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Abstract Adalimumab, a full-length monoclonal antibody, is widely used as an anti-tumor
necrosis factor-α (anti-TNF-α) agent. In this article, we aimed to prolong the in vivo
half-life of adalimumab antigen-binding fragment (Fab) through Sortase A (SrtA)-
mediated conjugation of its Fab with fatty acid (FA). In our study, adalimumab Fab
analog was prepared by adding an SrtA recognition sequence (LPETGG) and His6 tag to
the heavy chain C-terminal of the Fab via (G4S)3 linker. Four FA motifs with different
linkers were designed and synthesized by solid-phase methodology, then conjugated
with the Fab analog using SrtA to produce Fab bioconjugates. The successful genera-
tion of four Fab bioconjugates (Fab–FA1, Fab–FA2, Fab–FA3, and Fab–FA4) was
confirmed by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
and mass spectrometry. Then, the bioactivities and half-life of these Fab bioconjugates
were examined using TNF-α-/human serum albumin (HSA)-binding enzyme-linked
immunosorbent assay, cytotoxicity assay, and pharmacokinetic study, respectively.
All Fab bioconjugates exhibited similar TNF-α-neutralizing activities when compared
with the Fab analog, even in the presence of albumin, indicating that there were no
apparent influences on the functional site of Fab after FA modification. However,
different degrees of affinity for HSA were observed among these Fab–FA bioconju-
gates, with Fab–FA3 exhibiting the maximal affinity. An in vivo study in mice further
revealed remarkably improved pharmacokinetics of Fab– FA3 with a 15.2-fold longer
plasma half-life (19.86 hours) compared with that of the Fab analog (1.31 hours). In
summary, we have developed a novel long-acting adalimumab Fab bioconjugate, Fab–
FA3, with more sustained in vivo activity, which can be used for drug development
targeting TNF-α-mediated inflammatory diseases.
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Introduction

Tumor necrosis factor-α (TNF-α) plays an important role in
the regulation of immune responses and inflammation.
Thus, therapeutic strategy targeting TNF-α becomes prom-
ising and urgent in treating many diseases.1 Currently,
several anti-TNF-α agents, including adalimumab, golimu-
mab, certolizumab, infliximab, and etanercept, have been
proven to be beneficial in clinical settings.2 Evidence shows
that most of these TNF-α inhibitors are full-length monoclo-
nal antibodies, of which adalimumab is a representative
inhibitor and has been the top-selling drug for several
consecutive years.3However, as full-lengthmonoclonal anti-
bodies, these TNF-α inhibitors, including adalimumab, have
been limited in clinical use due to the poor tissue penetration
caused by large molecular weight as well as the high cost for
production and use in the healthcare.4,5

Antigen-binding fragment (Fab) of an antibody has many
advantages, such as low molecular weight, satisfactory
antigen-binding capacity, facile prokaryotic expression,
superior tissue penetration, and has been widely studied
in the field of monoclonal antibodies.6 Fab is a preferable
alternative to full-length monoclonal antibody in research
and therapeutic applications. However, Fab is easily filtered
through the glomerulus because of its small molecular
weight, resulting in a relatively short half-life (only 16–-
20hours) in vivo.5,7 To promote the clinical application of
Fab, diverse strategies regarding sprolongation of the half-
life of Fab have been developed, such as PEGylation,8

PASylation,9 albumin-binding peptide fusion,10 and gly-
cine-rich homoamino-acid polymer (HAP) fusion,11 by in-
creasing the hydrodynamic radius or specific binding to
endogenous albumin.

Fatty acid (FA) is a reversible albumin-binding ligand.
Conjugating FA with peptides and proteins will increase
the half-life of targets.12 Reports have demonstrated that
the half-life of several therapeutic biodrugs, such as sem-
aglutide, liraglutide, insulin degludec, and insulin detemir,
can be extended via their conjugation with FAs, which led to
the significant enhancement in therapeutic efficiencies and
the subsequent clinical application of those drugs.13,14How-
ever, whether the half-life of Fab will be prolonged by the
conjugation of Fab with FA remained unknown.

