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As biologic therapies become first line treatments for many inflammatory disorders, it becomes increasingly
important for the practicing physician to be familiar with how these drugs function at the molecular level.
This information is useful in making therapeutic decisions and helping patients understand their treatment
options. It is critical to patient safety and clinical response that the molecular differences between these
drugs inform prescribing practices. To this end, we present and analyze the available structural biology
information about the biologics used in the treatment of psoriasis including inhibitors of tumor necrosis
factor alpha (TNFa), interleukin-17 (IL-17), and interleukin-23 (IL-23). We describe and analyze the
molecular surface character of known binding epitopes for medications in these classes, showing that
significant differences exist in epitope location, hydrophobicity, and charge. Some of these differences
can be correlated with clinical data, but our analysis ultimately points to the need for more structural
information to allow for a better understanding of the structure-function relationship of biologic therapies.

INTRODUCTION

Biologics are a class of therapies increasingly being
used in the treatment of psoriasis and other inflamma-
tory diseases. Psoriasis is an immunologic disease that
involves various cytokines in psoriatic lesions. Because
cytokines and activated T cells promote the dysregulated
growth of keratinocytes leading to plaques of erythema-
tous, scaly skin, antibodies that target key cytokines in
the inflammatory pathway are effective therapeutics for
this disease. The three main classes of biologics used in
the treatment of psoriasis are inhibitors of tumor necrosis

factor alpha (TNFa), interleukin-17 (IL-17), and interleu-
kin-23 (IL-23). As new biologics emerge with similar or
identical targets, explanations for differences in clinical
effect require an increasingly nuanced understanding of
mechanisms of action. We believe that knowledge of the
structural biology of drug binding provides the clinician
with a perspective that allows for more informed deci-
sions about drug prescribing practices, especially when
switching patients from one biologic drug to another.
While clinicians should follow existing Joint AAD-NPF
guidelines of care for the management and treatment of
psoriasis with biologics [1], the authors of these guide-
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Figure 1. Structure of a Fab Fragment and its CDR loops. lllustrative Fab fragment (upper left) with zoomed-in view
of an x-ray crystal structure of Fab fragment of adalimumab (heavy chain purple, light chain green). The complement
determining region (CDR) locations (red and orange) are highlighted. The CDR loops determine the epitope bound by

the antibody.

Table 1. Crystal structures used in this study.

Protein or Protein Complex PDBID Reference
TNFa 1TNF [24]
TNFR2-TNFa 3ALQ [71
Adalimumab-TNFa 3WD5 [8]
Certolizumab-TNFa 5WUX [9]
Infliximab-TNFa 4G3Y [10]
Golimumab-TNFa 5Y0Y [11]
IL-17A 4HR9 [14]
IL-17RA-IL-17A 4HSA [14]
IL-17F 1JPY [15]
IL-23 5MXA [19]
IL-23RA-IL-23 5MzvV [19]
Ustekinumab-IL-12p40 3MHX [20]

lines emphasize that there is not enough data to make
recommendations about switching therapies. An analysis
of the molecular differences between drugs within and
across biologic drug classes helps fill this knowledge gap.
Additionally, information about molecular structure is in-
valuable to scientists in the drug development process.
Most structural information about the action of bio-
logics comes from x-ray crystal structures of Fab (frag-
ment antigen binding) fragments bound to their cytokine
target. Since biologics are antibody molecules, they
have unique Fab fragments while sharing a common im-
munoglobulin structure (with a few exceptions that are
discussed later). Within the Fab fragments, CDRs (com-
plement-determining regions) are the main component

involved in binding and they determine the antibody’s
specificity to its target. The light and heavy chains in the
Fab region of an antibody each have three CDRs com-
posed of loops (Figure 1) [2].

Despite sharing a similar general structure, biologics
bind to a variety of cytokines. Analysis of those cytokine
structures, particularly the epitopes where the drugs bind,
allows for the formation of hypotheses about drug action.
Furthermore, comparison of receptor and drug binding
sites provides insights not otherwise apparent without a
structural perspective.

