
e potential of radiolabeled anti
bodies to treat micrometastases

has long been recognized (1â€”6).In the
treatment of solid disease, however,
this recognition has not translated into
clinical assessment. The emphasis has
been instead on the treatment of
bulky, measurable tumors. Although
the rationale for this is relatively
straightforward, the clinician must be
able to measure tumor shrinkage to
assess therapeutic effectiveness. Its
apparent corollary, that the agent
must demonstrate effectiveness in
bulky disease before attempting treat
ment of disseminated disease, has hin
dered clinical assessment of
radioimmunotherapy for microme
tastases. This corollary is founded on
principles that apply to chemotherapy
and not necessarily to radioimmuno
therapy.

As pointed out by DeVita et al. (7)
the most important indicator of a che
motherapeutic agent's effectiveness is
the complete response rate, which is
the fraction of patients treated whose
measurable (bulky) disease becomes
undetectable. It has been hypothe
sized that treatment failure in chemo
therapy is associated with the exis
tence of one or more drug-resistant
clones. Theoretical analysis of the
time-course by which such clones de
velop was performed by Goldie and
Coldman in 1979 (8), who used math
ematical modeling to predict that tu
mor cells would mutate to drug resis
tance at population sizes between
1000and 1 million cells. The clinically
detectable level is 1 billion cells,
which is 1000-fold greater and corre
sponds, approximately, to a 1-cm
mass. Even at very low mutation
rates, detectable masses would cer
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tainly have at least one drug-resistant
clone. The absolute number of resis
tant cells in a tumor composed of iO@
cells, however, could be relatively
small. At the time of initial treatment,
resistant clones could already be dis
tributed and lead to distant metastases
and/or they could remain localized
and distribute following failure to con
trol the primary tumor (9â€”11). This
would predict that an effective chemo
therapeutic agent should yield a par
tial or complete remission, which
would then be followed by repopula
tion of resistant clones leading to a
clinically detectable recurrence. 5ev
eral conclusions emerged from that
analysis:

1. Because resistant clones arise in
undetectable tumor cell popula
tion sizes, resistance should be a
problem even with small tumor
burdens or micrometastases.

2. Because a particular clone may
be resistant to one agent but not
another, a cure is most likely if
all available effective drugs are
delivered simultaneously (7).

In short, there is no reason to
expect effectiveness against mm
imal disease following radiother
apy or surgery if an agent or
combined agents have not dem
onstrated effectiveness with
measurable disease. This con
clusion suggests that the tradi
tional rationale for anticipating
greater effectiveness when tar
geting minimal disease, i.e.,
there are less cells to kill so that
it should be easier to kill all of
them, is not compelling enough
to bypass the initial, bulky-tu
mor assessment of a new chemo
therapeutic agent.

In radioimmunotherapy, failure has
not been associated with the existence
of a resistant clone but, rather, with
inadequate delivery. A preponderance

of evidence indicates that large
150,000 molecular weight proteins do
not readily distribute throughout a
solid tumor mass, despite the in
creased transcapillary movement that
is associated with tumor vasculature
(12â€”29).This evidence, along with
several studies predicting improved
effectiveness in targeting microme
tastases (30â€”41)provides an additional
rationale for an anticipated improve
ment in effectiveness when targeting
micrometastases, i.e., improved dcliv

cry.
The chemotherapeutic rationale for

requiring efficacy against measurable
disease before assessing an agent's ef
ficacy in an adjuvant setting is not
applicable to radioimmunotherapy be
cause (a) failure in radioimmunother
apy is associated with inadequate dcliv
cry rather than the existence of
resistant clones and (b) the advantage
of targeting minimal disease with radio
immunotherapy is not limited to the in
crease in cure probability associated
with killing a smaller number of cells. It
also includes the significant improve
ments in delivery that are associated
with smaller tumor cell cluster dimen
sions.

When we finally overcome the che
motherapeutic paradigm and start cx
amining the efficacy of radioimmuno
therapy in an adjuvant setting, a
cautious and studied approach must
be taken. Variability in tumor-cell an
tigen expression, the analog to clonal
resistance, may emerge as a signifi
cant problem (42); extravascular (i.e.,
sanctuary) sites of even minimal dis
ease may continue to pose a delivery
problem; failure may also arise from
difficulties that have no analog in
chemo- or radiotherapy.

The work of O'Donoghuc et a!. cx
amines one such difficulty (43). They
demonstrated that tumor control
probability associated with different
beta-emitting radionuclides achieves a
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maximum at a tumor cell number cromctastascs? Yes. Those qualities
greater than one. In other words, the
single tumor cell presents a greater
therapeutic challenge than a cluster of
cells. As demonstrated in their article,
the optimal dimensions of a tumor cell
cluster depend on the radionuclide.
The optimal range of dimensions for
most of the radionuclides listed arc
below clinical detectability. If the ki
nctics of antibody penetration arc also
considered, the optimal ranges arc
very likely to fall significantly below
clinical detectability for all of the radi
onuclidcs (12,30â€”32).Does this mean
that radioimmunothcrapy will only
work against micromctastascs? No. It
does, however, mean that it should be
most effective in an adjuvant setting.
Clinical trials designed to assess cffec
tiveness in an adjuvant setting must be
very carefully designed and per
formed because it may not be possible
to assess efficacy on a case-by-case
basis as is possible by measuring
bulky tumor shrinkage.

