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Abstract We examined the influence of surgical stress on ducti
hematogenous metastasis of malignant tumor cells. THitroduction

study was performed by focusing on the involvement ﬁany physicians have the impression that metastasis of

inflammatory cytokines in the serum, raised acutely aft i di < of | d aft
surgery, and endothelial adhesion molecules in the mefg@/ignant tumors to distant organs is often accelerated after

static process. Surgical stress, given to C57BL/6 mic&r9ery [1]. Recently, tumor cell-surface-adhesion mole-

before B16-BL6 melanoma inoculation, significantly enf-:mefs' incIuding integrins and S.EIEC““ I!gand.s, have been be
hanced the pulmonary metastasis. This enhancement gh_cated In tumor metastasis and invasion [2’ 3]. we
feviously demonstrated that inflammatory cytokines, such

seen when the surgery lasted for more than 2 h. After tA i f | h
2-h surgery, the enhancement of pulmonary metastasis agumor necrosis factar (TNFa), up-regulate the expres-

seen most remarkably when B16-BL6 was inoculated 24590 of adhesion molecules on lung vascular endothelium
after surgery. The serum level of tumor necrosis factor 2d €nhance lung metastasis of mouse melanoma [4]. On
(TNFa) in the mice that underwent the 2-h surgery peakéd€ other hand, an increased serum level of some inflam-
12 h after the surgery. In contrast, serum interfeyomas Matory cytokines after surgery has been reported by several
not detectable. Administration of an anti-TMFnAb be- 970UPS [5—-7]. In this context, we evaluated the influence of

fore the surgery inhibited the enhanced metastasis HYygical stress on tumor metastasis by characterizing cyto-

inhibiting the increased expression of vascular cell adnighes an(_:i adhesic.)n. mo_lecu_les_involved in the er_1ha_nced
sion molecule 1 (VCAM-1) on lung vascular endotheliunetastasis. The clinical implication of the present findings
after the surgery. Pretreatment of B16-BL6 cells with afi discussed.

anti-very late activation antigen 4 (anti-VLA-4) mAb

completely inhibited the enhanced metastasis after surgery.

Administration of an anti-VCAM-1 mAb before surgery ials and hod
also inhibited the enhancement. These results indicate tfiaterials and methods
serum TN, raised by surgical stress, is critically involvedA :

; . nimals

in the enhanced pulmonary metastasis of mouse melanoma

by inducing VCAM-1 expression on lung vascular endoth@&emale C57BL/6 mice, 6—8 weeks old, were obtained from Nippon
lium. SLC (Shizuoka, Japan). In accordance with the institutional guidelines,
the mice did not suffer unnecessary discomfort, pain or injury, and
received proper care and maintenance.
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Mouse melanoma B16-BL6 cells established by Poste [8] were main-
tained in RPMI-1640 medium (Nikkei Bio Medical Laboratory, Tokyo,
Japan) supplemented with 10% fetal bovine serum (JR Scientific Inc.,
Woodland, Calif.). B16-BL6 cells were harvested by brief exposure to
0.25% trypsin/0.02% EDTA solution, washed with phosphate-buffered
saline (PBS) once, and resuspended in PBS »at(® cells/ml for
inoculation.
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200 - f * ] vitronectin receptora chain) [10] was used as a control antibody.
[ ey The treated tumor cells were also injected into the lateral tail vein of
the control mice. Monoclonal rat IgG1 antibody to murine vascular cell

*P<0.01 adhesion molecule 1 (VCAM-1), M/K-2 [11, 12], was kindly provided

by Dr. K. Miyake (Saga Medical School). Monoclonal rat 1gG1
antibody to murine TN& (MP6-XT3) was obtained from PharMingen
Inc. (San Diego, Calif.). Normal rat Ig (Organo Teknika, Calif.) was
used as a control. A 500g dose of M/K-2, MP6-XT3, or normal rat Ig
was administered to the mice in the lateral tail vein 1 h before the 2-h
surgery, and B16-BL6 cells were inoculated 24 h after the surgery.
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Immunoperoxidase staining

