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To develop a model for the biology and treatment of
CD30+ anaplastic large cell lymphoma (ALCL), we
transplanted leukemic tumor cells from a 22-month-
old girl with multiple relapsed ALCL. Tumor cells
were inoculated intraperitoneally into a 4-week-old
SCID/bg mouse and produced a disseminated tumor
within 8 weeks; this tumor was serially transplanted
by subcutaneous injections to other mice. Morphol-
ogy, immunohistochemistry, and molecular genetics
which demonstrated the NPM-ALK fusion protein, re-
sulting from the t(2;5)(p23;q35), confirmed the iden-
tity of the xenograft with the original tumor. The
tumor produced transcripts for interleukin-1e, tumor
necrosis factor-a, and interferon-y which could ex-
plain the patient’s B-symptoms. Treatment of mice
with monoclonal antibody (HeFi-1) which activates
CD30 antigen administered on day 1 after tumor
transplantation prevented tumor growth. Treatment
with HeFi-1 after tumors had reached a 0.2 cm? vol-
ume caused tumor growth arrest and prevention of
tumor dissemination. We conclude that transplanta-
tion of CD30+ ALCL to SCID/bg mice may provide a
valuable model for the study of the biology and design
of treatment modalities for CD30+ ALCL. (4Am J
Patbol 1999, 155:1353-1359)

Anaplastic large cell lymphoma (ALCL) was first de-
scribed in 1985 as a CD30+ large cell lymphoma with
distinctive anaplastic cell morphology, characteristically

infiltrating the paracortical region and sinuses of lymph
nodes.” It was subsequently shown that this tumor affects
primarily children and is associated with frequent extran-
odal disease, especially skin involvement.? There is a
recurrent translocation, t(2;5)(p23;935), resulting in the
fusion of the nucleophosmin gene (NPM) on chromosome
5035 to a novel tyrosine kinase-encoding gene desig-
nated anaplastic lymphoma kinase (ALK) on chromo-
some 2p23 observed in 30 to 70% of all ALCLs.>” Al-
though patients whose tumors express the NPM-ALK
protein have a statistically better prognosis, some chil-
dren with NPM-ALK-positive tumors have disease resis-
tant to multiple chemotherapy regimens. According to a
recent study conducted by Children’s Cancer Group,
pediatric patients with systemic ALCL have only a 41%
five year disease-free survival and a 62% overall five year
survival (MEK, personal communication). Thus novel
therapies for treatment resistant ALCL are needed.

To address this issue, we developed a xenograft
model of treatment resistant ALCL. SCID/bg mice were
chosen for this purpose because they have impairment of
natural killer cell activity in addition to the lack of Band T
cell function. The model was found to closely resemble
the primary tumor in histopathology and in clinical behav-
ior with widespread organ involvement. The transcription
of NPM-ALK and of various cytokines which could explain
the patient’s symptoms was demonstrated. Finally, the
model was used to test the efficacy of immunotherapy
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directed against the CD30 antigen expressed by the
tumor cells.

Materials and Methods

Patient

The patient is a 22-month-old Caucasian female who
presented with 2-month history of fever, cervical adenop-
athy, and weight loss. The diagnosis was at first difficult
to establish because of the admixture of small and large
atypical cells. Over the next 2 months the patient devel-
oped progressive lymphadenopathy. CAT scans re-
vealed supraclavicular nodes extending into the medias-
tinum and enlarged paratracheal, axillary, subcarinal,
and periaortic lymph nodes. A pleural effusion contained
small, CD30+, cytologically malignant cells, with fre-
quent mitoses. Cytogenetics revealed a t(2;5)(p23;935)
translocation. Bone marrow aspirate showed 7% malig-
nant cells. Cerebrospinal fluid was negative for tumor
cells. The patient was treated with adriamycin, pred-
nisone, and vincristine. She tolerated the first course of
chemotherapy well, and a CAT scan on day 30 showed
persistent matted nodes in the supraclavicular region
and a persistent mass in the anterior mediastinum. Bi-
opsy of the mediastinum was interpreted as scar tissue.
Five days later the patient developed fever and gum
swelling. Biopsy of the gum showed recurrent lymphoma.
She developed rapidly increasing cervical adenopathy.
High-dose etoposide and cyclophosphamide were ad-
ministered but complicated by Salmonella enteritis. CAT
scan showed partial response, and a second round of
chemotherapy was administered. Subsequent CAT scan
showed tumor reduction, but before the next cycle of
chemotherapy she developed fever and rapidly progres-
sive bilateral cervical adenopathy. Two cycles of ste-
roids, high-dose Ara-C, and cisplatin (DHAP) achieved a
good clinical response. The patient is currently complet-
ing bone marrow transplantation from a matched unre-
lated donor.

