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Drug Delivery

Sortase A-Generated Highly Potent Anti-CD20-MMAE
Conjugates for Efficient Elimination of B-Lineage Lymphomas
Liqiang Pan, Wenbin Zhao, Jun Lai, Ding Ding, Qian Zhang, Xiaoyue Yang,
Minmin Huang, Shijie Jin, Yingchun Xu, Su Zeng, James J. Chou, and Shuqing Chen*

Antibody–drug conjugate (ADC) targeting antigens expressed on the surface of tumor
cells are an effective approach for delivering drugs into the cells via antigen-mediated
endocytosis. One of the well-known tumor antigens, the CD20 of B-lymphocyte, has
long been suggested to be noninternalizing epitope, and is thus not considered a
desirable target for ADCs. Here, sortase A (srtA)-mediated transpeptidation is used
to specifically conjugate triple glycine-modified monomethyl auristatin E (MMAE),
a highly toxic antimitotic agent, to anti-CD20 ofatumumab (OFA) equipped with a
short C-terminal LPETG (5 amino acids) tag at heavy chain (HL), which generates
ADCs that show extremely strong potency in killing CD20 positive cancer cells. One
of the srtA-generated ADCs with a cleavable dipeptide linker (valine-citrulline, vc),
OFA-HL-vcMMAE, shows IC50 values ranging from 5 pg mL−1 to 4.1 ng mL−1
against CD20+ lymphoma cells. Confocal laser scanning microscopy confirms
that OFA-HL-vcMMAE internalization by Ramos cells is significantly improved
compared to OFA alone, consistent with the high antitumor activity of the new
ADC. OFA-HL-vcMMAE, at 5 mg kg−1 dose, is able to eliminate tumors with mean
volume ≈400 mm3 while no obvious drug-related toxicity is observed. The results
show that srtA-generated OFA-MMAE conjugate system provides a viable strategy
for targeting CD20+ B lineage lymphomas.
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1. Introduction
B-lymphocyte CD20 is a cell surface protein expressed in all
stages of B cell development except the first (pro-B cell) and
last (plasma cells).[1] The exact physiological function of CD20
is not known, although it has been implicated in calcium flux
upon B cell activation.[2] Instead, CD20 is known as a tumor
antigen because it is expressed on the surface of most malignant B cells[3] and has been used as a target for antibodybased anticancer therapy.[4] The most common use of CD20
is in developing antibodies that bind specifically to CD20 and
using them to kill tumor cells via antibody-mediated phagocytosis. Examples of this include monoclonal antibodies (mAb)
such as rituximab and ofatumumab, which were developed for
the treatment of non-Hodgkin’s lymphoma and chronic lymphocytic leukemia via the complement-dependent cytotoxicity
and antibody-dependent cell-mediated cytotoxicity mechanism.[5] But binding of anti-CD20 mAb (e.g., rituximab) to
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CD20 is not sufficient for killing many CD20+ lymphoma cells
due to acquired resistance.[6]
CD20 antigen can also be used as a target for antibody–
drug conjugates (ADCs). The ADC approach couples toxic
drug to antibody via a linker and uses the antibody for targeted drug delivery upon binding with specific antigen on
tumor cells. Internalization of ADC and then lysosomal
release of drug is required to achieve intracellular killing.[7]
However, many anti-CD20 drug conjugates such as Dox,
liposomal Dox, or ricin A-chain have been found ineffective
partially because they were poorly internalized or payloads
were not cytotoxic enough.[8] The only approved anti-CD20–
drug conjugate by the Food and Drug Administration is a
radiolabeled monoclonal mouse IgG1 antibody, Ibritumomab
tiuxetan, which did not require rapid internalization to elicit
its antitumor activity.[9]
In the past few years, several studies have shown that conjugation with monomethyl auristatin E (MMAE) or calicheamicin through cleavable linker conferred better antitumor activity
to rituximab, resulting from unexpectedly improved internalization and local release of toxins in pericellular microenvironment.[10] While these findings are very encouraging, a technical
drawback is that the cleavable polypeptide linker is randomly
coupled to the reactive cysteine thiol or lysine primary amine
groups of the antibodies, which may narrow therapeutic
window in clinical usage due to a lack of control of the toxin
concentration.[11] Moreover, the reactive thiol in cysteine used
for coupling maleimide-modified drug may undergo maleimide
exchange with reactive thiols in albumin, free cysteine, or glutathione, leading to the loss of conjugated drug.[12]
Inspired by the above studies, we sought the use of sortase
enzyme-mediated transpeptidation to conjugate the MMAE
toxin to the antibody in more controlled and homogeneous
manner. Sortase A (SrtA) from Staphylococcus aureus
could recognize LPXTG (X being any amino acid) motif
at C-terminus of recombinant antibody, cleave between the
threonine (T), and glycine (G) residues and form a thioester
intermediate via Cys-184. And then nucleophilic attack by
the N-terminally modified toxins (usually with oligoglycine)
resolves the intermediate, followed by the formation of a
covalent bond between the antibody and nucleophilic toxins
(e.g., usually featured by oligoglycine modification).[13] SrtA
has been reported to site-specifically conjugate scFv, Fab, and
antibodies with fluorescent probes for diagnostic or therapeutic use.[14–16] We hypothesized that the better-controlled
drug–antibody ratio (DAR) afforded by the sortase-based
approach may provide higher in vivo antitumor activity of
anti-CD20–drug conjugates than native anti-CD20 antibody.
In this study, we generated uniform MMAE conjugated
antibody using the srtA-mediated transpeptidation strategy
(Figure 1), and found that it was surprisingly effective in
eliminating B-lineage lymphoma. One of the srtA-generated
ADCs showed extremely high potency toward all CD20+
cells tested, with IC50 values ranging from 5 pg mL−1 to
4.1 ng mL−1, and the tumors disappeared after three injections of the ADC at low dose (5 mg kg−1, DAR = 1.4) and
remained for the remainder of the experiment (55 d after
first injection). For this ADC, two triple-glycine modified MMAE (GGG-vcMMAE and GGG-MMAE) were
small 2017, 13, 1602267

