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A B S T R A C T

Combining antibody-drug conjugates (ADCs) with targeted small-molecule inhibitors can enhance antitumor
effects beyond those attainable with monotherapy. In this study, we investigated the therapeutic combination of
a CD30-targeting ADC (anti-CD30-lidamycin [LDM]) with a small-molecule inhibitor (crizotinib) of nucleo-
phosmin-anaplastic lymphoma kinase NPM-ALK in CD30+/ALK+ anaplastic large cell lymphoma (ALCL). In
vitro, anti-CD30-LDM showed strong synergistic antiproliferative activity when combined with crizotinib.
Furthermore, treatment with anti-CD30-LDM plus crizotinib resulted in a stronger induction of cell apoptosis
than monotherapy with either treatment. Western blot analysis revealed that ERK1/2 phosphorylation was in-
creased in response to anti-CD30-LDM-induced DNA damage. Interestingly, the addition of crizotinib inhibited
the expression of phosphorylated ERK1/2 and further augmented anti-CD30-LDM-mediated apoptosis, providing
a potential synergistic mechanism for DNA-damaging agents combined with NPM-ALK inhibitors. In Karpas299
and SU-DHL-1 xenograft models, anti-CD30-LDM plus crizotinib was more effective in inhibiting tumor growth
than either treatment alone. This research demonstrated for the first time that the combination of anti-CD30-
LDM and crizotinib exhibits a synergistic inhibitory effect in tumor cells. These results provide scientific support
for future clinical evaluations of anti-CD30-LDM, or other DNA-damaging agents, combined with NPM-ALK
inhibitors.

1. Introduction

Anaplastic large cell lymphoma (ALCL) is an aggressive form of
malignant T-cell lymphoma that accounts for approximately 2% of
adult and 10–15% of pediatric/adolescent non-Hodgkin lymphoma
cases [1,2]. Although ALCL is a largely curable disease, significant
percentages (40–65%) of patients develop recurrent disease after front-
line therapy and therefore require subsequent treatments [3]. ALCL
patients whose disease relapses after autologous stem cell transplanta-
tion are rarely cured with current treatment modalities. ALCL is char-
acterized by the overexpression of the CD30 antigen, which is a
transmembrane member of the tumor necrosis factor receptor

superfamily [4–6]. Thus, CD30 is an attractive and validated target for
antibody-based therapy in ALCL [7,8]. Brentuximab vedotin (BV) is an
antibody-drug conjugate (ADC) that specifically delivers the potent
cytotoxic drug monomethyl auristatin E (MMAE) to CD30-positive cells.
BV is FDA-approved for the treatment of relapsed/refractory Hodgkin
lymphoma (HL) and ALCL; however, many patients do not achieve
complete remission and eventually become resistant to BV treatment.
Furthermore, MMAE resistance has been associated with resistance to
BV. Therefore, it is imperative to develop other cytotoxic agents that
can be linked to ADCs) [9].

Lidamycin (LDM) is a novel enediyne-containing antitumor anti-
biotic developed by our laboratory. LDM inhibits DNA synthesis and
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causes cellular DNA breakage in cancer cells [10]. The chromophore of
LDM interacts with the DNA minor groove and cleaves double-helical
DNA, causing direct double-strand breaks [11]. We have previously
described a novel ADC, anti-CD30-LDM [12], which is comprised of two
molecules of LDM linked to an anti-CD30 monoclonal antibody (mAb)
via noncleavable linkers. Thus, the LDM is delivered to the CD30-po-
sitive cancer cells by the mAb, causes DNA damage by inducing double-
strand breaks, and results in cell cycle arrest and apoptosis [13,14].
This ADC displays specific affinity and extremely potent cytotoxicity
against CD30-overexpressing tumor cells in vitro, with IC50 (half-max-
imal inhibitory concentration) values ranging from 0.54× 10−11 to
3.74×10−11 M. In a Karpas299 xenograft model, tumor growth was
inhibited by 87.76% in NOD/SCID mice treated with 0.7 mg/kg anti-
CD30-LDM [12]. The combination of ADCs with small molecule in-
hibitors has been effective in enhancing the antitumor effects of the
ADCs [15,16]. Thus, it is important to explore potential combinations of
anti-CD30-LDM and small molecule inhibitors that exhibit synergistic
antitumor effects.