The lungs were removed 24 h after the 2-h surgery from the mice that
were untreated or had received anti-T&NfAb or normal rat Ig. The
Duration of Surgery lungs were frozen immediately in optical cutting temperature com-
pound and kept at —8TC. Cryostat sections were fixed with 4%
Fig. 1 Relation between duration of surgery and pulmonary meta@@raformardehyde for 10 min at°€, then incubated with 2% bovine
tasis. Surgery was performed on the mice for the indicated lengthsS§fum albumin for 30 min at room temperature. After washing with
time, and 5 10* B16-BL6 cells were injected into the lateral tail veins PBS, these sections were incubated with biotin-labeled M/K-2 mAb for
The mice were sacrificed and their lungs were removed on dagd! at room temperature. After washing with PBS, the sections were
13-15. The number of colonies on the surface of the lungs wigacted with aV|d|n-b|ot|n-pero>§|dase complex (N[chlrel, Inc., Tokyo),
counted. The data indicate the mearSD of seven mice for each Washed, and developed with dimethylaminobenzidine ag@.H
treatment. Surgery for 2 h significantly increased the number of
metastatic lung colonies (F<0.01)

Surgery(-) 0.5 1 2 (h)

Statistical analysis

laparotomy. Their bowels were drawn extraperitoneally and th?l?riggtrences in the number of lung colonies were analyzed by Student's

covered by gauze wetted with saline. After various lengths of time,
the bowels were settled back to the abdomen carefully and the wound
was closed by auto clip(C-A 7631 autoclip 9 mm, Becton Dickinson).

Results
Control mice

Mice anesthetized by intraperitoneal injection of Nembutal but withomlJ'Pﬂuence of surgical stress on pulmonary metastasis of
surgery were chosen as the control group. B16-BL6

) ! oul , To evaluate the influence of surgical stress on metastasis,
Experimental pulmonary metastasis we counted the number of metastatic colonies on the
B16-BL6 cells (5< 104 suspended in 0.2 ml PBS were injected into théUrface of the lungs on days 13-15 after inoculating
lateral tail vein 24 h after surgery unless otherwise indicated. THi#L6-BL6 cells into the mice that had undergone surgery
tumor cells were injected in the same way into the control mice. THer 0.5, 1, or 2 h (Fig. 1). The mean number of metastatic
mice were sacrificed and their lungs were removed on days 13-15%)|qnies in untreated mice was 3%11.3. The mean
The number of colonies on the surface of the lung was visuaw . L N
counted. umbers of metastatic colonies in the mice that had under-

gone 0.5, 1, or 2 h of surgery were 36:3.4, 49.3:4.9,
o _ and 213.6:57.5 respectively. The 2-h surgery greatly
Determination of serum levels of Tfand interferory (IFNy) increased the number of metastatic lung colonies. On the

After the 2-h surgery, peripheral blood was periodically collected asis of this reS.UIt’ mice underwent the 2-h surgery in
cardiac puncture under ether anesthesia. The blood was centrifuge8iesequent StUd'?S- o . .
2000 rpm for 5 min, and the serum was collected. The serum level of We next examined the timing of B16-BL6 inoculation

TNFa was determined by enzyme-linked immunosorbent assafter the surgery (Fig. 2). The mean number of metastatic

(ELISA) (Factor-Test TMmTNFy, Genzyme, Cambridge, Mass.). ; ; ;
The serum level of IFNwas also determined by ELISA (Factor-TestCOIOnIeS in untreateq mice .Wa.s 18.@.1. The mean
TMMIFN-y, Genzyme). numbers of metastatic colonies in the lung, when tumor

cells were inoculated 1, 4, 12, 24, or 48 h after the surgery,

_ o were 31.76.6, 32.0:8.9, 75.3:8.7, 117.5£22.0, and
Treatment with antibodies 36.8110.9 respectively. The enhanced pulmonary metas-
Monoclonal rat IgG2b antibody to murine very late activation antigent@SIS caused by surgical Sftress was found most strikingly
(VLA-4) a chain, PS/2 [9], was purified from ascites by protein @vhen the tumor cells were inoculated 24 h after the surgery,
affinity chromatography. This mAb did not affect the growth of B16but was no longer observed at 48 h. This indicates the
BL6 cells in vitro when added to the culture even up to @0l (data {rgnsient nature of the mechanism responsible for the

