




TUMOR DORMANCY IN BONE MARROW
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Fig. 2. Active and specific host T- and B-cell responses correlate with concomitant
immunity against EblacZ cells. A, EblacZ-specific CTL activities measured in groups of
tour DBA/2 mice injected with 2 X IO6 EblacZ cells iep (i.e.; A, A) or s.c. (O, â€¢)after

in vitro restimulation of immune spleen cells (A. O. D) or in siln restimulalion of day 7
peritoneal CTLs (A. â€¢.* ). ESb large! cells were used as control after I'Mvitro (D) or in

situ ( * ) restimulation with EblacZ cells. B, ELISA for antibodies against 0-galactosidase

in sera of mice injected 14 days earlier with EblacZ cells iep (A), s.c. (O). or left untreated
(D). O.D., ahsorbance. C. ELISPOT assay for production of INF- y was performed using
spleen cells from three individual, bone marrow-grafted DBA/2 mice. The DBA/2 mice
had been grafted 9 days earlier each with 2 X IO7 bone marrow cells derived from five
B10.D2 donor mice, which in turn had been inoculated 14 days earlier with 2 X IO6

EblacZ cells i.V.. Spleen cells were restimulated in vitro with EblacZ (D) or ESb (A) for
5 days before being assayed as described in "Materials and Methods."

1 X 10'' nonstained cells. Using whole organ staining, it was estab
lished that iep inoculation of 2 x IO6 EblacZ cells into syngeneic

DBA/2 mice did not result in any detectable tumor growth or mÃ©tas
tases in peripheral organs (Fig. 3/4Â«).In contrast, in immune-compro

mised mice, metastatic nodules were clearly visible in liver sections
(Fig. 3, Ah and Ba), and the lungs showed a scattered distribution of
X-gal-positive cells (Fig. 3ÃŸr).Only nonspecific staining, due to
endogenous ÃŸ-galactosidase activity, was observed in the kidneys

(Fig. 3, A and Be). This pattern of metastasis was observed in nu/nu.
SCID, sublethally irradiated or CD8+ T-cell-depleted DBA/2 mice,

whereas no tumor cells were detected in similar organ sections from
tumor cell-inoculated, immunocompetent DBA/2 mice (Fig. 35, b, d,

and /). Thus, the most critical factor limiting metastasis of EblacZ
cells was a T-cell-dependent immune response.

In immune-compromised animals, liver and the lymphatic organs

were targets of mÃ©tastases.Thus, nu/nu mice exhibited massive
spleen, lymph node, and bone marrow involvement (Fig. 4A, a. b, and
c). In late-stage disease, the bone marrow and spleen were heavily

infiltrated by tumor cells (Fig. 4/4, a and c), and the draining lymph
nodes were overgrown by tumors (Fig. 4/46). A similar metastatic
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spread was seen in SCID mice and in sublethally irradiated DBA/2
mice (data not shown). These observations underline the importance
of T-cell immunocompetence for the control of EblacZ tumor

metastasis.
Active Immune Responses of Tumor-bearing Mice Prevent MÃ©

tastases but Fail to Control the Dissemination and Persistence of
Tumor Cells in Privileged Sites. In DBA/2 mice the iep-inoculated

EblacZ cells disseminated rapidly into the lymphatic system, appear
ing in the draining lymph nodes within 30 min and in nondraining
lymph nodes, bone marrow, and spleen by 24 h. Over several months
of observation, only residual numbers (1-100/10'1 normal cells) of

tumor cells were detected in the bone marrow and lymph nodes (Fig.
4/4, a and b), whereas the tumor cells were rapidly cleared from the
spleen (Fig. 4/4r). The bone marrow of tumor-bearing DBA/2 mice
resembled closely that of iep-vaccinated mice. Thus, in contrast to
immune-compromised, tumor-bearing mice, immune-competent mice

presented only small numbers of EblacZ cells in the bone marrow that
did not increase with time (Fig. 4ÃŸ).A second inoculation with tumor
cells did not significantly affect the number of EblacZ cells in the
bone marrow (Fig. 40). These observations show a close correlation
of immunity and control of EblacZ tumor metastasis. In this particular
animal model, the host immune response effectively cleared all ex
amined tissues from tumor cells, with the exception of two privileged
sites: the bone marrow and the lymph nodes.