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase in
the insulin receptor family and is expressed in most ALCL cases [17,18].
Nucleophosmin-anaplastic lymphoma kinase (NPM-ALK) is an onco-
genic fusion protein carrying the constitutively active tyrosine kinase
and is expressed in approximately 70–80% of ALK-positive ALCL cases
[19,20]. Moreover, NPM-ALK is central to the pathogenesis of ALK-

positive ALCL [21]. NPM-ALK mediates tumorigenesis by exerting tyr-
osine kinase activity on signaling proteins involved in a number of
cellular pathways, including the Jak/STAT3, MEK/ERK, and PI3K/Akt
pathways, all of which promote cell proliferation, survival, and mi-
gration [20–23]. Crizotinib is a small molecule inhibitor that potently
inhibits ALK activity [24]. Crizotinib was approved by the US FDA for
the treatment of patients with ALK-positive non-small cell lung cancer
[25]. In addition, crizotinib is being studied in multiple clinical trials
for advanced solid tumors and lymphomas [26,27]. Crizotinib induces
apoptosis and cell cycle arrest by downregulating the levels of phos-
phorylated ALK and its downstream effectors in NPM-ALK+ ALCL cell
lines [24,28] and has shown therapeutic efficacy in pediatric patients
with ALK+ ALCL [29]. Combining crizotinib with conventional che-
motherapeutic agents provides antitumor activity superior to that of
either approach alone [30].

Given the therapeutic potentials of anti-CD30-LDM and crizotinib in
ALCL, we evaluated if their combination produced synergistic anti-
tumor effects in ALCL cells positive for both CD30 and ALK (CD30+/
ALK+) and to further explore the potential of this novel combination
strategy.

Fig. 1. The cytotoxic effects of crizotinib and/or anti-CD30-LDM on cancer cells. (A) The expression levels of ALK and NPM-ALK in Karpas299, SU-DHL-1, and
L428 cells were assessed by western blot. (B) Karpas299, SU-DHL-1 and L428 cells were treated with crizotinib (0.01, 0.03, 0.1, 0.3, 1, 3, or 10 μM) for 48 h, and cell
viability was detected by a CCK-8 assay. The survival rates were calculated as the ratios of the optical density of surviving cells in the treatment groups to that in the
control group. (C) The synergistic inhibitory effect of the anti-CD30-LDM and crizotinib combination is shown in Karpas299 and SU-DHL-1 cells. The cells were
treated with anti-CD30-LDM and/or crizotinib at the indicated concentrations for 48 h. The CDI values were calculated; CDI<1 indicates a synergistic effect,
CDI<0.7 indicates a significant synergistic effect. The values represent as the mean ± SD of three independent experiments. (D) The synergistic inhibitory effect of
the LDM and crizotinib combination is shown in Karpas299 and SU-DHL-1 cells. (E) The effect of anti-CD30-LDM combined with crizotinib on ALK-negative
L428 cells; CDI> 1 represents an antagonistic effect.
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2. Materials and methods

2.1. Cell lines

The ALCL cell lines Karpas299 and SU-DHL-1 were purchased from
BioPike (Beijing, China), and the Hodgkin lymphoma-derived cell line
L428 was obtained from Creative Bioarray, Inc. (Shirley, NY, USA). The
Karpas299, SU-DHL-1, and L428 cell lines were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum. All cell lines were
cultured in a humidified incubator (Thermo Fisher Scientific, Waltham,
MA, USA) maintained at 37 °C with 5% CO2.

2.2. Regents and antibodies

Crizotinib was purchased from J&K Chemicals (Beijing, China), and
SCH77298 was purchased from Top Science Biochem (Shanghai,
China). Crizotinib and SCH77298 were dissolved in dimethyl sulfoxide
and stored at −80 °C. Anti-CD30-LDM was prepared in our laboratory
and stored at −80 °C. Specific antibodies against ALK, NPM-ALK,
phosphorylated NPM-ALK, STAT3, phosphorylated STAT3, ERK1/2,
phosphorylated ERK1/2, JunB, phosphorylated JunB, p21, p53, phos-
phorylated p53, PARP, cleaved PARP, cleaved caspase-3, cleaved cas-
pase-7, and β-tubulin were purchased from Cell Signaling Technology
(Beverly, MA, USA). The anti-Ki-67 antibody was purchased from
ZSGB-BIO Technology (Beijing, China).

2.3. Cell proliferation inhibition assays

The cell lines were seeded in 96-well plates at a density of
2.5× 104 cells per well and incubated at 37 °C for 2 h. The cells were
treated with anti-CD30-LDM and/or crizotinib at the indicated con-
centrations and then incubated at 37 °C for 48 h. Cell viability was
measured using a Cell Counting Kit-8 (CCK-8) assay (Dojindo,
Kumamoto, Japan) with a microplate reader (SpectraMax i3x,
Molecular Devices, San Jose, CA, USA) at 450 nm. The data were nor-
malized to those of the surviving fractions and compared with the data
from the untreated controls. The IC50 was defined as the drug con-
centration at which the cell growth was inhibited by 50% and was
determined from the dose-response curves using SPSS 16.0 software
(IBM SPSS, Chicago, IL, USA).

