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TUMOR DORMANCY IN BONE MARROW
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Fig. 3. T-cell immunocompetence is a critical requirement for the control of EblacZ tumor metastasis. X-gal and periodic acid-Schiff staining of sections of DBA/2 and nuw/nu mice
inoculated with EblacZ cells. A, syngeneic DBA/2 (a) and nw/nu (b) mice were injected with 2 % 10” EblacZ cells iep and sacrificed 24 days later. Organs were removed, fixed in
2% formaldehyde and 0.2% glutardialdehyde, X-gal stained for 24 h, and cut on a cryostat. A, intact organs (top, liver; middle, lungs; bottom, kidneys) of immune DBA/2 or nw/nu
mice, stained for lacZ. B, histological analysis of the same organs. a, liver of nwnu mouse with focal metastasis; b, unstained liver of DBA/2 mice; c, lung of nuw/nu mouse with sparse
distributed, single tumor cells; d, 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.

but 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-bear-
ing mice prevents metastases but fails to control the
dissemination and persistence of tumor cells in
privileged sites. A, groups of DBA/2 or nu/nu mice
were injected iep with 2 X 10° EblacZ cells. At the
indicated time points, organs were removed from
20 animals per group, and single-cell suspensions
were prepared from bone marrow (a), lymph nodes
(b), or spleen (c). Two cytospins with 10° cells each
for each individual mouse were fixed and stained
overnight for lacZ. Stained cells were scored visu-
ally under a light microscope. Results were aver- B
aged; bars, SD. DBA/2 (@), DBA/2 irradiated 5 Gy
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mancy by staining bone marrow cytospins for lacZ-positive tumor
cells. In parallel, other mice were subjected to a course of treatment
with depleting monoclonal CD8 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 CD8 depletion (Fig. 6¢),
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 congenic B10.D2 and
syngeneic DBA/2 mice were inoculated i.v. or iep, respectively, with
EblacZ cells. Four weeks later, 2 X 107 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 CD8* 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 CD8-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
CD8 + 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 CD8 + 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 B at 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 detected in the marrow. A, tumorigenic potential of
bone marrow-derived EblacZ cells. To test the tumorigenic po-
tential of bone marrow-derived tumor cells, 2 X 10° (#) or
2 X 10° (O) EblacZ cells expanded in vitro from the bone
marrow of iep-inoculated DBA/2 mice were injected s.c. into
each of at least 10 naive DBA/2 mice. As control, 2 X 10° ()
normal, in vitro-passaged 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-B-galac-
tosidase, and DAPI. Each panel shows three representative fields
from independent cytospins at X 1000. At least 100 bone marrow-
residing, B-galactosidase-stained cells were scored to quantitate
the frequency of Ki67-positive tumor cells. a, B-galactosidase-
stained tumor cells, showing precipitation of the blue staining in
nuclei of tumor cells under the fixing conditions used. b, DAPI
staining for DNA showing general outline of nuclei in the same
field; note the uppermost EblacZ cell with condensed chromo-
somes, undergoing cell division. ¢, Ki-67 staining in the same
field. Arrows, tumor cells. See main text for quantitations.

roscopic and histological analyses showed that from the organs ex-
amined, only the bone marrow and lymph nodes harbored residual
tumor cells. Because iep or s.c. inoculation of immune-suppressed
animals reproducibly led to the outgrowth of bone marrow-residing
EblacZ cells and their metastasis and because immunosuppressive
manipulations could break tumor dormancy in immunocompetent
animals, one can conclude that in immunocompetent mice, it was the
host immune response that actively controlled and determined the

% survival

- ¥

0 7 14 21 28 35

days after inoculation

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
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i 05m Vi Gy 05m 5G
o-CD8ip. irradiation § ; /T
Fig. 6. Control of EblacZ tumor cell number in the f P a-CD 1p- irradiation
bone marrow requires CD8 immune T cells. DBA/2 v 106 106
mice were injected iep (a) | day after depletion with 1) % a Q b A C d
anti-CD8 monoclonal antibody (zebra arrow), 1 day 5 & 105 105 1
after irradiation (closed arrow:; b), 3 weeks before the 5 E3 o g
start of a course of depletion (zebra arrows: c), or 3 e 1 104 1 g [l
weeks before irradiation (closed arrow; d). At each E E 1031 103 1 i
indicated time point, three mice (a-CD8-treated) or 8 g g
six mice (irradiated) were sacrificed, and the fre- N 2 1027 102 a8 | ﬁ
quency of lacZ-positive cells in the bone marrow was o = a : s @ ‘
determined in duplicate cytospins for untreated (B, S 3 10 4 L 10 - f ", : -
A), CD8"* -depleted (0)). or irradiated (A) mice. é e ﬁ g' § T v * A
A 01 2345012345 012345678910 12345678910

Weeks after injection of 2x 106 EblacZ i.e.
5444

Downloaded from cancerres.aacrjournals.org on November 27, 2021. © 1998 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

TUMOR DORMANCY IN BONE MARROW

B10D/2 (donor) DBA/2 (recipient)
day: -28 -14 0 1 |
1 .
2109 iv. 2x106s.c. %*
EblacZ BMT EblacZ
I 205 iv bm CDS8" 2x106s.c.
EblacZ BMT EblacZ
M 100pliv 2x106s.c
PBS BMT EblacZ
IV 2x10%iv. |5x109sc 5 Gy irradiation & 2x100s.c. *
..... EblacZ | Eblacz BMT Eblac
V. 100pliv. |5x105s.e. 5 Gy irradiation & 2x106 s.c
..... PBS,... . |Ebacz [ BMT | Bz
surviving mice, % (at 10 weeks)
T T Y ™ Y T T T T 1
DBA/2(donor) DBA/2 (recipient) 10 20 30 40 S0 60 70 8 9% 100
day: -28 0 1
VI 2x100ie BMT 2108 s.c.
EblacZ EblacZ |
VIL  206ie bm CD8" 2109 sc
EblacZ BMT EblacZ
vl 2x108sc 2109 s.c
EblacZ BMT EblacZ I
IX 100plsc. BMT 2x105 s.¢
PBS EblacZ
surviving mice, % (at3 O and S @ weeks)
I L] L} T L] L] T LJ L T L]
0 10 20 30 40 50 60 70 80 90 100

Fig. 7. EblacZ-specific CD8 immune T cells coexist in the bone marrow and can transfer protective immunity and INF-vy response. Groups of at least 10 B10.D/2 (groups I-V) or
DBA/2 mice (groups VI-IX) were inoculated with 2 X 10° 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
VIII and IX). Four weeks later, 2 X 107 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 (CD8~)
or was not depleted in vitro from CD8 cells prior to transfer, as indicated. Survival of recipient DBA/2 mice challenged s.c. with 2 X 10° or 2 X 10° EblacZ cells 1 day after bone
marrow transfer was followed. Group IV, a therapy experiment where DBA/2 mice were inoculated s.c. with 5 X 10° 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 the manipulations being presented at the top of the table. The three
different shades of boxes (black, gray, and white) signify different time points at which survival was checked (10, 5, or 3 weeks after challenge). *, experiments with B10.D2 donors
were statistically significant as determined by the log-rank test (P = 0.028 exact comparing group 1 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 Stat 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
arich 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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