MATERIALS AND METHODS

Crystal structures listed in Table 1 were obtained
from the Protein Data Bank (PDB) and analyzed for bind-
ing surface location, hydrophobicity, and charge using
UCSF Chimera (Computer Graphics Laboratory, Univer-
sity of California, San Francisco) [3] and PISA (Protein
Interfaces, Surfaces and Assemblies’ service) [4]. Overall
binding surface character pie charts shown in Figures 3,
6, and 7 were calculated by tabulating all solvent accessi-
ble surface area of each residue in the epitope categorized
as acidic (D, E), basic (R, K), polar (Q, N, H, S, T, Y, C,
G), or hydrophobic (A, I, L, E, V, P, M, W).

RESULTS AND DISCUSSION

TNFa

The TNFa molecule is expressed on the cell surface
as transmembrane TNFa (tmTNFa), which is cleaved
by TNF alpha converting enzyme (TACE) into soluble
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Figure 2. TNFa structure. X-ray crystal structure of the sTNFa (soluble TNF alpha) homotrimer and monomer
[24]. sTNFa is produced by cleavage from transmembrane TNF alpha (tmTNFa). An equilibrium exists between the
homotrimer and monomer. Specific loop regions and beta strands are labeled on the monomer, as these are important

for describing where TNFa inhibitors bind.

TNFa (sTNFa). Both tmTNFa and sTNFa have biologi-
cal activity, and the biologically active unit of both forms
is a homotrimer (Figure 2) [2]. An equilibrium exists be-
tween the monomer and trimer forms, and slow monomer
exchange of sSTNFa has been observed [5]. The main re-
ceptors for TNFa are TNFR1 and TNFR2.

Currently, five TNFa inhibitors are approved for
clinical use: adalimumab, certolizumab pegol, etanercept,
golimumab, and infliximab. All five drugs directly bind
TNFa to produce their inhibitory effect; the binding of
sTNFa neutralizes the cytokine, while in some cases the
binding of tmTNFa can trigger antibody-dependent cell
cytotoxicity (ADCC) [6]. Adalimumab, golimumab, and
infliximab are IgG antibodies. Etanercept is comprised of
two TNFR2 receptors attached to a fragment crystalliz-
able (Fc) region, and certolizumab pegol is a PEGylat-
ed (modified with polyethylene glycol) Fab and lacks a
Fc region. The structure of the TNFR2-TNFa complex
is representative of the etanercept-TNFa interface [7],
while crystal structures of Fab-TNFa complexes are
available for the remaining 4 TNFa inhibitors [8-11].

As a homotrimer, the TNFa molecule contains three
of each epitope shown in Figure 3. Except for etanercept,
which binds the TNFa trimer in a 1:1 stoichiometry (both
TNFR2 molecules on etanercept bind one TNFa trimer),
the other four drug Fabs bind in a 3:1 stoichiometry. The
infliximab and golimumab epitope locations are similar,
primarily involving the loop regions of the TNFa mole-
cule (Figure 3c,d), while certolizumab, adalimumab, and
etanercept bind residues located more in the beta sheet
strands (Figure 3a,b,e). Neither certolizumab nor etaner-
cept bind to the EF loop; this region is thus not stabilized
by antibody binding in the Fab-TNFa structure, and the
EF loop is missing in the structures for these two drugs.

The etanercept and adalimumab epitopes span two TNFa
monomers, while the certolizumab, golimumab, and in-
fliximab epitopes are contained on one subunit. Of the
five drugs, golimumab overlaps the least with the TNFR2
binding site; only one residue, a glutamine on the CD
loop, is common to the binding sites of both TNFR2 and
golimumab (Figure 3f).

To better understand TNFa inhibitor drug binding
sites, we analyzed the TNFa solvent-accessible molec-
ular surface and characterized its hydrophobicity and
charge distribution for each drug epitope (Figure 3). A
polar solvent-accessible surface area (SASA) of about
50% was found in all the binding epitopes. The etaner-
cept and adalimumab epitopes have the most significant
hydrophobic surface areas (>20% SASA), while the cer-
tolizumab, golimumab, and infliximab epitopes are less
hydrophobic (10% SASA or less). The charge potential
of the molecular surfaces of the adalimumab, golimumab,
and infliximab binding sites on TNFa are predominant-
ly negative (acidic) due to a large proportion of acidic
surface area. The certolizumab binding surface on TNFa
appears mostly neutral due to roughly equal surface area
contributed by acidic and basic residues, resulting in a net
neutral character. The etanercept binding site also has an
overall neutral charge but differs due to the presence of
fewer charged residues.

