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Background: Although infliximab has high efficacy in treating TNFa-associated diseases, the epitope on TNFa remains

unclear.

Results: The crystal structure of the TNFa in complex with the infliximab Fab is reported at a resolution of 2.6 A.
Conclusion: TNFa E-F loop plays a crucial role in the interaction.
Significance: The structure may lead to understanding the mechanism of mAb anti-TNFa.

Monoclonal antibody (mAb) drugs have been widely used for
treating tumor necrosis factor & (TNFa)-related diseases for
over 10 years. Although their action has been hypothesized to
depend in part on their ability to bind precursor cell surface
TNFa, the precise mechanism and the epitope bound on TNFa
remain unclear. In the present work, we report the crystal struc-
ture of the infliximab Fab fragment in complex with TNF« at a
resolution of 2.6 A. The key features of the TNFa E-F loop
region in this complex distinguish the interaction between inf-
liximab and TNF« from other TNF-receptor structures, reveal-
ing the mechanism of TNF« inhibition by overlapping with the
TNFa-receptor interface and indicating the crucial role of the
E-F loop in the action of this therapeutic antibody. This struc-
ture also indicates the formation of an aggregated network for
the activation of complement-dependent cytolysis and anti-
body-dependent cell-mediated cytotoxicity, which result in
development of granulomatous infections through TNFa block-
age. These results provide the first experimental model for the
interaction of TNFa with therapeutic antibodies and offer use-
ful information for antibody optimization by understanding the
precise molecular mechanism of TNF« inhibition.
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Tumor necrosis factor a (TNFa) is an inflammatory cytokine
that plays a central role in acute inflammation and is responsi-
ble for a diverse range of signaling events within cells that trig-
gers necrosis or apoptosis (1-4). TNFa is mainly produced in
activated macrophages and natural killer cells, whereas lower
expression is found in a variety of other cells, including fibro-
blasts, smooth muscle cells, and tumor cells (5). Human TNF«
is translated as a 26-kDa membrane-associated form and is then
cleaved in the extracellular domain through the action of
matrix metalloproteases to release a mature soluble 17-kDa
protein (6). TNFB (also known as lymphotoxin) is another
important TNF member, and its primary sequence shares high
sequence and structural similarities with TNF« (7, 8). Both
TNFa and TNF affect a number of normal and neoplastic cell
processes.

The correct functioning of TNF requires effective communi-
cation with TNF receptors (TNFRs).* Currently, two structur-
ally distinct TNFRs, named TNFR1 and TNFR2, have been
identified; both bind with the released soluble form and mem-
brane-associated form of TNFq, respectively (9, 10). The bind-
ing of TNFa to TNFR1 has been shown to induce apoptosis and
lead to activation of transcription factors involved in cell sur-
vival and inflammatory responses as well as to initiate the path-
ways that lead to caspase activation through the TNFR-associ-
ated death domain and FAS-associated death domain proteins
(11-13). This physiologic relevance suggests that sequestering
TNFa could be used to treat human autoimmune diseases (14),
and a number of anti-TNFa agents (drugs and mAbs) have been
developed to treat patients with TNFa-associated diseases such
as Crohn disease, psoriatic arthritis, rheumatoid arthritis, anky-
losing spondylitis, and persistent uveitis (15).

Therapeutic mAbs have high efficacy in treating TNFa-asso-
ciated diseases. Currently, three versions of therapeutic mAbs,

“The abbreviations used are: TNFR, TNF receptor; r.m.s.d., root mean square
deviation; CDR, complementarity-determining region.
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i.e. etanercept (Enbrel®), infliximab (Remicade®), and adali-
mumab (Humira®), have been approved by the United States
Food and Drug Administration. Among them, infliximab is a
chimeric antibody composed of a complement-fixing human
IgG1 constant region (75%) and a murine-derived antigen-
binding variable region (25%) (16). Infliximab was developed in
1993 and was first approved for treating Crohn disease. Its use
has since been extended to the treatment of ankylosing spon-
dylitis, psoriatic arthritis, rheumatoid arthritis, and various
inflammatory skin diseases (17). Infliximab is known for its
ability to neutralize the biological activity of TNFa by binding
to the soluble (free floating in the blood) and transmembrane
(located on the outer membranes of T cells and similar immune
cells) forms of TNFa with high affinity, preventing it from bind-
ing to cellular receptors and inducing the lysis of cells that pro-
duce TNF« (18, 19). Infliximab affects the TNFa-mediated sig-
naling pathways of cell proliferation, apoptosis, and cytokine
suppression (20). Although the binding avidity or affinity
between TNF« and infliximab is reportedly variable because of
the different measurement methods used, the high binding
avidity/affinity results in the formation of stable TNFa-inflix-
imab complexes (21-23). Interestingly, although TNF« shares
high sequence and structural similarities with TNF, there isno
evidence to show that infliximab can neutralize TNESB (24),
which indicates the high specificity of infliximab in interacting
with TNFa.