2.4. Synergy assays

The coefficient of drug interaction (CDI) was used to analyze the
synergistic or antagonistic effects of the drug combinations, as reported
previously [31]. The CDI was calculated relative to the surviving frac-
tions of each group as follows: CDI=AB/(A×B); where AB is the ratio
of the optical density of the combination group to that of the control
group at 450 nm, and A and B are the ratio of the optical density of each
single-agent group to that of the control group at 450 nm. A CDI
value< , =, or> 1 indicates a synergistic, additive or antagonistic
effect, respectively. CDI values < 0.7 indicated strong synergy.

Fig. 2. Cell apoptosis induced by anti-CD30-LDM and/or crizotinib in ALK-positive ALCL cells. (A) Karpas299 and SU-DHL-1 cells were treated with anti-CD30-
LDM (ADC), crizotinib (Cri), or their combination (Com) for 24 h. The cells were stained with an anti-Annexin V-FITC antibody and PI for apoptosis analysis by flow
cytometry. (B) Annexin V-FITC-positive cells were defined as apoptotic. The data represent as the mean ± SD of three independent experiments; **p < 0.01. (C)
The caspase-3/-7 activity in cells treated with anti-CD30-LDM and/or crizotinib for 12 h. The fold induction of caspase-3/-7 activity was determined by comparing
the activity in the treatment group with that in the untreated controls. The mean and SD of triplicate experiments are shown; **p < 0.01. (D) The expression levels of
cleaved caspase-3, caspase-7, and PARP in SU-DHL-1 cells were assessed by western blot. The treated cells were exposed to anti-CD30-LDM (3 pM) and/or crizotinib
(120 nM) for 12 h.
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2.5. Apoptosis assays

Cells were plated in 6-well plates, incubated at 37 °C for 2 h, and
then exposed to anti-CD30-LDM and/or crizotinib for 24 h. The cells
were collected for analysis according to the manufacturer's protocol for
the Annexin V-FITC Apoptosis Kit (Dojindo) and analyzed with a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA).
Annexin V-positive cells were defined as apoptotic.

2.6. Caspase-3/-7 activity

Karpas299 and SU-DHL-1 cells were seeded at 2× 104 cells per well
in a white 96-well plate. After incubation for 2 h, the cells were treated
with anti-CD30-LDM and/or crizotinib for 12 h, and caspase-3/-7 ac-
tivity was measured using a Caspase-Glo 3/7 Assay Kit (Promega,
Madison, WI, USA) according to the manufacturer's protocol. The lu-
minescence signal was detected with a microplate reader (SpectraMax
i3x). The increased activity of caspase-3/-7 in drug-treated samples was
expressed as the fold induction relative to the activity of the untreated
control.

2.7. Western blot analysis

Whole cell lysates were prepared after incubation with drugs for
12 h. The concentrations of the protein samples were quantified using a
BCA protein assay kit (Thermo Fisher Scientific) according to the
manufacturer's instructions. Equal amounts of protein from each sample
were analyzed by SDS-PAGE and then transferred to PVDF membranes
(Merck Millipore, Darmstadt, Germany). The membranes were then
blocked with 5% bovine serum albumin (BSA) in TBST for 2 h at room
temperature and incubated with the indicated primary antibody, di-
luted in 5% BSA in TBST, at 4 °C overnight. Then, the membranes were
incubated with peroxidase-linked secondary antibodies for 2 h at room
temperature. The protein bands were detected with an enhanced che-
miluminescence kit (Merck Millipore).

2.8. Therapeutic study of the murine xenograft tumor models

For the Karpas299 xenograft model, female NOD/SCID mice were
purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). Female NOD-PrkdscidIL2rgtm1 mice were pur-
chased from Biocytogen Jiangsu Co., Ltd. (Jiangsu, China) and used for
the SU-DHL-1 xenograft model. The mice were housed under specific
pathogen-free conditions. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Institute of
Medicinal Biotechnology, Chinese Academy of Medical Sciences.
Aliquots of cells (5× 106) were suspended in 200 μL of PBS and sub-
cutaneously injected into the right flank of 6- to 8-week-old mice. When
the average tumor volume reached 100mm3, the mice were rando-
mized into six groups (n=6 per group) and treated intravenously. The
tumors were measured twice a week with calipers, and the tumor vo-
lumes were determined using the following formula:
(length×width2)/2. The tumor growth inhibition rate was calculated
using the following formula: [1 - (tumor volumetreated final-tumor volu-
metreated initial)/(tumor volumecontrol final - tumor volumecontrol in-

itial)]× 100%. At the end of the experiments, the mice were euthanized.
The organs and tumor tissues were harvested from the mice for histo-
logical examination and immunohistochemical analysis.

