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A Model of Human Acute Lymphoblastic Leukemia
in Immune-Deficient SCID Mice

SuzANNE KAMEL-REID, MICHELLE LETARTE, CHRISTIAN SIRARD,
MonNicA DOEDENS, ToM GRUNBERGER, GABRIELLE FULOP,
MELVIN H. FREEDMAN, ROBERT A. PHILLIPS, JOHN E. Dick*

A human acute lymphoblastic leukemia (ALL) cell line that was transplanted into
immune-deficient SCID mice proliferated in the hematopoietic tissues, invaded
various organs, and led to the death of the mice. The distribution of leukemic cells in
SCID mice was similar to the course of the disease in children. A-1 cells marked with a
retrovirus vector showed clonal evolution after the transplant. SCID mice that were
injected with bone marrow from three patients with non-T ALL had leukemic cells in
their bone marrow and spleen. This in vivo model of human leukemia is an approach to
understanding leukemic growth and progression and is a novel system for testing new
treatment strategies.

was an aneuploid T ALL originally estab-

UCH PROGRESS HAS BEEN MADE

l \ / I recently in identifying regulatory
genes involved in cell develop-

ment and maturation by studying the genet-
ic changes of transformed cells in both in
vitro and in vivo model systems. Such mod-
els are not available for human leukemic
cells, especially childhood acute leukemias.
The difficulties in culturing primary human
leukemic cells suggest that selective process-
es may alter the properties of such cells over
time (1). In vivo models would aid in the
development of treatment strategies and fur-
ther our understanding of leukemic transfor-
mation and progression. Subcutaneous
transplantation of lymphoid and myeloid
cell lines (2-9), lymphomas (8), or primary
patient material (2) into nude mice produces
myelosarcomas or localized solid tumors
(10) uncharacteristic of the primary leuke-
mia. The growth of one human leukemia
cell line in the hematopoietic tissues of nude
mice has been described (17). This cell line
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lished and maintained as an ascites tumor in
nude mice; the animals died within 2 to 4
weeks. However, growth as an ascites does
not reflect the normal course of the disease

in children. We, therefore, developed an
experimental system in which the growth of
human leukemic cells in murine hematopoi-
etic tissues was more analogous to growth in
patients with leukemia.

Non-T ALL is the most prevalent child-
hood leukemia and is characterized by a pre-
B cell phenotype (12). A cell line (A-1) was
established from the peripheral blood of a
patient undergoing a terminal relapse of
non-T ALL (13). The A-1 cells were HLA-
DR*, CD19%, CALLA™ (CDI10), and
CD20~. No cytoplasmic or surface immu-
noglobulin was detected; it has one rear-
ranged p. chain gene and unrearranged light
chain genes, characteristic of a pre-B cell line
(13). The A-1 line was EBV free, had a
normal karyotype, and grew autonomously
producing an unidentified factor (not inter-
leukin-1, -2, -3, -4, -5, -6, granulocyte-, or
granulocyte/macrophage—colony  stimulat-
ing factor) that augmented its growth in
semisolid and suspension cultures.

Normal human hematopoietic cells (14~
16) and human tumors (17) can be engraft-
ed into immune-deficient SCID (18) or
bg/nu/xid (19) mice; thus, they may be better
recipients than nude mice for the transplan-
tation of human leukemic cells. Immune-
deficient SCID and bg/nu/xid mice differ in
their ability to be engrafted with normal
human bone marrow; bg/nu/xid mice con-

A : wab ; <
Fig. 1. Histological analysis of SCID mice 8 weeks after transplantation with the A-1 leukemic cells.
Tissue sections were obtained from the kidney (A), liver (B), brain (C), and lung (D) of SCID mice
transplanted with A-1 cells. The tissues were fixed in 10% formalin, paraffin embedded, and 4 pm
sections were cut and stained with hematoxylin and eosin. Microscopic evaluation indicated that there
was a light leukemic infiltration in the interstitial region between the tubules in the kidney (A) and in
the periportal regions of the liver (B). Note the normal hepatocytes in the lower left hand corner of (B).
No leukemic cells were observed in the cerebral cortex or meninges of the brain (C) or in the
peribronchial region of the lung (D). Magnification is x40.

g™ =

REPORTS 1597



tained at least 500 times the myeloid pro-
genitors than SCID mice after engraftment
with primary human bone marrow (16).
However, SCID mice can be engrafted with
human lymphoid cells by intraperitoneal
injection of peripheral blood leucocytes (14)

or by implantation of fetal liver, thymus,
and lymph nodes (15).