A Significant Fraction of the Residual Tumor Cells Detected in
the Marrow Express an S-Phase Proliferation Marker. To analyze
the tumorigenic potential of bone marrow-residing EblacZ cells, bone
marrow from iep-inoculated DBA/2 mice was placed in growth me

dium with 5% PCS, conditions under which only tumor cells were
expected to survive. Staining for lacZ indicated that the expanded
nonadherent cells indeed represented EblacZ cells, s.c. inoculation of
varying numbers of these cells into DBA/2 mice clearly showed that
the bone marrow-derived EblacZ cells had maintained their tumori

genic potential (Fig. 5/4).
To investigate the proliferation potential of the tumor cells in the

bone marrow of DBA/2 mice directly ex vivo, cytospin preparations
from bone marrow of mice inoculated with EblacZ were triple stained
for lacZ (to visualize tumor cells; Fig. 50Â«),DAPI (to visualize DNA;
Fig. 5Bb), and KÃŒ67(to identify potentially dividing cells; Fig. 5Bc).
In contrast to the broad staining for lacZ that marked the shape of
intact nuclei in cytospins and histolÃ³gica! sections (see Fig. 3), nuclear
lacZ appeared as a collapsed aggregate when cells were fixed for
staining with the Ki67 antibody (Fig. 5Ba). In the iep-inoculated.
disease-free, immune-competent mice, 21.3 Â±4.0% of the bone
marrow-derived tumor cells were positive for the S-phase-specific
KÃ•67proliferation marker (Fig. 5Bc). The fraction of Ki67-positive
tumor cells in the diseased bone marrow of immune-compromised
DBA/2 mice was 40 Â±13.2%, whereas tissue culture-derived EblacZ
cells contained 87 Â±3.5% Ki67-positive cells. Thus, a fraction of
bone marrow-residing EblacZ cells were proliferating in both s.c-
inoculated. tumor-bearing mice and iep-inoculated. tumor-free mice,

but the absolute number of cells did not increase, indicating that the
cell number was controlled by the on-going immune response.

CDS Immune T Cells Control Tumor Cell Numbers and Trans
fer Protective Immunity. To address the potential role of CD8^

immune T-cells in the control of tumor dissemination and metastasis,

DBA/2 mice were either injected with depleting monoclonal CDS
antibodies or irradiated with 5 Gy to prevent primary antitumor
responses. In both instances, iep inoculation of immune-suppressed

mice with EblacZ cells led to rapid dissemination and continuous
growth of the tumor cells in the host bone marrow, resulting in the
deaths of the animals (Fig. 6, a and h). In contrast, similarly inocu
lated, immune-competent DBA/2 mice did not develop any mÃ©tastases
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Fig. -VT-cell immunocompctence is a critical requirement tor the eontrol of bblacZ tumor metastasis. X-gal and periodic acid-Schiff staining of sections of DBA/2 and mi/wi mice,
inoculateti with HhlacZ cells. .\. ^MIIL-MCII:DBA/2 (u) and nii/nu (hi mice were injected with 2 X IO6 EblacZ cells iep and sacrificed 24 days later. Organs were removed, fixed in
2'i formaldehyde and 0.2'i glulardialdehyde. X-gal stained for 24 h. and cut on a cryostat. A, intact organs (lop, liver: middle, lungs; hoiiom, kidneys) of immune DBA/2 or mi/nu
mice, stained for Im-Z. B, histolÃ³gica! analysis of the same organs, a. liver of nu/nu mouse with fixai metastasis; h, unstained liver of DBA/2 mice; i, lung of nu/nu mouse with sparse

distributed, single tumor cells; il. unstained lung/heart of DBA/2 mouse; e, unspecific (not cellular) staining of nu/nu mouse kidney;/ unspecific (not cellular) staining of DBA/2 mouse
kidney.