Clinical Relevance

Knowledge of the differences in epitope location
and surface chemistries is particularly useful in choos-
ing a second-line drug following failure of a previously
attempted therapy. Success is most likely when switching
to a drug that is sufficiently different from one that has
already proven ineffective. The number of TNFa sub-
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Figure 3. Characterization of the TNFa binding epitopes for TNFa inhibitors and receptor. Binding epitope
location (column 1), hydrophobicity potential (column 2) and electrostatic/charge potential (column 3) mapped onto the
sTNFa trimer molecular surface (monomers colored green, purple, and yellow) for (a) adalimumab, (b) certolizumab,
(c) golimumab, (d) infliximab, and (e) etanercept. These were determined from the drug-TNFa complex crystal structure
for each drug (the crystal structure of the TNFR2-TNFa complex was used for etanercept). The overall epitope surface
character (polar, acidic, basic, and hydrophobic surface area) is shown as a pie chart in column 4. (f) TNFa inhibitor
epitopes shown as lines above each binding residue in the TNFa protein sequence.
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Figure 4. TNFa-induced psoriasis. Number of cases of
TNFa inhibitor-induced psoriasis found in the literature for
each drug by a recent review [12].

units in the homotrimer that are bound by a single drug
molecule is a particularly relevant structural feature, as
binding of multiple subunits by adalimumab and etaner-
cept molecules results in stabilization of the TNFo homo-
trimer, thus reducing monomer exchange. Infliximab has
also been shown to inhibit monomer exchange despite
only binding a single subunit for reasons that are not fully
understood [5]. Trimer stabilization has been shown to
prolong residual TNFa bioactivity in vitro [5]. This effect
may increase the half-life of the TNFa trimer and thus po-
tentiate the inflammatory effect of the cytokine and lead
to adverse effects. For example, it has been noted that
a paradoxical effect of TNFa inhibitor therapy in some
patients is the onset of psoriasis. TNFa inhibitor-induced
psoriasis has been reported with infliximab, etanercept,
and adalimumab significantly more than for certolizumab
and golimumab [12] (Figure 4). Switching to a different
TNFa inhibitor is less effective than discontinuing thera-
py in these cases. One possible explanation is that switch-
ing from one trimer-stabilizing drug to another fails to
solve the problem, and only when switching to a non-sta-
bilizer does the issue resolve. There is not enough data in
the literature currently, however, to test this hypothesis.
The overall structure of the drugs is also a relevant
consideration as it impacts pharmacokinetic properties
and clinical efficacy. Certolizumab pegol, for example, is
unique due to the presence of covalently linked polyeth-
ylene glycol, which impacts the drug’s overall hydropho-
bicity and surface charge, increases drug half-life, and de-
creases immunogenicity [13]. Furthermore, while all five
TNFa inhibitors are known to bind tmTNFo, adalimum-
ab, infliximab, golimumab, and etanercept trigger ADCC
of TNFa-expressing cells while certolizumab does not
[6]. This observation is in line with the structures of these
antibodies, as the four ADCC-inducing drugs have an Fc
region which can be recognized by the Fc receptors on

inflammatory cells to trigger ADCC, while certolizumab
lacks an Fc region and thus does not recruit the neces-
sary immune response against tnTNFa-expressing cells.
While this distinction is most pertinent to the treatment
of granulomatous disorders [6] and does not correlate
with efficacy in the treatment of psoriasis, understanding
this difference in mechanism of action may lead to in-
sights into adverse effects and other subtleties that would
have implications for all patients being treated with these
drugs.