SCID mice were irradiated (20) before
intravenous or intraperitoneal injection of
107 A-1 cells. The bone marrow and spleen
were periodically analyzed by flow cytome-
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Fig. 2. Histological analysis of SCID mice tissues 12 weeks after transplantation with the A-1 leukemic
cells. Tissue sections from the kidney, liver, brain, and lung from transplanted SCID mice were fixed
and stained as in Fig. 1. (A) Transverse section of the kidney with leukemic infiltration in the
interstitium (left-hand side) and perirenal fat (right-hand side). (B) Section through the liver
demonstrating a much heavier portal infiltrate than at 8 weeks. Few normal hepatocytes are seen (lower
right), and blasts can be seen throughout the liver tissue. (C) Section through the cerebral cortex
demonstrating a dense infiltration of the meninges by leukemic cells. (D) An example of a nodular
aggregate of leukemic cells, adjacent to pulmonary vasculature, in the peribronchial region of the lung.

Table 1. Flow cytometry analysis and in vitro colony formation of SCID mice transplanted with the
A-1 leukemic cell line. The SCID mice bred in our defined-flora colony (Ontario Cancer Institute) were
irradiated (400 cGy) from a cesium source and immediately given 1 x 107 A-1 cells by tail vein
injection. At the times indicated, the bone marrow, spleen, and peripheral blood were analyzed by flow
cytometry for CD44™ cells (34). Bone marrow and spleen cells were also plated in methylcellulose
cultures to quantitate the number of colony-forming cells. Briefly, 2 X 10° cells were plated in
methylcellulose, 10% fetal calf serum, and 10% A-1 conditioned medium; colonies were scored after 14
days.

A-1 colonies per 1 x 10°

Weeks after % CD44 " cells
transplant cells plated
(number of mice) BM SPL  PBL BM SPL PBL

Control 0 0 nd 0 0 0
(n=26)

4 34* 0 nd 400t 0 0
(n=15)

8 90t 61§ nd 2000t,nd 370,tn 0
(n=4%)

10 86,93 58,68 nd tn,tn tn,tn tn,tn
(n=2)

12 72,35 97,99 nd nd nd nd
(n=2)

131 99,99 75,79 93 nd nd nd
(n=2)

*Median of 17, 17, 34, 47, and 86%. tCounts from the pooled BM of two animals.
and 95%.  S§Median of 53, 92, 63, and 58%.
done; tn, too numerous to count (>3000 colonies).

$Median of 76, 87, 93,
IIThese animals received 5 x 107 cells intravenously. nd, Not
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try for the presence of CD44™ cells. CD44 is
a human cell surface glycoprotein implicated
in lymphocyte-endothelial cell interactions
(21) and expressed on A-1 cells. Preliminary
experiments indicated that SCID mice in-
jected intraperitoneally contained no detect-
able CD44" cells in the bone marrow or
spleen after 4 weeks. These data are in
contrast to results obtained by Mosier et al.
(14), in which normal human lymphocytes
that were injected intraperitoneally engraft-
ed SCID mice. SCID mice injected intrave-
nously showed a dissemination of leukemia
reminiscent of that observed in many chil-
dren with ALL. Four weeks after the trans-
plant, the bone marrow contained 34%
CD44" cells; no positive cells were detected
in the spleen. After 8 weeks, the proportion
of A-1 cells rose to 90% in the bone marrow
and 61% in the spleen; this percentage of
human cells was maintained in the animals
at 10 and 12 weeks after engraftment. At 8
weeks after the transplant, the interstitial
regions between the kidney tubules and the
periportal regions of the liver contained
small infiltrates of A-1 cells; no leukemic
cells were observed in brain, lung, intestine,
heart, or pancreas (Fig. 1). At 10 weeks A-1
cells were in the blood, and leukemic infil-
trates filled most sinusoids of the liver and
interstitial regions and perirenal fat of the
kidney. Infiltrates were also observed in the
peribronchial regions of the lung, in the
stomach mucosa, and in the choroid plexus
of the brain. After 12 weeks, infiltrates were
present in the kidney, liver, brain, lung,
intestine, and pancreas (Fig. 2). The animals
began to die 12 weeks after the transplant.