hut rather established tumor dormancy in the bone marow and lymph quency of bone marrow-residing dormant tumor cells, DBA/2 mice

nodes as described before. were vaccinated iep with EblacZ tumor cells. After 3 weeks, bone
To investigate the influence of immune suppression on the fre- marrow of three mice was checked for establishment of tumor dor-
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Fig. 4. Active immune response of tumor-hear
ing mice prevents mÃ©tastasesbut tails to control the
dissemination and persistence of tumor cells in
privileged sites. A. groups of DBA/2 or nit/nit mice
were injected iep with 2 x IO6 EblacZ cells. At the

indicated lime points, organs were removed from
20 animals per group, and single-cell suspensions
were prepared from hone marrow (Â«I.lymph nodes
{hi. or spleen (<â€¢).Two cytospins with IO6cells each

for each individual mouse were fixed and stained
overnight for UicZ. Stained cells were scored visu
ally under a light microscope. Results were aver
aged: huÃ­s.SD. DBA/2 (â€¢).DBA/2 irradiated 5 Gy
I day before (A). SC1D ( 0 ). nii/nu O mice. fl.
groups of 10 immunocompetent (O. H) or suhle-
thally irradiated DBA/2 (A) mice were injected s.c.
with 2 X IO6 EblacZ cells once in the right Hank

(O, A) or in both flanks (H). The frequency of
EblacZ cells in the bone marrow was scored as
before as a function of days after the first challenge.
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mancy by staining bone marrow cytospins for /at'Z-positive tumor

cells. In parallel, other mice were subjected to a course of treatment
with depleting monoclonal CDS antibodies or irradiation at 5 Gy and
examined at regular intervals for presence of tumor cells in the bone
marrow. Tumor-dormant mice responded to CDS depletion (Fig. 6c),
but not to irradiation (Fig. 6d) with expansion of bone marrow-

residing EblacZ cells. Thus, after four courses of antibody treatment,
the frequency of bone marrow-residing tumor cells increased by two

orders of magnitude. These observations are in accord with our
previous findings that 5 Gy of irradiation suppresses the generation of
but not the function of effector cells (17). The data also indicate that
CD8+ T cells play a critical role in containing bone marrow-residing

tumor cells.
To investigate whether effector CD8+ T cells reside in the bone

marrow and provide protection against a s.c. challenge with EblacZ
cells, BMT experiments were performed. MHC congenie B10.D2 and
syngeneic DBA/2 mice were inoculated i.v. or iep, respectively, with
EblacZ cells. Four weeks later, 2 X IO7 bone marrow cells from the

inoculated mice were injected into naive recipient DBA/2 mice that
were challenged 1 day later s.c. with EblacZ cells. DBA/2 mice
receiving EblacZ-primed, B10.D2-derived immune bone marrow
[B10.D2 mice are resistant against i.v.-inoculated tumor cells (18)]
showed significant (P = 0.028) protection against challenge with live

EblacZ (Fig. 7, group I), whereas control DBA/2 mice receiving
nonimmune B10.D2 bone marrow showed no protection (Fig. 7,
group III). Preirradiation (5 Gy) of recipient mice did not significantly
influence the protective effect of BMT (data not shown). The protec
tive effect was completely abolished by in vitro depletion of CDS + T

cells prior to injection of the bone marrow cells into the hosts (Fig. 7,
group II). The protective effect is consistent with the observed ele
vated levels of EblacZ-specific INF-y production by spleen cells from
the immune bone marrow-reconstituted animals (Fig. 3C). The bone
marrow-mediated effector response was sufficiently strong to allow

therapy of established tumors: the combination of sublethal irradiation

of tumor-bearing DBA/2 mice with transplant of bone marrow from

immune B10.D2 mice resulted in regression and significantly
(P = 0.028) prolonged survival (Fig. 7, groups IV and V).