conjugated to LPETG motifs at the C-terminus of each of
the ofatumumab (anti-CD20) heavy chains by srtA reaction. Ofatumumab was chosen instead of Rituximab to prepare anti-CD20 ADC, based on our previous finding that
Ofatumumab-vcMMAE was internalized more rapidly than
Rituximab-vcMMAE. Compared with Rituximab, Ofatumumab binds more tightly to CD20 with a slower off-rate,
which is important for sortase-generated ADC. According to
our preliminary experiment, GGG-modified MMAE (GGGMMAE and GGG-vcMMAE) are highly water soluble, while
MC-VC-PAB-MMAE used in chemical conjugation has to
be dissolved in organic solvent. High solubility of drug could
reduce or even eliminate the use of organic solvent in further scale-up ADC production. Given the possible presence
of steric hindrance in antibody bioconjugation, we tested several reported srtA variants and identified the most effective
candidate for this application.[16,17] The new strategy generated homogeneous anti-CD20–MMAE conjugates, which
could be efficiently internalized as shown by confocal laser
scanning microscopy. More importantly, the new srtA-generated ADCs were highly potent in vitro and could efficiently
eliminate B-lineage lymphoma in xenograft models.

2. Results
2.1. Optimized srtA-Mediated Synthesis of
Ofatumumab–MMAE Conjugates and Their Characterization
We first used wildtype srtA(N25; 25 amino acid membrane
anchor removed) to conjugate anti-CD20 ofatumumab
(OFA) to GGG-MMAE as well as GGG-vcMMAE with an
inserted valine-citrulline (vc) dipeptide, denoted as GGGvcMMAE, through the C-terminal end of the OFA light
chain (OFA-LL). The vc linker is a well-known cleavage site
for cathepsin enzyme introduced to facilitate MMAE release
after internalization.[10b] This reaction, however, was very
inefficient as indicated by the elution profile of the OFA light
chain (L0) from reverse-phase high-pressure liquid chromato
graphy (RP-HPLC) (Figure 2a). We then used the same srtA
to conjugate OFA heavy chain (OFA-HL) to GGG-MMAE
or GGG-vcMMAE and were able to obtain high yield
(>60%) of the antibody–drug conjugates (Figure 2b). The
large difference in transpeptidation efficiency is likely due to
the fact that the C-terminal end of the antibody heavy chain
is much more accessible to the sortase than the light chain,
thus posing less steric hindrance to the enzyme.
To maximize conjugation efficiency, we tested the catalytic activities of different srtA(N25) mutants, including
the M3 and M4 srtA derived previously by directed evolution,[17] the wildtype N25, the N59, and N109. Surprisingly, the triple mutant srtA (M3), which showed much
greater efficiency in conjugating the coenzyme A-LPETGG
to GGG-substrate, exhibited no activity at all in our system,
while the wildtype srtA showed the greatest activity. Our
results showed that more than 50% of the heavy chain of
OFA-HL was conjugated with GGG-MMAE by wildtype
srtA while srtA (M3) provided no conjugation of the heavy
chain (Figure 2c).
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Figure 1. Schematic illustration of srtA-mediated antibody–drug conjugation. a) Structural models of OFA with the LPETG motif at the C-terminus of
either L chain (OFA-LL) or H chain (OFA-HL), and srtA(N59), generated from PDB entries IHZH and 1T2P, respectively. Cys184 is the active site of srtA.
Pink motif represents LPETG tag at C-terminus of H or L chain. b) Schematic illustration of the two possible forms of LPETG tagging to OFA. c) Different
versions of srtA including the previous activity-evolved mutants. SrtA(wt) refers to srtA(N25) whose N-terminus 2–25 a.a. was replaced by 6× HIS tag,
and so was srtA(N59) and srtA(N109). SrtA(M3) refers to srtA(wt) bearing three mutations as depicted (P94S, D160N, D165A), and srtA(M4) has
an additional K196T mutation relative to srtA(M3).[34] d) Schematic of srtA-mediated transpeptidation in ADC synthesis. e) Structures of two designed
triple glycine-modified MMAE toxins, one contains the cleavable dipeptide (GGG-vc-PAB-MMAE) and another without the vc linker (GGG-PAB-MMAE).

We also investigated the impact of the length of srtA on
the transpeptidase activity since steric hindrance appears to be
an important factor (Figure S1, Supporting Information). Three
srtAs with different lengths were tested, srt(N25), srt(N59),
and srt(N109), with 25, 59, and 109 amino acids at the N-terminus deleted respectively. For conjugating OFA-HL to GGGMMAE, the N59 variant was the most efficient of the three.
The result is consistent with the smaller srtA posing less steric
hindrance at the catalytic site of the antibody H chain.
After the above optimization, we used srtA (N59) to
catalyze the conjugation between OFA-HL and the two
triple glycine-modified toxins. The DAR is another important determinant of the therapeutic potential of an ADC
(ADC with higher DAR shows worse pharmacokinetics than
ADC with lower DAR).[18] To characterize DAR of OFAHL-MMAE and OFA-HL-vcMMAE, we first separated the
ADCs from the unconjugated OFA-HL, the free toxins, and
sortase enzyme using a facile one-step purification (hydrophobic interaction chromatography, HIC) (Figure S2, Supporting Information). Size exclusion chromatography showed
that the separated ADCs eluted as one peak, indicating the
absence of any significant aggregation during the long sortase
reaction (≈12 h) (Figure S3, Supporting Information). The
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ADCs purified from size exclusion were further analyzed
using the TOSOH Butyl-NPR HPLC column, for the determination of their DARs. We found that OFA-HL-vcMMAE
conjugates were composed of two ADCs, one with one conjugated vcMMAE (DAR = 1) and another with two conjugated vcMMAEs (DAR = 2), while OFA-HL-MMAE was
homogenous (DAR = 1) (Figure 2d). The average DARs are
estimated to be 1 and 1.4 for OFA-HL-MMAE and OFAHL-vcMMAE, respectively. After the removal of unconjugated antibody, ADCs were analyzed again via RP-HPLC
under reducing condition (Figure 2e). According to the
obtained H0/(H0+H1) ratio (30%), DAR was ≈1.4, which was
consistent with the DAR determined by HIC.

