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The aim of this study was to develop a new class of antibody-drug conjugates (ADCs) with the potential to not
only enhance treatment efficacy but also improve tolerability for patients with B-cell lymphomas. Classic ADCs
consist of monoclonal antibodies (mAbs) linked to drugs or toxins. They selectively deliver toxic moieties to
tumor cells. As such, they greatly improve the therapeutic index compared to traditional chemotherapeutic
agents. However, the therapeutic efficacy and safety of ADCs are dependent on linker stability and payload
toxicity. Limited payload number on a single antibody (drug-to-antibody ratio, or DAR) has been driving
investigators to use extremely toxic agents; however, even very low off-target binding of these ADCs may kill
patients. Herein we report a new design of ADCs that consists of rituximab (RTX) and N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer–epirubicin conjugates. The latter was selectively attached
to RTX via reduced disulfide bonds. Such design allows the introduction of a large payload of drug on the antibody
without adding attachment sites andwithout compromising the antigen-targeting ability. The binding of thenew
conjugate, namely RTX-P-EPI, to Ramos cells (with high CD20 expression) was confirmed. The cytotoxicity of
RTX-P-EPI against Raji andRamos cellswas also determined. Interestingly, two-fold inhibition of cell proliferation
was observed when using RTX-P-EPI compared with their equivalent physical mixture of RTX and P-EPI. Treat-
ment of male SCID mice bearing subcutaneous Ramos B-cell lymphoma tumors demonstrated that RTX-P-EPI
possessed superior efficacy when compared to combination of RTX with chemotherapy EPI (RTX + EPI) and P-
EPI (RTX + P-EPI), whereas single RTX and a non-specific conjugate IgG-P-EPI only showed marginal effect.
The conjugate RTX-EPI in which EPI was directly attached to RTX demonstrated much less antitumor activity
compared with RTX-P-EPI. The results suggest that this new design possesses synergistic potential of immuno-
therapy combined with established macromolecular therapy; moreover, a conventional chemo-agent could be
utilized to generate highly effective ADCs and to achieve lower risk of off-target toxicity.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Non-Hodgkin lymphoma (NHL), a frequent hematologic malignan-
cy, is the 6th most common cancer and the 9th leading cause of cancer
death in the United States (Siegel et al., 2016). Treatment of NHL is chal-
lenging because the disease comprises over 35 different subtypes with
the most prevalent types being diffuse large B cell lymphoma, follicular
lymphoma and mantle cell lymphoma (Chu and Polson, 2013). Eighty-
five percent of NHLs are of B-cell origin, and N95% of B-cell lymphomas
bear the cell surface antigen CD20 (Cheson and Leonard, 2008). The
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discovery of rituximab, the first FDA approved monoclonal antibody
against CD20, initiated a new era for treatment of B-cell NHLs (Leget
and Czuczman, 1998). Its combination with chemotherapy can further
enhance the therapeutic activity and still serves as clinical golden stan-
dard (Zelenetz et al., 2014). With the development of new, more active
modern chemotherapyprotocols and targeted therapies,muchprogress
has beenmade over the past two decades (Alley et al., 2010; Mehta and
Forero-Torres, 2015; Richter et al., 2016; Seyfizadeh et al., 2016). Unfor-
tunately, besides adverse side effects, relapsed or resistant disease re-
mains a major cause of treatment failure. The nonresponsiveness and/
or resistance have been attributed to the inability of immune effector
cells to hypercrosslink ligatedmAbs, and Fc receptor-mediated endocy-
tosis or “trogocytosis” of CD20 antigens (Chu and Kopeček, 2015). Thus,
the need for new therapeutic strategies that combine high levels of effi-
cacy with improved tolerability is evident.

An ideal strategywould be the development of highly ‘specific’drugs
that only accumulate in and kill tumor cells to achieve tumor
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eradication without systemic toxicity. Antibody-drug conjugates
(ADCs) are such an approach that allows for targeted delivery of cyto-
toxic agents to antigen-expressing tumor cells (Chari et al., 2014;
Jagadeesh and Smith, 2016). ADCs consist of three components: the an-
tibody (Ab), linker and drug/toxin (Ducry and Stump, 2010). The con-
cept of using Ab for drug delivery is not new, however, the design of
an ADC remains challenging, as it involvesmultiple factors, for example,
selection of an antibody, the stability of a linker, the payload and its
cleavage kinetics, etc. Among them a critical parameter is payload num-
ber on a single antibody (drug-antibody ratio or DAR), because over-at-
tachment will disturb mAb immunoaffinity. Generally, only a limited
number of toxin moieties can be attached to one Ab molecule (usually
DAR is 4–6). Consequently, extremely toxic agents such as
calicheamicin or auristatin monomethyl ester (MMAE) with
IC50 b 1 nM have to be employed in order to obtain sufficient efficacy
for target cell death (Casi and Neri, 2012; Wu and Senter, 2005). There-
fore, even a little fraction off-target conjugate will result in serious ad-
verse effects.

Development of ADCs for B-cell NHL is rational, because NHL has
been treated clinically with either chemotherapy or immunotherapy
(i.e. RTX), or their combination; it is anticipated that the tumor cells
will be responsive to cytotoxic agents delivered by an ADC. Given the
fact that RTX has been used in clinical practice for over two decades,
the antibody and the target have been extensively validated. Moreover,
the efficacy of RTX has been increased when used in combination with
chemotherapy, thus RTX-based ADCs may provide potential synergism.

