg/kg body
weight) were performed according to a published procedure
(27). Plasma was collected from blood by centrifugation for 10
min at 1344 � g at 23 °C and aspiration, then plasma was flash-
frozen in liquid nitrogen, and stored at �20 °C. IL-1Ra content
at different time points was measured by ELISA.

MSU-crystal–induced experimental peritonitis using
PAS600 –IL-1Ra

Two groups of five mice were randomly assigned as control
or for PAS600 –IL-1Ra treatment. 48 h (2 days) before MSU
stimulation, mice received i.p. 0.8 mg/kg (11.8 nmol/kg)
PAS600 –IL-1Ra in 200 �l of sterile saline or with 200 �l of
sterile saline alone. Then mice were instilled i.p. with 3 mg of
MSU crystals and sacrificed after 6 h. 10 ml of ice-cold sterile
saline was rapidly infused i.p., and the fluid was collected, cen-
trifuged for 4 min at 244 � g at 4 °C (5810 R centrifuge, Eppen-
dorf, Hamburg, Germany), aspirated, and frozen at �20 °C for
MPO and cytokine ELISAs.

Table 1
Kinetic parameters measured by SPR

Protein sample kon (105 M�1 s�1) koff (10�5 s�1) KD

pM

PAS800-IL-1Ra 2.23 2.63 118
PAS600-IL-1Ra 3.02 4.29 142
Anakinra 9.82 1.82 18.5
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MSU-crystal–induced experimental peritonitis using
PAS800 –IL-1Ra

For the first experiment, groups of five mice were randomly
assigned to control, anakinra treatment, and PAS800 –IL-1Ra
treatment groups. 120 h (5 days) before MSU crystal instilla-
tion, mice were treated i.p. with 48.3 mg/kg (579.5 nmol/kg)
PAS800 –IL-1Ra in 200 �l of sterile saline (PAS800 –IL-1Ra
treatment group), or sterile saline alone (control group). 24 h
before MSU stimulation, the anakinra treatment group mice
were treated i.p. with 10 mg/kg (579.5 nmol/kg) anakinra in
sterile saline. Then, all groups were instilled i.p. with 3 mg/kg
MSU crystals in 200 �l of sterile saline. All mice were sacrificed
4 h after MSU administration. Blood was collected from the
orbital plexus in EDTA. A portion of the whole blood was
removed for culture, and then the remaining blood was centri-
fuged 10 min at 1344 � g at 23 °C. Plasma was aspirated and
frozen at �20 °C for ELISA, and the remaining blood pellet was
lysed with 0.5% Triton X-100 (Sigma) and frozen at �20 °C for
ELISA. The peritoneal cavity was lavaged with 10 ml of ice-cold
PBS and collected by puncture, and then the fluid was centri-
fuged for 4 min at 244 � g at 4 °C. The supernatant was aspi-
rated and frozen at �20 °C for ELISA, and the pellet was resus-
pended in 500 �l of PBS for hematology analysis on the Heska
veterinary hematology analyzer. To express the data, the mean
of the vehicle group cell counts or proteins was set at 100%.
Then, all points in that experiment were expressed as percent of
the vehicle mean. Experiments (n � 2) were then combined.

For the second experiment, groups of five mice were ran-
domly assigned to control, anakinra treatment, and PAS800 –
IL-1Ra treatment groups. 6 h before MSU crystal instillation,
mice were treated i.p. with 48.3 mg/kg (579.5 nmol/kg)
PAS800 –IL-1Ra in 200 �l of sterile saline (PAS800 –IL-1Ra–
treatment group), 10 mg/kg (579.5 nmol/kg) anakinra in 200 �l
of sterile saline (anakinra treatment group), or sterile saline
alone (control group). These groups were then stimulated with
MSU crystals and harvested as detailed in the previous
experiment.

Cell counts

Leukocyte populations in mouse blood and i.p. fluid were
evaluated using an automated cell counter (Heska� Hema-
True�, Loveland, CO). The i.p. fluid was centrifuged to pellet
the cells (see above), which were resuspended in 500 �l of PBS
for counting. Blood was diluted 1 part in 2 for counting.

Whole-blood culture

Blood removed at sacrifice was diluted 1 part in 5 in RPMI
1640 medium supplemented with 100 units/ml penicillin and
0.1 mg/ml streptomycin and seeded in 200-�l triplicate wells in
round-bottom 96-well plates for spontaneous cytokine produc-
tion. Cultures were incubated at 37 °C and 5% CO2 for 24 h.
Supernatants were centrifuged and aspirated for specific ELISA
for mouse IL-6. Then, IL-6 levels were normalized by total
WBC, as assessed by automated cell counter. For Fig. 5G, the
mean IL-6 per WBC in the vehicle group was set at 100%, and
then all points were expressed as percent of the vehicle mean.