IL-17

There are six isoforms of IL-17, ranging from IL-17A
to IL-17F, and there are five IL-17 receptors (IL-17Rs),
ranging from IL-17RA to IL-17RE. IL-17A and IL-17F
share the greatest homology (50%) and are the two most
relevant isoforms to clinical IL-17 inhibition. Unlike the
trimeric TNFa molecule, both IL-17A and IL-17F are di-
mers. They have been characterized as homodimers con-
sisting of two identical molecules (Figure 5a,b). They can
also exist as an IL-17A/IL-17F heterodimer, although the
biologic role of this heterodimer is unclear [14]. IL-17A
and IL-17F signal via the same two receptors, IL-17RA
and IL-17RC. The IL-17 dimer binds first to IL-17RA,
which induces a conformational change in the IL-17 mol-
ecule to allow binding of IL-17RC. IL-17A has a signifi-
cantly greater affinity than IL-17F for IL-17RA [14].

The IL-17 inhibitors currently in clinical use include
ixekizumab, secukinumab, and brodalumab. Ixekizumab
and secukinumab target IL-17A, while brodalumab tar-
gets the receptor IL-17RA. Considerably less structural
information is available for the IL-17 inhibitors compared
to the TNFa inhibitors; crystallographic information ex-
ists for IL-17A [14], IL-17F [15], and the IL-17A-IL-
17RA complex [14], but there are no available structures
of IL-17-drug complexes. Available information about
drug binding includes the ixekizumab epitope derived
from hydrogen-deuterium mass spectrometry [16] and
the secukinumab epitope, which has been publicly dis-
closed [17]. There is no structural information available
for brodalumab.

Analysis of the IL-17RA, secukinumab, and ixeki-
zumab binding sites on the IL-17A molecule (Figure 6)
shows that almost the entirety of the secukinumab epi-
tope overlaps with the IL-17RA binding surface, while a
considerably larger portion of the ixekizumab epitope lies
outside of the receptor binding region. The secukinum-
ab epitope covers both molecules in the IL-17A dimer,
while ixekizumab only binds one molecule in the dimer.
Although the secukinumab epitope spans both subunits, it
is restricted to a smaller (49-55%) surface area (1830 A?)
compared to the binding sites of IL-17RA (3330 A?) and
ixekizumab (3720 A?).
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IL-17A

IL-17F

IL-23

Figure 5. IL-17 and IL-23 structures. X-ray crystal structures of the (a) IL-17A, (b) IL-17F, and (c) IL-23 dimers. The
two subunits in each dimer are colored purple and green. Dotted lines indicate structural elements missing from the
crystal structures (due to protein flexibility and motion within the crystal lattice).

Analysis of the solvent-accessible molecular sur-
face of the IL-17RA and secukinumab epitopes on IL-
17A shows that both have significant polar and hydro-
phobic surface character, while the ixekizumab binding
site has primarily polar character. In contrast to the TNFa
molecule, which binds via primarily acidic interfaces,
the IL-17A binding surfaces are more basic (positively
charged). The ixekizumab epitope has the highest basic
SASA (19%) with a prominent basic patch visible near
the dimer interface.

Clinical Relevance

Because both faces of the IL-17 dimer are required
to bind two unique receptors, IL-17RA and IL-17RC,
binding of one drug molecule is theoretically sufficient
to block biological activity, unlike the case of TNFa in
which binding of a TNFa trimer by one drug molecule
may still leave enough space for receptor binding. It is
not known whether one or two secukinumab/ixekizumab
molecules can bind a single IL-17A molecule. Given that
IL-17RC binds IL-17A after an IL-17RA-induced con-
formational change, it is possible that a conformational
change occurs after drug binding that prevents a second
drug molecule from associating with the opposite face.

There is a major need for structural studies of IL-
17 inhibitors. The possibility of receptor interaction with
partially inhibited IL-17 is a consideration that requires
structural investigation. Structural validation of biochem-
ically determined epitopes is also important to fully eluci-
date the binding mechanism of these drugs. Interestingly,
a biologic drug in clinical trials, bimekizumab, targets
both IL-17A and IL-17F [18]; crystallographic infor-
mation comparing the binding of bimekizumab, secuki-
numab, and ixekizumab to IL-17A would likely provide

insights into binding specificity, which would be partic-
ularly valuable for drug development. Another useful
structure would be the brodalumab-IL-17RA complex,
which would provide mechanistic information about drug
function.