Although crystallographic studies on TNFa-TNFR2 and
TNEB-TNFR1 complexes in past decades provided the break-
through for understanding how TNF functions through com-
municating with receptors (8, 25, 26), the experimental struc-
ture of TNFa in complex with the therapeutic antibodies
remains exclusive, and the precise mechanism and the epitope
on TNFa is still unclear (27). In this work, the crystal structure
of TNFa in complex with the infliximab Fab fragment is
reported at a resolution of 2.6 A. The crystal structure of the
TNFa-infliximab Fab together with the structures of TNFf3-
TNFR1 and TNFa-TNFR2 complexes rationalizes the inhibi-
tion of TNFa-receptor interaction by overlap between the
mAb- and TNFR-binding sites on the TNFa. Moreover, the
distinct features of the E-F loop on TNFa in the TNFa-inflix-
imab Fab complex suggest the molecular basis for the specific
binding of infliximab to TNFa but not TNF. The structure of
the TNFa-infliximab Fab complex also indicates the formation
of an aggregated network for the inhibition of membrane-asso-
ciated TNFa function and, therefore, activation of comple-
ment-dependent cytolysis and antibody-dependent cell-medi-
ated cytotoxicity, which result in the reported risk of
developing granulomatous infection of TNFa blockages. These
results lead to a better understanding of the mechanism of
mAbs used for treating TNFa-associated diseases and provide a
new focus for the design of future drugs that target TNFo with
high efficacy and specificity and with fewer adverse effects.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Characterization—The
cDNA sequence-encoding residues Val”’-Leu®** of human
TNFa were cloned into the pET-22b(+) vector (Novagen) and
transformed into Escherichia coli BL21(DE3) cells (Novagen).
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The transformed cells were grown in Luria-Bertani (LB)
medium at 37 °C until the OD 600 reached 1.5, and protein
expression was induced with 0.5 mwm isopropyl 1-thio-f-p-ga-
lactopyranoside for 4 h. The bacterial cells were incubated in a
lysis buffer (PBS) containing 1 mg/ml lysozyme, 1 mm PMSF,
and 1% Triton X-100 for 20 min on ice followed by sonication.
The cell lysate was cleared by centrifugation (10,000 X g) and
filtration (0.45 wm). Solid ammonium sulfate was added to the
supernatant to a final concentration of 35%, immediately
mixed, and incubated on a roller at 4 °C for 2 h. The solution
was then cleared by centrifugation (10,000 X g). After discard-
ing the precipitate, solid ammonium sulfate was continuously
added to the supernatant to a final concentration of 60%, imme-
diately mixed, and incubated on a roller at 4 °C for 4 h. The
precipitated protein was pelleted by centrifugation (10,000 X
2), and the supernatant was discarded. The precipitate was dis-
solved in PBS (20 mm phosphate, pH 8.0 and 150 mm NaCl) and
separated by gel filtration using Superdex 75 (GE Healthcare).
After desalting to 20 mm Tris-HCI, pH 8.0, the target fraction
was further purified with a 20-column volume linear NaCl gra-
dient elution from high performance Q-Sepharose (GE Health-
care). The purity was confirmed to be >95% using sodium
dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE)
analysis. The bioactivity was measured in a cytotoxicity assay
using the TNF-susceptible murine L-929 cell line in the pres-
ence of the metabolic inhibitor actinomycin D (28).

Infliximab (29) was cloned, expressed, and purified following
reported procedures. Briefly, the EcoRV and Xbal sites were
added to the 5'-end of the heavy chain variable region gene
(V1y), and an Nhel site was added to the 3'-end. The PCR prod-
uct was cloned into the pGEM-T vector, and its sequence was
confirmed by DNA sequencing. Vi; was excised through EcoRV
and Nhel digestion and then inserted into the EcoRV/Nhel
sites of the pAH4604 vector containing the human -1 constant
region gene (Cp). The resultant pAH4604-V,; vector was
cleaved with Xbal and BamHI, and then the 3.3-kb fragment
containing the chimeric rodent/human antibody heavy chain
gene was cloned into the pcDNA3.1(—) vector (Invitrogen),
which was digested with the same restriction enzymes, yielding
the chimeric heavy chain expression vector pcDNA3.1(—)-
V1 Cyy. The human k chain constant cDNA (C; ) was obtained
as a 0.3-kb PCR product derived from pAG4622. The light
chain variable region gene (V,) of infliximab was fused to the
5'-end of the C; using the overlapping PCR method. The resul-
tant chimeric light chain gene (V,C;) with a HindIII site
upstream of the start codon and an EcoRI site downstream of
the stop codon was cloned into the pGEM-T vector, and its
sequence was verified. V; C; was excised through HindIII and
EcoRI digestion and ligated into the pcDNA3.1 Zeo(+) vector
(Invitrogen) cleaved with the same restriction enzymes, yield-
ing the chimeric light chain expression vector pcDNA3.1
Zeo(+)V;C;. The chimeric light and heavy chain expression
vectors were co-transfected into Chinese hamster ovary K1
cells using Lipofectamine 2000 reagent (Invitrogen). Stable
transfectants were isolated by limiting dilution in the presence
of 600 ug/ml G418 and 300 ug/ml Zeocin. The culture super-
nates from individual cell clones were analyzed for antibody
production using a sandwich enzyme-linked immunosorbent
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assay. The assay used goat anti-human IgG Fc (Kirkegaard and
Perry Laboratories, Inc., Gaithersburg, MD) as the capture anti-
bodies and goat anti-human k-horseradish peroxidase (HRP)
(Southern Biotechnology Associates, Birmingham, AL) as the
detecting antibodies. Purified human IgG1/k (Sigma) was used
as the standard control. The clones that produced the highest
amount of recombinant antibodies were selected and grown in
serum-free medium. The recombinant antibodies were purified
using protein A affinity chromatography from the serum-free
culture supernatant. The antibody concentrations were deter-
mined by absorbance at 280 nm, and the purity was confirmed
using SDS-PAGE analysis. Bioactivity was measured in a cyto-
toxicity antagonist assay using the TNF-susceptible murine
L-929 cell line in the presence of the metabolic inhibitor acti-
nomycin D and TNFa. The Fab fragment of infliximab for crys-
tallographic investigation was obtained through papain diges-
tion of infliximab. The digested protein sample was loaded onto
a protein A-Sepharose 4 FF column (GE Healthcare), and the
Fab fragment eluted in the flow-through was separated from
the Fc fragment and further purified using ion-exchange chro-
matography using a Q-Sepharose FF column (GE Healthcare).
The protein sample was concentrated to ~10 mg/ml and then
exchanged to a stock buffer containing 10 mm Tris-HCI, pH 8.0
and 100 mm NaCl.