Tumor Cell Preparation

A peripheral blood sample containing circulating tumor
cells was obtained with informed consent from the patient
at the time of the diagnosis. Peripheral blood mononu-
clear cells were isolated by gradient centrifugation using
Ficoll Paque Plus (Pharmacia Biotech, Uppsala, Swe-
den), washed twice in PBS and resuspended in RPMI
1640 (BioWhittaker, Walkersville, MD).

Animals

Four to six-week-old SCID/bg mice were obtained from
Taconic Farms (Germantown, NY) and housed in auto-
claved microisolator cages in an air-filtered laminar flow
cabinet within the Animal Research Facility of the Beth
Israel Deaconess Medical Center. Food was irradiated,
and water and bedding were autoclaved before use. All
procedures were performed under aseptic conditions.

Tumor Implantation and Growth

A tumor cell suspension prepared from peripheral blood
cells (2 X 107 cells) was injected intraperitoneally (i.p.) to
produce a tumor in mouse 1. Subsequent passages of
tumor from mouse 1 were performed by serial transplan-
tation of small pieces of tumor subcutaneously into the
left flank of SCID/bg mice using a 13-gauge trocar. Initial
transplantation groups were composed of 3 or 4 mice.
Subsequent experimental therapeutic groups were com-
posed of 16 treated mice and 11 control mice.

Histology and Immunohistology

For histological examination, tumor tissue and organs
were fixed in 10% buffered formalin and embedded in
paraffin; 4-um sections were stained with hematoxylin
and eosin. Immunohistochemistry for CD30, CD15, EMA,
ALK1, CD3, CD4, CD8, CD20, CD57, and EBV-LMP was
performed using a three-step immunoperoxidase tech-
nique using biotinylated secondary antibodies, streptavi-
din conjugated with horseradish peroxidase and diami-
nobenzidine (chromogen).

Flow Cytometry

Single cell suspensions obtained from transplanted tu-
mor cells were analyzed for expression of cell surface
antigens using a FACSCalibur flow cytometer (Becton
Dickinson, Mountain View, CA). Cells were labeled di-
rectly with murine monoclonal antibodies against CD30,
CD15, CDg, CD8, CD19, and CD5, conjugated with flu-
orescein isothiocyanate or phycoerythrin (Caltag, Burlin-
game, CA).

RNA Extraction and cDNA Synthesis

Total RNA from cells in suspension was isolated using the
TRIzol extraction kit (Gibco BRL, Life Technologies,
Gaithersburg, MD). For RNA extraction from tissues, the
extraction was preceded by a homogenization step.
cDNA was generated using Superscript Il (Gibco BRL,
Life Technologies) and 10 pmol of dT18-primer in 29 wul,
according to the manufacturer’s instructions. Successful
cDNA synthesis was confirmed by amplification of an
839-bp fragment of B-actin (Clontech, Palo Alto, CA).

Polymerase Chain Reaction for Expression of
Cytokine mRNA

Detection of mMRNA for human cytokines, cytokine recep-
tors, and transcription factors was performed using com-
mercially prepared primers and controls for interleukin
(IL)-1e, IL-2, IL-2 receptor, IL-4, IL-5, IL-6, IL-6 receptor,
IL-7, IL-8, IL-10, transforming growth factor (TGF)-B, in-
terferon (IFN)-vy, tumor necrosis factor (TNF)-a, c-myc,
G-CSF, and G-CSF receptor (Clontech) according to the
manufacturer’s instructions. For [IL-9 mRNA detection,
previously described primers and polymerase chain re-



action (PCR) conditions were used.? 10 ul of PCR prod-
ucts were electrophoresed through 2% agarose gels in
Tris-borate EDTA buffer, pH 7.4. Gels were stained with
ethidium bromide and visualized with ultraviolet light us-
ing a Gel Doc 1000 Analyzer (Bio-Rad, Hercules, CA).