In their analysis of the clinical im
plications of their work, O'Donoghuc
et al., provide an excellent example of
how theoretical results may be used to
improve the design of clinical trials.
Unless it becomes possible to charac
terize the number and size distribution
of micromctastascs in individual pa
ticnts at different times in the course
of their disease (11,44), a combination
of radionuclidcs intended to cover as
large a range of tumor cell cluster di
mcnsions as possible is necessary.
Unless radionuclidcs that arc efficient
at eradicating single cells are used in
radioimmunothcrapy (33,45â€”49),ad
juvant radioimmunothcrapy will result
in cures only if combined with another
treatment modality. In a similar man
ncr, it may be necessary to combine
antibodies against different antigens to
overcome the potential difficulties of
variable or inadequate antigen expres
sion.

To begin examining these issues,
we must sidestep the solid tumor hur
die. Does this mean that the therapeu
tic response of bulky tumor to a radi
olabeled antibody is not relevant to
the further pursuit of that particular
radiolabelcd antibody for targeting mi

that make a radiolabeled-antibody
combination ideal for targeting solid
disease generally make it worse for
targeting micrometastatic disease. Yt
trium-90 has been proposed for target
ing solid disease in part because the
range of its emissions may help over
come the nonuniform distribution of
antibody in larger tumors. As shown
by O'Donoghuc ct al., this radionu
clide is among the least effective for
clinically undetectable micrometa
static disease. Antibody forms that
penetrate more rapidly throughout a
solid tumor generally do so at the cx
pense of affinity. In targeting smaller,
more penetrable clusters, such agents
arc only left with the disadvantage of
reduced affinity.

Clinical evidence now exists in the
treatment of hematologic disease that
demonstrates the potential value of ra
dioimmunothcrapy in an adjuvant set
ting (50). In solid tumor disease, the
inability to monitor shrinkage in as
sessing effectiveness against mi
cromctastases may seem to be a sc
vcrc limitation. This limitation will
diminish over time as surrogate mark
ers arc developed (51 ). It is also im
portant to note that much more de
tailed pharmacokinctic information
may be obtained with radiolabeled an
tibodics via external imaging than is
available in most assessments of new
chemotherapeutic agents. In this re
gard toxicity is much more predictable
and, as expected, has been largely him
ited to the hematopoictic system.

The article by O'Donoghuc et al.
(43) illustrates one of the fundamental
differences between radioimmuno
therapy and chemo- or radiotherapy.
An acknowledgment of such differ
ences and a reassessment of the para
digm that is being used to evaluate the
potential effectiveness of radioimmu
notherapy under different settings is
needed so that we may begin clinical
trial examination of adjuvant radioim
munotherapy for solid disease.

GeorgeSgouros
Memorial Sloan-Kettering Cancer Center

New York, New York

1. McGaughey C. Feasibility of tumor immunora
diotherapy using radioiodinated antibodies to
tumor-specific cell membrane antigens with em
phasis on leukemias and early metastases. On
COlOR_3@l974;29:302â€”3l9.

2. BiglerRE.Dosecalculationandtreatmentplan
ningfor cancer therapyusingradiolabeledanti
bodies [Abstract]. CancerDn@gDelivery 1985;2
222.

3. Bigler RE, Zanzonico PB, Cosma M. Microdo
simetric and compartmental analysis of a novel
strategy for curative radioimmunotherapy[Ab
stract].I Nucl Med l986;27:898.

4. BiglerRE, ZanzonicoPB,CosmaM, Sgouros
0. Adjuvantradioimmunotherapyformicrome
tastases: a strategy for cancer cure. In: Srivas
tava SC, ed. Radiolabeled antibodiesfor imag
ing and therapy. New York: Plenum Press;
1988:409â€”429.

5. Bigler RE, Zanzonico PB, Sgouros 0. Radioim
munotherapy for micrometastases: Treatment
planfor astatine-211(alpha-emitter)[Abstract].
I NuclMed 1988;29:858.

6. ZanzonicoP. Radioimmunotherapyof mi
crometastases: A continuing evolution [Editori
al]. I NucI Med 1992;33:2180â€”2183.

7. DeVita VT, Heilman S, Rosenberg SA. Cancer
principles and practices of oncolo@j, 4th ed.
Philadelphia:J.B. Lippincott Co.; l993;276â€”
292.

8. Goldie JH, Coldman AJ. A mathematic model
for relatingthe drug sensitivity of tumors to the
spontaneous mutation rate. Cancer Treat Rep
l979;63:1727â€”1733.

9. Fuks Z, Leibel SA, Wallner KE, et al. The
effect of local control on metastatic dissemina
tion in carcinomaof the prostate long-termre
suIts in patients treated with iodine-125 implan
tation. mt I Radiat OncolBiol Phys 199l;21:
537â€”548.