2.9. Histological examination and immunohistochemistry

Mouse tumor tissues were fixed in 10% neutral buffered formalin,
dehydrated stepwise through an ascending series of alcohol solutions,
and finally dewaxed in xylene. The tissues were then embedded in
paraffin, sectioned at 5 μm by a microtome, and stained with hema-
toxylin and eosin (H&E). The expression level of Ki-67 was evaluated by
immunohistochemistry in the paraffin-embedded tumor sections, ac-
cording to a previously described protocol [32].

Fig. 3. Effects of anti-CD30-LDM and crizotinib
on signaling pathways. To evaluate the effects of
anti-CD30-LDM and crizotinib on p53-related
pathways (A) and NPM-ALK-related pathways (B),
Karpas299 cells were treated with anti-CD30-LDM
(0, 150, 200, and 250 pM) or crizotinib (0, 100, 150
and 200 nM) and SU-DHL-1 cells were treated with
anti-CD30-LDM (0, 3, 5 and 7 pM) or crizotinib (0,
100, 120 and 140 nM) for 12 h.
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2.10. Statistical analysis

The data are expressed as the mean ± SD. GraphPad Prism 5.0 was
used for statistical analysis. Differences between two groups were cal-
culated using a standard t-test. P < 0.05 was considered statistically
significant.

3. Results

3.1. Anti-CD30-LDM combined with crizotinib enhanced antiproliferative
activity in ALK+ ALCL cells

Western blot analysis revealed that the ALCL cell lines, Karpas299
and SU-DHL-1, but not the HL cell line L428, expressed the ALK and
NPM-ALK proteins (Fig. 1A). To determine whether crizotinib can ef-
fectively reduce the viability of ALK-positive or ALK-negative cells, the
cells were treated with increasing concentrations of crizotinib for 48 h
and cell proliferation was assessed. Crizotinib inhibited cell prolifera-
tion in a dose-dependent manner, with IC50 values of 4.01
(± 1.01)× 10−7 M in Karpas299 cells and 1.59 (± 0.07)× 10−7 M in
SU-DHL-1 cells, but had little effect on L428 cells up to the highest dose
of 10 μM (Fig. 1B). Our previous work showed that anti-CD30-LDM
inhibited the proliferation of SU-DHL-1, Karpas299, and L428 cells with
IC50 values ranging from 0.59× 10−11 M to 3.74×10−11 M [12].
Based on these data, we evaluated the ability of the combination re-
gimen of anti-CD30-LDM plus crizotinib to inhibit cell proliferation in
the SU-DHL-1, Karpas299, and L428 cell lines. In Karpas299 cells, the
survival rate was 79.38% with 50 pM anti-CD30-LDM and 66.51% with

125 nM crizotinib, while the combination treatment resulted in a cell
survival rate of 37.15% and a CDI value of 0.70. In SU-DHL-1 cells, the
cell survival rate was 61.20% with 3 pM anti-CD30-LDM and 75.65%
with 120 nM crizotinib, while the combination treatment resulted in a
cell survival rate of 17.65% and a CDI value of 0.34. Compared with the
cells treated with the single agents, SU-DHL-1 and Karpas299 cells
treated with the combination regimen showed synergistic responses,
with CDI values < 1. Notably, the combination regimen showed strong
synergy in SU-DHL-1 cells, with CDI values ranging from 0.23 to 0.69
(Fig. 1C). Similar results were obtained when the same cells were
treated with LDM/crizotinib (Fig. 1D), suggesting that the synergistic
effect of the anti-CD30-LDM and crizotinib combination is mechan-
istically linked to the action of the LDM antibiotic. In contrast, the
combination regimen did not exhibit significant inhibitory activity in
the L428 cell line, with CDI values > 1 (Fig. 1E).