not shown). B16-BL6 cell (X105) were incubated with ug PS/2 for Al _ : ; ;
30 min at 4°C. After one washing with PBS, these cells were injecteﬁurglcal stress-enhanced metastasis. On the basis of this

into the lateral tail vein of the mice that had undergone the 2-h surgd§sult, tumor cells were inoculated 24 h after the surgery in
24 h before. RMV-7 (monoclonal rat 1gG2b antibody to murindhe subsequent studies.
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Fig. 2 Relation between time after surgery and pulmonary metastasi
The number of metastatic colonies in the lung was counted on day
after tumor cell inoculation 1, 4, 12, 24, or 48 h after 2-h surgery. T
data indicate the meart SD of seven mice for each treatment. Thi
result demonstrates that enhanced pulmonary metastasis was f
most strikingly when the tumor cells were inoculated 24 h after tl
surgery (*,P<0.01)

ig. 4 Inhibitory effect of anti-TNEt mAb on pulmonary metastasis.
00-ug dose of anti-TNE mAb or normal rat Ig was administered

h before surgery, and B16-BL6 cells were inoculated 24 h after 2-h
ery. The data indicate the meanSD of seven mice for each

Pgaeatment. Anti-TNE mAb, but not normal rat Ig, significantly

ecreased the colonies (®,<0.01)

Serum levels of TN& and IFNy after surgery non-operated mice was 20t112.5, that in the operated

mice without antibody was 149:620.5, that in the oper-
We next examined inflammatory cytokines in the serumted mice treated with anti-TNMFmMAb was 71.2+19.5,
after the surgery, which might be responsible for thand thatin the operated mice treated with normal rat Ig was
transient nature of the enhancement. The serum level189.0+18.2 (Fig. 4). Apparently, the enhanced metastasis
TNFa began to rise at 3 h and peaked 12 h after the 24as inhibited by the anti-TN& mAb administration. This
surgery. On the other hand, IffNvas not detectable in theindicates that serum TNFE raised by surgical stress, is
serum during these postoperative periods (Fig. 3). responsible for the enhanced metastasis.

Inhibitory effect of anti-TNEt mAb on pulmonary metas-
tasis enhanced by surgery Inhibitory effects of anti-VLA-4 and anti-VCAM-1 mAb on
pulmonary metastasis enhanced by surgery
We next examined whether the transiently increasedd@NF
in the serum is responsible for the enhanced metastasiswa previously demonstrated that administration of recom-
neutralizing anti-TNB mAb was administered 1 h beforebinant TNFx enhanced the pulmonary metastasis of B16-
the surgery. The mean number of metastatic colonies in tBe6 by up-regulating the expression of VCAM-1 on the
vascular endothelium that binds to VLA-4 on B16-BL6 [4].
(pormt We therefore examined the involvement of VLA-4 and
' VCAM-1 in surgical-stress-enhanced metastasis.
Preincubation of B16-BL6 cells with an anti-VLA-4
mAb (PS/2) completely suppressed the increase of meta-
100 S static pulmonary colonies after surgery (the mean numbers
et 1INy of the metastatic colonies were 85.484.5 and 5.2 2.7 for
Ab- and PS/2 respectively). In contrast, the preincubation
with an anti-vitronectin receptor mAb (RMV-7) did not
“ significantly reduce the colonies (the mean number was
91.2+12.9) (Fig. 5). This indicates a critical role of VLA-4
on B16-BL6 in the surgical-stress-enhanced metastasis.
We also examined the contribution of VCAM-1, which
ol o . ) A L is a ligand for VLA-4. Administration of an anti-VCAM-1
Surgery(s) 0 ! 3 3 12 24 (h) mAb (M/K-2), but not of a control rat Ig, inhibited the
Time after Surgery enhanced metastasis (the mean number of metastatic colo-
nies of the non-operated mice was 26.12.5, that of the
Fig{F ?\I )Sgglé‘: ISeLYI‘el(?I’Of tTUP:ZO(r:gﬁg{;gﬂ;Jgg"’(’)’}TTNmF%)nznIdFi,\r“/teirr]ffi[]%” operated mice without antibody treatment was 14926.5,
ge(rumywas period%casllly measured by ELISA. The TNF level began Egat of the operated mice treated W'.th M/K-2 was
elevate after 3 h and then peaked at 12 h. On the other hangwesl 61.6£10.9, and that of the operated mice treated with
not detectable at any point normal rat Ilg was 129.618.2) (Fig. 6). This indicates a
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B sugery()  (Fig. 7B). In contrast, the expression of VCAM-1 was
D surgeryts)  greatly decreased by the administration of anti-BNF