Transplantation of DBA/2 immune bone marrow from vaccinated
(Fig. 7, group VI) or tumor-bearing (Figure. 7, groups VII and VIII)
hosts into normal DBA/2 mice also transferred CDS-dependent pro-

tectitve immunity against challenge with live EblacZ cells, but the
effects were not as significant and long-lasting as those seen with

BMT from B10.D2 donors.
These observations provide evidence for the coexistence of tumor cells

and immune CD8+ T-cells with the potential for protective immunity in

the bone marrow of mice inoculated with EblacZ tumor cells.

DISCUSSION

Our data show that potentially metastatic EblacZ cells can reside as
dormant tumor cells in lymph nodes and bone marrow as long as
CDS + T cells can mediate protective immunity that prevents the at
least partially cycling cell population from expanding and dissemi
nating. Although the persistence of dormant tumor cells has been
described previously in tumor cell-vaccinated mice (11, 19), our
results here show that they also exist in tumor-bearing, s.c.-injected

mice, and more importantly, that in both cases they are kept in a
dormant state by an active immune response with the critical involve
ment of CDS + lymphocytes. The local tumor growth in s.c.-inocu

lated mice may be related to a local overriding of immune control.
Local versus systemic defeat of the immune control by tumor cells has
been reported and discussed before (20). Local rate-limiting factors

have been reported, even in the case of cancers caused by viral
infections. The local growth of Rous sarcoma virus-induced tumors in

chicks was related to local tissue damage and production of trans
forming growth factor ÃŸat the site of virus inoculation (21-24).

The expression of nuclear lacZ by Eb cells provides a sensitive
method for detecting tumor cells at the single-cell level. Both mac-
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Fig. 5. Tumorigenic potential and proliferation of residual
tumor cells delected in ihe marrow. A, tumorigenic potential of
bone niarrow-derÃ­ved EblacZ cells. To lest the tumorigenic po-
tenlial of bone marrow-derived tumor cells, 2 X IO5 ( 4 ) or
2 X IO6 (0) EblacZ cells expanded in vitro from the bone

marrow of Â¡ep-inoculated DBA/2 mice were injected s.c. into
each of at least 10 naive DBA/2 mice. As control. 2 X 10s â€¢

normal, in nfro-passag ed EblacZ cells were inoculated. B. pro
liferation potential of bone marrow-residing EblacZ cells. Bone

marrow cytospins from three independent experiments each using
groups of three mice were stained with anti-Ki67, anti-0-gatac-
losidase, and DAPI. Each panel shows three representative fields
from independent cytospins al X I(MX).At least 100 bone marrow-
residing, ÃŸ-galactosidase-stained cells were scored to quantitate
the frequency of Ki67-positive tumor cells, ti, ÃŸ-galactosidase-
siained tumor cells, showing precipitation of (he blue staining in
nuclei of tumor cells under the fixing conditions used. h. DAPI
staining for DNA showing general outline of nuclei in the >ame
field; note the uppermost EblacZ cell with condensed chromo
somes, undergoing cell division, c. Ki-67 staining in the same
field. Arrows, tumor cells. See main text for quantitations.
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roscopic and histolÃ³gica! analyses showed that from the organs ex
amined, only the hone marrow and lymph nodes harbored residual
iunior cells. Because iep or s.c. inoculation of immune-suppressed
animals reproducing led to the outgrowth of bone marrow-residing

EblacZ cells and their metastasis and because Â¡mmunosuppressive
manipulations could break tumor dormancy in immunocompetent
animals, one can conclude that in immunocompetenl mice, it was the
host immune response that actively controlled and determined the

number and distribution of residual tumor cells. This balance between
tumor cell number and immune response could eventually break down
for a number of reasons, including immune escape or tolerance.