2.2. Determination of srtA-Catalyzed Conjugation Site by
Mass Spectrometry
To confirm that GGG-MMAE was conjugated with LPETG
motif at the C-terminus of OFA-HL, Xevo G2-XS Q-TOF was
applied to analyze trypsin-digested OFA-HL-MMAE (Figure 3).
Three daughter ions (m/z 152.1, 321.2, and 506.3) were selected
for further characterization of linker peptides (Figure 3a).
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Figure 2. Chemical properties of the srtA-generated anti-CD20 ADCs. a) Reverse phase (RP)-HPLC analysis of srtA(wt)-mediated conjugation
between OFA light (L) chain (LPETG modified C-terminus, OFA-LL) and the two triglycine-modified MMAE. The upper panel shows RP-HPLC elution
profiles of reduced OFA-LL and toxins obtained separately. The lower panel shows elution profiles of the products (after reduction) from srtAmediated OFA-LL and toxin conjugation. The unconjugated light and heavy chains are labeled with L0 and H0, respectively. The OFA-HL-MMAE and
OFA-HL-vcMMAE heavy chain peaks were shifted to the right of OFA-HL heavy chain, resulting from the increased hydrophobic interaction between
ADC heavy chain and column resin. b) RP-HPLC analysis of srtA(wt)-mediated conjugation between OFA heavy (H) chain (LPETG modified C-terminus,
OFA-HL) and two triglycine-modified MMAE. H1 refers to conjugated OFA-HL H chain. c) Conjugation efficiency achieved by srtA mutants assessed
using RP-HPLC. All the srtA-mediated reactions were kept at 37 °C for 12 h. OFA-HL represents OFA with C-terminal LPETG tag. SrtA (wt), srtA (M3),
and srtA (M4) refer to srtA (N25) and its evolved mutants, respectively. d) Separation of purified ADC with different drug-to-antibody ratio (DAR)
and DAR determination via hydrophobic interaction chromatography (HIC) under native condition. DAR0 (1 or 2) means no (one or two) MMAE was
conjugated to the intact antibody. e) RP-HPLC analysis of purified ADC under reduced condition.

Two fragments of trypsin-digested OFA-HL-MMAE, eluted
at 38.10 and 38.91 min in liquid chromatography (LC), contained signals of the above three characteristic daughter ions in
LC–MS data set (Figure 3b), suggesting that they were mostly
likely released from the C-terminus of OFA-HL-MMAE. Mass
analysis of the 38.91 min fragment showed a molecular weight
(MW) of 1477.838 Da, which was very close to the expected
MW of LPETGGG-MMAE fragment (1477.469 Da) (Figure 3c).
Moreover, the sequence of the fragment of interest was
assigned (Figure 3d). Using the same method, we confirmed the
LPETGGG-vcMMAE conjugation site of OFA-HL-vcMMAE
(Figure S4, Supporting Information).

2.3. In Vitro Cytotoxicity of OFA-MMAE Conjugates
To evaluate in vitro cytotoxicity of the new ADCs, we examined the effect of OFA-HL-MMAE, OFA-HL-vcMMAE, as
small 2017, 13, 1602267

well as the unconjugated OFA-HL on one CD20- and four
CD20+ B-lineage lymphoma cell lines. Cells were incubated
with the ADCs and OFA-HL (at various concentrations) for
4 d to allow full cytotoxic effect of ADCs. Direct apoptosisinducing activity of OFA-HL was poor on all four CD20+
tumor cell lines (IC50 > 10 µg mL−1) (Figure 4a). OFA-HLvcMMAE was extremely potent in killing Ramos cells (IC50 =
0.005 ng mL−1), while OFA-HL-MMAE was less effective (IC50 = 204.9 ng mL−1) (Figure 4a). Moreover, OFAHL-vcMMAE also showed high cytotoxicity in Raji (IC50 =
4.1 ng mL−1), Daudi (IC50 = 0.03 ng mL−1), and Wil2-s cells
(IC50 = 0.8 ng mL−1). On the other hand, OFA-HL-MMAE
only exhibited high in vitro antitumor activity on Daudi cells
(IC50 = 56.6 ng mL−1), but much less effective for other three
CD20+ cells (Figure 4a). Both OFA-HL-vcMMAE and OFAHL-MMAE showed far less potency on CD20- K562 cells
(negative control) with IC50 of 75.7 ng mL−1 and 39.6 µg mL−1,
respectively, compared to their effects on the CD20+ cells.
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Figure 3. Ultra-performance liquid chromatography (UPLC) coupled with Q-TOF mass spectrometry (UPLC/Q-TOF MS) analysis of srtA-generated
ADC conjugation site. a) LC-MS/MS analysis of GGG-PAB-MMAE (GGG-MMAE). Three daughter ions (m/z 152.1, 321.2, and 506.3) were selected
for further characterization of linker peptides. b) Separation and characterization of trypsin digested OFA-HL-MMAE. Fragment containing GGGMMAE was confirmed by signals of three daughter ions. c) Further analysis of selected peptide containing GGG-MMAE. The 38.91 min fragment
was further analyzed, and its relative molecular weight (MW) was calculated to be 1477.838 Da, approaching the expected MW of LPETGGG-MMAE
fragment (1477.469 Da). d) The amino-acid sequence assignment of potential LPETGGG-MMAE fragment. The ladder-like a-ion (CC) and b-ion
(CN) series of peptide-fragment ions plus large modified moiety (y4, CN) facilitated the assignment of the amino-acid sequence (LPET) and
the modified sites.
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Figure 4. In vitro functional assays of srtA-generated ADCs. a) In vitro cytotoxicity of OFA-HL-MMAE and OFA-HL-vcMMAE. Four CD20+ lymphoma
cell lines (Ramos, Raji, Daudi and Wil2-s) and one CD20- cell line (K562) were seeded at 3000–5000 cells per well within 96-well plates followed
by addition of OFA-HL and its conjugates at serial concentrations. Cell viability was measured 96 h post-treatment using Cell count kit (CCK-8).
b) Binding affinity of OFA, OFA-HL, and its ADCs with Ramos cells. Precooled Ramos cells were mixed with serial concentration of OFA, OFA-HL,
OFA-HL-MMAE, and OFA-HL-vcMMAE, and incubated on ice for 30 min. After immunostaining for 30 min by FITC-goat antihuman secondary
antibody on ice, cells were examined by flow cytometry and the mean fluorescence intensity (MFI) was measured. c) Apoptosis-inducing activities
of srtA-generated ADCs. Ramos cells were treated with 100 ng mL−1 OFA-HL, OFA-HL-MMAE, or OFA-HL-vcMMAE for 72 h, followed by Annexin
V-FITC/PI (propidium iodide) staining. The percentages of apoptotic cells (AnnexinV+/PI−) and dead cells (AnnexinV+/PI+) were determined by
flow cytometry.