1404 N.S
[ — . . mADb before the surgery (Fig. 7C), but not by administration
1201 epcoor 1 of normal rat Ig (Fig. 7D). This indicates that TNFwvas
8 w0l T predominantly responsible for the VCAM-1 induction on
§ | the vascular endothelium after surgical stress, which led to
S % enhanced metastasis of VLA-4-expressing tumor.
© 60
]
z
40 4
20 Discussion
0. ey S— . .
Antibody(-) PS/2 RMV-7 Surgical operations, that remove or reduce the tumor mass

and examine its character or expansion in the body, are very
Fig. 5 Inhibitory effect of anti-VLA-4 mAb on pulmonary metastasis.important for treating malignant neoplasms. However,
B16-BL6 cells (1x10p) were preincubated with fig PS/2 (anti-VLA-4 many surgeons have the impression that metastasis to

mAb) or RMV-7 [anti-(vitronectin receptor mAb)] for 30 min at°€. distant organs is enhanced after surgery [1], but the molec-

After one wash with PBS, these cells were injected into the lateral t ! h b
vein of mice that had undergone 2-h surgery 24 h earlier. The num#ar mechanisms for this have not been clarified. Of greater

of lung colonies was counted on days 13-15. The data indicate tiénical importance is the fact that much of the mortality of
mean x SD of six mice for each treatment. Preincubation of B16-BL alignant neoplasms is attributed to their ability to develop
cells with PS/2 completely suppressed the increased metastasis g&ondary growth in organs at a distance from the primary

surgery (*,P<0.01 . . .
gery ( ) tumor mass [13]. Therefore, elucidation of the mechanisms
for enhanced metastasis after surgery is crucial for improv-

200 4 ing the treatment of malignant tumors.

In order to establish an animal model system, we used
experimental lung metastasis of B16-BL6 melanoma cells
injected i.v. into C57BL/6 mice. The mice underwent
surgical stress by laparotomy for various periods before
inoculation of the tumor cells. The number of metastatic
lung colonies was significantly increased after the 2-h
surgery, although no significant increase was found after
0.5-h or 1-h surgery. This result indicates that longer
surgery, which would cause more surgical stress, does
enhance metastasis. We also examined the kinetics of the
- ) enhanced metastasis after the surgery. The enhancement

Surgery(-) Antibody (-) M/K-2 Nomal Rat lg . . .

Surgery() was transient with a peak.24 h after' the surgery. Thls
suggested that some transient factor induced by surgical
Fig. 6 Inhibitory effect of anti-VCAM-1 mAb on pulmonary metas-Stress was responsible for the enhanced metastasis.
}asis. A sc?ok_lg_ ?osed otf> afmti-vt%AM-l mAb (MéK—le)60é I_rl;)rmelallsrr;l\tle It has been reported that serum levels of inflammatory
g was administere erore € surgery, an - ce 1 1 i i 1N- -
inoculated 24 h after 2-h surgery. The data indicate the me&D &/Eek(ljni(ralst,hg]ggl,ldtlg %r:gtseerlzfl{[gfnsﬁrg(le_r; )[Sa—n?]-rl"ﬁi:t/vv?/;ﬁch is