TNFa and infliximab Fab were mixed at a molar ratio of 1:1
and incubated for 10 h at 4 °C to form the complex before crys-
tallization. The mixed protein was further purified using Super-
dex 200 gel filtration columns (GE Healthcare) following the
procedure suggested by the manufacturer. The fractions were
analyzed by SDS-PAGE, and the purity was >95%. The purified
protein was then concentrated to 30 mg/ml in 20 mm Tris-HCl,
pH 7.4 and 150 mm NacCl for crystallization.

Crystallization—Crystallization of the infliximab Fab/TNF«
complex was performed at 290 K using the hanging drop vapor
diffusion method. The crystals grew in drops consisting of 1.5
wl of protein and 1.5 ul of reservoir solution against 200 ul of
reservoir solution. The initial crystal appeared after 3 days of
growth in 1.4 M sodium/potassium phosphate, pH 8.2 with poor
diffraction quality after initial screening. Sodium citrate (300
mwm) was added to the original solution, and crystals with good
diffraction quality were obtained after 5 days of growth. The
crystals were soaked in a cryoprotectant solution consisting of
the reservoir solution and 25% (v/v) glycol and then flash frozen
in liquid nitrogen for x-ray diffraction.

X-ray Data Collection, Processing, and Structure Deter-
mination—The initial data set for the TNFa-infliximab Fab
complex was collected at the BL17A beamline (Photon Fac-
tory, Japan) at a resolution of 3.1 A. The optimized crystals
with good diffraction quality were diffracted to 2.6-A reso-
lution at 100 K in the Beijing Synchrotron Radiation Facility
3W1A and Shanghai Synchrotron Radiation Facility BL17U
beamlines at a wavelength of 1.0000 A with Marl65 and
Mar225 charge-coupled device detectors, respectively. The
data were processed, integrated, and scaled using the HKL2000
package (30). The crystals belong to space group H3 with cell
parametersa = b = 154.0 A, ¢ =993 A, a = B =90°, and y =
120°. Only one complex molecule per asymmetric unit with a
Matthews coefficient of 3.7 A*/Da was present, corresponding
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to 63.4% solvent content (31). The statistical analysis of all data
is presented in Table 1.

The infliximab Fab-TNFa structure was solved by molecular
replacement using the crystal structures of apo-TNFa (Protein
Data Bank code 1TNF), the light chain of the mAb cetuximab/
Erbitux/IMC-C225 (Protein Data Bank code 1YY8), and the
heavy chain of humanized antibody C25 Fab fragment (Protein
Data Bank code 2GCY) as the initial search models using the
program PHASER (32). The structures of uncomplexed light
chain from the mAb cetuximab/Erbitux/IMC-C225 and heavy
chain from humanized antibody C25 Fab fragment were also
used to represent the free form of infliximab Fab. The clear
solutions in both the rotation and translation functions indi-
cated the presence of one complex molecule, including one
TNFa and one infliximab Fab molecule, in one asymmetric
unit, which is consistent with the Matthews coefficient and sol-
vent content (33). Residues that differ between infliximab and
the searching model were manually rebuilt in the program Coot
(34) under the guidance of the F, — F, and 2F, — F, electron
density maps.

After the refinement of the model using simulated annealing,
energy minimization, restrained individual B factors, and addi-
tion of 83 solvent molecules in PHENIX (35), the respective
working R factor and R,.. dropped from 0.37 and 0.45 to 0.19
and 0.23, respectively, for all data from 50.0 to 2.6 A. Refine-
ment was monitored by calculating R, based on a subset con-
taining 5% of the total reflections. Model geometry was verified
using the program PROCHECK (36). Data collection and
refinement statistics are detailed in Table 1. All structure fig-
ures were prepared using PyMOL (37).