Molecular Analysis for NPM-ALK Transcripts

cDNAs were amplified by PCR using the primers NPM S+
and ALK A1 as previously described.® The specific
primer sequences were NPM-S1: TCCCTTGGGGGCTT-
TGAAATAACACC; ALK-A1: CGAGGTGCGGAGCTTGC-
TCAGC. PCR was preceded by a 5-minute incubation at
94°C. Cycle conditions were as follows: Denaturation at
94°C for 45 seconds, annealing at 60°C for 45 seconds,
and elongation at 72°C for 2 minutes for 35 cycles and
final extension at 72°C for 5 minutes. The resulting PCR
products were fractionated through a standard 2% aga-
rose gel and visualized with ethidium bromide staining by
exposure to ultraviolet light using a Gel Doc 1000 Ana-
lyzer (Bio-Rad, Hercules, CA).

In Vivo Experiments

Mice were transplanted with same passage tumor cells
per individual experiment to study the anti-tumor effects
of the anti-CD30 antibody HeFi-1 (National Cancer Insti-
tute, Frederick Cancer Research and Development Cen-
ter, Biological Resources Branch, Frederick, MD).® Mice
were injected i.p. with 10 pg of anti-CD30 antibody
(HeFi-1) or mouse IgG1 (Sigma, St. Louis, MO) in 0.2 ml
of PBS as a control, every other day for 10 days, for a total
of 5 injections starting on day 1 or day 6 after tumor
implantation. The size of the subcutaneous tumors was
measured with a caliper and tumor volume was calcu-
lated according to the formula V = d X D X /2, where d
is the smaller diameter and D the larger diameter. Mice
were then monitored for tumor development and progres-
sion. Treated and control mice were euthanized and nec-
ropsied for evidence of tumors, including histology and
immunohistochemistry. Experimental groups included 8
mice for each treatment protocol and 11 mice in the
control group. Tumor volumes in both groups were com-
pared by Wilcoxon rank-sum test for statistical signifi-
cance.

Anti-Tumor Activity of HeFi-1 in Vitro

The anti-tumor activity of HeFi-1 on human ALCL tumor
cell growth in vitro was determined by 2H-thymidine in-
corporation. Single cell suspensions from short-term tu-
mor tissue cultures were split 24 hours before assays
were performed. Cells were resuspended in 10% fetal
calf serum (FCS) in RPMI, supplemented with L-glu-
tamine and penicillin/streptomycin at a final concentra-
tion of 5 X 10 cells/ml. The cell suspension was plated at
0.2 ml/well in 96-well round bottom plates (Corning Glass
Works, Corning, NY). HeFi-1 or IgG1 isotype (Sigma) as a
control, was added in soluble form at a concentration of
10 pg/ml. After 72 hours, wells were pulsed with 1 uCi
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SH-thymidine/well (New England Nuclear Research Prod-
ucts, Boston, MA). Cells were harvested onto glass fiber
filters with a cell harvesting system (PhD Cell Harvester,
Cambridge Technology, Inc., Cambridge, MA) and 3H-
thymidine incorporation was measured in a Wallac 1409
liquid scintillation counter (Wallac Inc., Gaithersburg,
MD). Each experiment was performed in triplicate. Re-
sults were statistically analyzed using paired t-test and
Statview software package.

Results
Xenografted Tumor Cells Grow in SCID/bg Mice

Lymphoma cells obtained from the ALCL patient were
inoculated i.p. into one 4-week-old female SCID/bg
mouse and produced disseminated tumor in 8 weeks.
The established tumor was transplanted by subcutane-
ous injection into four SCID/bg mice which all developed
rapidly growing lymphomas manifested by palpable tu-
mor masses within 4 to 6 days. At necropsy, diffuse
lymphadenopathy involving mediastinal, retroperitoneal,
cervical, axillary, and submandibular nodes, as well as
tumor involving the spleen, liver, lung, and pancreas
were detected.

