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ABSTRACT

AKR/J (hereafter called AK) mice treated by total-body irradia
tion plus syngeneic marrow transplantation developed a leuke-
mia-lymphoma complex and concomitantly showed increased
levels of lipid-bound sialic acid as was also seen in untreated AK

mice between 6 weeks and 6 and 11.5 months of age.
C57BL/6J (hereafter called B6) mice did not show a leukemia-

lymphoma complex and did not develop elevated levels of lipid-

bound sialic acid with aging.
B6â€”Â»AKchimeras, prepared with B6 bone marrow deprived

of Thy-1.2-positive cells prior to allogeneic transplantation and
kept in laminar flow isolation, did not develop graft-versus-host

reactions, lived long lives (observations carried up to 13 months),
failed to develop leukemia-lymphoma, and had persistently low
levels of lipid-bound sialic acid. These findings indicate that

introduction of resistance by marrow transplantation can inhibit
development of retrovirus-induced cancer and also prevents an

increase in levels of a putative cancer indicator.

INTRODUCTION

Early studies linked serum lipids to cell proliferation and cancer
(1, 15). These investigations culminated in investigations which
established that membrane lipids and especially membrane gly-

colipids are altered in proliferating and malignant cells (1,11,12,
16, 31). Indeed, evidence has suggested that sialic acid may be
associated with tumor antigens (2, 4-6, 8), and clinical interest
developed in determining plasma levels of LSA4 as a means of

monitoring tumor burden in cancer patients (17, 19). Sialic acid
levels reflect changes in the cell cycle, and certain observations
suggest that levels of LSA are elevated in mice and humans with
cancers and that elevated levels of LSA may be useful in recog
nizing the presence of cancer (17,19, 30).

In the present investigation, we show that LSA levels differ in
cancer-free C57BL/6J (hereafter called B6) and leukemia-prone

AKR/J (hereafter called AK) mice. Further, changes in plasma
levels of LSA occur with age in AK mice, and increased levels
correlate with the appearance of the leukemia-lymphoma cancer

in these animals. Taking advantage of new methodology that
permits bone marrow transplantation across major histocompat-
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ibility barriers without producing graft-versus-host disease (9,

20, 26), we show herein that irradiation plus allogeneic marrow
transplantation permits establishment of long-lived full chimeras
(B6-Â»AK) which do not develop either the leukemia-lymphoma

complex or elevated plasma levels of LSA before 13 months of
age. In contrast, irradiated AK mice transplanted with syngeneic
AK marrow following lethal irradiation develop both the leukemia-

lymphoma complex and also elevated plasma levels of LSA,
beginning at the age of 6 months. The latter seems to signal the
presence of leukemia or of impending leukemia.

MATERIALS AND METHODS

Animals. Male B6 and AK mice were purchased from The Jackson
Laboratory, Bar Harbor, ME, at the age of 6 Weeks. The animals were
fed Purina laboratory chow and provided with acidified water ad libitum.
Following bone marrow transplantation, the animals were housed, up to
5 animals per cage, in a laminar flow isolator, fed with sterilized Purina
laboratory chow, and provided with sterilized acidified drinking water.

Bone Marrow Transplantation. Male B6 or AK mice, 8 weeks old,
were used as donors. The mice were killed by cervical dislocation, and
the tibia, femur, and humÃ©ruswere surgically isolated under aseptic
conditions. Bone marrow cells were obtained by gently flushing the
bones with cold RPMI-1640 (Grand Island Biological Co., Grand Island,

NY) supplemented with penicillin (100 ID/ml), streptomycin (100 /Â¿g/ml),
and L-glutamine (2 mmol/ml). Single-cell suspensions were prepared by
passing the cells twice through a 22-gauge needle. After centrifugation

(100 x g for 10 min), the cell concentrations were determined with trypan
blue dye using a Neugebauer hematocytometer and adjusted to 5 x 107

viable nucleated cells/ml. The bone marrow recovery from a single mouse
was, on the average, 73 x 106 nucleated cells. For the allogeneic bone

marrow transplantation (B6-Â»AK), 1-ml aliquots of the marrow suspen
sions were dispensed into 12- x 75-mm plastic tubes and centrifuged at

100 x g for 10 min. The pellets were resuspended in 1.0 ml of a 1:500
dilution of a potent monoclonal anti-Thy-1.2 serum (gift from Dr. U.
Hammerlmg, Sloan-Kettering Institute) in RPMI-1640 with calcium and
magnesium (or RPMI-1640 alone in the case of complement controls).