Competitive Binding Assay—A 96-well plate was coated
overnight at 4 °C with 100 ul of recombinant human TNFe« (5
pg/ml). Blocking treatment was performed at 37 °C for 2 h.
Before addition to the coated plate, different dilutions of inflix-
imab were incubated with 3 pg/ml biotin-labeled Yisaipu®
(recombinant human TNFR2-Fc fusion protein, also known as
etanercept, which is biosimilar to Enbrel; a product of
CPG]J Pharmaceutical, Ltd., Shanghai, China) in PBS. Preincu-
bation mixtures were added to the coated plate. After 2 h of
incubation at 37 °C, the wells were washed, and an appropriate
dilution of HRP-conjugated avidin was used for detection. After
the addition of tetramethylbenzidine and stop solution, the
absorbance was read at 450 nm with a microplate reader. The
percentage of inhibition was calculated using the following for-
mula: Percent inhibition = (4,5, max — A, sample)/(4,5,
max — A, blank) X 100.

Kinetics and Binding Assay of TNFa Mutants—E-F loop
replacement mutants (into GGGG and SGGSGGSGGSG) and
site-directed mutants (Q67A, K112A, R138A, and Y141A) were
created using PCR. The mutants were expressed and purified as
described for wild-type protein. The infliximab Fab was immo-
bilized onto the surface of a CM-5 sensor chip (GE Healthcare)
via amine coupling following the manufacturer’s instructions.
Maximal electrostatic interaction was obtained with 10 mm
sodium acetate, pH 5.0 (data not shown). Infliximab Fab immo-
bilization levels ranging from ~1,000 to 1,500 resonance units
were regularly obtained. For binding experiments, the BIAcore
T100 (GE Healthcare) instrument was operated at 25 °C, and
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the assay buffer was PBS (20 mm phosphate, pH 7.0 and 150 mm
NaCl). The contact time (the period during which the analyte,
TNFa mutants 4 and 11, was perfused over the chip) was lim-
ited to 300 s, and the flow rate was set at 30 pl/min. For chip
surface regeneration, a 10 mm glycine, pH 2.0 solution was used
to dissociate the bound TNF at the end of each experiment
while retaining surface integrity.

Accession Code—The coordinates and structural factors of
infliximab Fab in complex with TNFa were deposited in the
Protein Data Bank under accession code 4G3Y.

RESULTS

Overall Structure of the TNFa-Infliximab Fab Complex—To
elucidate the mechanism of TNFa inhibition through the ther-
apeutic antibody infliximab, the Fab fragment of infliximab and
functional TNFa were co-purified and crystallized. The crystal
structure of the TNFa-infliximab Fab complex was determined
using the molecular replacement method and refined to 2.6-A

resolution with a final R, value of 19.4% (R,.. = 23.9%) in
TABLE 1
Data collection and refinement statistics

Infliximab

Parameters Fab-TNFa complex

Data collection statistics . .
Cell parameters 154.0 A, c = 99.3 A,

b=1
=B =90°y=120°

a

Space group H3
Wavelength used (A) 1.000
Resolution (A) 50.0 (2.7)*-2.6
No. of all reflections 156,133
No. of unique reflections 27,025
Completeness (%) 99.0 (94.9)
Avera%e I/o(l) 7.6 (2.1)

Riperge (%) 9.2 (47.4)

Refinement statistics

No of reflections used (a(F) > 0) 25,400

R (%) 19.4
Rt (%) 23.9
r.m.s.d. bond distance (A) 0.009
r.m.s.d. bond angle (°) 1.249
Average overall B value (A2) 32.9
Ramachandran plot (excluding Pro and Gly)
Residues in most favored regions 422 (84.3%)
Residues in additionally allowed regions 80 (15.5%)

“ Numbers in parentheses are corresponding values for the highest resolution shell
(2.5-2.4 A).
4 Rmerge = 3,3 |1;,—1,//2,3,1, where I, is the mean of multiple observations I;;, of

a given reflection /.
€ Ryoric = 2||F,(0bs)|—|F,(calc)[[/Z|F,(0bs)[; Ry, is an R factor for a selected subset
(5%) of reﬂectlons that was not mcluded in prior refinement calculations.

space group H3 (Table 1). Although there is only one TNFa-
infliximab Fab complex molecule in one asymmetric unit, the
structure revealed a central TNFa trimer bound by three sym-
metrically arranged infliximab Fab molecules related through a
crystallographic 3-fold axis (Fig. 1). This observation is analo-
gous to the structures of TNFa-TNFR2 (26) and TNFB-TNFR1
(8) complexes and TNFa in complex with other proteins (38),
indicating a 3:3 molar ratio for TNFa and infliximab Fab and
consistent with the results of the gel filtration and analytical
ultracentrifugation (data not shown here).