Histopathology

The cytological features of the established tumor were
similar to those of the original ALCL tumor with anaplas-
tic, predominantly large tumor cells with round or bean-
shaped nuclei, a high nuclear to cytoplasmic ratio, and
numerous mitoses (Figure 1, a—c and Figure 4a). Micro-
scopic evaluation of a wide range of organs revealed
systemic massive lymphomatous involvement of the
lungs (Figure 1d), pancreas, kidneys, and gastrointesti-
nal tract as well as peripheral blood involvement. Inva-
sion of the central nervous system and bone marrow was
not observed.

Immunophenotypic Characterization of
the Tumor

Immunophenotyping on paraffin sections of the trans-
planted ALCL displayed tumor cell expression of CD30,
CDg, and ALK-1, confirming expression of the NPM-ALK
fusion protein and identity with the original human ALCL
tumor. As in the original tumor, CD4, CD8, EMA, CD15,
CD20, CD57, and LMP were not expressed. Analysis of
cell surface antigens of the mouse tumor by flow cytom-
etry confirmed expression of CD30 and CD3. CD19, CD4,
CD8, and CD5 antigen expression was absent.

Molecular Gene Expression

Reverse transcriptase (RT)-PCR of the original patient
tumor and mouse xenografts showed the predicted
177-bp product for NPM/ALK (Figure 2). Evaluation of
mRNA expression by RT-PCR revealed transcripts for
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Figure 1. a: Lymph node histology of ALCL patient. H&E, X600. b: Circulating ALCL tumor cells in the peripheral blood. Giemsa stain, X1000. ¢: Human ALCL
tumor with anaplastic morphology infiltrating dermis of SCID/bg mouse. H&E stain, X200. d: Tumor cells infiltrating walls of a pulmonary blood vessel. H&E stain,

X200.

IL-1a, IL-2 receptor, IL-6 receptor, G-CSF receptor, IL-8,
IL-10, TGF-B, IFN-vy, TNF-«, and c-myc. No expression of
message was found for IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, or
G-CSF (data not shown).

1 2 3 4 5 6 7

100 bp

Figure 2. RT-PCR for NPM-ALK transcripts: lane 1, molecular size marker;
lane 2, original blood sample of patient; lane 3, human ALCL xenograft from
SCID/bg mouse; lane 4, short term tissue culture of explanted tumor cells;
lane 5, negative control (no template); lane 6, t(2;5)-positive control ALCL
cell line (Karpas 299); lane 7, t(2;5) negative Hodgkin cell line (KM-H2).

Anti-Tumor Effect of HeFi-1, a Functional Anti-
CD30 Antibody, in SCID/bg Mice Xenografted
with ALCL Cells

HeFi-1 is a monoclonal antibody raised against a func-
tional epitope of the human CD30 antigen.® None of eight
mice treated with 10 ug of HeFi-1 antibody within 24
hours of tumor transplantation and every other day for 10
days thereafter developed tumors by 30 days. All of
eleven control animals injected with nonspecific I1gG iso-
type matched control antibody developed tumors that
reached a mean volume of 2.9 cm® by day 14, and
produced disseminated tumor by 3 to 4 weeks. At nec-
ropsy, control mice were found to have widespread dis-
ease, while HeFi-1 treated mice were free of disease (P <
0.01). In the second experimental group, we tested the
efficacy of HeFi-1 treatment in mice with established
tumors. Mice bearing tumors of at least 0.2 cm® in vol-
ume, which on average corresponded to day 6 after
tumor xenografting, were treated with HeFi-1 and expe-
rienced tumor growth arrest or regression, without tumor
dissemination. Tumor volumes in control and treated an-
imals compared at day 27 were significantly different
(P < 0.025). All treated mice remained alive at 30 days
(Figure 3). Histological sections of tumors in treated mice
revealed frequent dying or dead cells, cellular depletion,
fibrosis, and sometimes calcification, consistent with a
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Figure 3. Anti-tumor effect of HeFi-1, a functional anti-CD30 antibody, in
SCID/bg mice xenografted with ALCL cells. Mice were injected intraperito-
neally with 10 pg of anti-CD30 antibody (HeFi-1) or mouse IgG1 in 0.2 ml of
PBS, as a control, every other day for 10 days, for a total of 5 injections
beginning on day 6 after tumor implantation. Tumor volumes in cm?® are
plotted at 0 to 27 days (mean * SD).