However, it has been reported that directly conjugated conventional
chemotherapy drugs such as doxorubicin (DOX) to an Ab have failed
due to lack of cytotoxic potency (Braslawsky et al., 1991; Tolcher et al.,
1999). HPMA copolymer-DOX conjugates were attached to RTX but
did not enhance treatment activity in vivo when compared to controls
(Lidický et al., 2015). Hereinwe demonstrate an innovative way to gen-
erate therapeutically efficient ADCs by using semitelechelic HPMA co-
polymer-epirubicin conjugates attached to RTX, resulting in multiple
drugs bound to an Ab to enhance overall cytotoxicity and treatment ef-
ficacy of an ADC but without adding attachment sites. The antigen-
targeting ability and pharmacokinetics of the ADC, namely RTX-P-EPI,
are preserved. This new generation of conjugates possesses the unique
features of both antibody-drug conjugates with high specificity and ad-
vantages of macromolecular therapeutics. To examine the potent thera-
peutic activity of the new ADCs, in vitro and in vivo assays have been
used. The binding affinity of RTX to Ramos cells before and after conju-
gationwas analyzed usingflow cytometry. The antitumor efficacy of the
new ADC - RTX-P-EPI was evaluated on male NOD SCID mice bearing
subcutaneous Ramos B-cell lymphoma tumors.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals
All solvents were purchased with the highest grade from Fisher Sci-

entific (Pittsburgh, PA) and used as received. Dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), and HATU(1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluoro-phosphate) were purchased from AAPPTEC (Louis-
ville, KY). Iodine-125 [125I] was from Perkin-Elmer. Bicinchoninic acid
(BCA) protein assay kit and tris(2-carboxyethyl)phosphine (TCEP)
were from Thermo Scientific Pierce (Rockford, IL). Thiazolidine-2-
thione (TT), N-2-aminoethylmaleimide trifluoroacetate and
diisopropylethylamine (DIPEA) were purchased from Sigma-Aldrich
(St. Louis, MO). Cy5-NHS ester was from Lumiprobe
(Hallandale Beach, FL). 2,2′-Azobis(2,4-dimethylvaleronitrile)
(V65), 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70)
were from Wako USA (Richmond, VA). Epirubicin hydrochloride was
purchased from DKY Technology (Wuhan, China). N-(2-
hydroxypropyl)methacrylamide (HPMA) (Kopeček and Bažilová, 1973),
N-methacryloylglycylphenylalanylleucylglycine (MA-GFLG-OH) (Ulbrich
et al., 2000), N-methacryloylglycylphenylalanylleucylglycine-epirubicin
(MA-GFLG-EPI) (Yang et al., 2015), and 4-cyanopentanoic acid
dithiobenzoate (CPDB) (Mitsukami et al., 2001)were synthesized accord-
ing to literatures.

2.1.2. Cells and reagents
Ramos and Raji Burkitt's lymphoma cell lines were from American

Type Culture Collection (ATCC) (Manassas, VA) and maintained at
37 °C in a humidified atmosphere containing 5% CO2 in RPMI-1640me-
dium (Gibco) supplemented with 10% FBS and a mixture of antibiotics
(100 units/ml penicillin, 0.1 mg/ml streptomycin). Rituximab
(Genentech) was obtained from Hunstman Cancer Hospital, University
of Utah at a stock concentration of 10 mg/ml. Human IgG was from
Sigma (St. Louis, MO). Alexa Fluor® 488 goat anti-human IgG (H + L)
was from Thermo Fisher Scientific (Waltham, MA). Cell Counting Kit-8
(CCK-8) was from Dojindo (Rockville, MD). Annexin V-FITC Apoptosis
Kit was purchased from Clontech (Mountain View, CA).

2.1.3. Animals
About 7–9 weeks old male NOD SCID mice (25–30 g) were bred in-

house (originally purchased from Jackson Laboratories (Bar Harbor,
ME)). Animals were housed in the Animal Facility of the Comparative
Medicine Center at the University of Utah under standard conditions.
Procedures involving animals and their care were conducted following
approved Institutional Animal Care and Use Committee (IACUC)
protocols.

2.2. Synthesis of antibody-drug conjugates

2.2.1. Synthesis of 2-cyano-5-oxo-5-(2-thioxothiazolidin-3-yl)pental-2-yl
benzodithioate (CTA-TT)

CTA-TTwas synthesized as previously described (Tao et al., 2009). In
brief, 0.84 g CPDB, 0.36 g TT and 0.025 g DMAPwere dissolved in 10 ml
dichloromethane (DCM) and precooled with ice bath. DCC in 10 ml
DCMwas added dropwise to the flask within 30 min, then stirring con-
tinued for 6 h in dark at room temperature (r.t.). Afterworkingup,filtra-
tion (to remove precipitated salts) gave rise to a redfiltrate. The solution
was concentrated by rotary-evaporator. CTA-TT is purified via silica gel
column chromatography (70–230 mesh, 60 Å) using gradient
ethylacetate/hexane (step gradient 1:3 to 1:1, v/v) as eluent. The frac-
tionwas evaporated under reduced pressure. The CTA-TT agentwas ob-
tained as red oil. 1H NMR CDCl3 (ppm): 7.60–7.30 (benzene), 4.60–4.50
(NCH2CH2), 3.40–3.20 (SCH2CH2), 2.70–2.60 (CCH2CH2), 2.60–2.50
(CCH2CH2), 2.20–2.10 (CCH2CH2), 2.00–1.90 (CH3).

2.2.2. Synthesis of semitelechelic maleimide functionalized HPMA copoly-
mer-epirubicin conjugate (ST-P-EPI-Mal)

Semitelechelic (ST) HPMA copolymers terminated with maleimide
group were prepared by RAFT copolymerization followed by two-step
end modification. A typical polymerization process is briefly summa-
rized as follows: an ampoule containing HPMA (139 mg, 0.97 mmol)
and MA-GFLG-EPI (30 mg, 0.03 mmol) were attached to the Schlenk-
line. After three vacuum-nitrogen cycles to remove oxygen, CTA-TT
(4 mg/ml × 170 μl, in degassed MeOH/H+ 0.3% acetic acid) and V70
(1 mg/ml × 184 μl, in degassed MeOH/H+ 0.3% acetic acid) were
added via syringe under magnetic stirring and bubbled with N2 for
10 min in ice bath. The ampoule was sealed, and polymerization was
performed at 30 °C for 22 h. The copolymer was obtained by precipita-
tion into acetone/ethyl ether and purified by redissolving in methanol
and precipitation in acetone/ethyl ether twomore times. The copolymer
was isolated as red powder and dried under vacuum. The average mo-
lecular weight (Mw) and the polydispersity (PDI) of the conjugates
were determined using size-exclusion chromatography (SEC) on an
ÄKTA FPLC system equipped with a UV detector (GE Healthcare), mini
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DAWN TREOS, and OptilabrEX (refractive index) detector (Wyatt Tech-
nology) using a Superose 6 HR10/30 columnwith sodium acetate buffer
containing 30% acetonitrile (pH 6.5) as mobile phase. The
dithiobenzoate group was removed by further reaction with 40-times
excess V-65 in 0.3 ml MeOH/H+ at 55 °C for 2 h, and precipitation into
acetone/ethyl ether twice, resulting in ST-P-EPI-TT (70 mg, 41%). The
content of EPI in copolymer was determined spectrophotometrically
(λmax = 495 nm) by dissolving ST-P-EPI-TT in methanol
(~2 mg/10 ml) and calculated according to EPI standard curve in
methanol.