3.2. The combination of anti-CD30-LDM and crizotinib enhanced the
apoptosis of ALCL cells

To determine whether the synergistic growth inhibition induced by
the combination of anti-CD30-LDM and crizotinib was due to apoptosis,
we analyzed cell apoptosis by flow cytometry. The treatment of SU-
DHL-1 cells with the combination of anti-CD30-LDM and crizotinib in-
duced a significant increase in the percentage of late apoptotic cells
(84.51%) compared with the percentage observed for 3 pM anti-CD30-
LDM (10.27%) or 120 nM crizotinib (4.27%) alone. In Karpas299 cells,
the combined treatment led to 33.62% of late apoptotic cells, compared
with 22.63% with 150 pM anti-CD30-LDM alone and 3.16% with

Fig. 4. Combined effects of anti-CD30-
LDM and crizotinib on cell signaling
pathways. (A, B, and E) Karpas299 or SU-
DHL-1 cells were treated with anti-CD30-
LDM (ADC, 150 pM or 3 pM, respectively)
and/or crizotinib (Cri, 150 nM or 120 nM,
respectively) for 12 h. Then, the cells were
collected to assess the expression levels of
relevant proteins. β-Tubulin was used as the
loading control. (C) SU-DHL-1 cells were
treated with anti-CD30-LDM (0, 1, 2, 3, and
4 pM) and/or SCH772984 (SCH, 0, 0.25,
0.5, and 1 μM) for 48 h, and cell viability
was measured by a CCK-8 assay. The sur-
vival rates were calculated as the ratio of
the cell survival in the treatment group to
that in the control group. (D) The CDI va-
lues were calculated; CDI < 1 indicates a
synergistic effect.
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150 nM crizotinib alone (Fig. 2A). The percentages of SU-DHL-1 and
Karpas299 cells undergoing apoptosis were 23.43% and 4.91%, re-
spectively, for crizotinib treatment; 9.80% and 23.82%, respectively,
for anti-CD30-LDM treatment; and 62.34% and 31.09%, respectively,
for the combination treatment (Fig. 2B). We also detected activation of
the apoptosis markers caspase-3/-7 in Karpas299 and SU-DHL-1 cells.
Anti-CD30-LDM or crizotinib alone led to modest activation of caspase-
3/-7 in both cell lines after 12-h incubation. However, the combination
treatment showed a markedly enhanced (greater than 2.5-fold) induc-
tion of caspase-3/-7 (Fig. 2C). Western blot analysis showed that the
levels of cleaved PARP, caspase-3, and caspase-7 were increased in the
combination treatment group compared with the single-agent treat-
ment groups, further demonstrating that the combination treatment
clearly enhances cell apoptosis (Fig. 2D). Collectively, these findings
demonstrated that the cell growth inhibition observed with the com-
bination treatment could be explained at least in part by the enhanced
apoptotic response mediated by the caspase cascade.

3.3. Anti-CD30-LDM and crizotinib exhibited different effects on signal
transduction pathways

The protein levels and phosphorylation or activation of p53 are
tightly controlled under normal cell conditions. However, in response
to DNA damage, p53 can become phosphorylated, leading to its acti-
vation [33]; while, p21 is a tumor suppressor gene activated by the p53
gene. To investigate this response, Karpas299 and SU-DHL-1 cells were
treated with anti-CD30-LDM or crizotinib at different concentrations for
12 h and evaluated by western blot. The effects of anti-CD30-LDM on
p53 phosphorylation are shown in Fig. 3A. An increase in p-p53 (Ser15)
was observed in cells treated with anti-CD30-LDM compared with un-
treated control cells, while crizotinib alone had no effect on p-p53 le-
vels. In addition, the expression of p21 was upregulated in both anti-
CD30-LDM-treated and crizotinib-treated cells compared with control
cells. One of the reported mechanisms by which crizotinib halts tumor
cell growth is a decrease in the activity of signaling cascades down-
stream of the ALK receptor, including the STAT3 and MAPK/ERK
pathways [19]. Crizotinib, but not anti-CD30-LDM, decreased the
phosphorylation levels of ALK, STAT3, and ERK1/2 in Karpas299 and

Fig. 5. Antitumor efficacy of the anti-CD30-LDM and crizotinib combination in murine xenograft models. In the Karpas299 xenograft model, the mice were
treated with 15 mg/kg crizotinib (Cri) and/or 0.5 mg/kg anti-CD30-LDM (ADC). In the SU-DHL-1 xenograft model, mice were treated with 20 mg/kg crizotinib and/
or 0.3 mg/kg anti-CD30-LDM. The first dose was administered on day 8. The tumor growth curves (n = 6) for the Karpas299 xenograft model (A) and the SU-DHL-1
xenograft model (B) are shown. (C) The tumor weights of the Karpas299 and SU-DHL-1 xenografts were recorded after the mice were sacrificed. (D) The changes in
the mouse body weights during the experiment were recorded. The data are expressed as the mean ± SD (n = 6). *p < 0.05, #p < 0.001. (E) The expression levels
of Ki-67 in the SU-DHL-1 tumor sections were evaluated by immunohistochemistry (200× ).
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Fig. 6. H&E staining of the tumors and various organs from tumor-bearing mice. (A) Tumor slides from the Karpas299 and SU-DHL-1 xenografts were stained
with H&E and analyzed. Tumor sections from mice treated with 15mg/kg crizotinib or 0.5 mg/kg anti-CD30-LDM in the Karpas299 xenograft model and 20mg/kg
crizotinib or 0.3 mg/kg anti-CD30-LDM in the Su-DHL-1 xenograft model showed more pyknotic nuclei than those from the control groups. Tumor sections from mice
treated with the combination therapy showed pyknotic cells as well as large areas of dead cells. Microscopy images are shown (200× ). (B) The histopathological
observations from various organs of the control and combination groups in the SU-DHL-1 xenograft model. No toxicopathological changes were found in the heart,
liver, spleen, lungs, kidneys, stomach, small intestine or bone marrow (200× ).