Sortase A (SrtA), a transpeptidase produced by gram-
positive bacteria, has been widely utilized as a ligase for
covalent protein modification.15–17 In this study, we used
SrtA for FA modification to prolong the half-life of Fab
derived from adalimumab. The modified FAs were conju-
gated with Fab through SrtA mediation to generate Fab
bioconjugates (Fab–FA1, Fab–FA2, Fab–FA3, and Fab–FA4).
Our data showed that Fab–FA3 exhibited the most potent
albumin-binding activity among Fab bioconjugates and
displayed similar anti-TNF-α activity compared with con-
trol Fab. Moreover, pharmacokinetics of Fab–FA3 were
significantly improved with a 15.2-fold longer half-life
than control Fab. Fab–FA3 thus represents an ideal alterna-
tive for adalimumab in treating TNF-α-mediated inflamma-
tory disorders.

Materials and Methods

Construction, Expression, and Purification of the
Adalimumab Fab Analog
The (G4S)3 linker, SrtA recognition sequence (LPETGG), and
His6 tag were introduced to the C-terminal of the heavy chain
in the adalimumab Fab, generating an adalimumab Fab
analog (►Fig. 1). The expression plasmids for Fab analog
production in Escherichia coli (E. coli) was constructed
according to a reported literature.18 Then, the adalimumab
Fab analog was expressed and assembled in the periplasmic
space of engineered strains under high-density fermenta-
tion, according to the reported methods.19,20

After fermentation, the culturemedium of the engineered
E. coli strains was centrifuged at 10,000� g for 10minutes at
room temperature (r.t.). The microbial pellet was resus-
pended in five volumes of the suspension buffer (60mmol/L
citric acid and 50mmol/L MgSO4, pH¼4.0). The bacterial
suspension was homogenized three times at a low pressure
(550 bar). The lysate was centrifuged at 10,000� g for
10minutes at 4°C. The supernatant, named periplasmic
fraction, was harvested and adjusted to pH¼7.2 for further
purification.

Adalimumab Fab analog was purified using affinity chro-
matography with an AKTA Explorer 100 system (General
Electric Company, United States). Briefly, the periplasmic
fraction was filtrated with a 0.22-μm filter and then loaded
onto a 5mL protein L affinity column (General Electric
Company, United States) equilibrated with phosphate buff-
ered saline (PBS). The column was rinsed with PBS followed
by 0.1mol/L glycine-HCl buffer (pH¼2.7) to harvest Fab
analog proteins. The elution fractions were pooled, immedi-
ately adjusted to pH 7.2 by addition of 1 mol/L Tris-base
solution and then buffer-exchanged to PBS. The concentra-
tion of Fab analog was determined by using a BCA Protein
Assay Kit (C503021, Sangon Biotech). SDS-PAGE (sodium

Fig. 1 Schematic representation of the Fab analog.
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dodecyl sulfate polyacrylamide gel electrophoresis) was
conducted using 12% polyacrylamide to evaluate protein
purity, and to assess the formation of interchain disulfide
bond. The polyacrylamide gel was stained with Coomassie
brilliant blue R250 (Sigma-Aldrich, United States) and then
decolorized with 10% (v/v) acetic acid solution until the
protein bands were visualized.