It is not clear why in the presented animal model the bone marrow
and lymph nodes but not other organs should be the site of tumor cell
persistence and immune control. The development of secondary tu
mors at distant sites many years after successful therapy of the
primary tumor is a common observation in cancer patients and

Fig. 6. Control of EblacZ Iunior cell number in the
bone marrow requires CDS immune T cells. DBA/2
mice were injected iep (d) I day after depletion with
anti-CDS monoclonal antibody (~ebni arrow), 1 day

after irradiation (closedarrow, bÃ¬.ÃŒweeks before the
start of a course of depletion (:t-hru tirntws; c), or 3

weeks before irradiation (closed arrow: d). At each
indicated lime point, three mice <a-CD8-trealed) or
six mice (irradiated! were sacrificed, and the fre
quency of /(/('/-positive cells in the bone marrow was

determined in duplicate cytospins for untreated (â€¢.
A). CD8 ' -depleted (D). or irradiated (A) mice.
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Fig. 7. EblacZ-specific CDS immune T cells coexist in the bone marrow and can transfer protective immunity and INF-y response. Groups of at least IO B10.D/2 (groups I-V) or
DBA/2 mice (groups VI-IX) were inoculated with 2 X IO5 or 2 X 10" EblacZ cells, respectively. The mode of inoculation was i.v. (groups I-V). iep (groups VI and VII), or s.c. (groups
Vili and IX). Four weeks later, 2 X IO7 bone marrow cells from these mice were transferred (BMT) i.v. into each of at least 10 naive DBA/2 mice. The bone marrow was (CDS")

or was not depleted in vitro from CDS cells prior to transfer, as indicated. Survival of recipient DBA/2 mice challenged s.c. with 2 X 10h or 2 X 10s EblacZ cells 1 day after hone
marrow transfer was followed. Group IV. a therapy experiment where DBA/2 mice were inoculated s.c. with 5 X IO5 EblacZ 2 weeks before irradiation at 5 Gy and BMT. Group V,

control donors injected i.v. with PBS. The Table is designed in the form of a flow diagram with the chronology of (he manipulations being presented at the top of the table. The three
different shades of ho.\es (Hack, gray, and while) signify different lime points at which survival was checked (10. 5. or 3 weeks after challenge). *. experiments with BIO.D2 donors
were statistically significant as determined by the log-rank test (P - 0.028 exact comparing group I with group III; P = 0.0635 exact comparing group I with group II; P = 0.444

exact comparing group II with group III). Exact tests were performed using the Slat Xact software package (Cytel Software Corp.). bm. bone marrow; i.e. iep.

strongly supports the notion of postoperative persistence of tumor
cells in a dormancy state. Several clinical observations point to the
bone marrow as a major site of persistence of tumor cells in curatively
operated or treated cancer patients. A significant fraction of patients
with non-small-cell lung carcinomas (25), prostate cancer (26, 27),

colon cancer (28, 29), squamous cell carcinomas of the head and neck
region (30), gastric cancer (31, 32), and breast cancer (33, 34) har
bored low numbers of tumor cells in the bone marrow at the time of
and after operation of the primary tumor. Similarly, tumor cells were
found in regional lymph nodes in metastasis-free cancer patients (35).
The detection of bone marrow-residing tumor cells has been consid

ered to be a significant and independent predictor for a later clinical
relapse in distant organs (25, 28, 31).

The microenvironment of the tumor cells is likely to play a deter
mining role in the maintenance of tumor dormancy state as well as the
transition to tumor metastasis (12, 20, 36, 37). Although neovascu-

larization may be a critical factor for the eventual outbreak of metas
tasis (38), it is highly unlikely to be limiting the number of tumor cells
in the bone marrow or lymphatic system. Bone marrow and lymph
nodes are two prominent organs involved in antigen presentation and
immune response (39,40). The bone marrow of immunized animals is
a rich source of protective immune cells (41,42). Our observations are
consistent with these organs offering favorable conditions for homing
of tumor cells and their survival, in spite of the presence of protective
immune cells at the same sites.
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