Only one TNFa molecule is present per asymmetric unit
together with one bound infliximab Fab, but three TNFa mol-
ecules form a triangular conelike homotrimer associated
through a crystallographic 3-fold axis (Fig. 1). Each TNFa mol-
ecule contains two packed antiparallel eight-stranded 3-sheets,
one inner and one outer, in a -jelly roll topology as well as
three additional N-terminal 3-strands. The inner sheet, hidden
in the trimer complex, is formed by strands B”-B-I-D-G in the
correct spatial order, whereas the exposed outer sheet is formed
by strands C'-C-H-E-F. Leu-29, Arg-31, Ser-52, and Tyr-56,
which are crucial for TNFa cytotoxicity and TNFR binding
affinity (2), were confirmed to have the correct conformation by
cytotoxicity as described previously (28) (supplemental Fig. S1).
Moreover, superimposing the TNF« in the TNFa-infliximab
Fab complex with wild-type TNF« yielded a root mean square
deviation (r.m.s.d.) of 1.4 A for the C* atoms of all residues and
indicated no significant overall structural difference between
free TNFa and TNFa in complex except for the residues at the
antibody-antigen interface.

The E-F loop of TNFa« in the TNFa-infliximab Fab complex
that plays a crucial role in the antigen-antibody interaction is
well ordered and defined by unambiguous electron density
(supplemental Fig. S2). However, this region in the TNFa-
TNFR2 complex is totally unobservable (26), suggesting a flex-
ible conformation and lack of interaction in the TNFa-TNFR2
complex and indicating a different role of the E-F loop in anti-
body or receptor binding. Moreover, the E-F loop region in the
TNFa-infliximab Fab complex structure displays an extremely
large r.m.s.d. value for C* atoms compared with the free form,
indicating that a large conformational change occurs in the
loop when TNFa binds with the antibody, whereas a homolo-
gous loop region is completely absent in TNFp (Fig. 2).

‘ 3-fold axis

A

FIGURE 1. Overall structure of the TNF a-infliximab Fab complex. The TNFa-infliximab Fab complex is shown as a ribbon diagram in two orientations: top
view looking down the crystallographic 3-fold symmetry axis (left), and side view with the crystallographic 3-fold axis vertical (right, middle). The molecules in
one TNFa trimer are colored green, light blue, and cyan, respectively. The light chain and heavy chain of infliximab Fab are colored gold and purple, respectively.
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FIGURE 2. Comparison of the interface between TNF« and receptors and infliximab Fab. A, TNFa from the complex structures is represented as a colored
surface with TNFR2 and the infliximab Fab interface highlighted in red at one of three interfaces on the TNFa trimer. The E-F loop region, which is missing in the
TNFa-TNFR2 complex because of the lack of interaction, is labeled. The TNF3 from the TNFB-TNFR1 complex structure is shown as a colored surface with one
of the TNFR1-binding sites highlighted in red. All TNF molecules are superposed and presented in the same orientation. B, the amino acid sequence alignment
of TNFaand TNF 3. The E-F loop, which may play a central role in antibody-antigen interaction, is framed. The numbering of residues (top) refers to thatin TNF .

The infliximab Fab molecule presents a canonical immuno-
globulin fold consisting of four B-barrel domains. The light
chain is composed of residues Asp-1 to Cys-214, which fold into
the V; and C; domains, and the heavy chain residues Glu-1 to
Thr-226 fold into the V;; and C,;; domains (except for the last six
residues in the C terminus of the heavy chain that are missing
because of a lack in density, which indicates a disordered and
flexible conformation). Ala-51;, which is located at the classical
y-turn in the immunoglobulin family, displays a disallowed ste-
reochemical geometry similar to its counterparts in other
reported Fab structures (39). Intramolecular disulfide bonds
are found in the expected positions for typical immunoglobulin
Fab molecules: two between Cys-23, /Cys-88, and Cys-134 /
Cys-194; and two between Cys-22,,/Cys-98;; and Cys-147,/
Cys-203,;. The complementarity-determining regions (CDRs)
of the infliximab Fab have an ordinary length without unusual
residues according to a Kabat sequence database search (40).
The elbow angle of the infliximab Fab, defined as the angle
subtended by the two pseudo 2-fold axes relating V,,; to V; and
Ci; to C;, is 168° in the TNFa-infliximab Fab complex.

Interactions between TNFa and Infliximab—The infliximab
Fab interacts with only one TNFa molecule of a TNFa trimer in
the complex structure through a large and highly complemen-
tary interface (Figs. 24 and 3), which is consistent with the high
affinity between infliximab and TNFa. The total buried surface
area between infliximab Fab and TNFa is 1,977 A2 of which
TNFa contributes 1,035 A% and the light and heavy chains of
infliximab Fab contribute 450 and 600 A2, respectively. This is
also larger than typical protein-protein interfaces (1,560 —1,700
A?) (41). The interaction is demonstrated by a high shape com-
plementarity value (42) of 0.72 (compared with the average
shape complementarity value of 0.64—0.68 for antibody-anti-
gen complexes). The comparison between the interfaces of

“BSEpEN
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TNFa-infliximab Fab and TNFa-TNFR2 indicated that the
interface of TNFa-infliximab Fab overlaps with the TNFR2-
binding site, thus allowing infliximab to inhibit TNFa function.