The end-chain reactive maleimide (mal) groupwas incorporated by
the reaction of TT group with N-(2-aminoethyl)maleimide. For exam-
ple, 18mg ST-P-EPI-TT was dissolved in 500 μl DMSO, then the solution
was added into 0.1 ml DMSO containing 10 μl DIPEA and 5 mg N-(2-
aminoethyl)maleimide trifluoroacetate. After stirring at r.t. for 24 h,
the polymer was isolated by precipitation in acetone/ether three times
to yield 16.5 mg ST-P-EPI-mal. The presence of maleimide group was
confirmed by modified Ellman assay.

2.2.3. Synthesis of antibody-polymer-EPI conjugates
13 mg rituximab was buffer changed with Tris-HCl buffer (20 mM,

5 mM EDTA, pH 7.4) to final volume 2.5 ml and mixed with TCEP
(100 mM × 300 μl, 80 times excess in Tris-HCl buffer, pH 7.4). After in-
cubation at 37 °C for 3 h, the excess TCEPwas removed by ultrafiltration
(EMDMillipore Amicon™, MWCO30,000) four timeswith Tris buffer to
yield RTX-SH. ST-P-EPI-Mal (16.5 mg, in 400 μl Tris·HCl buffer) was
added into RTX-SH solution, and incubated at 37 °C for 6 h. After work-
ing up, the conjugate was purified using SEC on ÄKTA FPLC system (GE
Healthcare, Piscataway, NJ) equipped with Sephacryl S-100 HR16/60
column elutedwith PBS (pH7.2) to remove free, unconjugated ST-P-EPI.

Following the same procedure, non-specific IgG-P-EPIwas prepared.
The protein concentration (RTXor IgG) infinal solutionwas determined
with BCA protein assay, whereas the polymer content was evaluated
usingUV–vis spectroscopy based on EPI content. Consequently, the sub-
stitution degree (P-EPI/mAb) and drug-to-antibody ratio (DAR) were
calculated.

2.2.4. Synthesis of RTX-EPI conjugate
To synthesize maleimide modified epirubicin, 6-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl)hexanoic acid (12 mg, 0.06 mmol) was dis-
solved in 200 μl DMF, HATU (0.05 mmol) and DIPEA (20 μl) was
added and stirred at r.t. for 30 min. The mixture was transferred into
EPI (27mg, 0.05mmol) solutionwith 15 μl DIPEA in 100 μl DMF. The re-
actionmixturewas stirred at r.t. overnight to yield EPI-mal. The product
was purified by HPLC (Agilent ZORBAX, 5 μm, 300SB-C18 column
9.4 × 250 mm, using flow rate 2.5 ml/min and gradient elution from
2% to 90% of buffer B within 30 min. Buffer A: DI H2O, buffer B: acetoni-
trile). The structure and purity of the product were confirmed by
MALDI-TOF-MS and HPLC analysis. MS (MALDI-TOF) m/z: 759.21
[M+ Na]+, 775.18 [M+ K]+.

RTX-SHwas prepared as described above. EPI-mal (10mM×35 μl in
DMSO)was added into RTX-SH solution, and incubated at r.t. for 2 h and
purified by ultrafiltration (30,000 Da cut-off) four times with PBS. The
molar ratio of EPI/RTX was calculated by UV–vis absorbance as 3.1.

2.2.5. RTX labeled with Cy5
Rituximab (10 mg/ml × 300 μl) in PBS was buffer changed with

added PBS buffer (pH 8.0) three times. Cy5-NHS (5 mg/ml × 8 μl, in
DMSO, RTX: Cy5 = 1:3) was added and incubated at r.t. for 2 h to
yield RTX-Cy5. The free Cy5-NHS was removed by PD-10 column and
ultrafiltration (30,000 Da cut-off) three times. The RTX concentration
in the final RTX-Cy5 solution was determined by BCA assay, and the
Cy5 contentwas determined byUV–visible spectroscopy (molar extinc-
tion coefficient: 125,000M−1 cm−1 at 645 nm in PBS). The ratio of Cy5/
RTX was 0.8.
2.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Samples were prepared in SDS-PAGE loading buffer. The samples
were loaded onto (6–10%) acrylamide gel run at 110 V and 30 mA for
1.5 h in 1 × running buffer (25 mM Tris·HCl, 250 mM glycine, and
0.1% SDS) on a Bio-Rad Mini-PROTEAN gel apparatus.

2.4. Binding affinity evaluation

To evaluate cell binding of antibody and antibody-polymer-drug
conjugate, Ramos cell line with high CD20 expression was selected as
target. Cells (2 × 105 in 400 μl medium) were centrifuged by 2000
RPM for 5 min, the supernatant was removed and the final volume
was about 50 μl. Conjugates with increasing concentration (0.04, 0.2
or 1 μg in 20 μl PBS) were added. IgG-P-EPI and RTXwere used for com-
parison. Cells were incubated at 4 °C for 20min andwashedwithmedi-
um twice to remove unbound conjugates. Cells were then stained with
100 μl secondary antibody (Alexa Fluor® 488 goat-anti human IgG
(H + L), 1:200 diluted) and incubated at 4 °C for another 20 min.
After washing by PBS twice, labeled cells were analyzed by flow
cytometry.

2.5. In vitro cell growth inhibition and apoptosis

2.5.1. Cell growth inhibition
The cytotoxicity of antibody and antibody-polymer-drug conjugates

against Ramos cells was measured by CCK-8 assay (Dojindo). The cells
were seeded in 96-well plates at the density of 10,000 cells (200 μl)
per well in RMPI-1640 medium containing 10% FBS. After 24 h, RTX,
RTX-EPI RTX-P-EPI, mixture of RTX with P-EPI and IgG-P-EPI (0.3 mg/-
ml × 15 μl for antibody) in medium was added and incubated at 37 °C
for 48 h. The number of viable cells was estimated using CCK-8 kit ac-
cording to the manufacturer's protocol. In brief, 50 μl 5× diluted CCK-
8 solution was added and incubated at 37 °C, 5% CO2 for 4 h, the absor-
bance was measured using a microplate reader at 450 nm (630 nm as
reference). Untreated control cells were set as 100% viable.