Design, Synthesis, and Preparation of FA Motifs
To facilitate site-specific modification by SrtA, we designed
FA motifs containing the -Gly-Gly-Gly (-GGG) sequence at
the N-terminus and -Lys (-K) at the C-terminus. As shown
in ►Fig. 2, different types of linkers, including 8-amino-3,6-
dioxaoctanoic acid (AEEA), A(PA)6, and S(PGS)4, were intro-
duced as spacers. AEEA (a flexible hydrophilic linker) has
advantages to more easily connect the functional domains,
allowing for the mobility of the joined domains, which has
been used in the preparation of lipid moieties in acylating
position Lys26 of semaglutide.21 A(PA)6 exhibits a canonical
rigid conformation and can be used to separate the function-
al domains effectively.22 S(PGS)4, invented by the Bristol-
Myers Squibb Company (NewYork, United States), serves as a
favorable linker in functional domain connection.23 Octade-
canedioic acid (a binding ligand for albumin) was linked to
the epsilon-amino group of K via the AEEA linker or not. Four
FA motifs were designed and synthesized using a CS Bio
solid-phase synthesizer (CS Biotechnology Co., Ltd, United
States) according to Fmoc strategy through the following
protected derivatives: Fmoc-Lys(Alloc)-OH, Fmoc-AEEA-OH,
Fmoc-Glu(Otbu)-OH, Boc-Gly-Gly-Gly-OH, Fmoc-Ala-OH,
Fmoc-Pro-OH, Fmoc-Ser-OH, Fmoc-Gly-OH, and octadecane-
dioic acid, 1-(1,1-dimethylethyl) ester. The FA motifs were
de-protected and cleaved from the resin in a mixture of 5%
dichloromethane and 95% trifluoroacetamide (TFA) for
3 hours at r.t.. After filtration into cold diethyl ether, the
crude compounds were precipitated. The precipitates were
washed with diethyl ether then vacuum-dried.

The FAmotifswere purified onprep-HPLC (Waters, United
States) using C4-reverse-phase silica gel column chromatog-
raphy. The mobile phase was set as the following: buffer A
(0.1% TFA [v/v] water solution) and buffer B (0.1% TFA [v/v]
acetonitrile solution). The target fragment was obtained by
gradient elution from20 to 37% of buffer B. The absorbance at
215nm was monitored via ultraviolet detection. Pooled
fractions containing more than 95% pure target fragments
were dried under vacuum with a rotary evaporator. The FA
motifs were lyophilized and further identified via QDa
electrospray ionization-mass spectrometry (Waters, United
States).

Preparation and Purification of Fab Bioconjugates
SrtAwas prepared according to a reported study.24 Conjuga-
tion of the N-terminal of FA motif to the heavy chain C-
terminus of the adalimumab Fab analog was performed as
follows: 10μmol/L adalimumab Fab analog, 400μmol/L FA
motif, 625nmol/L SrtA, and 10mmol/L CaCl2weremixed in a
solution of 50mmol/L 2-(N-morpholino)ethanesulfonic acid
(MES) and 150mmol/L NaCl (pH 7.0). The reaction was
incubated at 37°C for 4 hours. The product was purified using
Ni2þ affinity chromatography on the AKTA Explorer 100
(General Electric Company, United States).

The reaction mixture obtained was filtrated with a 0.22-
μm filter and loaded onto a 5mL HisTrap Excel column
(General Electric Company, United States) equilibrated
with equilibration buffer (20mmol/L MES, 150mmol/L
NaCl, pH¼7.4). The flow-through containing the Fab bio-
conjugate was collected. The Fab analog and SrtA containing
the His6 tag were obtained from the elution of the column
using wash buffer (20mmol/L MES, 150mmol/L NaCl, 0.5
mol/L imidazole, pH¼7.0). The purity of the target molecule
was analyzed via SDS-PAGE. The molecular weight was
determined by UPLC-QTOF-MS (Waters, United States). The
purified Fab bioconjugates were suspended in PBS and the
protein concentrations were determined using a BCA kit.