The dilution of the antiserum that gave 50% lysis of B6 thymocytes in
the presence of complement was between 1:512,000 and 1:1,024,000.
The cells were incubated with the antiserum on ice for 30 min with
frequent shaking. For the syngeneic transplantation (AKâ€”Â»AK),the bone

marrow cells were incubated with medium (without calcium or magne
sium) for the same period. Thereafter, the bone marrow cells for both
transplantations were centrifuged, the pellets were resuspended in 1.0
ml of selected rabbit complement (Pel-Freez, Inc., Rogers, AR) at the
appropriate dilution (1:10 to 1:13 in RPMI-1640), and the cells were
incubated for 45 min in a 37Â°water bath with occasional mixing. The

cells were then pooled, centrifuged, and resuspended in medium, and
the cell concentration was adjusted to 15 x 107 nucleated cells/ml for

injection into irradiated recipients. Cell recovery was between 76 and
89%, and viability was between 72 and 92%.

Male AK mice, 10 weeks old, were irradiated and used as recipients
of bone marrow cells. The animals were given 925 rads in a plastic box
using a 137Cs-7-irradiation source at a dose rate of approximately 120

rads/min. Within 2 hr after irradiation, recipient mice were given injections
into the retroorbital plexus with 3 x 107 nucleated bone marrow cells in
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0.2 ml of medium.
Determination of Spleen Cell Chimerism. To determine the degree

of chimerism, the spleen cells were analyzed for the expression on the
cells of antigens defining different H-2 phenotypes. Chimerism was

assessed 9 months following hematopoietic reconstitution after lethal
irradiation using cytolysis according to the method of Boyse et al. (3)
with specific H-2 alloantisera plus rabbit complement, highly selected for

low cytotoxicity.
Since cells of B6 mice have the H-2b antigen on their surface, they

can easily be distinguished from the cells with H-2" phenotype which
characterizes the AK mice. Anti-H-2" (BALB/c anti-BP8) and anti-H-2b

(an anti-EL4, a lymphoma cell line originating in B6 mice) antisera were
generously provided by Dr. F. W. Shen (Sloan-Kettering Institute). The
anti-H-2k serum gave a 50% lysis of AK thymocytes at 1:800, and the
anti-H2b serum killed 50% of B6 lymph node cells at 1:320. Dilutions of
1:50 of the anti-H-2" and of 1:50 of the anti-H-2" were used for determi

nation of the degree of chimerism of the splenocytes. The percentage of
killed cells was determined by counting blue-stained cells after addition
of 0.4% trypan blue dye in a Neugebauer hematocytometer. The cytc-

toxic index was calculated according to the following formula.

(% killed with antiserum + complement)
- (% killed in complement control)

Cytotoxic index = 100 x 1M _ %|^inconH)lementcontro|

Incidence of Leukemia. All mice were examined 3 times a week for
development of leukemia. Mice which at necropsy showed a grossly
enlarged thymus and greatly enlarged lymph nodes or spleen were
classified as being leukemic. All animals were subjected to blood smears
and touch preparation of the thymus and spleen, and the latter were
stained with tetrachrome in preparation for morphological analysis. Leu-
kemia-lymphoma was confirmed by these analyses in each instance.

LSA Analysis. LSA was determined by the procedure of Katopodis
and Stock (18) in plasma of mice which were bled from the retroorbital
plexus. Briefly, to a culture tube (13 x 100 mm), 150 Â¡Aof distilled water
were added with a 500-/Â¿lHamilton syringe. To this tube, a capillary pipet
(Unopette; Becton-Dickson, Rutherford, NJ) containing 44.7 n\ of plasma

was transferred and vortexed for 5 sec. LSA was extracted from the
plasma with 3.0 ml of a 2:1 chlorofomrmethanol (v/v) mixture (Sigma
Chemical Co, St. Louis, MO). To the extract, 0.5 ml of cold distilled
water was added, and the tube was repeatedly mixed and centrifugea
for 5 min at 2500 rpm. The aqueous phase, containing the sialolipid
fraction, was precipitated with 50 /Â¿Iof phosphotungstic acid solution (1
/ig/ml water; Sigma). After centrifugation at 2500 rpm for 5 min at room
temperature, the supernatant was removed by suction, the precipitate
was resuspended in 1.0 ml of distilled water, and the sialic acid was
determined by the resorcinol method (32).

RESULTS

Summarized in Table 1 are data which analyze the levels of
LSA in B6 and AK mice. B6 mice at 6 weeks of age uniformly
have low levels of LSA in the plasma. In older B6 mice studied
at 14 months of age, LSA values were significantly higher than
in the 6-week-old B6 mice. The levels, however, were regularly

below 21 mg of LSA per 100 ml of plasma. AK mice at 6 weeks
regularly showed levels of LSA significantly higher than those
seen in B6 mice at 6 weeks of age. Indeed, at 6 weeks, the
values in AK mice are approximately equal to those present in
B6 mice at 14 months of age. At 6 months, the AK mice had, on
the average, LSA levels significantly elevated over those present
at 6 weeks in either B6 or AK mice. Further, the range of values
observed in the AK mice at 6 months of age showed considerable
variation. In a few mice, plasma levels of LSA at 6 months
remained below the 10-mg/100-ml level, while in others, values