Furthermore, we also examined cell surface CD20 expression level of the given cell lines using flow cytometry, and
measured the expression levels as mean fluorescence intensity (MFI) (Figure S5, Supporting Information). Among the
CD20+ cell lines, Ramos cells showed the highest level of
CD20 expression, followed by Wil2-s cells, and lastly Daudi
cells. As expected, the CD20- K562 cells showed no detectable cell surface CD20. For the CD20+ cells investigated, our
data showed no direct correlation between ADC cytotoxicity
and CD20 expression level.
small 2017, 13, 1602267

2.4. Internalization of srtA-Generated ADCs
by CD20 Positive Cells
Next, we examined the internalization of the srtA-generated ADCs by the target cells, which is an important determinant of the ADC function. In this experiment, Ramos
cells treated with the unconjugated OFA or OFA–drug
conjugates were fixed on slides, permeabilized and immuno
stained by FITC-labeled secondary antibody, and examined
by confocal laser scanning microscopy (CLSM). In-focus
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Figure 5. Cellular internalization of mAb and its conjugates. After treatment with OFA, OFA-HL, OFA-HL-MMAE, or OFA-HL-vcMMAE (5 µg mL−1) for
12 h, Ramos cells were seeded on slides by centrifugation. After gentle washing, fixation, and permeation, cells were blocked with 2% BSA-PBS
(bovine serum albumin-phosphate buffered saline) and then immunostained by secondary goat antihuman IgG-FITC (fluorescein). After further
nucleus staining with DAPI (4′,6-diamidino-2-phenylindole), cells were imaged immediately with Zeiss LSM 510 Meta confocal laser scanning
microscopy with 400× magnification. All the settings of microscopy were kept constant for all samples to facilitate internalization comparison. From
left, column 1: nucleus stained by DAPI; column 2: immunostained OFA or ADCs; column 3: differential interference contrast field (DIC); column 4:
superimposing images in columns 1–3.

images of fixed immunostained cells from selected depths
were acquired to compare internalization among samples. First, OFA-HL-vcMMAE treated cells showing the
brightest fluorescence was measured to prevent overexposure of other samples, and all confocal settings were kept
unchanged for other cells. The internalization by the Ramos
cells was demonstrated as fluorescent intensity inside cells
for ADCs and OFA (Figure 5). The flat shapes of Ramos
cells in the differential interference contrast (DIC) mode
were caused by low-speed concentration before fixation. OFA alone was poorly internalized even after 12 h
incubation. Addition of the LPETG motif to the H chain
slightly improved the endocytosis of OFA-HL. Compared
to the addition of OFA-HL, addition of MMAE (OFA-HLMMAE) further enhanced internalization. Remarkably,
further addition of the vc dipeptide linker (OFA-HLvcMMAE) led to internalization of almost all ADCs, and
some of them even formed bright light dots inside cells
(Figure 5). These results are consistent with the highest in
vitro cytotoxicity of OFA-HL-vcMMAE.

The binding of OFA to Ramos cells was attenuated after
addition of LPETG motif. OFA-HL maintained its binding
ability after further srtA-mediated modification with GGGMMAE, while OFA-HL underwent slightly reduced cell
binding to generate OFA-HL-vcMMAE. The major loss
of binding ability of OFA happened after LPETG motif
modification.
The percentages of OFA-HL induced apoptotic cells
(Annexin V+/PI−) and dead cells (Annexin V+/PI+) were
merely 13.2% and 8.8%, respectively (Figure 4c). In contrast, OFA-HL-vcMMAE induced 33.4% apoptotic cells and
37.8% dead cells. OFA-HL-MMAE was less effective without
dipeptide linker and only triggered 19.2% apoptotic cells and
19.4% dead cells. Therefore, the apoptosis-inducing ability of
OFA-HL conjugates mainly depends on highly toxic MMAE,
and was largely improved by srtA-mediated transpeptidation
with Gly3-toxins.

2.5. Direct ADC Binding to CD20+ Cells and Induction of
Apoptosis

The in vivo efficacy of OFA-HL-MMAE and OFA-HLvcMMAE were studied in Ramos B-cell lymphoma xenograft model. Keeping in mind the high in vitro cytotoxicity of
OFA-HL-MMAE and OFA-HL-vcMMAE, we tested these
ADCs on mice that had a mean tumor volume of ≈400 mm3

We showed that the binding of OFA, OFA-HL, and two
ADCs with Ramos cells are dose-dependent (Figure 4b).