For independent evidence of engraftment,
DNA was prepared from bone marrow and
spleen and the proportion of human DNA
was estimated on Southern blots by hybrid-
ization to a human-specific chromosome 17
a-satellite probe (22) (Fig. 3). The bone
marrow and spleen from animals sacrificed
at 8, 10, and 12 weeks contained a 2.7-kb
band characteristic of the human chromo-
some 17 a-satellite sequence. Comparison
with control lanes that contained known
mixtures of mouse and human DNA indi-
cated that these tissues contained between
20 and 100% of human cells, consistent
with the flow cytometry analysis. DNA was
also analyzed from the bone marrow, spleen,
and lung of animals sacrificed 3 hours after
intravenous injection of A-1 cells. Even with
long exposure times, human DNA could
only be detected in the lung, which indicat-
ed that few of the injected cells seeded to the
hematopoietic tissues; but were trapped ini-
tially in the lungs and liver (23).

Cell suspensions of bone marrow, spleen,
and peripheral blood harvested at each time
point were placed in liquid cultures and
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assayed for colony formation of A-1 cells as
a sensitive method of detection. The bone
marrow had many colony-forming A-1 cells
at all time points, whereas colonies, or liquid
culture growth, was not detected in the
spleen earlier than 8 weeks after engraftment
(Table 1). The peripheral blood had colony-
forming A-1 cells at 10 and 12 wecks; blood
smears also had detectable leukemic blasts at
these time points. Animals injected with
5 x 107 cells were examined 13 weeks after
transplantation; A-1 cells constituted 99%
of their bone marrow and spleen and 93%
of the nucleated cells in peripheral blood
(Table 1). Our results suggest that blasts
expand first in the bone marrow, migrate to
the spleen, and appear in the peripheral
blood at the onset of infiltration into other
tissues, a pattern reminiscent of the terminal
stages of the disease in children.

To determine the effects of the growth of
human leukemic cells on normal hematopoi-
esis, we measured the numbers of normal
murine myeloid progenitors in the spleen
and bone marrow. After 4 weeks, when A-1
constitutes only 30 to 40% of the bone
marrow, the number of mouse granulocyte-
macrophage progenitors in the bone mar-
row was reduced by 95%, whereas the
spleen contained five times more progeni-
tors than normal controls. The spleen con-

3 hr gwk 10 wk 12 wk
B. .S L B:SiBSWB. S N10:100

o-@ek 7

Fig. 3. DNA analysis of the hematopoietic tissues
from SCID mice transplanted with A-1 cells.
DNA was extracted from the bone marrow (B)
and spleen (S) of SCID mice 8, 10, and 12 weeks
after transplantation with A-1 cells. In addition,
DNA was also extracted from the bone marrow,
spleen, and lungs (L) of SCID mice 3 hours after
injection of A-1 cells. DNA (2 pg) was digested
with Eco R, blotted according to standard proce-
dures, and probed with pl7HS8, a human o-
satellite probe specific for human chromosome 17
(22). Eco RI digestion of human DNA produces a
characteristic 2.7-kb band; in addition, one-third
of people have polymorphisms that give rise to a
series of lower molecular weight minor bands
(16). N is the negative control, 10 represents 10%
human and 90% mouse DNA, and 100 represents
100% human DNA. The autoradiograph was
exposed for 7 hours, except for the lanes with the
3-hour samples, which were exposed for 3 days.
Molecular sizes are indicated in kilobases.
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Fig. 4. DNA analysis of the bone