2.5.2. Apoptosis
Annexin V-FITC and PI stainingwere performed following the RAPID

™ protocol provided by the manufacturer. 2 × 105 Ramos cells were
suspended in 0.4ml fresh growthmediumcontaining0.2 μM(antibody)
RTX, RTX-EPI, RTX-P-EPI, IgG-P-EPI or mixture of RTX and P-EPI (the
concentration of P-EPI was equal to the content of RTX-P-EPI). The cell
suspension was incubated for 48 h. For Raji cells, various treatments
were applied and cells were incubated for 24 h. All experiments were
carried out in triplicate.

2.6. Internalization

2.6.1. Confocal fluorescence microscopy
Ramos cells at a density of 2 × 105 in 100 μl mediumwere incubated

with RTX-Cy5 or RTX-P-EPI (3 mg/ml × 25 μl) in culture medium at
37 °C for 3 h; then the cells were washed twice with PBS to remove un-
bound conjugates and plated onto sterile 35-mm glass bottom dishes
with 14-mm microwells (MatTek Corporation, Ashland, MA) for imag-
ing, using Olympus laser scanning confocal microscope (FV 1000).

2.6.2. Flow cytometry
106 Ramos cells in 100 μl culture medium were mixed with RTX-P-

EPI (6 mg/ml × 5 μl) and incubated at 4 °C for 30 min. Unbound conju-
gates were removed bywashing cells in medium to final volume 500 μl.
Cells were incubated at either at 37 °C in medium or 4 °C with NaN3

(0.1%). At indicated time points, 100 μl of cells was removed from cul-
ture, then stained with 100 μl secondary antibody (Alexa Fluor® 488
goat-anti human IgG (H + L), 1:200 diluted) and incubated at 4 °C for



Table 1
Characterization of ST-P-EPI.

Polymer precursor Mn (kDa) Mw/Mn EPI wt% EPI/polymer chain

ST-P-EPI-1 37.9 1.17 9.4 6.6
ST-P-EPI-2 32.9 1.11 8.0 4.7

Scheme 1. Synthesis of semitelechelic maleimide-functionalized HPMA copolymer-epirubicin conjugate (ST-P-EPI-Mal) and its attachment to rituximab via reduced thiol group.
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another 20 min. After washing twice with PBS, labeled cells were
analyzed by flow cytometry.

2.7. In vivo evaluation of antitumor efficacy

Localized xenograft model of human B-lymphomawas used to eval-
uate the efficacy of RTX-P-EPI. Ramos cells (5 × 106) in 200 μl of PBS
were subcutaneously inoculated in theright flank of mice. Tumor size
wasmeasured with a caliper, and tumor volumewas calculated accord-
ing to the formula: tumor volume (mm3) = 1/2 × length × (width)2,
where the length (mm) is the longest and the width (mm) is the
shortest dimension of the tumor. When the average tumor size reached
150 ± 50 mm3, treatment was initiated (n = 4–5). Mice were intrave-
nously (i.v.) administered via tail vein (on days 11, 14, 17, and 20 after
tumor implantation) with RTX-P-EPI and a series of references includ-
ing unconjugated RTX, non-specific IgG-P-EPI, free EPI directly conju-
gated RTX-EPI, and combination of RTX with EPI or P-EPI. Body weight
variation was computed by the equation: variation = (WDayn −
WDay0) / WDay0 × 100%.

2.8. Pharmacokinetics and biodistribution

The conjugates were radioiodinated by the Iodogen method as pre-
viously described (Liu et al., 2009). 7–9 weeks old healthy male NOD
SCID mice (n = 3) were intravenously injected with 125I labeled RTX,
RTX-P-EPI or IgG-P-EPI conjugates (0.1 mg, 20 μCi per mouse), respec-
tively. At predetermined intervals, blood samples (10 μl) were taken
from the tail vein, and the radioactivity of each sample was measured
with Gamma Counter (Packard).

For biodistribution study, 7–9 week-old male NOD SCID mice bear-
ing s.c. Ramos tumors received intravenous injection of 125I labeled
RTX, RTX-P-EPI, or IgG-P-EPI (0.1 mg, 20 μCi per mouse). At 72 and
96 h after administration, the mice were sacrificed. Various tissues
(heart, liver, spleen, lung, kidney, stomach, intestine, muscle, bone,
brain and tumor) were harvested, weighed, and counted for radioactiv-
ity with Gamma Counter (Packard). Uptake of the conjugate was calcu-
lated as the percentage of the injected dose per gram of tissue (% ID/g).
Data are presented as mean ± standard deviation (n = 3).

2.9. Statistics

All experiments in this study were at least triplicated. Quantitative
analyses are presented as mean ± standard deviation (SD). One-way
analysis of variance (ANOVA) coupled with Tukey's post hoc analysis
was used to compare three or more groups (with p value b0.05 indicat-
ing statistically significant difference).

3. Results

3.1. Design, preparation and characterization of antibody-drug conjugate
RTX-P-EPI

Conjugation of drugs to an antibody usually takes place at a solvent
accessible lysine or cysteine. A human IgG comprises about 100 lysine
residues. About half of them, located at both heavy chains and light
chains, are accessible and could be modified, resulting in a heteroge-
neous mixture of conjugates with DAR being 0 to 8. This implicates
that wide range of in vivo pharmacokinetic properties will be generated
with this unspecific approach. Cysteine conjugation occurs after



Fig. 1. (A) SEC analysis of ST-P-EPI, RTX andRTX-(P-EPI)6.5; (B) SDS-PAGE analysis of conjugates stainingwith Coomassie blue. Lane 1: RTX-EPI (DTT+); Lane 2: IgG-P-EPI; Lane 3:marker;
Lane 4: IgG; Lane 5: RTX-P-EPI.
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reduction of four interchain disulfide bonds that yields ≤8 of exposed
sulfhydryl groups. Consequently, the resulting ADCs have a lower de-
gree of heterogeneity. Therefore, conjugation via cysteine residue was
selected, and the designed synthetic approach is depicted in Scheme
1: Maleimide-modified semitelechelic HPMA copolymer-epirubicin
conjugate was first prepared, then attached to RTX via thioether
bonds as a result of thiol-ene reaction.