Fig. 7. Schematic diagram of the cellular re-
sponses to combination treatment with anti-
CD30-LDM and crizotinib in NPM-ALK-posi-
tive ALCL cells. The figure depicts the cellular
responses following DNA damage and NPM-ALK
inhibition. Anti-CD30-LDM and LDM promote
DNA damage. This DNA damage leads to the
phosphorylation of p53 and the induction of
apoptosis, while anti-CD30-LDM treatment in-
creases the levels of phosphorylated ERK1/2,
which facilitates cell proliferation and survival.
Crizotinib inhibits NPM-ALK phosphorylation,
leading to the inhibition of ERK1/2 phosphor-
ylation and enhanced sensitivity of tumor cells
to DNA damage. Thus, this combination of anti-
CD30-LDM and crizotinib augments cell death.
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SU-DHL-1 cells (Fig. 3B). In contrast, anti-CD30-LDM treatment tended
to upregulate the expression levels of phosphorylated ERK1/2 in both
cell lines (Fig. 3B). These data indicated that crizotinib could enhance
anti-CD30-LDM-induced cell apoptosis by inhibiting the activity of
ERK1/2 signaling.

3.4. Crizotinib downregulated anti-CD30-LDM-induced ERK1/2
phosphorylation and enhanced p-JunB inhibition

To determine the combined effects of anti-CD30-LDM and crizotinib
on cell signaling proteins, Karpas299 and SU-DHL-1 cells were treated
for 12 h with anti-CD30-LDM and crizotinib, separately and in combi-
nation. In SU-DHL-1 cells, but not Karpas299 cells, combination treat-
ment with anti-CD30-LDM and crizotinib effectively decreased ERK1/2
phosphorylation compared with crizotinib alone (Fig. 4A). This may
explain why Karpas299 cells were not as sensitive as SU-DHL-1 cells to
the combination treatment in cell proliferation inhibition assays.
Moreover, the combination treatment further downregulated the levels
of phosphorylated JunB, which acts as a downstream signaling mole-
cule in the MEK/ERK pathway to promote transcription (Fig. 4A). In
addition, crizotinib decreased the phosphorylation levels of ALK and
STAT3 in both cells, but these effects were not enhanced with the
combination treatments (Fig. 4B). These data suggested that ERK1/2
signaling plays an important role in the cooperative effects of the anti-
CD30-LDM and crizotinib combination. We also studied the efficacy of
anti-CD30-LDM in combination with SCH772984, an inhibitor of ERK1/
2 [34]. Our data showed that the survival rate of SU-DHL-1 cells under
combined treatment with anti-CD30-LDM (3 pM) and SCH772984
(0.5 μM) was 27.25% compared with 63.46% with anti-CD30-LDM
treatment alone and 77.86% with SCH772984 treatment alone
(Fig. 4C). Surprisingly, combined treatment with anti-CD30-LDM and
SCH772984 in SU-DHL-1 cells synergistically decreased the cell sur-
vival rate, with CDI values ranging from 0.52 to 0.84 (Fig. 4D). These
results were similar to those for the combination of anti-CD30-LDM and
crizotinib, suggesting that the inhibition of ERK1/2 induced by crizo-
tinib can enhance the cytotoxicity of anti-CD30-LDM in SU-DHL-1 cells.
Furthermore, the increase in p-p53 expression observed with anti-
CD30-LDM was not altered by co-treatment with crizotinib, and the
expression levels of the p53 and p21 proteins were upregulated with the
combination treatment (Fig. 4E). This finding indicates that cell apop-
tosis was higher with the co-treatment than with the single-agent
treatments. In summary, anti-CD30-LDM induced DNA damage and
p53-mediated apoptosis, and was accompanied by ERK1/2 activation.
However, crizotinib inhibited NPM-ALK-mediated ERK1/2 activation
and sensitized cells to anti-CD30-LDM-induced DNA damage and
apoptosis.