Fig. 2 Structures of four FA motifs (FA1–FA4) used for the preparation of Fab bioconjugates. FA, fatty acid.
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Enzyme-Linked Immunosorbent Assay for Measuring
Antigen- and Albumin-Binding Activities
In this study, TNF-α (antigen) binding activities and HSA
(albumin) binding activities of Fab bioconjugates were
assessed using recombinant human TNF-α (GenScript Inc.,
China) and HSA (Sigma-Aldrich, United States) binding ELISA
methods, respectively. ELISA plates (96-well, MaxiSorp F96,
Nunc) coated with 100ng/well TNF-α and 96-well plates
(Sangon Biotech, China) coatedwith 2μg/well HSAwere used
for antigen- and albumin-binding assay, respectively. After
coating, the plates were blocked with dry milk in PBS and
incubated with serially diluted Fab bioconjugates in PBS.
Goat anti-human immunoglobulin G (Fab specific)-peroxi-
dase conjugate in PBS was then incubated in each well.
Following 2mol/L H2SO4 stop, the absorbance at 450nm
was measured using SpectraMax I3X Microplate reader
(Molecular Devices Company, United States). For convenient
comparison, the maximal optical density (OD) value of the
each Fab bioconjugate was set to 100% in TNF-α binding
ELISA.

Cell Culture and Treatment
L929 cells were cultured in Minimum Essential Medium
(MEM; Gibco/Thermo Fisher Scientific, United States)
containing 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, United States) at 37°C in a 5% CO2 humidified
atmosphere.

L929 cells (20,000 cells/well) were seeded in 96-well
plates (Corning, United States) and then treated with differ-
ent concentrations of Fab–FA3 and adalimumab Fab analog
(diluted in MEM supplemented with 2% FBS and 250μg/mL
HSA). Then, 10 ng/mL of TNF-α and 1 μg/mL of actinomycin D
were added into the serial dilutions of Fab–FA3 and Fab
analog. The mixtures were incubated with L929 cells for
17 hours. Cell viability and the TNF-α-neutralizing activity
were determined at 450 nm absorbance.

Pharmacokinetic Studies in Mice
The use ofmicewas approved by the Animal Care Committee
of Chia Tai Tianqing Pharmaceutical Group. C57BL/6 mice
(female,weight between 18 and 20 g)were randomly divided
into two groups: Fab–FA3 and Fab analog. Mice in Fab–FA3
and Fab analog groups were administered with 5mg/kg of
Fab–FA3 and adalimumab Fab analog, respectively. Blood
samples were collected at 10minutes, 30minutes, 1 hour,
2 hours, 4 hours, 8 hours, 12 hours, 24 hours, 36 hours, and
72hours by retro-orbital bleeding (n¼5 mice per time-
point). The blood samples were centrifuged at 1,200� g for
10minutes at 4°C. The plasma was stored at �80°C before
further analysis.

The concentrations of Fab–FA3 and adalimumab Fab ana-
log in plasma samples were quantified using TNF-α-binding
ELISA (as described above). The pharmacokinetic param-
eters, such as elimination half-life (t1/2β), volume of distri-
bution, clearance (CL), and area under the concentration–
time curve (AUC), were calculated based on a two-compart-
ment model using DAS software version 2.0 (Mathematical
Pharmacology Professional Committee of China, China).

Results

Preparation and Identification of Fab Analog and FA
Motifs
The adalimumab Fab analog was expressed in E. coli peri-
plasmic space, extracted into the periplasmic fraction, puri-
fied by affinity chromatography, and analyzed using SDS-
PAGE and UPLC-QTOF-MS (ultra-performance liquid chro-
matography to quadrupole time-of-flight mass spectrome-
try). As shown in ►Fig. 3, Fab analog existed in the
periplasmic fraction in a soluble formwith a high expression
level (lane 1) andwas highly pure in elution fraction (lane 3).
Meanwhile, under reducing conditions, the reduced heavy
and light chains were visible (lane 4), confirming the disul-
fide bond formation in the Fab analog. Additionally, UPLC-
QTOF-MS showed that the observed mass of Fab analog was
49,522.18 Da, which was in accordance with its theoretical
mass (49,523.12 Da), indicating its integrity (►Table 1).