The copolymer precursorwas prepared by RAFT copolymerization of
HPMA with MA-GFLG-EPI. The use of chain transfer agent CTA-TT en-
ables preparation of copolymers with a reactive TT group at one chain
(macromolecule) end. To ensure the polymer carrier eventual elimina-
tion, the average molecular weight of a polymer precursor was con-
trolled to be below the renal threshold (b~50 kDa). ST-P-EPI-TT
contained 0.89 end TT groups at the end of polymer (determined by
UV spectrophotometry using molar extinction coefficient of monomer
10,800 L·mol−1 cm−1 in MeOH at 305 nm, UV spectrophotometry of
EPI at 305 nm as base line). ST-P-EPI-mal contained 0.86 maleimide
groups per polymer, which was determined by modified Ellman's
assay (Gergel and Cederbaum, 1996). EPI precursors were synthesized
following the same procedure. Their characterization is summarized in
Table 1.

To attach the active copolymer precursors to RTX, RTX was treated
with TCEP in Tris·HCl buffer (pH 7.4). Under such mild condition, the
solvent-accessible four inter-chain disulfide bonds were reduced into
thiol groups (RTX-SH). Ellman assay (Gergel and Cederbaum, 1996)
showed that the thiol/mAb ratio of RTX-SH was 7.9. SEC analysis
showed the same elution volume with RTX, which is coincident with a
previous report (Zhang et al., 2015) and indicated the same molecular
weight with RTX. RTX-SH was reacted with excess of ST-P-EPI in
Tris·HCl buffer. SEC analysis showed that after attachment, the peak
Scheme 2. Synthesis of maleimide-modified epirubicin (A) an
corresponding to RTX completely disappeared, accompanied by a new
peak corresponding to the conjugate RTX-P-EPI (Supporting informa-
tion Fig. S1). The SEC profiles of pure RTX-P-EPI, RTX and polymer pre-
cursor ST-P-EPI are shown in Fig. 1A.

As control (for biological evaluation), non-specific human IgG-P-EPI
and a conjugate RTX-EPI inwhich EPI was directly attached to RTXwere
also prepared (Scheme 2).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis further confirmed the successful synthesis of RTX-P-
EPI: non-denatured product (Fig. 1B Lane 5) validated the disappear-
ance of the free antibody band, accompanied by the emergence of
smears with higher apparent molecular weights corresponding to the
conjugate RTX-P-EPI.

To elucidate the relationship between substitution degree of ST-P-
EPI and retained RTX binding ability, four RTX-P-EPI conjugates with
various of DAR were prepared by changing the feed ratio of [ST-P-EPI-
mal]/[RTX-SH] and reaction time. Their characterization is summarized
in Table 2.

Unlike classic ADCs in which higher payload causes association and
impairs solubility, in our system, even when the DAR reaches over 40
(No. 5 RTX-(P-EPI)6.5), the conjugate was still water-soluble, and there
was no aggregation detectable (Fig. 2).

3.2. Binding affinity of various conjugates to Ramos B-cells

To ensure CD-20 antigen expression on the surface of Ramos cellswe
used, Ramos cells were exposed to RTX labeled with Cy5 (RTX-Cy5).
Flow cytometry analysis showed a high Cy5 signal of incubated Ramos
cells. Nevertheless, if CD20 receptors were blockedwith an over-satura-
tion dose of RTX, there was no Cy5 signal detectable following
d attachment to rituximab via reduced thiol groups (B).



Fig. 2. SEC analysis of antibody-drug conjugates with different substitution.
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incubation of cells with RTX-Cy5 (Supporting information Fig. S2). This
confirmed the expression of CD20 on the surface of the Ramos cells, and
their specific binding affinity to RTX.

To evaluate the binding characteristics of antibody-drug conjugates,
Ramos cells were treated with three different amounts of RTX or equiv-
alent RTX-drug conjugates, incubated at 4 °C to block antigen modula-
tion, and washed to remove unbound material. Goat antihuman IgG
fluorescently labeled secondary antibody was used to determine mean
fluorescence intensity (MFI) of each conjugate sample. HigherMFI indi-
cates more bound conjugates.

Fig. 3 shows the binding affinity was influenced by the ratio of poly-
mer to antibody in all three concentrations used. As expected, IgG-P-EPI
barely bound to Ramos cells; modification of RTX with P-EPI partially
decreased the binding affinity in a ‘valency’ dependent manner; the
higher the attachment of polymer-precursor, the higher the decrease
of conjugate binding. At given concentration (1 μg Ab), when 3 polymer
chains were attached at the inter chain disulfide-binding sites of RTX,
the conjugate (RTX-(P-EPI)3.1) showed over 50% binding affinity reten-
tion compared with unconjugated RTX, whereas conjugates with 4.5
and 5.6 polymer chains (RTX-(P-EPI)4.5, RTX-(P-EPI)5.6) showed about
40% and 30% binding affinity retention, respectively. RTX-(P-EPI)6.5
showed similar binding affinity with RTX-(P-EPI)5.6. Therefore, for fur-
ther in vitro cytotoxicity and in vivo efficacy evaluation, the conjugate
RTX-(P-EPI)3.1 was used, and simply denoted as RTX-P-EPI.

3.3. In vitro toxicity of antibody-polymer-drug conjugates

The cytotoxicity of RTX-P-EPI against Ramos cells wasfirst evaluated
at the concentration of 0.15 μM (related to RTX). Unconjugated RTX,
non-specific conjugate IgG-P-EPI and directly conjugated with free
drug (RTX-EPI) were used as controls. The Ramos cells were incubated
with the samples for 48 h and evaluated by CCK-8 assay (Fig. 4).
Under the given condition, all the new design conjugates RTX-(P-
EPI)x (x= 3.1, 4.4, 5.6, 6.5) exhibited remarkable ability to inhibit pro-
liferation of Ramos cells (about 40% kill) regardless of the variable sub-
stitution degrees, whereas the cytotoxicity of RTX alone was nearly
undetectable. Especially, the advantage of antibody-polymer-drug con-
jugateswasdemonstrated in comparisonwith the classic antibody-drug
conjugate RTX-EPI (18% kill) and the mixture of RTX and P-EPI (the
equal concentration of RTX and EPI with RTX-(P-EPI)3.1, 30% kill).
Non-specific conjugate IgG-P-EPI (22% kill) showed moderate cytotox-
icity. These results implicate the potential clinical application of RTX-
P-EPI, an antibody conjugated with conventional chemotherapeutics.