therapeutic effect achieved by HeFi-1 treatment (Figure
4, a—d). In contrast, control mice with established tumors
treated with control 1gG antibody developed large tu-
mors, which disseminated widely causing massive en-
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largement of lymph nodes, spleen, and other organs, and
died or were moribund within 30 days.

Growth Inhibition of ALCL Tumor Cells in Vitro

Incubation of tumor cells obtained from mouse xeno-
grafts with HeFi-1 significantly inhibited the proliferation
of tumor cells (60%) as measured by 2H-thymidine incor-
poration (Figure 5). An established t(2;5)+, CD30+ ALCL
cell line (Karpas 299) was used for comparison and
demonstrated a 47% inhibition under the same experi-
mental conditions.

Discussion

We report the establishment of an ALCL tumor model in
SCID/bg mice derived from a patient with systemic
CD30+ ALCL resistant to chemotherapy. An alternative
model was developed by Kuefer et al in lethally irradiated
BALB/cByJ mice by transfer of bone marrow infected with
a retroviral construct containing human NPM-ALK cDNA,
but the resulting lymphomas lacked anaplastic morphol-
ogy, were of B cell phenotype, and failed to express
CD30 antigen.'® We have shown that human ALCL tumor
cells xenografted into SCID/bg mice and serially pas-
saged through mice maintain their original morphologi-
cal, immunohistochemical, and molecular features, as
well as biological behavior similar to that of the patient’s
original tumor. Using this model of human ALCL, we

Figure 4. Human ALCL tumor in HeFi-1 treated mice. a: Viable tumor with numerous mitoses in mouse treated with control IgG isotype antibody. H&E, X1000.
b: Tumor removed from HeFi-treated mouse at day 20 showed many dead tumor cells (X600). ¢: Tumor cell depletion (X200). d: Fibrosis (X200).
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Figure 5. Anti-tumor activity of HeFi-1 on human ALCL tumor cells in vitro.
Human ALCL tumor cells isolated from mouse xenograft (TMP) were incu-
bated with HeFi-1 or IgG1 an isotype control antibody for 72 hours and affect
on growth was determined by *H-thymidine incorporation. A t(2;5)-positive
ALCL cell line (Karpas 299) was used as a positive control. Results of triplicate
experiments are shown as percentages of controls (mean * SD).

demonstrated the anti-tumor effects of an agonistic anti-
human CD30 antibody on the development of CD30+
ALCL tumors in mice.

SCID mice have been widely used as xenograft recip-
ients for human neoplastic tissue including hematological
malignancies.”’"* The SCID mutation is responsible for
a lack of functional T and B lymphocytes, due to a con-
genital deficiency in the VDJ recombinase enzyme sys-
tem involved in immunoglobulin (Ig) and T cell receptor
gene rearrangement that effectively blocks both T and B
cell maturation.’® However, engraftment and mainte-
nance of human hematopoietic tissue in SCID mice has
been described as difficult'®~'® and its efficiency tends
to vary depending on other factors including immunolog-
ically mediated tumor rejection.’® 2" Numerous methods
for improving xenografting efficiency including y-irradia-
tion, administration of anti-NK-cell antibodies and immu-
nosuppressive drugs have been used.?° These methods
were largely aimed at dampening the NK-mediated arm
of the immune response but suffer from the disadvantage
that they are cumbersome and often nonspecific. To
avoid these difficulties we used SCID/bg mice. The beige
mutation leads to selective impairment of NK-cell medi-
ated immune function.?’ In combination with the SCID
mutation, the beige mutation appears to provide favor-
able conditions for growth of human hematological ma-
lignancies in mice, thereby allowing the establishment
and propagation of a reliable source of tumor cells from
limited patient material. This is of particular importance
since despite the ability of the tumor cells to grow indef-
initely in vivo by serial passage through SCID/bg mice,
lymphoma cells recovered from mouse tissues could not
be maintained as a cell line in vitro, even in the presence
of recombinant cytokines, a phenomenon which has
been reported by others,'? although primary cultures

could be maintained for up to 3 months by fastidious
culturing procedures.