To prepare Fab bioconjugates, 4 FA motifs (FA1, FA2, FA3,
and FA4) were designed and synthesized (►Fig. 2). The FA
motifs were synthesized by a solid-phase synthesizer
according to Fmoc chemistry and purified by reverse-phase
chromatography. The MS data for highly purified FA motifs
are shown in ►Table 1. The observed molecular weights for
FA1 (NH2-GGG-(AEEA)2-K(ε-NH-(AEEA)2-E-C18-diacid)-
OH), FA2 (NH2-GGG-(AEEA)2-K(ε-NH-C18-diacid)-OH), FA3
(NH2-GGG-A(PA)6-K(ε-NH-C18-diacid)-OH), and FA4 (NH2-

Fig. 3 SDS-PAGE analysis of the Fab analog. Lane 1: periplasmic
fraction; lane 2: flow-through of protein L affinity chromatography;
lanes 3 and 4: the elution fractions from protein L affinity chroma-
tography; lane M: molecular weight markers. SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
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GGG-S(PGS)4-K(ε-NH-C18-diacid)-OH) were 1,322.93,
903.64, 1,693.76, and 1,665.64 Da, respectively, all in accor-
dancewith the corresponding theoreticalmolecular weights.

Successful Generation of Fab Bioconjugates through
SrtA-Mediated Conjugation between Fab Analog and
FA Motif
It has been confirmed that the half-lives of proteins and
peptides in circulation will be enhanced through their con-
jugation with FAs via the noncovalent association with
albumin.13 Given the widespread use of SrtA for covalent
protein modification,15–17 we further prepared Fab biocon-
jugates using SrtA and FA motifs. As shown in ►Fig. 4, in the
process of SrtA-mediated transpeptidation, the cysteine-184
(Cys184) of SrtA specifically attaches to the carbonyl carbon
of T in LPETGG, leading to the ejection of the C-terminal
fragment and the simultaneous formation of an acyl–enzyme
intermediate, which further reacted with a FA motif com-
prising N-terminal glycine to establish a new peptide bond
between the threonine residue and glycine residue, thereby
generating the Fab bioconjugate.16,25

Fab–FA1 was initially produced by the conjugation of
adalimumab Fab analog with FA1 using SrtA. SDS-PAGE

analysis (►Fig. 5A) showed a high proportion of Fab–FA1
in the reaction mixture (lane 1), verifying the successful
establishment of SrtA-mediated FA modification. Fab–FA1
with high purity was additionally obtained by Ni2þ affinity
chromatography, which exhibited slightly larger molecular
weight than the unreacted Fab analog (lane 2), further
confirming the result.

All Fab–FA2, Fab–FA3, and Fab–FA4 were prepared in a
similar manner, and migrated as single electrophoretic
bands (►Fig. 5B), with an increase in the molecular weight
due to themodified FAmotifs. Furthermore, each of the Fab–
FA bioconjugates was examined via UPLC-QTOF-MS, which
showed correct molecular weights (►Table 1).

Determining Antigen-Binding Activities of the Fab
Bioconjugates
ELISA assay was conducted to evaluate the TNF-α-binding
activities of Fab–FAs. As shown in ►Fig. 6A, both Fab bio-
conjugates (Fab–FA1, Fab–FA2, Fab–FA3, and Fab–FA4) and
Fab analog effectively bound TNF-α. The TNF-α-binding
activities (EC50 values) of the Fab bioconjugates ranged
from 1.31 to 2nmol/L, which were not significantly different
from that of the Fab analog (EC50¼1.37nmol/L).

Table 1 MS data (Da) for Fab analog, FA motifs, and Fab bioconjugates

Fatty acid
motif

Theoretical
MS

Observed
MS

Fab and bioconjugate Theoretical
MS

Observed
MS

Fab analog 49,523.12 49,522.18

FA1 1,322.25 1,322.93 Fab–FA1 49,891.08 49,891.73

FA2 902.80 903.64 Fab–FA2 49,471.79 49,471.74

FA3 1,692.64 1,693.76 Fab–FA3 50,261.91 50,262.05

FA4 1,664.44 1,665.64 Fab–FA4 50,233.79 50,233.70

Abbreviations: FA, fatty acid; Fab, antigen-binding fragment; MS, mass spectrometry.