To further investigate the antitumor activity of the new design con-
jugate RTX-P-EPI, Ramos andRaji cellswere used to detect the apoptosis
level induced by the conjugate. Cells (2 × 105/well) were incubated at
concentration of 0.2 μM RTX equivalent for 48 h (for Ramos) or 24 h
(for Raji). Apoptosis induction of cells was analyzed using Annexin V/
PI staining. For control samples, IgG-P-EPI had minimal cytotoxicity,
while RTX-EPI or RTX + P-EPI had similar cytotoxicity as RTX alone.
By contrast, RTX-P-EPI had markedly increased cytotoxicity compared
with all three RTX-containing groups (Fig. 5). The superiority of RTX-
P-EPI was also observed in Raji cells. When cells were treated with
RTX alone, increase of antibody concentration from 0.2 μM to 2 μM did
not significantly enhance the apoptosis level, suggesting that antibody
binding to the cells may have reached saturation. However, when cells
Table 2
Characterization of RTX-(P-EPI)x and control conjugates.

No. Conjugate Polymer-precursor P/Ab ratio EPI/antibody (DAR)

1 RTX-EPI – – 3.1
2 RTX-(P-EPI)3.1 ST-P-EPI-1 3.1 20.6
3 RTX-(P-EPI)4.4 ST-P-EPI-2 4.4 20.7
4 RTX-(P-EPI)5.6 ST-P-EPI-2 5.6 26.3
5 RTX-(P-EPI)6.5 ST-P-EPI-1 6.5 42.9
6 IgG-(P-EPI)3.6 ST-P-EPI-2 3.6 16.9
were first treated with a high concentration of RTX (2 μM) followed
1 h later by exposure to 0.2 μM equivalent RTX-P-EPI, the percentage
of apoptotic cells almost doubled, which indicates that RTX-P-EPI
could be active against RTX-pretreated cells. This raises the likelihood
that this system may be efficient in the treatment of RTX-resistant
disease.
3.4. Internalization of antibody-polymer-drug conjugate

CD20 is a non- or slowly internalizing antigen that remains on the
cell surface when bound to a complementary antibody, i.e. RTX (Press
et al., 1989; Law et al., 2004). To examine whether conjugation of P-
EPI to RTX will enhance the internalization of RTX-P-EPI, Ramos cells
were incubated in RTX-P-EPI with over-saturating level at 4 °C for
30 min. Cells were washed at 4 °C, and then kept at both 37 °C and
4 °C (in the presence of NaN3), permissive and nonpermissive (+inhib-
itor) temperature for endocytosis, respectively. At 0, 30 min, 1, 2, and
3 h, cells were stained with Alexa Fluor-488 goat anti-human IgG sec-
ondary antibody. Flow cytometry was used to analyze the remaining
surface RTX-P-EPI. Fig. 6A shows no detectable change over the 3 h
course for the Ramos cells that kept at 4 °C. In contrast, surface levels
of RTX-P-EPI decreased significantly when the cells were kept at 37 °C.
Within 3 h, about 40% of RTX-P-EPI was lost from the cell surface,
Fig. 3. The mean fluorescence intensity of Ramos cells following exposure to different
amounts of RTX alone or antibody-drug conjugates. 2 × 105 Ramos cells in 50 μl
medium was mixed with different samples (1, 0.2 or 0.04 μg in 20 μl PBS) and incubated
at 4 °C for 30 min. The mixture was washed by medium twice to remove unbound
sample. 100 μl secondary antibody (GAH-488, 1:200 diluted) was added and incubated
at 4 °C for 30 min. After washing by PBS, the cells were analyzed by flow cytometry. All
data are presented as mean ± SD (n = 3).



Fig. 4. In vitro cytotoxicity of RTX-P-EPI toward Ramos cells. RTX, RTX-EPI, RTX + P-EPI
and IgG-P-EPI were used as references. 104 Ramos cells were seeded in each well of 96-
well plates in 200 μl RPMI-1640 medium containing 10% FBS. Different samples
(0.3 mg/ml × 15 μl) were added and incubated at 37 °C in a humidified atmosphere of
5% CO2 (v/v). After 48 h, the number of viable cells was estimated using CCK-8 kit at
450 nm (630 nm as reference). One-way analysis of variance (ANOVA) coupled with
Tukey's post hoc analysis was used to compare three or more groups (with p value
b0.05 indicating statistically significant difference, * b 0.05, *** b 0.0001).
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suggesting the conjugate RTX-P-EPI was internalized by the cells. This
observation is coincident with a previous report by Law et al. that con-
jugation of monomethyl auristatin E (MMAE) to RTX resulted in inter-
nalization of RTX-vcMMAE (Law et al., 2004). Furthermore, confocal
microscopy images (Fig. 6B) confirmed the internalization of RTX-P-
EPI. After incubation at 37 °C for 3 h, fluorescence signals were detected
not only on the surface (like RTX-Cy5), but also in the cytoplasm of
Ramos cells, which indicated that RTX-P-EPI was internalized by the
cells.

3.5. In vivo anti-tumor efficacy of RTX-P-EPI

The therapeutic potential of RTX-P-EPI was evaluated in male NOD
SCID mice bearing human lymphoma xenografts. NOD SCID mice were
Fig. 5. In vitro cytotoxicities of conjugates toward (A) Ramos cells and (B) Raji cells. Apoptosis
time was 48 h for Ramos cells and 24 h for Raji cells. The following indications apply to the figu

rituximab and P-EPI (0.2 μMbased on rituximab, the concentration of P-EPI was equal to the co
RTX-P-EPI, cells were preblocked by rituximab (2 μM), followed (1 h later) by RTX-P-EPI conjuga
EPI conjugate (0.2 μM based on IgG). Percentage of apoptotic cells was quantified by flow cytom
one-way analysis of variance (ANOVA) coupled with Tukey's post hoc analysis to compare thre
*** b 0.0001, n.s.: no significant difference).
subcutaneously implantedwith Ramos cells (5 × 106 cells/200 μl saline)
into the right flank. When tumors reached 100–200 mm3, mice were
treated intravenously with 20 mg/kg of RTX or RTX-equivalent dose of
RTX-P-EPI (that dose led to an EPI dose of 1.5 mg/kg). Saline was
injected as control. For comparison, RTX-EPI, RTX + EPI, RTX + P-EPI
and IgG-P-EPI were also administered. Mice were treated with 4 doses
at 3-day intervals. There are no significant differences until day 21
among various treatment groups except RTX-P-EPI vs. saline (the post
hoc test p value is smaller than 0.05). However, RTX alone, RTX-EPI
and the non-specific conjugate IgG-P-EPI only showed marginal effect.
Mice treated with these regimens were soon killed due to rapid tumor
development. By day 30, significant differences were found in the re-
maining three treatments. The p value of ANOVA is 0.0116, and both
of the post hoc test p values of RTX-P-EPI vs. RTX + P-EPI and vs.
RTX + EPI are b0.05 (Fig. 7).