1602267 (7 of 12)

www.small-journal.com

2.6. In Vivo Antitumor Activities of srtA-Generated ADCs
and their Toxicity Evaluation

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2017, 13, 1602267

www.advancedsciencenews.com

Figure 6. In vivo efficacy and toxicity of srtA-generated ADCs in human tumor xenograft mouse models. a) In vivo antitumor activities of OFAHL-MMAE and OFA-HL-vcMMAE conjugates. The i.v. q4d × 3 represents that treatment was given intravenously once every 4 d for a total of three
injections. One-way analysis of variance (ANOVA) were used to determine statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001) among
groups at Day 9, followed by Dunnett’s multiple comparison test using Her-vcMMAE as control group. b) Body weight monitoring of mice after drug
administration. c) Acute toxicity evaluation via histological sections of primary organs. One mouse was chosen randomly from high-dose group
24 h after the third dosage, and tissue sections were examined after H&E staining under optical microscopy. Magnification was 100×.

(≈3 times the regular starting tumor volume of 50–150 mm3).
The treatment dosages were scaled according to the DAR
values. In earlier study, Law et al. used a rituximab-vcMMAE
(DAR = 7–7.5) at the dose of 1, 3, or 6 mg kg−1.[10b] Since
the DARs of OFA-HL-MMAE (1) and OFA-HL-vcMMAE
(1.4) are more than 5 fold less, we used 5 and 20 mg kg−1 to
allow for fair comparison with the rituximab-vcMMAE at
approximately similar MMAE concentration. Remarkably,
OFA-HL-vcMMAE at the dose of 5 or 20 mg kg−1 eliminated
Ramos B-cell lymphoma in all five xenograft mice model
in only 6 or 2 d, respectively, and no recurrence was found
(Figure 6a). The OFA-HL-MMAE showed lower potency at
5 mg kg−1 dosage, tumors of four mice in this group (OFAHL-MMAE, 5 mg kg−1) disappeared completely, leaving
one slowly progressing. At 20 mg kg−1 dosage, the tumors of
all five groups were eliminated in 20 d post-treatment and
did not relapse. In contrast, tumors in untreated group and
small 2017, 13, 1602267

nonbinding control group (Herceptin-vcMMAE, targeted to
Her2) grew rapidly to ≈1000 mm3 within 8 d from the starting
volume of ≈400 mm3.
We then investigated the in vivo toxicities of the srtAgenerated ADCs by monitoring the body weight. The body
weights of ADC-treated mice were slightly reduced compared with that of untreated mice and mice treated with the
irrelevant ADC (Her2) (Figure 6b). After the ADC treatment, however, the mice gradually returned to their normal
weight, indicating the absence of severe or nonrecoverable toxicity. For acute toxicity evaluation, mice were sacrificed 24 h after third administration of high-dosage ADCs
(20 mg kg−1), and histological sections of the major organs
(heart, liver, lung, and kidney) of the mice were examined
after hematoxylin and eosin staining. We found no obvious
histomorphologic alterations in any sections of organs
(Figure 6c), despite the earlier report that MMAE could lead
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to exfoliative and disordered lung bronchial epithelial cells
and apoptotic hepatocytes.[19]