Fig. 4 Schematic diagram of the SrtA-mediated FA modification where SrtA attaches to the carbonyl carbon of the Thr residue (T-G) and
appends a FA motif. FA, fatty acid.
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Fig. 5 SDS-PAGE analysis of the Fab bioconjugates. (A) Purification of Fab–FA1 bioconjugate via Ni2þ affinity chromatography. Lane 1: reaction
mixture; lane 2: flow-through fraction; lane 3: elution fraction; lane M: molecular weight markers. (B) Identification of purified Fab
bioconjugates. Lanes 1–5 represent Fab analog, Fab–FA4, Fab–FA3, Fab–FA2, and Fab-FA1, respectively. Lane M represents molecular weight
markers. SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

Fig. 6 Evaluation of Fab bioconjugates for (A) TNF-α binding by ELISA assay; (B) HSA binding by ELISA assay; (C) anti-TNF-α activity using L929
cells by the CCK-8 method; and (D) the serum concentration of Fab–FA3 and Fab analog in mice using TNF-α-binding ELISA. ELISA, enzyme-linked
immunosorbent assay; HSA, human serum albumin; TNF, tumor necrosis factor.
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Determining Albumin-Binding Activities of the Fab
Bioconjugates
ELISA assay was conducted to evaluate the albumin-binding
activities of Fab–FAs. As shown in ►Fig. 6B, the OD value of
Fab analog did not change significantly; however, the OD
value of Fab–FAs increased in a dose-dependedmanner with
the maximum effect being observed with Fab–FA3. At a
uniformed concentration of 1,000nmol/L, for example, the
highest signal was observed for Fab–FA3, followed by Fab–
FA4, Fab–FA2, and Fab–FA1. Therefore, the relative rank
affinity for HSA was measured as Fab–FA3> Fab–FA4>

Fab–FA2> Fab–FA1. Thus, Fab–FA3 was selected as the lead
candidate for further investigation.

Neutralization of TNF-α-Mediated Cytotoxicity on L929
Cells
The CCK-8 method was used to assess the effect of Fab–FA3/
Fab analog on TNF-α-mediated cytotoxicity on L929
cells. ►Fig. 6C shows that the IC50 for Fab–FA3 was 4.165
nmol/L, while the IC50 for Fab analog was 5.001nmol/L,
demonstrating a similar TNF-α inhibition in the two groups
in the presence of albumin. Our data suggest that the
presence of albumin or binding of Fab–FA3 to albumin did
not interfere with TNF-α binding.

Pharmacokinetics of Fab–FA3 and Adalimumab Fab
Analog
Plasma concentration–time profiles of Fab–FA3 and Fab
analog were assessed using TNF-α-binding ELISA to deter-
mine their in vivo half-lives in mice.►Fig. 6D shows that the
concentration of Fab analog in mouse plasma was undetect-
able after 24hours, demonstrating the rapid elimination of
Fab in vivo. However, the concentration of Fab–FA3 at
72 hours remains detectable (at �5 μg/mL), confirming the
prolonged retention time of Fab–FA3 in vivo. As shown
in ►Table 2, the clearance rate of Fab–FA3 was only
5.3�0.8 (mL [h kg]�1), which was 33.5-fold lower than
that of the Fab analog (177.7�24.1, mL [h kg]�1). Therefore,
Fab–FA3 exhibited a 15.2-fold longer t1/2β (19.86�3.25
hours) when compared with that (1.31�0.38hours) of the
Fab analog. These results demonstrate the improvement of
the pharmacokinetic properties of Fab–FA3 and the success-
ful establishment of SrtA-mediated FA modification for
prolonging the half-life of adalimumab Fab in vivo.