The targeting effect was clearly demonstrated by comparison of
RTX-P-EPI with a non-specific conjugate IgG-P-EPI, as both conjugates
have similar Mw, thus the enhanced permeability and retention (EPR)
effect could be ruled out. Importantly, by comparing RTX-P-EPI with
equivalent RTX + EPI and RTX + P-EPI, the conjugate RTX-P-EPI dem-
onstrated structural synergistic effect.

These results convincingly demonstrated that RTX-P-EPI is more ef-
fective in vivo than RTX-EPI, an ADC with a traditional design. In addi-
tion, body weight of the mice was closely recorded during and after
treatment. The body weight loss of the mice treated with RTX-P-EPI
was within acceptable limits and remained stable after withdrawal;
therewas no observed evidence of increased toxicity of RTX-P-EPI com-
pared to controls (Supporting information Fig. S3).

3.6. Pharmacokinetics and biodistribution of 125I labeled antibody-poly-
mer-drug conjugates

The pharmacokinetic properties of 125I labeled RTX, RTX-P-EPI and
IgG-P-EPI were evaluated in male NOD SCID mice. Antibody was
radiolabeled by 125I and i.v. injected at 3.5 mg/kg (based on antibody
for RTX, RTX-P-EPI, and IgG-P-EPI) single dose. The blood radioactivity
time profiles of 125I-labeled RTX-P-EPI and of RTX demonstrate the fol-
lowing: a) conjugation of over 20 epirubicinmolecules (viamultiple lin-
ear polymer carriers) to RTX did not accelerate its clearance; b)
reduction of RTX for conjugation of polymer-precursor did not destabi-
lize the RTX structure via binding to critical disulfide bonds when
induction in Ramos and Raji cells was analyzed by Annexin V/PI binding assay. Incubation
re. Non-treated, cells in culture medium; RTX, rituximab (0.2 μM); RTX+ P-EPI, mixture of

ntent of RTX-P-EPI); RTX-EPI, rituximab-EPI conjugate (0.2 μMbased on rituximab); RTX→
1h

te (0.2 μM); RTX-P-EPI, RTX-P-EPI conjugate (0.2 μMbased on rituximab); IgG-P-EPI, IgG-P-
etry. All data are presented as mean ± SD (n= 3). Statistical analysis was performed by

e or more groups (with p value b0.05 indicating statistically significant difference; * b 0.05,



Fig. 6. Internalization of antibody-polymer-drug conjugate into Ramos cells. Flow cytometry (A) and confocal microscopy (B) analysis.
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exposed to sheer stress in vivo (Fig. 8). These results strongly suggest
that our ADC design will not compromise the pharmacokinetic proper-
ties of the antibody (see Supplementary information Table S1 for PK
parameters).

We also compared biodistribution of RTX, RTX-P-EPI and IgG-P-EPI
labeled by 125I in male NOD SCID mice bearing s.c. xenograft tumor
model. At 72 h after intravenous injection, tumor uptake of 125I-RTX-
P-EPI was higher than that in major organs except spleen. Particularly,
the level of targeted antibody-polymer-drug conjugate in the tumor
(125I-RTX-P-EPI, 0.75% ID/g tissue), which was comparable to that of
RTX (0.71% ID/g tissue), was 3-fold higher than the non-targeted conju-
gate (125I-IgG-P-EPI, 0.25% ID/g tissue) (Fig. 9). These results suggest
that although attachment of polymer-drug precursors to RTX results
in partial loss of binding affinity, long-circulation property of RTX-P-
EPI enables to achieve comparable tumor uptake as RTX in our model.

4. Discussion

From the structure-function point of view, antibody–drug conju-
gates belong to the “targeted chemotherapeutics” category of anti-can-
cer drugs. Historically, antibody and/or antibody Fab' fragment have
been incorporated into water-soluble polymer-anticancer drug conju-
gates as targeting moieties to improve the therapeutic outcome and to
reduce the toxicity of anticancer agents (Říhová and Kopeček, 1985;
Říhová et al., 1988, 2002; Pimm et al., 1993; Omelyanenko et al., 1996;
Fig. 7. Antitumor activity of RTX-P-EPI in B-cell lymphoma model. NOD SCID male mice were i
mean tumor size reached 100mm3 or above. Four doseswith 20mg/kg of RTX (1.5mg/kg equiv
tail vein. Saline was used as non-treated control. RTX, RTX-EPI, mixture of RTX + P-EPI, mixtu
(n = 4–5).
Hongrapipat et al., 2008; Lu et al., 1999, 2003; Shiah et al., 2001;
Jelínková et al., 1998; KováŘ et al., 2002; Chytil et al., 2010; Pola et al.,
2013). For example, a comparison of the efficacy between non-targeted
and OV-TL16mAb fragment-targeted HPMA copolymer-mesochlorin e6
conjugates (P-Mce6 vs. P-Fab'-Mce6) for treatment of OVCAR-3 xeno-
grafts in nudemice has been performed. Results clearly indicate the ad-
vantage of targeted treatment (Lu et al., 1999, 2003). Omelyanenko et
al. (1996) performed detailed studies to investigate the impact of conju-
gation chemistry on binding affinity of modified antibody conjugates.
Differences in Ka (affinity constant) suggested random modification of
lysine residues via amide bond lead to conjugate heterogeneity and im-
paired antigen binding; site-specific modification results in superior
property. However, unlike classic ADCs in which monoclonal antibody
itself can induce cancer cell death, an antibody (or antibody fragment)
in the aforementioned early studies served as targeting moiety, and
did not have therapeutic function.