3. Discussion
We have shown that srtA-mediated conjugation of the
MMAE toxin to the anti-CD20 ofatumumab generated
homogenous ADCs, which can be efficiently internalized
when targeting the noninternalizing CD20 antigen and
which demonstrated great efficacy in killing B-lineage lymphoma in xenograft models. Efficient internalization is
obviously required for toxins that act inside the targeted
cells. For example, drugs carried by liposomes that target
internalizing epitopes (e.g., CD19) exhibited higher therapeutic efficacies than those carried by liposomes targeting
non
internalizing epitopes (e.g., CD20).[8b] According to
fluorescent intensity inside cells as measured by confocal
laser microscopy (Figure 5), the srtA-generated OFA-HLvcMMAE ADC showed much improved internalization
(more than 10 fold) into Ramos cells than either OFA or
OFA-HL despite the fact that its binding affinity with Ramos
cells was not stronger (Figures 5 and 4b). Interestingly, OFAHL-vcMMAE also demonstrated improved internalization
than OFA-HL-MMAE. We speculate that the presence of
vc (valine-citrulline dipeptide) could improve recognition by
the Fc gamma receptor IIb (FcγRIIb) on B cells, which has
been reported to promote rituximab internalization.[10b,20]
The srtA-generated OFA-HL-vcMMAE could have been
internalized through FcγRIIb-mediated endocytosis in the
form of ADC/CD20/FcγR complex. In this case, cooperative
binding of the ADC to CD20 and FcγRIIb would be necessary because the affinity between OFA and FcγRIIb alone is
too weak (Kd ≈ 5 × 10−6 m) for “capturing” and internalizing
circulating ADC.[21]
Consistent with improved internalization, both OFAHL-MMAE and OFA-HL-vcMMAE demonstrated excellent efficacy in vitro and in vivo in the Ramos cell xenograft
mouse model. OFA-HL-vcMMAE could quickly (i.e., 12 d
after first administration) eliminate tumor after three administration at either 5 or 20 mg kg−1 even though the starting
tumor volume was ≈400 mm3 (Figure 6a). The OFA-HLMMAE also showed high antitumor activity as it cured five
out of five mice at a 20 mg kg−1 dosage and four out of five
mice at a 5 mg kg−1 dosage. Meanwhile, no drug-related toxicity was observed at a dose of 20 mg kg−1 during experiment
due possibly to the low drug to antibody ratio of OFA-HLMMAE (DAR = 1) and OFA-HL-vcMMAE (DAR = 1.4)
(Figure 6b,c). If we consider that the maximum tolerated
dose (MTD) of a previously studied ADC (cAC10-vcMMAE
with DAR = 8) is 30 mg kg−1,[22] OFA-HL-MMAE or OFAHL-vcMMAE should be safe to use for even more than
30 mg kg−1, based on equivalent DAR calculation.
Previous studies showed that different srtA variants
could provide different conjugation efficiency. For example,
earlier study found several srtA variants with much
improved activity using a directed evolution strategy.[17] In
order to maximize the OFA-MMAE conjugation efficiency
to facilitate potential industrial production, we tested several
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variants of srtA enzymes (with different lengths and mutations). Unlike the study in ref. [17a], the srtA (M4) and srtA
(M3), which are evolved srtA (N59) bearing four and three
mutations around catalytic site, respectively, appeared to be
less efficient than wildtype srtA in our system (Figure 2c). We
speculate that the lower efficiency of the M3 and M4 variants in our system was probably due to steric hindrance in
the enzyme recognition process, and this could vary among
different sizes of the C-terminus substrate, i.e., the coenzyme
A (≈2 kDa) used in the previous study is much smaller than
the antibody OFA (≈150 kDa) used in the current study.
Moreover, above steric hindrance resulted in different DAR
of srtA-generated ADCs, e.g., OFA-HL-MMAE (DAR = 1)
and OFA-HL-vcMMAE (average DAR ≈ 1.4 from mixture
of DAR = 1 and DAR = 2). Besides, nucleophilic attacks of
toxins could also played important role in different modification efficiencies. It is also worth mentioning that in our
system that in our system, the smaller srtA (N59) exhibited
superior activity than the commonly used srtA (N25), while
they have been reported to possess virtually identical transpeptidation activity in other systems,[23] further suggesting
the important effect of steric interference on sortase catalytic
reactions. This result is also consistent with a previous study
showing that inserting a flexible linker to enlarge the target
loop significantly improved the conjugation efficiency in antibody light chain modification.[16]
Another important factor is the efficiency of drug release
from the ADC. In our studies, OFA-HL-vcMMAE with
a protease-cleavable vc dipeptide linker was more effective on tumor cell growth inhibition than OFA-HL-MMAE
(Figure 4a), which was likely due to more efficient drug release.
It has been shown that the vc linker enables fast intracellular
release of active MMAE from lysosome via specific cleavage
at the vc site by the cathepsin enzyme.[22] Surprisingly, the