The interface on TNFa is primarily composed of the C-D and
E-Floop residues as well as several key residues in strands C and
D that interact with Ile**~Trp®? (in CDR H1), Arg®>>~Asn®” (in
CDR H2), and Tyr'%*-Ser'®® (in CDR H3) in the heavy chain of
infliximab Fab. The TNFa G-H loop and additional residues in
the C-D loop also bind to His**~Trp®* (in CDR L3) and several
other residues in the antibody light chain (e.g. Ser-32 in CDRL1
and Tyr-50 in CDR L2) (Fig. 3). There are over 30 pairs of
interactions, including hydrogen bonds, salt bridges, and van
der Waals contacts, that connect the molecules of TNFa and
infliximab Fab in their complex; this indicates a strong and
stable interaction between these two proteins and may account
for their high binding affinity (Table 2).

Several distinct differences were found by superimposing the
TNEB-TNFR1 or TNFa-TNFR2 complex structure onto the
TNFa-infliximab Fab complex structure (Fig. 2). First, TNF«
residues Glu®’—His”® and Thr'°>~Lys"'2, which are located in
the C-D and E-F loops, mostly contribute to the interaction
between TNFa and infliximab Fab. Although the overall folding
of TNFa and its binding with infliximab Fab display nearly the
same conformation with an r.m.s.d. of 1.43 A for 157 C* atoms,
the E-F loop moves outward with the C-D loop that moves
toward the infliximab Fab molecule to accommodate the V,
and V; domains of the antibody (Fig. 4). Additionally, the G-H
loop displays another slight shift, but it may not be related to the
antibody interaction. In contrast, only a few residues in the C-D
loop of TNEP bind to TNER, and the key E-F loop region of
TNFa is shorter in the TNFS amino acid sequence (Fig. 2B),
which is consistent with the absence of this loop region in the
TNER structure. Furthermore, the E-F loop is completely miss-
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FIGURE 3. Detailed TNF a-infliximab Fab interface. A, surface representa-
tions and ribbon diagrams of infliximab Fab (left) and the TNFa-infliximab Fab
complex (right). The light chain and heavy chain of infliximab Fab are colored
gold and magenta, respectively. The TNFa trimer is colored cyan. The contact
surfaces (=3.6 A) are highlighted in blue on infliximab Fab and red on TNFa.
Ribbon diagrams corresponding to the surfaces shown above with the same
color scheme. B, stereoview of the TNFa-infliximab Fab interface. The resi-
dues that are involved in the intermolecular interaction are shown as colored
sticks with the same scheme as the surface representation above. Infliximab
Fab and TNFa molecules are presented as ribbon diagrams.

ing in the TNFa-TNFR?2 crystal structure, which indicates that
the E-F loop has a flexible conformation and does not partici-
pate in the interaction between TNFR2 and TNF« (43). Com-
bined with previous data that indicate that infliximab does not
affect the function of TNFp (24), the TNFa E-F loop may play a
central role in the specific interaction between infliximab and
TNFa but not TNE.

The results of the in vitro binding assay revealed that
TNFa E-F loop replacement mutants with the residues
GGGG (named TNFa(EF-4G)) and SGGSGGSGGSG (named
TNFa(EF-11SG)), distinctively increased the K, value 103-fold
over the wild-type TNFa (Table 3 and supplemental Fig. S3).
This suggests that the E-F loop mutants can decrease the bind-
ing affinity and play essential roles in the interaction of TNFa
with infliximab Fab. Nonetheless, the TNFa(Q67A) and
TNFa(K112A) mutants, which are located in the C-D and E-F
loops, respectively, only slightly decreased the binding affinity
with infliximab Fab. This indicates that the C-D and E-F loops
contribute to the interaction with the antibody through a
molecular network but not via individual residues.

The G-H loop residues Asn'?’~Tyr'*' together with Thr-77
in strand D of TNFa interact with the infliximab Fab, consistent
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TABLE 2

Complete list of interactions between TNFa and infliximab Fab
(=3.6A)

TNFa Infliximab Fab
CDR
Residue Atom Residue Atom loop Distance

A

Gln-67 c® Ile-56,, c H2 3.04
o<t Tle-56,, cot 2.82

N Ile-56,; c 3.18

N Ser-53 o 3.58

N< Ser-55,; or 3.44

Pro-70 cP Ser-105,; o H3 3.46
cP Tyr-50,, OH L2 3.45

cP Ser-105, cP H3 3.57

cr Tyr-103y, (¢] H3 3.03

Ser-71 cP Tyr-50,, ce L2 3.25
cP ct L2 3.34

His-73 cP Tyr-50, co L2 3.50
Thr-105 o Tyr-102, OH H3 2.86
Glu-107 N Tyr-102, OH H3 3.58
Cce OH H3 3.53

cP OH H3 3.51

Ala-109 (6] Tyr-103 OH H3 3.22
Glu-110 cP Asn-31y, N> H2 3.53
Asn-137 o Trp-94, N L3 2,92
Ser-93; ce 3.30