Despite a growing number of ADCs currently in clinical trials or pre-
clinical development, there still remains space to explore newapproaches
for the treatment of hematologic malignancies. For example, a new ther-
apy that combines high efficacy with enhanced tolerability is needed. Ef-
ficacy and safety are twomajor issues. Due to limited attachment sites, in
current ADCs, more andmore potent toxins (IC50 from nmol to pmol) are
being investigated to achieve DAR 2 (2 toxins conjugated to one mAb).
Such strategy raises toxicity concerns. Itwas reported recently that six pa-
tientswith acutemyeloid leukemia (AML) have been identifiedwith liver
noculated with 5 × 106 Ramos cells into the right flank. Treatment was initiated when the
alent EPI in 20mg/kg RTX-P-EPI) on days 11, 14, 17, and 20 (arrows)were administered via
re of RTX + EPI and IgG-P-EPI were also evaluated. The data are presented as mean ± SD



Fig. 8. Pharmacokinetic profiles of 125I-labeled conjugates IgG-P-EPI, RTX and RTX-P-EPI in
male NOD SCID mice. Data obtained using the radioactivity count method was plotted as
percentage of injected dose per gram of tissue (% ID/g). All data are expressed as
mean ± standard deviation (n = 3).
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toxicities in clinical trials and four of them have died (http://mobile.
reuters.com/article/idUSKBN14G13V).

Semitelechelic (ST) polymers are linearmacromolecules having a re-
active functional group at one end of the polymer chain (Kamei and
Kopeček, 1995). The single functional group provided the opportunity
to conjugate or graft the macromolecule to other species or surfaces
(Lu et al., 1998). ST-HPMA copolymers have been used in the synthesis
of star copolymers, e.g., by attachment to amino groups of dendrimers
(Wang et al., 2000) or for modification of antibodies. The chemistries
used for the antibody modification varied. The synthesis of antibody
polymer conjugates by reaction with polymer precursors containing
several attachment points, results in partially crosslinked conjugates
containing antibody molecules and several polymer chains (Říhová
and Kopeček, 1985; Tappertzhofen et al., 2013; Kovář et al., 2002). The
use of ST-copolymers results in well-defined star-like conjugates
where one antibody molecule is decorated with several polymer chains
(Kovář et al., 2002; Etrych et al., 2009; Tappertzhofen et al., 2014;
Lidický et al., 2015). The attachment of polymer chains is performed ei-
ther non-specifically by reaction of ST polymers with accessible amino
groups of lysine (Kovář et al., 2002) or more specifically by reduction
of the antibody disulfide bonds and attachment of ST copolymer via
thiol-ene reaction (Etrych et al., 2009; Lidický et al., 2015). Alternative-
ly, the amino groups of lysine may be modified (non-specifically) by 2-
Fig. 9.Biodistribution of 125I-labeled RTX, RTX-P-EPI, andnon-specific IgG-P-EPI in Ramos lymph
the radioactivity count method was plotted as percentage of injected dose per gram of tissue (
iminothiolane and the ST polymer attached via thiol-ene reaction
(Etrych et al., 2007, 2009).

In this study, we present a new generation antibody-drug conju-
gates (ADCs) that integrated two traditional approaches (antibody
targeting and polymer therapeutics) into one ‘hybrid’ product with
the potential to not only enhance treatment efficacy but also improve
tolerability for patients with B-cell lymphomas. A conventional cytotox-
ic agent epirubicin was incorporated onto HPMA polymer carrier by a
controlled living polymerization technique, resulting in a well-defined
semitelechelic maleimide functionalized polymer-drug conjugate. This
precursor was attached to RTX, a chimeric anti-CD20 mAb, to generate
a new type of ADC, RTX-P-EPI. It is based on our long-term experience
with HPMA copolymer-drug conjugates (Yang and Kopeček, 2016),
and the advances in the field of antiCD20 therapeutics (Chu and
Polson, 2013; Law et al., 2004). Previously, RTX has been conjugated
with both free drugdoxorubicin (DOX) (Braslawsky et al., 1991), liposo-
mal Dox (Sapra and Allen, 2002), and HPMA copolymer-DOX conju-
gates (Lidický et al., 2015). Unfortunately, these antibody-drug
conjugates were found to be therapeutically ineffective. Initially, the
failure was explained by the CD20 non-internalization property. How-
ever, Law et al. (2004) evaluated a RTX-based ADC using MMAE,
whose IC50 is 50–200 folds lower than that of DOX. Interestingly, inter-
nalization of the conjugate was demonstrated and the antitumor effica-
cy of the conjugate (RTX-vcMMAE) in xenograftmodel of CD20-positive
lymphoma was proved. Internalization of iron oxide nanoparticles
targeted with CD20+ single chain variable fragment antibody-
streptavidin fusion protein in the MC126 B lymphoma cell line was
also observed (Wang et al., 2013). Similarly, the internalization and an-
titumor efficacy of our conjugate, RTX-P-EPI, was established.

One of the barriers for RTX clinical application is the resistance. Ri-
tuximab resistance pathways remain uncertain. One of the key factors
for resistance development is frequently repeated relatively high
doses. The mechanistic factors involved are the altered signaling,
resulting in the overexpression of anti-apoptotic proteins of the Bcl-2
family and leading to resistance to apoptosis. Interestingly, by compar-
ing with the mixture of RTX and polymer-drug conjugate (P-EPI), RTX-
P-EPI showed 1.5 times higher in vitro cytotoxicity and significantly de-
layed tumor growth. This higher in vitro cytotoxicity and in vivo anti-
tumor efficacy indicated synergistic effect. EPI is reported to up-regulate
Bax and Bak (the pro-apoptotic Bcl-2 family proteins); this may re-sen-
sitize resistant cells to rituximab-mediated apoptosis. Therefore, the re-
sults suggest that this new design possesses synergistic potential of
immunotherapy combined with established macromolecular therapy.
Moreover, a conventional chemo-agent could be utilized to generate
oma-bearingNODSCIDmice at 72 h after intravenous administration. Data obtainedusing
% ID/g). All data are expressed as mean ± standard deviation (n = 3).

http://mobile.reuters.com/article/idUSKBN14G13V
http://mobile.reuters.com/article/idUSKBN14G13V
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highly effective ADCs and concomitantly reduce the risk of off-target
toxicity.
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