IC50 of OFA-HL-vcMMAE on Ramos (0.03 × 10−9 m) and
Daudi cells (1.35 ± 0.31 × 10−9 m) was even much lower than
that of the free MMAE (0.039 ± 0.02 × 10−9 m).[22] Although
the improved IC50 may have resulted from the different
numbers of cells used in the evaluation (3000–5000 cells
per well used in this case), it is consistent with the efficient
release of the toxic MMAE compound inside the targeted
cells.
In summary, using the srtA-generated conjugates of the
drug MMAE and the anti-CD20 antibody OFA to target
CD20, which is commonly known to be noninternalizing
cancer cell antigen, can induce efficient internalization of the
ADC-CD20 complex and thus significant antitumor activities.
Given the specific nature of the transpeptidase reaction, the
srtA can generate homogeneous ADCs with low DAR, and
thus lower toxicity. The above favorable properties are manifest in the high potency of the OFA-MMAE conjugates to
kill cancer cells observed in our studies. Our results also suggest that the OFA-MMAE conjugate system has potential for
further improvements because, for example, simple insertion
of a dipeptide cleavable linker between the antibody and the
drug led to ≈10 fold improvement in ADC internalization.
Finally, our results suggest that the srtA-mediated conjugation of OFA and MMAE is a promising ADC approach for
targeting CD20+ cancer cells.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section
Materials: Triple glycine-modified toxins Gly3-PAB-MMAE and
Gly3-val-cit-PAB-MMAE were synthesized by Concortis (San Diego,
USA). Human CD20 positive (Ramos, Raji, Wil2-s, Daudi) and negative (K562) tumor cell lines were obtained from ATCC (American
Type Culture Collection).
Antibodies: The variable region DNA sequences of OFA heavy
(H) and light (L) chain were synthesized by Sangon Biotech
(Shanghai, China) according to US patent 2004/0167319 A15,
and then inserted into the pFUSE-CHIg-hG1 and pFUSE2-CLIghK plasmids (InvivoGen, USA) for expressing full-length human
H and L chains, respectively, upstream of the IgG1 constant region.
The above plasmids allow expression of OFA H and L chains. To
facilitate the sortase enzyme mediated reaction, a pentapeptide LPETG was genetically fused to the C-terminus of OFA H and
L chains through PCR using OFA-expression plasmids as templates, and reinserted into these two plasmids. For the expression
of OFA-HL (LPETG motif fused to C-terminus of H chain) and OFA-LL
(LPETG motif fused to C-terminus of L chain), relevant expression
plasmids were transiently transfected into CHO cells (ATCC, USA).
High-expression clones were selected and overgrown in Ham’s
F-12K medium (Sigma-Aldrich, USA) with 10% fetal bovine serum
(FBS) (Gibco, USA). Then FBS concentration was gradually reduced
to zero till CHO cells were suspension-adapted. After 5–7 d of
culturing in shaker (5% CO2, 37 °C, 80 rpm min−1), supernatants
were harvested via centrifugation and sterile filtered (0.22 µm).
OFA-HL and OFA-LL were purified by protein A antibody affinity
chromatography (HiTrap Protein A HP column, GE). The buffer
of eluted antibodies was exchanged to 50 × 10−3 m Tris–HCl
(pH 7.5), 150 × 10−3 m NaCl by ultrafiltration (Amicon Ultra-30k,
Millipore, USA), and sterile filtered and stored at −80 °C. Herceptin
(as a nonbinding control) was obtained from Zhejiang Hisun Pharmaceutical Co. Ltd. Primers used above are detailed in Table S1 in
the Supporting Information.
Sortase A Enzymes and Mutants: Genome of S. aureus was
extracted using Bacteria Genomic DNA Extraction Kit (Takara).
Genes of different Sortase A (srtA) were obtained by PCR using
S. aureus as template, and relevant primers are listed in Table S2 in
the Supporting Information. Then these genes were subcloned into
pET28a (+). For the construction of expression plasmids for various
srtA mutants, point mutations were made using the QuikChange
II Site-Directed Mutagenesis Kit (Agilent), using the srtA (N59)
expression plasmid as template. All sortase enzymes and mutants
were C-terminal HIS-tagged for facile purification. The authors then
transformed these plasmids into Rosetta (DE3) Competent Cells
(Novagen), and the expressions of enzymes were induced with
0.5 m IPTG when OD600 reached 0.6–0.8. After 4 h induction,
cells were harvested by centrifugation (4000 rpm, 30 min). The
harvested cells were disrupted by French Press (Thermo Fisher),
centrifuged (8000 rpm, 30 min) and collected in soluble fractions.
The sortase enzymes were purified with Ni-NTA (HiTrap Ni-NTA
column, GE) using manufacturer’s protocol, and buffer exchanged
to 50 × 10−3 m Tris–HCl (pH 7.5), 150 × 10−3 m NaCl by ultrafiltration (Amicon Ultra-10k, Millipore, USA), sterile filtered and stored
at −80 °X.
Sortase A Mediated Conjugation of OFA with GGG-Modified
Toxins: All sortase reactions were performed in 50 × 10−3 m Tris–
HCl, pH 7.5,150 × 10−3 m NaCl, 5 × 10−3 m CaCl2 and consisted of
small 2017, 13, 1602267