Expression of cytokine and cytokine receptor genes is
believed to play an important role in the regulation of
normal and malignant lymphocyte proliferation. Numer-
ous cytokines, including IL-1«, IL-2, IL-6, IL-7, and TNF-«
have been identified as important autocrine growth fac-
tors in a variety of lymphoid neoplasms.?®2® It was of
interest that the present ALCL tumor expressed receptors
for IL-2, IL-6, and G-CSF and transcripts for IL-1«, IL-6,
TNF-a, and IFN-y, which could explain the patient's B
symptoms.

Failure of conventional chemotherapy in CD30+ ALCL
patients is accompanied by a poor prognosis. New im-
munological regimens targeting the CD30 molecule
could offer alternative therapeutic approaches. The func-
tional relevance of CD30 and CD30 ligand (CD30L) ex-
pression in CD30+ ALCLs is unclear at present. Re-
cently, recombinant human CD30L was expressed on the
surface of cultured cells and tested for biological activi-
ties on a variety of different CD30+ human lymphoma cell
lines. It was demonstrated that CD30L+ cells have an
antiproliferative effect on certain CD30+ ALCL cell
lines.?*25 Therefore, CD30L is capable of transducing
signals through the specific cognate molecule CD30,
making this a promising molecule to target for immuno-
therapy of these aggressive lymphomas.

The mechanism of action of HeFi-1 antibody in vivo is
most likely a direct effect on tumor growth properties
caused by activation of the CD30 signaling pathway.?*
The possibility of antibody dependent cellular cytotoxicity
(ADCQC) is unlikely because SCID/bg mice lack natural
killer cells which are the main effectors of ADCC. Our in
vitro proliferation assay demonstrates a direct growth
inhibitory action of HeFi-1 on tumor cells obtained from
murine xenografts. Preliminary studies in our laboratory
have shown that the initial in vitro anti-proliferative effect
of HeFi-1 is due to cell cycle arrest in late G1 rather than
directly causing apoptosis (Levi E, Pfeifer W, Petrogiannis-
Haliotis T, Wang Z, Kadin ME, manuscript in preparation).
Our model should provide a better understanding of how
HeFi-1 therapy affects tumor cell cycle and apoptosis in
vivo.

Previous work from this laboratory, using Ber-H2 anti-
body (which binds to a non-functional epitope on the
human CD30 antigen) conjugated with saporin, a plant
ribosome-inactivating toxin, demonstrated tumor growth
delay and prolonged survival of ALCL xenografted
mice.?® The present study demonstrates that just a short
course of HeFi-1 monoclonal antibody without a conju-
gated toxin can prevent growth and dissemination of
established tumors and prolong survival of mice bearing
a chemotherapy-resistant aggressive CD30+ ALCL. In a
prior study by Tian et al it was shown that treatment of
SCID mice bearing human ALCL tumor cells with re-
peated doses of HeFi-1 or M44 antibody significantly
prolonged their survival. However, those investigators did
not measure tumor burden before treatment and neither
regression nor growth delay of established tumors was
shown.?” The current regimen has the advantage of
avoiding the adverse effects of the toxin and potentially



providing more efficient access to tumor cells using a
smaller antibody molecule. The short course required to
achieve an anti-tumor effect in this study also avoids the
potential generation of human anti-mouse antibodies as
would be desired in future clinical trials. In conclusion,
our in vivo CD30+ ALCL tumor model demonstrates a
method to study disseminated disease, beginning with
limited human material. Furthermore, this model serves
as a tool to elucidate the signaling mechanisms of CD30
activation in human tumor cells that could provide the basis
for the selection of appropriate immunotherapeutic modal-
ities in patients with chemotherapy resistant disease.
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