IL-23

The IL-23 cytokine differs from the homomeric
TNFa and IL-17 molecules because it is a heterodimer
made up of the p19 and p40 subunits (Figure 5c). The p19
subunit is a helical subunit unique to IL-23, whereas the
p40 subunit is common to several cytokines including IL-
12. Like IL-17, IL-23 function requires interaction with
two different receptors; IL-23 first binds IL-23R, which
then primes the cytokine to bind IL-23RB1 (also known
as IL-12RpB1) [19].

IL-23 inhibitors approved for clinical use include til-
drakizumab, risankizumab, and guselkumab, all of which
are antibodies that specifically target IL-23, as well as
ustekinumab, which targets both IL-12 and IL-23. Struc-
tures exist for the IL-23-IL-23R complex [19] as well as
the p40-ustekinumab complex [20], but no structural in-
formation is available for IL-23R1 or the targeted IL-23
inhibitors.

The binding sites of IL-23R and ustekinumab on
the IL-23 molecule are shown in Figure 7a. As expect-
ed, the p19 subunit greatly contributes to IL-23R bind-
ing, while the p40 subunit contributes a minor amount of
binding area. Ustekinumab only binds the p40 subunit,
which explains its ability to bind both IL-12 and IL-23.
The molecular surfaces of the IL-23R and ustekinumab
binding sites have similarly high hydrophobic surface ar-
eas (> 30% SASA) forming several hydrophobic patches
(Figure 7b,d). The IL-23 binding surfaces notably differ
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Figure 6. Characterization of the IL-17A binding epitopes for IL-17A inhibitors and receptor. Binding epitope
location (column 1), hydrophobicity potential (column 2) and electrostatic/charge potential (column 3) mapped onto
the IL-17A dimer molecular surface (the two monomers are colored purple and green) for (a) IL-17RA, determined by
the IL-17A-IL-17RA crystal structure, (b) secukinumab, based on the disclosed binding epitope, and (c) ixekizumab,
determined by hydrogen-deuterium mass spectroscopy. The overall epitope surface character (polar, acidic, basic,
and hydrophobic surface area) is shown as a pie chart in column 4. (d) Residues involved in binding of IL-17RA,
secukinumab, and ixekizumab shown as lines above the IL-17A amino acid sequence.
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Figure 7. Characterization of the IL-23 binding epitopes for IL-23R and Ustekinumab. (a) Binding epitope location
of IL-23R (red) and ustekinumab (blue) on the IL-23 molecular surface determined by x-ray crystallography. The p19
subunit is colored purple and the p40 subunit is colored green. (b) Hydrophobicity potential of the IL-23 binding epitope
for IL-23R and ustekinumab mapped onto the IL-23 molecular surface. (c¢) Electrostatic/charge potential of the IL-23
binding epitope for IL-23R and ustekinumab mapped onto the IL-23 molecular surface. (d) The overall epitope surface
character (polar, acidic, basic, and hydrophobic surface area) of the IL-23R (top) and ustekinumab (bottom) binding

sites.

from those of TNFa and IL-17A because the IL-23 sur-
face has large areas of charged residues. Almost 50% of
the IL-23R binding surface is charged (either acidic or
basic), while 36% of the ustekinumab binding surface is
charged. A key difference, however, is that the IL-23R
binding site has equal basic and acidic character, result-
ing in a net neutral charge, while the ustekinumab bind-
ing site is strongly acidic (Figure 7c).