marrow and spleen of SCID mice
transplanted with A-1 cells infected
with the PA317-N2 retrovirus vec-
tor (25). DNA was extracted 6
weeks (animals 1 and 2) and 7
weeks (animals 3 and 4) after trans-
plant. DNA (5 ug) from the spleen
(S), bone marrow (BM), and tu-
mor (T) was digested with Xba I
(X) or Bam HI (B), and analyzed
by Southern blot using a neo specif-
ic probe. Xba I cuts once in each  43-.
LTR to produce a 3.8-kb provirus

band characteristic of N2 while

Bam HI cuts once in the provirus

outside the neo gene and in flanking

cellular sequences to generate band

sizes that are unique to the site of 2.3- -
integration. Molecular sizes are in- 208
dicated in kilobases. '

tained no detectable A-1 cells at 4 weeks;
perhaps A-1 has a local inhibitory effect on
mouse hematopoiesis. The increased num-
bers of progenitors in the spleen may be
related to the elevated splenic hematopoiesis
of mice that have been irradiated. At 8
weeks after the transplant the number of
progenitors in the spleen was reduced by
90% and none were detected in the bone
marrow; the leukemic cells may have dis-
placed or suppressed normal murine pro-
genitors.

* An important problem in cancer biology
is understanding the clonal evolution that
occurs during the spread of neoplastic
growth (24). A-1 cells were infected with a
retrovirus vector that contained the domi-
nant selectable neo gene (26) to uniquely
mark each infected cell (25). DNA was
prepared from the bone marrow and spleen
of animals 6 and 7 wecks after transplanta-
tion with infected cells (Fig. 4). Digestion
of DNA with Xba I, which produces a
common 3.8-kb provirus band independent
of the vector integration site, indicated that
the bone marrow and spleen contained a
substantial proportion of infected A-1 cells.
Digestion of DNA with Bam HI produces a
unique sized neo-containing band for each
infected cell. All lanes had a light DNA
smear indicative of multiple clones and a few
more prominent bands with =10% of the
intensity of the provirus band. One com-
mon clone was present in the bone marrow
and spleen of different animals while other
clones were unique to one tissue, such as the
five clones seen in the bone marrow from
animal 1. Animal 4 contained a small tumor
growing near the kidney that arose from a
clone different from those seen in the bone
marrow and spleen. These data indicate that
by six weeks some clones proliferate much
faster than others; in the case of the clone
common to different animals, this selection
must have occurred in vitro; for other clones

® 0 8 .« 4 b8 voe

it occurred in vivo. It will be particularly
interesting to use this approach to follow
leukemic cell infiltration into the peripheral
tissues.

The ability to engraft bone marrow di-
rectly from patients with leukemia into
SCID mice could be a valuable tool for
predicting the clinical course of the disease,
detecting residual leukemias, and for devel-
oping individualized therapeutic strategies.
Toward this objective, we injected bone
marrow cells from three patients with non-T
ALL into SCID mice. All three patients
were non-T ALL group III according to
immunologic classification (27), although
patient 1 expressed only low levels of CD10
and may have a more immature phenotype.
The proportion of human cells in the bone
marrow and spleen was analyzed by flow
cytometry, colony assay, and DNA analysis
[Southern blot and polymerase chain reac-
tion (PCR)] (Table 2). In all three cases,
human cells were detected in the bone mar-
row and spleen of the engrafted animals.
Animals transplanted with bone marrow
from patient 2 still contained human cells at
10 weeks after transplant. No human cells
could be detected after 16 weeks in the
animals transplanted with bone marrow
from patient 3. In addition to DNA analysis
and flow cytometry, leukemic blast colonies
were grown from the bone marrow and
spleen of engrafted animals. Thus bone mar-
row obtained directly from patients with
leukemia was engrafted into SCID mice. It
is now important to determine whether
different patterns of growth in SCID mice
reflect biological parameters that correlate
with clinical outcome.