as high as 41 mg/100 ml were observed. By 6 months, some of

the AK mice already had evidence of leukemia-lymphoma com
plex in the thymus as revealed by both macroscopic and micro
scopic criteria. Each of the animals with evidence of leukemia by
these characteristics had LSA levels between 21 and 41 mg/100
ml; mice with elevated levels of LSA in which leukemia was not
apparent by microscopic analysis on small thymic biopsies de
veloped overt leukemia within the next 3 weeks (data not shown).
In AK mice, 11.5 months old, when most of the animals had
developed overt leukemia-lymphoma complex, the LSA levels all

exceeded 20 mg/100 ml of plasma, and the majority had LSA
levels exceeding 30 mg/100 ml. These levels of LSA at 11.5
months were higher on the average than the plasma levels
present in the 6-month-old AK mice, but the difference was not
significant. The average plasma LSA level in 11.5-month-old AK
mice was significantly higher than that of 6-week-old AK mice.

Table 2 summarizes observations on the makeup of the spleen
cell population as revealed by H-2 typing. In AK mice that had

been given lethal irradiation followed by transplantation with
syngeneic marrow cells from young AK donors, the cell compo
sition in the spleen was uniformly attributable to cells of the H-
2k phenotype, while the H-2b phenotype was lacking in the

spleens of each of these mice. By contrast, AK mice lethally
irradiated and reconstituted with marrow from young B6 mice,
whose cells had been treated before transplantation with mono
clonal anti-Thy-1.2 antibody plus rabbit complement, all showed
predominantly or exclusively the H-2b phenotype on their spleen
cells. The H-2k phenotype characteristic for the AK recipients

was regularly lacking in these chimeras. The latter findings
established that lasting, complete allogeneic chimerism was pro
duced by the transplantation of B6 marrow cells following treat
ment of the marrow cells in vitro with anti-Thy-1.2 antiserum
plus complement as described previously (9).

On Table 3 are compared (corresponding to animal numbers
of Table 2) LSA levels in plasma of AK-Â»AK mice 8 months
following total-body irradiation and syngeneic marrow transplan

tation with plasma levels of AK mice reconstituted with B6
marrow cells prepared as mentioned above. The mean LSA
levels of the AK->AK mice at 9 months of age were significantly

higher than those of B6 mice at 14 months and higher than AK
mice of 6 weeks or 6 months of age. All except one (No. 5) of
these 9-month-old AK-Â»AK mice had elevated plasma levels of

LSA. Furthermore, most of these mice already had developed
overt leukemia-lymphoma complex by 8 months of age. In strik

ing contrast to these findings are the results with the allogeneic
B6â€”Â»AKchimeras prepared by irradiation of the AK mice with
925 rads of total-body irradiation and reconstitution with B6
marrow cells, treated in vitro with Thy-1.2 antibody plus comple

ment prior to inoculation. It can be seen from the table that the
levels of LSA were uniformly low in these long-lived allogeneic

chimeras, the mean value when studied being approximately the
same as that observed in 14-month-old healthy B6 mice. In this

group, plasma levels of LSA fell below 21 mg/100 ml in every
animal, and the mean value for the group was significantly lower
than that of the mice transplanted with syngeneic AK marrow.
In addition, the levels of LSA were also significantly lower than
those of the AK mice at 11.5 months of age or even at 6 months
of age which had not been treated by marrow transplantation.
None of the mice treated by allogeneic marrow transplantation
with B6 marrow developed overt evidence of leukemia-lym
phoma complex by this time. All of the AK mice given allogeneic
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Table 1

LSA in leukemic and nonleukemic mice

B66wk14.310.616.317.411.412.012.010.911.118.010.612.314

mo16.918.920.619.118.916.315.419.419.417.720.318.06wk15.111.413.714.320.318.619.419.415.420.318.920.619.719.417.7AK6mo22.318.623.117.728.319.138.332.620.920.021.418.941.711.5mo28.349.933.137.438.022.622.020.935.728.9

13.08 Â±2.72" (0.79)"

p < 0.001

18.41 Â±1.59(0.46)

p < 0.001

17.89 Â±2.99(0.75) 24.84 Â±7.94 (2.20) 31.58 Â±8.81(2.79)

p < 0.001
p < 0.001
p < 0.002

p < 0.001
p < 0.01

p < 0.001
* Mean Â±S.D.

Numbers in parentheses, S.E.

Table 2
Cytotoxic index (%) of AK spleen cells reconstituted after lethal irradiation with

syngeneic (AK) or allogeneic (B6) bone marrow cells
Spleen cell composition was analyzed 9 months following marrow transplanta

tion.