Ser-93, o 3.55

Asn-137 cP Ser-93, o L3 3.48
c His-92; (¢] 3.58

N2 His-92, (¢] 2.81

N2 His-92, ce 3.54

N2 His-92, N< 3.43

Arg-138 c® His-92, (¢] L3 3.28
NH1 Ser-91, (¢] 3.44

Asp-140 o Trp-94, ck L3 3.52
o Trp-94, (o34 L3 3.56

0 Arg-52,, ct H2 3.58

0% Arg-52;; N H2 3.27

0 Arg-52,, N H2 3.00

Tyr-141 ce Arg-52,, N H2 3.43
OH Trp-33y c* H1 3.35

with the TNFB-TNFRI1 interaction (8). Arg-138 provides two
ideal hydrogen bonds with Ser-91; and His-92, from the light
chain and, thus, contributes to the interaction between TNF«
and the antibody. Tyr-141, which extends its side chain toward
the heavy chain of infliximab Fab, provides a large hydrophobic
interface (via its side chain) as well as hydrogen bonding with
Trp-33;; and Arg-52,; to stabilize the TNFa-infliximab Fab
complex.

In concordance with the crystallographic analysis, the results
of the in vitro binding assays demonstrate that TNFa(R138A)
and TNFa(Y141A) mutations significantly decrease the bind-
ing of TNFa to infliximab (Table 3). In sharp contrast, the
region between A and A’, which participates in TNFSB-TFNR1
binding, is not involved in the TNFa-infliximab Fab interac-
tion. Moreover, TNFa residues Arg-31, Arg-32, and Tyr-87,
which are crucial for binding both TNFRs (26, 44), are not
involved in the TNFa-infliximab Fab interface, indicating the
different binding behavior of TNF« with receptors and anti-
bodies. Furthermore, the groove between two adjacent TNF«
subunits is crucial for the interaction between TNFs and
TNERs (8, 26, 38). However, similar structural features are not
found in the TNFa-infliximab Fab complex structure. These
data indicate that the interaction between TNFs and their
receptors or antibodies are likely more complicated than previ-
ously suggested based on the structural analysis of TNFa with
its receptors (8).
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Although the molecular coordinates of TNFa and TNES that
are bound with TNFRs provide an understanding of the mech-
anism of TNF function, the lack of structural information on
TNFa bound to therapeutic antibodies hinders the elucidation
of the precise epitope and clear inhibition mechanism of inflix-
imab despite the fact that infliximab therapy has been used for
TNFa-associated diseases for over 10 years. In the TNFa-
TNFR2 and TNEFB-TNFR1 structures, the cytokine-receptor
interface can be conventionally characterized into upper and
lower regions, which primarily focus on the D-E and A-A"

FIGURE 4. Structural variety of TNF« in free form and TNFa-TNFR2 and
TNF a-infliximab Fab complexes. The free state of the molecule is colored
gray. TNFa molecules in the TNFa-TNFR2 and TNFa-infliximab Fab complex
structures are colored red and cyan, respectively. The variant parts of the C-D
and E-F loops of TNFa are framed.

TABLE 3
Kinetics and binding of TNFa mutants with infliximab Fab

Crystal Structure of TNFa-Infliximab Fab

regions, respectively. In the TNFa-infliximab Fab structure,
residues GIn®’~His”® and GIn'*>~Lys'"* in the TNFa C-D and
E-F loops are largely responsible for the antibody-antigen
interaction, whereas Asn'*’-Tyr'*' in the G-H loop and
Thr-77 in strand D of TNFa complementarily contribute to
this interaction.

The solvent-accessible surface contributed by these interac-
tions covers over 60% of the total interface between TNF«
and TNFR1, which indicates an overlap between the TNF«
receptor-binding sites and the infliximab epitope. Moreover,
although several other residues crucial for TNFa-receptor
binding do not participate in the TNFa-infliximab Fab inter-
face (especially the groove between two associated TNFa mol-
ecules in the TNFa trimer), the peak region of the cone of the
TNFa trimer appears to largely contribute to the interaction
with infliximab Fab.

These results may explain in part the biochemical data con-
cerning the binding avidity or affinity of infliximab to soluble or
membrane-associated TNF« (affinity for soluble TNFe is 27
pMm, and avidity for membrane-associated TNFa is 0.45 nm) (23)
compared with the binding avidity of TNFR1 to TNF« (0.38
nM) (43). Therefore, the binding of infliximab to TNFa effi-
ciently competes with TNFRs binding to TNFe, and the inter-
face between TNFa and TNEFRs is blocked with sufficient
amounts of infliximab, thereby preventing TNFa to function
further in diseases. Nonetheless, the exact TNFa-receptor
interface has still not been elucidated according to current
structural investigations (8, 45—47). However, our data suggest
that infliximab blocks the TNFa-TNFR interaction by occupy-
ing part if not the same TNF« binding interface.