Clinical Relevance

There is no overlap between the ustekinumab and
IL-23R binding sites, suggesting that blocking of IL-
23Rp1 binding is the key mechanism of IL-23 inhibition
by ustekinumab. This represents an important difference
between ustekinumab and the specific IL-23 inhibitors,
as the latter group necessarily binds at least in part to
the pl9 subunit to achieve specificity for its target. As
a result, tildrakizumab, risankizumab, and guselkumab
are likely to prevent IL-23R binding. This difference is
significant because IL-23 containing inactivated p40 has
been shown to have IL-23R mediated, IL-23R[1-inde-
pendent biologic activity [21]. Thus, the lower clinical
response rate seen in ustekinumab compared to targeted
IL-23 antagonists [22] may be related to the ability of the
ustekinumab-IL-23 complex to induce an inflammatory
response via interaction with IL-23R in some patients.

CONCLUSION

Structural information about drug and receptor com-
plexes with cytokines give insight into biologic therapy
mechanisms of action and have implications for clinical
practice. Analysis of the drug-binding epitopes of TNFa,
IL-17A, and IL-23 show differences in surface location,
charge, and hydrophobicity. The surface characteristics
of each epitope reflect the way a complementary antibody
recognizes and interacts with its target. Differences in
these epitopes thus represent subtle variations in mecha-
nism of action. Some of these differences can be correlat-
ed with drug efficacy and adverse effects. However, this
research is limited by a need for more clinical data to cor-
relate with our analysis as well as more structural studies
of biologics, especially of IL-17 and targeted IL-23 in-
hibitors. Structures of these drugs bound to their targets
would allow for comparison between drugs within each
biologic class as well as across different classes of biolog-
ic drugs. Hypotheses derived from these studies are likely
to impact clinical practice as well as future drug devel-
opment because they address the structure-function rela-
tionship of the therapeutics. The known impact of struc-
ture on drug immunogenicity [23], for example, could be
further explored with the molecular structures of drugs to
compare with clinically identified rates of anti-drug an-
tibody formation. Future drugs could then be optimized
to decrease immunogenicity based on this data. For the
clinician, this information increases the ability to make
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evidence-based decisions. There are implications for in-
surance company policies, which sometimes require the
trial of multiple drugs within a class before switching bi-
ologic therapies. From the patient perspective, having a
physician that fully understands how biologics work will
empower the patient-doctor relationship and increase
confidence in decisions made by the prescriber and the
patient.

Acknowledgments: This work was supported by the
Richard K. Gershon, M.D., Student Research Fellowship
at Yale University School of Medicine (to SAE) and an
NIH/NIAMS Award K08-AR070290 (to CGB).

Conflict of Interest: CGB has received honoraria for
speaking engagements with UCB Pharma.

REFERENCES

1. Menter A, Strober BE, Kaplan DH, Kivelevitch D, Farley
Prater E, Stoff B et al. Joint AAD-NPF guidelines of care
for the management and treatment of psoriasis with biolog-
ics. J Am Acad Dermatol. 2019;80(4):1029-1072.

2. Lim H, Lee SH, Lee HT, Lee JU, Son JY, Shin W et
al. Structural biology of the TNFa antagonists used
in the treatment of rheumatoid arthritis. Int J Mol Sci.
2018;19:768.

3. Pettersen EF, Goddard TD, Huang CC, Couch GS, Green-
blatt DM, Meng EC et al. UCSF chimera — a visualization
system for exploratory research and analysis. J] Comput
Chem. 2004;25:1605-1612.

4. Krissinel E and Henrick K. Inference of macromolecular as-
semblies from crystalline state. J Mol Biol. 2007:372;774-
797.

5. van Schie KA, Ooijevaar-de Heer P, Dijk L, Kruithof S,
Wolbink G, Rispens T. Therapeutic TNF inhibitors can
differentially stabilize trimer TNF by inhibiting monomer
exchange. Sci Rep. 2016;6:32747.

6. Szondy Z, Pallai A. Transmembrane TNF-alpha reverse
signaling leading to TGF-beta production is selectively
activated by TNF targeting molecules: therapeutic implica-
tions. Pharmacol Res. 2017;115:124-132.

7. Mukai Y, Nakamura T, Yoshikawa M, Yoshioka Y, Tsunoda
SI, Nakagawa S. Solution of the structure of the TNF-TN-
FR2 complex. Sci Signal. 2010;3:ra83.