3.5. Anti-CD30-LDM combined with crizotinib decreased the growth of
subcutaneous xenograft tumors in vivo

To investigate whether our in vitro findings could be translated in an
in vivo setting, we evaluated the antitumor effects in mouse xenograft
models using the Karpas299 and SU-DHL-1 cell lines. In the Karpas299
xenograft model, anti-CD30-LDM (0.5 mg/kg) or crizotinib (15mg/kg)
as single agents exerted moderate antitumor effects, decreasing the
tumor volume by 69.35% and 45.73%, respectively. Combination
treatment with anti-CD30-LDM and crizotinib further decreased the
tumor volume compared with that observed with anti-CD30-LDM alone
(413.63 ± 109.67mm3 vs. 714.44 ± 253.23mm3, respectively,
p < 0.05) and crizotinib alone (413.63 ± 109.67mm3 vs.
1199.89 ± 324.42mm3, respectively, p < 0.001). Thus, the combi-
nation treatment inhibited tumor growth by 85.27% (Fig. 5A). In the
SU-DHL-1 xenograft model, the tumor growth inhibition rate in the
combination treatment group was 82.72%, compared with 69.12% in
the anti-CD30-LDM (0.3mg/kg) group and 46.70% in the crizotinib
(20mg/kg) group (Fig. 5B). Consistent with the measurable tumor

volumes, there was a significant difference in tumor weight between the
combined treatment group and the single-agent treatment groups
(Fig. 5C). The treated mice tolerated the therapy, as evidenced by the
lack of significant body weight loss during the treatment period
(Fig. 5D).

Immunohistochemical staining to calculate the mitotic index (Ki-67
expression) in SU-DHL-1 xenografts revealed that the Ki-67 expression
in the anti-CD30-LDM plus crizotinib group was decreased compared
with that in the monotherapy groups, indicating the antiproliferative
activity of the combination treatment (Fig. 5E). To evaluate the changes
in the tumors in response to anti-CD30-LDM and/or crizotinib, the
tumor tissue samples were stained with H&E. In both the Karpas299
and SU-DHL-1 xenografts, anti-CD30-LDM or crizotinib alone induced
cell apoptosis, as evidenced by the increased number of pyknotic nuclei
in the monotherapy groups compared with the control groups; fur-
thermore, the tumor sections from the combination treatment group
showed not only pyknotic cells but also large areas of dead cells
(Fig. 6A).

To observe changes in the organs in response to anti-CD30-LDM
and/or crizotinib, the organs of the SU-DHL-1 xenograft model mice
were stained with H&E to evaluate the in vivo toxicity of the treatments.
Compared with the control group, the heart, liver, spleen, lungs, kid-
neys, stomach, small intestine, and bone marrow of mice treated with
the anti-CD30-LDM and crizotinib combination showed no tox-
icopathological changes, suggesting this therapeutic regimen has neg-
ligible toxicity in vivo (Fig. 6B). Consistent with the findings from the in
vitro experiments, the results from the in vivo experiments support the
promising antitumor activity of the combination of anti-CD30-LDM and
crizotinib.

4. Discussion

Given the common mutability of cancers, combination therapies
targeting at least two different pathways may overcome cancer drug
resistance and achieve better antitumor efficacy [35]. Furthermore,
optimizing the effectiveness of combination therapies, especially com-
binations of ADCs with small molecule inhibitors, in preclinical re-
search remains an important objective and advanced strategy in ADC
development. Investigators have attempted to mechanistically combine
drugs of various modalities. For example, the efficacy of BV in human
HL is augmented when it is combined with ruxolitinib, a JAK1/2 in-
hibitor [16]. Similarly, PI3K/mTOR inhibitors enhanced the antitumor
activity of an anti-5T4 ADC [15] and MAPK pathway inhibitors sensi-
tized BRAF-mutant melanoma with a GPNMB-targeting ADC [36]. We
previously described the development of a novel DNA-damaging ADC,
anti-CD30-LDM, and its antitumor activity in a CD30-positive ALCL
xenograft model.

Here, we provided further evidence for the antitumor effects of anti-
CD30-LDM by combining it with the ALK inhibitor crizotinib.
Surprisingly, the results showed that the drugs cooperatively induced
cell apoptosis and inhibited tumor growth. Notably, the combination of
either anti-CD30-LDM or LDM with crizotinib showed similar sy-
nergistic inhibitory effects on cell proliferation in the ALK-positive
Karpas299 and SU-DHL-1 cell lines, while the combination strategy
showed no synergistic or additive effects in the ALK-negative L428 cell
line. This result was in accordance with the observations that crizotinib
significantly inhibits the expression of phosphorylated NPM-ALK,
leading to cell death, and has a minimal cytotoxic effect on ALK-ne-
gative cells.