antibody (2 × 10−6 m), sortase enzyme (50 × 10−6 m), and toxin (200
× 10−6 m). Reactions were incubated at 37 °C for 12 h, and then
sampled (100 µL, 0.22 µm filtered) for evaluation of the conjugation efficiency by RP-HPLC analysis. The conjugated antibody–drug
complex was separated from unconjugated antibody, toxins, and
sortases using the HiTrap Phenyl FF (Sub) column (GE). Briefly, reaction samples were first filtered (0.45 µm) or centrifuged (12 000 × g,
30 min) to remove precipitants. Before sample loading, the HiTrap
Phenyl column was equilibrated with binding buffer (50 × 10−3 m
sodium phosphate, 2 m NaCl, pH 7.0). Then samples were diluted
2 fold by 50 × 10−3 m sodium phosphate, 4 m NaCl, pH 7.0 to a
final NaCl concentration of 2 m, and loaded onto the equilibrated
column, followed by a wash step (20 column volumes of binding
buffer) to remove unreacted toxins. Bound conjugates were eluted
using a linear gradient protocol (0%–100% elution buffer, 30 min;
elution buffer includes 80% 50 × 10−3 m sodium phosphate, pH
7.0, and 20% acetonitrile). Finally, the purified conjugates were
concentrated and buffer-exchanged to PBS (pH 7.4).
Analysis and Characterization of Various Sortase A-Generated
ADC: To evaluate conjugation efficiencies, OFA-LL and OFA-HL were
reacted with GGG-vcMMAE or GGG-MMAE using wild type sortase
A as biocatalyst. OFA-HL was incubated with different sortase variants in the presence of GGG-MMAE to screen for optimal sortase
enzyme. RP-HPLC was used for all the efficiency evaluation using a
Varian PLRP-S 100 Å column as previously described.[24]
For the analysis of potential ADC aggregation, the authors
applied a silica-based G3000SWXL size exclusion column
(7.8 mm × 30 cm dimension, 5 µm particle size, 250 Å pore size)
(Tosoh Bioscience LLC, USA). The separation was performed using
size exclusion column with mobile phase (50 × 10−3 m NaH2PO4
(pH 7.2), 300 × 10−3 m NaCl) at flow rate of 0.6 mL min−1. To determine the DAR, TOSOH Butyl-NPR (4.6 mm × 3.5 cm) column was
applied to separate ADC with different DAR via a 15 min linear gradient elution. Flow rate was set at 0.8 mL min−1 at room temperature (RT), with conditions starting at 1.5 m (NH4)2SO4, 25 × 10−3 m
sodium phosphate (pH 7.0), and ending at 25 × 10−3 m sodium
phosphate (pH 7.0), 25% isopropanol.
To determine fragments of ADC after trypsin digestion by
mass spectrometry, the authors used the Waters UPLC Acquity
Bio H Class equipped Xevo G2-S Q TOF. ADCs were diluted to a
final concentration of 2 mg mL−1 by 6 m guanidine hydrochloride,
100 × 10−3 m Tris–HCl (pH 8.0), followed by the addition of dithiothreitol to a final concentration of 10 × 10−3 m and incubation
for 2.5 h. Then in the reaction, iodacetamide was added to a final
concentration of 50 × 10−3 m, and incubated in dark for 40 min.
Samples were digested by trypsin at 37 °C for 24 h after buffer
exchange to 100 × 10−3 m sodium phosphate (pH 7.4) via ultraconcentration, and then the digestion was stopped by adding
formic acid to a final concentration of 1% (v/v). The authors used
a MassPREP Desalting column and its temperature was 80 °C. Peptides were separated by using a 12 min linear gradient between
10% (v/v) acetonitrile (ACN)/H2O and 90% (v/v) acetonitrile
(ACN)/H2O, with constant 0.1% formic acid through the elution.
Mass spectrometry parameters are as follows: capillary (kV), 2.5;
sampling cone (V), 60; source temperature (°C), 100; desolvation
temperature (°C), 500; desolvation gas flow (L h−1), 800; mass
range (m/z), 400–4000.
CD20 Expression Level of B-Lineage Lymphoma Cell Lines:
CD20 expression level of human CD20 positive (Ramos, Raji,
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Wil2-s, and Daudi) and negative (K562) tumor cell lines were
determined by flow cytometry after immunostaining. Approximately 1 × 106 cells were resuspended by ice-cold 1% BSA (PBS,
pH 7.4), following by mixing with 10 µg mL−1 OFA. After incubation
for 30 min on ice, cells were washed twice with ice-cold PBS (pH
7.4). And cells were stained by secondary goat antihuman IgG-FITC
(Beyotime, China) at saturation (10 µg mL−1) in ice-cold 1% BSA
(PBS, pH 7.4) for 30 min. Cells were examined by flow cytometry
on a Cytomics FC 500 MCL flow cytometer (Beckman Coulter) and
were gated to exclude nonviable cells. Cells of the negative control
groups were also treated as above in the absence of OFA. CD20
expression level was defined as MFI of immunostained cells minus
that of respective control group cells.
Cell Binding Affinity and Apoptosis-Inducing Activity of ADCs:
To evaluate cell binding of OFA and ADCs, ≈1 × 106 Ramos cells
were incubated with serial concentrations of OFA, OFA-HL, OFA-HLvcMMAE, and OFA-HL-MMAE in ice-cold 10% BSA (PBS, pH 7.4) on
ice for 30 min. The cells were then washed, immunostained, and
analyzed as above.
For assessment of cell apoptosis, Ramos cells were seeded at
a density of 5 × 104 cells mL−1 in a 6-well plate, and treated with
100 ng mL−1 OFA-HL, OFA-HL-MMAE, or OFA-HL-vcMMAE for 72 h.
After that, cells were stained with Annexin V-FITC and propidium
iodide (PI) (Annexin V-FITC Apoptosis Detection Kit, Beyotime Biotechnology) before apoptosis analysis. The percentages of apoptotic cells (AnnexinV+/PI−) and dead cells (AnnexinV+/PI+) were
determined by Cytomics FC 500 MCL flow cytometer (Beckman
Coulter).
In Vitro Efficacy of ADCs: Cytotoxicity of ADCs was measured by
Cell Counting Kit-8 (Dojindo, Osaka, Japan) on four CD20+ tumor
cell lines and one CD20-tumor cell line. Briefly, after exposure
to OFA and ADCs for 96 h, cells were incubated with 10% CCK-8
agent for ≈30 min, and then the absorbance at 450 nm was measured using the BioRad Model 680 Microplate Reader. IC50 was
defined as the concentration of drug that reduced the response
of untreated control group by half, and calculated by GraphPad
Prism 6.01.
Cellular Internalization of mAb and Its Conjugates: After
treatment with OFA, OFA-HL, OFA-HL-MMAE, or OFA-HL-vcMMAE
(5 µg mL−1) for 12 h, Ramos cells were seeded on slides by centrifugation, and gently washed twice with PBS (pH 7.4). Cells were
fixed with 4% paraformaldehyde solution at RT for 10 min. After
PBS washing, cells were permeabilized for 10 min at RT with 0.1%
Triton X-100, 0.2% BSA–PBS, followed by a blocking step with 2%
BSA–PBS for 30 min at RT. After the blocking, cells were stained
by secondary goat antihuman IgG-FITC (Beyotime, China) at a dilution of 1:200 in 1% BSA (PBS, pH 7.4) for 45 min. After gentle
washing, cells were further stained by DAPI (for nucleus staining)
for 2 min, and excessive dye was washed away. Then cells were
imaged immediately with Zeiss LSM 510 Meta confocal laser scanning microscopy. All the settings, including laser power, frame
averaging, photomultiplier voltage, photomultiplier offset, and
step distances between adjacent sections, were kept constant for
all samples to allow for internalization comparison.
In Vivo Efficacy and Toxicity: Efficacy studies were performed
on male Balb/c athymic nude mice (Slaccas Laboratory Animal Co.,
Ltd., Shanghai, China). All animal experiments were carried out in
accordance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals. The protocols were approved by
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the Committee on the Ethics of Animal Experiments of the Zhejiang
University, China (SCXK 2007-0029). Approximately 5 × 106 Ramos
cells were inoculated subcutaneously into the right flank of nude
mice. When the mean tumor volume reached ≈400 mm3, mice
were divided into 6 groups: saline, Herceptin-vcMMAE (nonbinding
control), OFA-HL-MMAE (5 mg mL−1), OFA-HL-MMAE (20 mg mL−1),
OFA-HL-vcMMAE (5 mg mL−1), and OFA-HL-vcMMAE (20 mg mL−1),
and each group included five to six tumor-bearing nude mice. Then
mice were treated intravenously with saline or ADCs once every
4 d for three times (q4d × 3). Tumor volumes were continuously
monitored until the end of the experiment and calculated by the
formula V = (L × W2)/2, L and W refer to longitudinal and transverse tumor diameters, respectively.
The body weight of mice in each group was monitored. Possible heart, liver or kidney toxicity was examined by morphological examination of relevant tissue cells after H&E (Hematoxylin
and Eosin) staining. Briefly, normal tissues for H&E staining were
obtained from experimental groups above randomly (one mouse
per group), 24 h after the third administration of ADCs. The
heart, lung, liver, and kidney tissues obtained were fixed (10%
neutral-buffered formalin), paraffin-embedded and stained by
H&E. The sections were examined using light microscopes at
100× magnification.
Statistical Analysis: One-way analysis of variance (ANOVA) was
used to determine statistical significance (*P < 0.05, **P < 0.01,
and ***P < 0.001), followed by Dunnett’s multiple comparison test.

Supporting Information
Supporting Information is available from the Wiley Online Library
or from the author.
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