We conducted parallel experiments with
bg/nu/xid and nude mice. Nude mice trans-
planted 5 weeks previously contained very
low levels of A-1 cells. The bg/nu/xid mice
(Harlan Sprague-Dawley) had a subclinical
infection of Staphylococcus aureus; none of the
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Table 2. Engraftment of bone marrow from patients with non-T ALL into SCID mice. All three
patients belong to non-T ALL group III defined as CD10*, CD19", CD20~, HLA-DR™ (27). Bone
marrow cells (1.0 X 107) were transplanted into SCID mice as described in Table 1. At the times
indicated, the proportion of human cells in the bone marrow and spleen was quantitated by three
methods: flow cytometry (FC) to determine the percentage of CD44, CD19, or HLA-DR positive cells
(these markers were expressed on the original patient cells); DNA analysis (DNA) to detect human a-
satellite sequences by Southern blot (Fig. 4) or PCR (16); and plating in semisolid cultures (colonies
per 10° cells) to determine the number of leukemic blast colony-forming cells.

i Bone marrow Spleen
Patient (ggg(es) Colonies per Colonies per
EC DNA 10 cells FC DNA 10° cells
1 4 + + 185 + + 60
7 +/- +/— 82 + + 94
2 4 + ++ 30 - +/= nd
10 nd + 68 +/— + 30
3 9 - nd 10 + +/— 10
16 - - 0 - nd 0

Symbols represent the percentage of human cells as determined by FC, or the percentage of human DNA. For FC:
++, >10%; +, 6-10%; +/—, 1-5%; —, <1%. For DNA: ++, >10%; +, 1-10%; +/—, 0.1-1%; —, <0.1%.

animals had detectable A-1 engraftment in
the bone marrow or spleen at 12 weeks after
the transplants. When we later tested two
defined-flora bg/nu/xid mice from our own
colony, they contained 20% A-1 cells in the
bone marrow 4 weeks after transplantation.
While the mechanism of rejection in the
infected mice is not known, it may be due to
the stimulation of macrophages or NK cells.
These preliminary data stress the importance
of using pathogen-free mice for transplanta-
tion of human leukemic cells.

The growth of A-1 cells in culture, like
that of most non-T ALL cells, requires an
unidentified autocrine growth factor; SCID
and bg/nu/xid mice may also provide the
factors or microenvironment necessary for
A-1 cell growth, or the transplanted cells can
produce their own growth factors. We have
successfully engrafted other leukemic cell
lines into immune-deficient mice, including
the myeloid lines K562 (28) and EM-2 (29),
the megakaryocytic line MO7 (30), and the
erythroid line OCI-M2 (31); thus these mice
may support the growth of many types of
human leukemic cell lines (32).

An in vivo model for the most common
form of childhood leukemia provides a sys-
tem to experimentally address a number of
biological questions. For example, the iden-
tification of leukemic cells in bone marrow
usually dictates the course of chemotherapy;
however, histological methods for detecting
low numbers of residual cells are neither
sensitive nor precise. While recently report-
ed in vitro assays for leukemic cells may
improve both the sensitivity and precision of
detecting residual leukemia (33), further re-
finement of the animal model described here
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could also offer a sensitive method to study
residual cells from patients undergoing che-
motherapy. New chemotherapeutic and im-
munotherapeutic protocols, combinations
of biological response modifiers, or new
unconventional therapies that are difficult to
develop and evaluate by human experimen-
tation can be tested in this in vivo model
which mimics the progression of human
leukemia. With high efficiency gene transfer
technology (25, 26), individual leukemic
cells have been marked to follow the growth
and development of clones during the multi-
stage progression of the disease. Such gene
transfer in conjunction with our model sys-
tem should allow the introduction of key
growth regulatory genes, such as oncogenes
or tumor suppressor genes, to determine
how their aberrant expression affects normal
hematopoiesis and leukemic transformation
and progression.
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