NPM-ALK is a constitutively activated protein tyrosine kinase that
possesses substantial oncogenic potential [37]. To induce an oncogenic
effect, NPM-ALK activates several downstream proteins that regulate
cell survival and growth [38]. Our results demonstrated that the
phosphorylation of NPM-ALK was reduced dramatically after treatment
with crizotinib in Karpas299 and SU-DHL-1 cells. Subsequently,
downstream ERK1/2 phosphorylation was inhibited in response to the
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decreased phosphorylation of NPM-ALK. In contrast, the induction of
DNA strand breaks in both cell lines after treatment with anti-CD30-
LDM was followed by or occurred with the upregulation of ERK1/2
phosphorylation. The activation of ERK1/2 is thought to be an im-
portant factor in suppressing apoptosis and promoting cell proliferation
[39]. However, the effects of the MER-ERK cascade on modulating the
DNA damage response are conflicting. Inhibition of ERK1/2 activity
attenuated DNA damage-induced cell cycle arrest and apoptosis in
several mammalian cell lines, including NIH3T3, MEF, MCF-7, HCT116,
and HeLa [40–43]. Yet, inhibition of ERK1/2 activity facilitated DNA
damage-induced apoptosis in U266 (a human multiple myeloma cell
line), HL60 (an acute myelogenous leukemia cell line) and NB4 (an
acute promyelocytic leukemia cell line) cells [44,45]. Therefore, we
speculated that the inhibition of ERK1/2 activation may enhance the
efficacy of DNA-damaging drugs in tumors of hematopoietic and lym-
phoid tissues. We used a potent and noncompetitive inhibitor of ERK1/
2, SCH772984, to validate this hypothesis [34]. As expected, our data
showed that the combination of anti-CD30-LDM and SCH772984 sy-
nergistically decreased the cell survival rate and enhanced cell death in
SU-DHL-1 cells. Similar to this combination therapy, crizotinib in-
hibited ERK1/2 phosphorylation, which was increased to facilitate cell
survival during treatment with anti-CD30-LDM. Thus, combination
treatment with anti-CD30-LDM and crizotinib showed a synergistic
inhibitory effect on cell proliferation in ALK+ ALCL cells (Fig. 7).

The ability of cells to repair DNA damage to maintain their genomic
integrity is an important determinant of treatment efficacy. DNA strand
damage by anti-CD30-LDM initiates DNA repair and the phosphoryla-
tion of several target proteins, including the tumor suppressor p53. The
phosphorylation of p53 (Ser15) has been reported to result from DNA
damage induced by treatment with cisplatin or isomerase I or II in-
hibitors [46]. The p53 protein was phosphorylated at the Ser15 site
with both anti-CD30-LDM treatment and the combination treatment;
however, the level of phosphorylated p53 seen with the combination
treatment was not higher than that seen with the anti-CD30-LDM
treatment alone. High levels of p53-induced p21 are correlated with cell
cycle arrest and DNA damage [47]. Interestingly, p21 expression was
significantly upregulated with the combination treatment compared
with that observed with the single-agent treatments. In addition, the
combination treatment increased PARP, caspase-7, and caspase-3
cleavage to promote the activation of proapoptotic mediators. These
increased cleavage levels were likely due to enhanced DNA damage and
further cell death.

ALCL is a highly aggressive hematologic malignancy and effective
therapeutic strategies that minimize toxicity to the patient are needed.
Our data contribute to this growing field by showing that crizotinib, an
NPM-ALK inhibitor, and anti-CD30-LDM, a DNA damage-related ADC,
cooperatively inhibit cancer cell proliferation and tumor growth. In
addition, we found that the enhanced antitumor effect of the combi-
nation treatment was mediated at least in part by inhibiting DNA da-
mage-related ERK1/2 signaling. Furthermore, in both the Karpas299
and SU-DHL-1 xenograft models, the tumor growth in the groups
treated with the combination of anti-CD30-LDM and crizotinib was
significantly inhibited compared with that in the monotherapy groups.
In summary, our data unequivocally indicate the beneficial effects of
anti-CD30-LDM and crizotinib in CD30+/ALK+ ALCL and suggest that
the pharmacological inhibition of NPM-ALK in the presence of DNA-
damaging agents might be effective in the treatment of NPM-ALK-po-
sitive tumors. This study provided scientific support for the clinical
evaluation of anti-CD30-LDM or other DNA-damaging agents, com-
bined with NPM-ALK inhibitors, as well as a potential rational strategy
for targeted combination therapy in ALCL.
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