A549 cell culture

A549 cells (ATCC, Manassas, VA) were cultured in 75-mm2

flasks with F-12K media supplemented with 10% v/v FCS, 100
units/ml penicillin, and 0.1 mg/ml streptomycin at 37 °C under
5% CO2. Media were refreshed every 3 days, and the culture was
split at 70% confluence using 0.25% trypsin/EDTA.

A549 in vitro stimulation

5 � 104 cells per well were seeded in triplicate in round-
bottom 96-well plates in complete F-12K media. Cells were pre-
treated with 579.5, 57.95, or 5.795 nM inhibitor (anakinra,
PAS600 –IL-1Ra, or PAS800 –IL-1Ra) for 1 h. Then, 10 ng/ml
recombinant human IL-1� was added, and the culture was
incubated 24 h at 37 °C under 5% CO2. Culture plates were
centrifuged for 4 min at 244 � g at 23 °C, and supernatants were
aspirated and analyzed for mouse IL-6 and IL-8 via specific
ELISA. Then, the mean of the triplicate IL-1�–stimulated pos-
itive control wells was set as 100%, and the triplicate well aver-
ages of all other experimental conditions were then expressed
as percent of the positive control mean.

PBMC isolation and culture

Healthy donor human peripheral venous blood was collected
in vacuum tubes with EDTA added (BD Biosciences), and
PBMCs were separated in a Histopaque�-1077 (Sigma) gradi-
ent with centrifugation and saline wash as per the manufactu-
rer’s instructions. Collected cells were counted using a hemo-
cytometer, then centrifuged 4 min at 244 � g at 23 °C, and
resuspended in complete RPMI 1640 medium. 105 cells per well
were seeded in triplicate in round-bottom 96-well plates in 200
�l. Cells were pretreated with 579.5, 57.95, or 5.795 nM inhibi-
tor (anakinra, PAS600 –IL-1Ra, or PAS800 –IL-1Ra) in RPMI
medium for 1 h. Then, 5 � 104/ml heat-killed C. albicans were
added, and the culture was incubated 5 days (120 h) at 37 °C
under 5% CO2. Supernatants were aspirated and analyzed for
human IL-22 via specific ELISA. Then, the mean of the tripli-
cate C. albicans–stimulated positive control wells was set as
100%, and the triplicate well averages of all other experimental
conditions were then expressed as percent of the positive con-
trol mean.

Real-time SPR receptor-binding analysis of PAS–IL-1Ra fusion
proteins

SPR spectroscopy was performed on a BIAcore 2000 instru-
ment (GE Healthcare, Uppsala, Sweden). To investigate the
influence of PASylation� on binding kinetics, a fusion protein
(Symansis, Timaru, New Zealand) consisting of the extracellu-
lar domain of human IL-1 receptor I (IL-1RI) (aa 1–333) and the
Fc region of human IgG1 (aa 93–330) was immobilized on a
CM3 sensorchip (GE Healthcare) via an amine-coupled anti-
human Fc antibody (Jackson ImmunoResearch, West Grove,
PA) at 5 �g/ml in PBS, 0.05% Tween 20, resulting in a surface
density of 	180 resonance units (�RU). In-house–produced
PAS800 –IL-1Ra (see supporting Experimental methods) and
the drug anakinra (Swedish Orphan Biovitrum, Stockholm,
Sweden) were diluted in 4 mM KH2PO4, 16 mM Na2HPO4, 115
mM NaCl, 0.05% (v/v) Tween� 20, pH 7.4 (PBS/T), and injected
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in appropriate concentration series using PBS/T as running
buffer. Complex formation was observed at a continuous flow
rate of 25 �l/min, and the kinetic parameters were determined
by fitting the data to the a 1:1 Langmuir binding model for
bimolecular complex formation using BIAevaluation software
version 4.1.1 (BIAcore). Sensorgrams were corrected by double
subtraction of the corresponding signals measured for the in-
line control blank channel and an averaged baseline determined
from several buffer blank injections. To determine a reliable
dissociation constant (koff), complex dissociation was followed
for 3600 s in the case of the two highest analyte concentrations.
Chip regeneration was achieved with 10 mM glycine/HCl, pH
1.7.

Statistical analysis

Statistical significance was determined by two-tailed
Student’s t tests using GraphPad Prism version 8.0.1 for Macin-
tosh (GraphPad Software, San Diego, CA).
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