of seven mice for each treatment. The enhanced pulmonary metast:@ . .
eased by macrophages and mast cells, is a mediator of

was significantly inhibited by M/K-2 but not by a control rat Ig'€ ) A _ { 1S !
(*, P<0.01) pathophysiological manifestations of sepsis, inflammation,

and multiple organ failure. IL-1 is produced by macro-
phages in response to endotoxin, silica, and TNF. TNF
contribution of VCAM-1 to the enhanced metastasis, probtimulates IL-1 production by endothelial cells, and IL-1
ably as the ligand for VLA-4 on B16-BLS6. can stimulate its own production. TNF and IL-1 have
synergistic effects on inflammatory reactions [14]. TNF
and IL-1 have been also known to stimulate endothelial
Expression of VCAM-1 on the lung vascular endotheliuntells and up-regulate the expression of various adhesion
molecules on them. Moreover, we and others have demon-
We finally examined whether the surgical-stress-inducetrated that administration of TNF and IL-1 enhances the
serum TNF is responsible for VCAM-1 up-regulation onexperimental metastasis. In our experimental system, the
the lung vascular endothelium, thereby enhancing tkerum TNIF level was indeed raised transiently with a peak
pulmonary metastasis of B16-BL6 expressing VLA-4. Imt2 h after the surgery. A critical contribution of this
munohistochemical staining with an anti-VCAM-1 mAbjncreased TNF to metastasis enhanced by surgical stress
M/K-2, showed that the VCAM-1 expression was barelwas revealed by the inhibitory effect of anti-TNFMADb
detectable on normal lung vascular endothelium (Fig. 7A49dministration. As TNF and IL-1 have been known to up-
but was strongly induced 24 h after the 2-h surgemggulate the expression of various adhesion molecules on

* p<0.01

100 }

No. of Colonies




235

the endothelial cells synergistically, administration of antfig. 7A-D Immunohistochemical staining of lung vascular endothe-
TNFa plus anti-IL-1 antibodies would possibly be veryggag{ghoﬁ”rt]‘é\r’n?aﬁ'\m r’:/ggﬁ;’*gﬁ(j%’;ﬁireu;;'(ObrLth"\Jl‘:Sbgtzz'z ?e‘
effective in inhibiting the increase in experimental metag:, cieq 24 h after 2-hgsurgerB)( The expression of VCAM.1 s
tasis. On the other hand, it has been reported that not ofé¢reased by the treatment with anti-TlNFnAb (C), but not by
TNF and IL-1 but also other mediators, such as IL-6, IL-Bormal rat Ig D)
and granulocyte-colony-stimulating factor etc., were in-
duced by surgical stress, partially through increased TNF
and IL-1 levels, and these cytokines have also been thoughiministration. Taken together, these results indicated that
to enhance metastasis after surgery. In our study, fhNFa, induced by surgical stress, up-regulated the VCAM-
administration of anti-TN& reduced but did not eliminatel expression on lung vascular endothelium, thereby en-
the sugrical-stress-induced increase in experimental metiaanding the metastasis of B16-BL6 expressing VLA-4.
tasis. The anti-TN& antibody was suspected to be only In our previous study, huge amounts of TéNRvere
partially effective in reducing blood levels of TFand required to increase the experimental metastatic colonies.
suppressing the increase in metastasis that was inducedr'bg kinetics indicated that TNFincreased the pulmonary
increasing serum TNk metastasis most efficiently when administered 4 h before
We previously demonstrated that i.v. administration @16 cell inoculation. The increase continued for 12 h and
recombinant TNBE enhanced the lung metastasis of Bl@had disappeared 24 h after administration. We also demon-
BL6 by up-regulating the expression of VCAM-1 orstrated that VCAM-1 expression on lung vascular endothe-
vascular endothelium which binds to VLA-4 on the tumolium was strongly induced at 4 h and had decreased 24 h
cells [4]. We then examinined the involvement of VLA-dafter administration of TN& [4]. In this study, the eleva-
and VCAM-1 in surgical-stress-enhanced metastasis. Tien of serum TNE began after 3 h, peaked at 12 h and had
treatment with either anti-VLA-4 or anti-VCAM-1 mAb declined 24 h after surgery (Fig. 3). After serum TadNFad
inhiited the enhanced metastasis, indicating the criticdécreased to an ineffective level and lost the ability to
involvement of VLA-4/VCAM-1 in this system also. Im-induce VCAM-1 expression, the expression of VCAM-1
munohistological staining of the lung tissue indicated thatas suspected to return to normal. It was considered that
the VCAM-1 expression was up-regulated 24 h after thhe appearance and then the loss of a surgically induced
surgery, and that this was blocked by the anti-TiNfRAb increase in experimental metastasis is consistent with an
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increase in and then a return to normal expression @ Kramer RH, McDonald KA, Crowley E, Ramos DM, Damsky CH
VCAM-1. The result that the enhanced pulmonary metas- f)19.89) Me'anlom":‘j cell a?hes'o%to bas%me'zg'g%g‘bra”e mediated
X o y integrin-related complexes. Cancer Res 49:
tasis was found mos_t St”kmgly, at 24 h and ha,ld de,creas_eo‘d Ramos DM, Berston ED, Kramer RH (1990) Analysis of integrin
48 h after surgery (Fig. 2) was in good correlation with this  receptors for laminin and type IV collagen on metastatic B16
hypothesis. melanoma cells. Cancer Res 50:728
TNFa has also been known to up-regulate some adhd&- Okahara H, Yagita H, Okumura K (1994) Involvement of very late