Discussion

Adalimumab, a human recombinant anti-TNF-α monoclonal
antibody, is theworld’s best-selling drug for treatment of TNF-
α-mediated inflammatory diseaseswith favorable therapeutic
effect.3However, theuseofadalimumabmaybelimitedamong
somepatientsdueto its thehighproductioncost, the restricted
tissue distribution, and the undesired immunoreactions.4,5

Fab, derived from adalimumab, retains the antigen-binding
activity and can compensate for the above-mentioned imper-
fections. However, Fab unsatisfactorily exhibits poor pharma-
cokinetics due to its small size, which limits its therapeutic
applications.5 Thus, the successful construction of long-acting
adalimumabFabmay represent an alternative for adalimumab
in treating TNF-α-associated diseases.

This study is the first to describe the SrtA-mediated
conjugation of Fab with a modified FA. We constructed Fab
analog by linking the recognition sequence of SrtA (LPETGG)
and His6 tag to the heavy-chain C-terminus of Fab via (G4S)3
(►Fig. 1). Theflexible linker, (G4S)3, was designed to enhance
the solubility, folding, and stability of its fusion protein.22

Then, FA motifs with different linkers were synthesized
(►Fig. 2) and conjugated to the adalimumab Fab analog
through SrtA (►Fig. 4). Our data further confirmed the
similar TNF-α binding activity between Fab analog and Fab
bioconjugates (►Fig. 6A), suggesting that the linking of Fab to
the FA motif does not reduce the inherent bioactivity of Fab.

In terms of albumin binding capacity of Fab–FAs, different
linkers in FA motifs exerted different affinities for HSA with
the maximal effect shown by Fab–FA3. We thus speculate
that A(PA)6 in FA3 is a superior linker or spacer when
compared with (AEEA)2 in FA2 and S(PGS)4 in FA4, and this
may be due to its rigid structure and relatively weaker
hydrophilic property. AEEA-based linker has been widely
used as a hydrophilic spacer in the synthesis of FA
motifs,21,26 however, our data showed that the albumin-
binding activity of Fab–FA1 is smaller to Fab–FA2, demon-
strating that the increased hydrophilic nature might weaken
the hydrophobic interaction between FA and albumin.

We further assessed the TNF-α-neutralizing efficiency
and the pharmacokinetics of Fab–FA3. Our data confirmed
the similar inhibition effect of Fab–FA3 and Fab analog on
TNF-α mediated cytotoxicity on L929 cells (►Fig. 6C), indi-
cating that Fab–FA3 preserved the in vivo antigen-blocking
activity of Fab analog even if it coupled with endogenous
albumin. For pharmacokinetics, our data displayed a sus-
tained plasma presence of Fab–FA3 with a 15.2-fold increase
in t1/2β (19.86 hours) and a 33.5-fold decrease in CL (5.3mL
[h kg]�1)when comparedwith its control. Our study suggests
the successful generation of Fab bioconjugatewith prolonged
half-life and anti-TNF-α activity.

Conclusion

An effective approach was established for the development of
Fab bioconjugate showing sustained activity through SrtA-
mediated conjugation of Fab analog with a FA motif. Fab–FA3
with anti-TNF-α activity exhibited satisfying

Table 2 Pharmacokinetic properties of Fab–FA3 and Fab
analog

Fab–FA3 Fab analog

t1/2β (h) 19.86�3.25 1.31� 0.38

Vd (mL kg�1) 52.3�14.4 59.2� 16.5

CL (mL [h kg]�1) 5.3� 0.8 177.7� 24.1

AUC(0–1) ([mg L�1] h) 1,114.95�129.48 28.59� 3.62

Abbreviations: AUC, area under the concentration–time curve; CL,
clearance; Fab, antigen-binding fragment; t1/2β, elimination half-life; Vd,
volume of distribution.
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pharmacokinetics in vivo, and may represent an alternative
drug candidate for adalimumab in treating TNF-α-mediated
inflammatory disease.
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