Cytotoxic index (%)

Tables
Plasma levels of LSA of syngeneic or allogeneic reconstituted AK mice 8 months

following marrow transplantation

AKâ€”AK B6-.AK

Animalno.1234567891011121314H-2"555551055855H-2"9895969795929897939594H-269596919495979590929693929596H-2"5512555513557888

LSA(mg/100ml)Animal

no.1234567891011121314AK-Â»AK23.130.021.430.318.927.135.133.422.924.326.3B6-+AK19.117.418.616.917.716.616.618.918.315.420.620.019.116.9

26.62 Â±5.12" (1.54f 18.01 Â±1.47(0.39)

p < 0.001

transplantation from B6 donors survived up to 13 months of age
without developing any evidence of the leukemia-lymphoma com

plex.

DISCUSSION

We show herein for the first time that very long-lived B6â€”Â»AK
chimeras can be prepared by elimination of Thy-1-positive cells

from the marrow inoculum coupled with keeping the mice under
conditions of laminar flow isolation. These findings confirm and
extend prior observations, which establish that marrow trans
plantation can be accomplished across the MHC without pro
ducing graft-versus-host disease (9, 20, 26). We further show

that both untreated AK mice and irradiated AK mice transplanted
with syngeneic AK bone marrow showed the expected devel
opment of leukemia-lymphoma complex (29) and also experience

8 Mean Â±S.D.
6 Numbers in parentheses,S.E.

a progressive rÃ¬sein LSA levels. B6-Â»AKchimeras, by contrast,

remained entirely free of leukemia and did not show evidence of
increased levels of LSA. In the present experiments, allogeneic
chimeras regularly survived more than 11 months following
marrow transplantation and developed neither the increases in
LSA levels or the leukemia-lymphoma complex. The thymuses

and spleens of the AK mice given bone marrow transplants from
B6 donors were shown to contain lymphoid cells almost exclu
sively of donor origin. AK mice only 6 weeks old already had
LSA levels slightly higher than those of 6-week-old B6 mice. By

6 months of age, increases of LSA levels in AK mice were
significantly higher than those of B6 mice. This change in LSA
levels may be reflective of the earliest evidence of leukemia-
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lymphoma transformation in AK mice (29). A further increase in
LSA levels occurred in the AK and AK-Â»AKmice by 11.5 months

when most of the mice had developed frank cancer. The differ
ences in LSA levels between the groups of AK mice of 6 weeks
and both 6 and 11.5 months were significant, but although levels
at 11.5 months were slightly higher, the differences in LSA levels
between AK mice at 6 and 11.5 months were not significant. In
the B6â€”Â»AKchimeras, no lymphoma or leukemia occurred, and

plasma LSA levels remained low throughout life. Katopodis ef al.
(17, 18) and others (19, 21) have studied LSA levels in plasma
in both mice and humans, and distinct correlations between
elevated plasma levels of LSA and occurrence of other forms of
cancer have been described. Few false positives have occurred.
The present findings show that syngeneic bone marrow trans
plantation following lethal irradiation did not interfere with either
the development of leukemia-lymphoma or development of ele

vated levels of LSA.
The basis for the prevention of the cancer in AK mice by

marrow transplantation from allogeneic leukemia-lymphoma-re-

sistant donors and the prevention of increases in LSA levels by
marrow transplantation, although not yet clear, can be investi
gated further by available methods. For example, reciprocal
marrow transplants from susceptible strains to resistant strains
must be done to help dissect contributions of the microenviron-

ment and genetic characteristics of hematopoietic cells. The
correlation between prevention of this cancer development and
prevention of progressive increases in LSA could be important,
since it is known that certain genes both within and outside the
MHC can contribute to resistance to leukemogenic influence of
murine leukemia virus (22, 23, 25, 28). Genetic analysis of the
influence of the crucial genes within the MHC can be made using
recombinant and congenie strains of mice. The responsible influ
ence might involve actions to inhibit development of recombinant
viruses, which have been shown to appear prior to development
of the leukemia and have been thought to be a proximate
leukemogenic influence (7, 10, 13, 14, 24, 27). Experiments
using rapid induction of leukemia with recombinant viruses could
also be telling. Alternatively, leukemic transformation might occur
in the chimeric mice, but expansion of the cancer that has
appeared in a few cells might be inhibited by immunological
processes. This possibility can also be studied directly. Regard
less of the mechanisms involved, the present experiments show
that resistance genes can be introduced by marrow transplan
tation from B6 donors into AK recipients, which not only prevent
the leukemia but also inhibit increases in levels of LSA that have
been used already as an indicator of the presence of cancer. It
seems a pressing issue to analyze fully the basis of this resist
ance to development of cancer which is made possible in long-

lived chimeric mice where donor and recipient differ at the MHC.
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