DISCUSSION

TNFa is an inflammatory cytokine that is predominantly
produced by activated macrophages and lymphocytes, plays a
central role in acute inflammation, and is responsible for a
diverse range of signaling events within cells that lead to necro-
sis or apoptosis (1, 2). Therefore, the inhibition of TNF« is a
validated and favorable method for treating several important
TNFa-associated diseases. Currently, several receptors are
known to interact with TNFa and, thus, play a key role in
TNFa-associated diseases. Therefore, an extensive range of
TNFa-inhibitory proteins, most of which are based on an anti-
body scaffold, have been developed and used with variable suc-
cess as therapeutic agents to block the interaction between
TNFa and its receptors (48).

Kinetics and binding of TNFa mutant and infliximab Fab were analyzed using a BIAcore T100. Wild-type TNFa and the mutants were passed over the immobilized
infliximab Fab surface, and the data were globally analyzed using a simultaneous fit for both dissociation (k) and association (k,). The value for K, was calculated as k/k,,.

Typical error levels for the k, and &, values are less than £15%.

k,

a

ky Ky

M lsTd

—1
s

WT TNEa
TNFo(EE-4G)
TNFa(EE-11SG)
TNFa(Q67A)
TNFa(K112A)
TNFa(R138A)
TNFa(Y141A)

3.50 + 0.52 X 10*
0.96 + 0.14 X 10*
3.00 = 0.45 X 10*
5.86 = 0.88 X 10°
1.67 = 0.25 X 10*
1.76 + 0.26 X 10>
2.02 + 0.30 X 10?

3.0+ 045X 107*
1.7 £ 0.25 X 1072
50+ 0.75 X 1072
1.80 + 027 X 10*
474 +0.71 X 10™*
1.69 + 0.25 X 1072
1.07 +0.16 X 1072

M

870 + 1.3 X 107*

1.78 +0.27 X 10°°
1.80 + 0.27 X 10°°
3.07 = 0.46 X 107%
2.84 +043 X 10°®
9.61 = 1.44 X 10°°
5.32 +0.80 X 107°
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Infliximab is a therapeutic mAb that was approved by the
United States Food and Drug Administration to treat Crohn
disease, ankylosing spondylitis, psoriatic arthritis, rheumatoid
arthritis, and ulcerative colitis. However, because infliximab is a
chimeric mAb and its use is not very well tolerated in the major-
ity of patients, infliximab therapy leads to the production of
antibodies to infliximab in a small subset of patients (49 -52).
Increasing the human sequence content by grafting murine
CDRs may be crucial for the integral capacity of antigen binding
and should be retained during humanization (53). Therefore,
structural evidence concerning the TNFa-infliximab Fab interface
could provide direct information for anti-TNFa antibody human-
ization. Together with infliximab, adalimumab is another
widely used (and the first fully human) therapeutic mAb for
treating TNFa-associated diseases; it was approved by the
United States Food and Drug Administration in 2008 (54).
Although adalimumab has a mechanism similar to that of inf-
liximab for treating Crohn disease, rheumatoid arthritis, psori-
atic arthritis, and ankylosing spondylitis, the different binding
avidities of infliximab (4.2 pm) and adalimumab (8.5 pm) for
TNFa (23) suggest variable antigen-antibody interfaces.

Given that the binding affinity between an antibody and an
antigen is one of the most important determinants for thera-
peutic antibody development, improving the surface comple-
mentarity of the interface between the antibody and the anti-
gen, strengthening the interaction, and, thus, enhancing the
binding affinity through mutagenesis of the paratope of the
antibody are of particular interest. Although the interface
between infliximab Fab and TNF« has high complementarity
with an shape complementarity value of 0.72, the complex
structure reported here still provides valuable information for
enhancing their binding affinity.

First, the side chain of GIn-67 in the C-D loop of TNF« inter-
acts with the acid cavity formed by the side chains of Ser-53,
and Ser-55,; with relatively long distances (>3.4 A). Therefore,
the substitution of Ser-53,; and Ser-55;; with long side chain
acidic residues (e.g. aspartate) may provide more favorable
interactions with GIn-67.. Second, the side chain of Trp-94;
provides one van der Waals contact with TNFa residues,
mostly with highly charged side chains (e.g. aspartate and argi-
nine), which suggests that the substitution of Trp-94; with a
long side chain charged residue may result in more and better
interactions with TNFa. Several other substitutions, for exam-
ple S91; D, S93; D, and N31,,Q, could potentially increase the
interaction (and thus increase the binding) between infliximab
and TNFa. Nonetheless, the complexity of antibody-antigen
interaction requires further testing and validation. Moreover,
because the E-F loop is the most divergent portion between
TNFa and TNE (in both amino acid sequence and three-di-
mensional structure) and may play a central role in the specific
interaction between TNF« and infliximab, improving the E-F
loop-interacting region is crucial for increasing the mAb bind-
ing and avoiding the side effects caused by interacting with
TNER in host cells. Notably, although E-F is essential for the
binding of infliximab to TNFq, there is no evidence to show
that this fragment is important to the biological function of
TNFa. The structure of TNFa-TNFR?2 also revealed that E-F
loop does not participate in the binding to TNFRs (26). There-
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fore, the binding of infliximab to the TNFa E-F loop is not likely
to directly impact the function of TNFa but only spatially affect
the communication between TNF« and TNFRs.
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