8. Hu S, Liang SY, Guo H, Zhang D, Li H, Wang X et al.
Comparison of the inhibition mechanisms of adalimumab
and infliximab in treating tumor necrosis factor alpha-as-
sociated diseases from a molecular view. J Biol Chem.
2013;288:27059-27067.

9. Lee JU, Shin W, Son JY, Yoo KY, Heo YS. Molecular basis
for the neutralization of tumor necrosis factor alpha by
certolizumab pegol in the treatment of inflammatory auto-
immune diseases. Int J Mol Sci. 2017;18,228.

10. Ling SY, Dai JX, Hou S, Su L, Zhang D, Guo H et al.
Structural basis for treating tumor necrosis factor alpha
(TNFalpha)-associated diseases with the therapeutic anti-
body infliximab. J Biol Chem. 2013;288:13799-13807.

11. Ono M, Horita S, Sato Y, Nomura Y, Iwata S, Nomura

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

27

N. Structural basis for tumor necrosis factor blockade
with the therapeutic antibody golimumab. Protein Sci.
2018;27:1038-46.

Li SJ, Perez-Chada LM, Merola JF. TNF inhibitor-induced
psoriasis: proposed algorithm for treatment and manage-
ment. J Psoriasis Psoriatic Arthritis. 2019;4(2):70-80.
Veronese FM, Mero A. The impact of PEGylation on bio-
logical therapies. BioDrugs. 2008;22:315-329.

Liu S, Song X, Chrunyk BA, Shanker S, Hoth LR, Marr
ES. Crystal structures of interleukin 17A and its complex
with IL-17 receptor A. Nat Commun. 2013;4:1888.
Hymowitz SG, Flivaroff EH, Yin JP, LEE J, Cai L, Risser
Petal. IL-17s adopt a cystine knot fold: structure and
activity of a novel cytokine, IL-17F, and implications for
receptor binding. EMBO J. 2001;20:5332-5341.

Liu L, Lu J, Allan BW, Tang Y, Tetreault J, Chow C. Gen-
eration and characterization of ixekizumab, a humanized
monoclonal antibody that neutralizes interleukin-17A. J
Inflamm Res. 2016;9:39-50.

Guettner A, Machacek, M, Papavassilis C, Sander O.
Methods of treating psoriasis using IL-17 antagonists. USA
patent WO2012045848 (2012).

Glatt S, Baeten D, Baker T, Griffiths M, Lonescu L, Law-
son AD et al. Dual IL-17A and IL-17F neutralization by
bimekizumab in psoriatic arthritis: evidence from preclini-
cal experiments and a randomized placebo-controlled clin-
ical trial that IL-17F contributes to human chronic tissue
inflammation. Ann Rheum Dis. 2018;77:523-532.

Bloch Y, Bouchareychas L, Merceron R, Skladanowska K,
Van Den Bosche L, Detry S et al. Structural Activation of
Pro-inflammatory human cytokine IL-23 by cognate IL-23
receptor enables recruitment of shared receptor IL-12R
beta 1. Immunity. 2018;48:45-58.

Luo J, Wu SJ, Lacy ER, Orlovsky Y, Baker A, Teplyakov A
et al. Structural basis for the dual recognition of IL-12 and
IL-23 by ustekinumab. J Mol Biol. 2010;402:797-812.
Shroder J, Moll JM, Baran P, Grotzinger J, Scheller J,
Floss DM. Non-canonical interleukin 23 receptor complex
assembly. J Biol Chem. 2015;290(1):359-370.

Sawyer LM, K Malottki, Sabry-Grant C, Yasmeen N,
Wright E, Sohrt A et al. Assessing the relative efficacy of
interleukin-17 and interleukin-23 targeted treatments for
moderate-to-severe plaque psoriasis: A systematic review
and network meta-analysis of PASI response. PLoS One.
2019;14(8):¢0220868.

Boehncke WH, Brembilla NC. Immunogenicity of biologic
therapies: causes and consequences. Exp Rev Clin Immu-
nol. 2018;14:513-523.

Eck MJ, Sprang SR. The structure of tumor ne-

crosis factor-a at 2.6A Resolution. J Biol Chem.
1989;264(29):17595-17605.