; 1 : . : activation antigen 4 (VLA-4) and vascular cell adhesion molecule
sion molecules other th.an. VCAM-1, '”C'“d".‘g. E S.elecun 1 (VCAM-1) in tumor necrosis factoo enhancement of experi-
and ICAM-1. In our preliminary results, administration of  ental metastasis. Cancer Res 54:3233

TNFa as well as surgical stress enhanced lung metastasis®fGiavazzi R, Garofalo A, Bani MR, Abbate M, Chezzi P,
a mouse colon cancer cell line (colon 26), which may be Boraschi D. Mantovani A, Dejana E (1990) Interleukin 1-induced
mediated by E-selectin up-regulation (unpublished data) augmentation of experimental metastases from a human melanoma

. . - . in nude mice. Cancer Res 50:4771
Similarly, it has been reported that TMFadministration ¢ kjoosterman T, Mary EB, Borgstein P (1994) Impaired immune

enhanced lung metastasis of a mouse fibrosarcoma but nofunctions after laparoscopic cholecystectomy. Surgery 115:424
relevant adhesion molecules have been characterized [13].Kushner |, Ganapathi M, Schultz D (1989) The acute phase

These results suggest that circulating inflammatory cyto- rses_pso;‘;elg)s mediated by heterogenous mechanism. Ann NY Acad
. . . [o]] .
kines induced by surgical stress may be rather generally pcie G “poll 3, Hart IR, Filder 13 (1980) In vitro selection of

involved in enhanced hematogenous metastasis by UP-murine B16 melanoma variants with enhanced tissue-invasive
regulating vascular endothelial adhesion molecules that properties. Cancer Res 40:1636 _
bind to tumor surface ligands. Therefore, application of- Miyake K, Weissman IL, Greenberger JS, Kincade PW (1991)

: : Evidence for a role of the integrin VLA-4 in lympho-hemopoiesis.
some antagonist to TNF (such as anti-TNF mAb and J Exp Med 173:599

soluble TNF receptor) or adhesion molecules (such & Takahashi K, Nakamura T, Koyanagi M, Kato K, Hashimoto Y,
blocking mAb and soluble ligands) would be effective in  Yagita H, Okumura K (1990) A murine very late activation

preventing the risk of hematogenous metastasis, especia”yantigen-like extracellular matrix receptor involved in CD2- and

; lymphocyte function-associated antigen-1-independent Kkiller-
during and shortly after surgery. target cell interaction. J Immunol 145:4371
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