10.LeibelSA, Ling CC, KutcherOJ, MohanR,
Cordon-Cordo C, Fuks Z. Thp biological basis
for conformal three-dimensional radiation ther
apy. IntIRadiat OncolBiolPhys 1991;21:805-
812.

11.YorkeED, FuksZ, NortonL, WhitmoreW,
Ling CC. Modeling the development of metas
tases from primary and locally recurrent tu
mom: comparison with a clinical data base of
prostatic cancer. Cancer Res 1993;53:2987â€”
2993.

12.FujimoriK, CovellDO,fletcherJE,Weinstein
iN. A modelinganalysisof monoclonalanti
body percolation through tumors: a binding-site
barrier.I NuclMed1990;31:1191â€”1198.

13. Ward BO, Mather Si, Hawkins LR, et al. Lo
calization of radioiodine conjugated to the
monoclonal antibody HMFO2 in human ovar
ian carcinoma: assessment of intravenous and
intraperitoneal routes of administration. Cancer
Res1987;47:4719â€”4723.

14.DeweyWC. Vascular-extravascularexchange
of â€˜@iplasmaproteins in the rat. AmI Physiol
1959;197:423â€”431.

15. Dvorak HF, NahyJA, DvorakiT, Dvorak AM.
Identification and characterization of the blood
vessels of solid tumors that are leaky to circu
lating macromolecules. Am I Pathol 1988;133:
95-109.

16.ThomasGD, ChappeDMi, DykesPW,et al.
Effect of dose, molecular size, affinityand pro
tein bindingon tumoruptakeof antibodyor
ligand: a biomathematical model. Cancer Res
1989;49:3290â€”3296.

1911

REFERENCES

Radioimmunotherapy of Micrometastases â€¢Sgouros



17.KeenanAM, WeinsteiniN, CarrasquilloJA,et
al. Immunolymphoscintigraphy and dose de
pendence of indium-ill-labeled TiOl monoclo
nal antibody in patients with cutaneous T-cell
lymphoma. Cancer Res 1987;47:6093â€”6099.

18. Gerlowski LI, Jain RK. Microvascular perme
ability of normal and neoplastic tissues. Mi
crovasc Res 1986;31:288â€”305.

19.aa@ MA, JamRK. Interstitialtransportof
rabbit and sheep antibodies in normal and neo
plastictissues. CancerRes 1990;50:3487â€”3492.

20. Butler TP, Grantham FH, Gullino PM. Bulk
transfer of fluid in interstitial compartment of
mammary tumors. Cancer Res 1975;35:3084-
3088.

21. Jain RK, Baxter LT. Mechanisms of heteroge
neous distribution of monoclonal antibodies and
othermacromoleculesin tumors:significanceof
elevated interstitial pressure. Cancer Res 1988;
48:7022â€”7032.

22. JamRK. Transportof moleculesin the tumor
interstitium: a review. Cancer Res 1987;47:
3039â€”3051.

23. Williams LE, Duda RB, Proffitt RT, Beatty BO,
BeattyJD, WongJYC, ShivelyJE, PaxtonRi.
Tumoruptakeas a functionof tumormass:a
mathematic model. I Nucl Med 1988;29:103-
109.

24. FujimoriK, CovellDO,FletcherJE,Weinstein
iN. Modelinganalysisof the globaland micro
scopic distribution of immunoglobulin 0,
F(ab')2, and Fab in tumors. Cancer Res 1989;
49:5656â€”5663.

25. LangmuirVK, MendoncaH. Theroleof radi
onucide distribution in the efficacy of iodine
131-labeledantibody as modeled in multicell
spheroids. Antibody Immwzoconj Radiophann
1992;5:273â€”283.

26. JuweidM, NeumannR, PaikC, Perez-Bacete
Mi, Sato J, van Osdol W, Weinstein iN. Mi
cropharmacologyof monoclonalantibodiesin
solid tumors: direct experimental evidence for a
bindingsite bamer. Cancer Res 1992;52:5144â€”
5153.

27. SutherlandR,BucheggerF, SchreyerM,Vacca
A, Machi-P. Penetrationandbindingof radio
labeledanti-carcinoembryonicantigenmono
clonal antibodies and their antigen binding frag
ments in human colon multicellular tumor
spheroids. CancerRes 1987;47:1627â€”1633.

28. Sands H. Experimental studies of radioimmun
odetection of cancer: an overview. Cancer Res
(suppl) 1990;50:809sâ€”813s.

29. EpenetosAA, SnookD, DurbinH, Johnson
PM,Taylor-PapadimitriouJ. Limitationsof ra

diolabeledmonoclonalantibodiesfor localiza
tion of human neoplasms. Cancer Res 1986;46:
3183â€”3191.

30. Sgouros0, BiglerRE,ZanzonicoPB,Strauss
A. Kineticsof radiolabeledantibodypenetra
tion into micrometastatic cell clusters: a model
incorporating diffusion, saturable binding, and
dissociation [Abstract]. I NucI Med 1989;
30(suppl):777.

31. Sgouros 0. Plasmapheresis in radioimmuno
therapy of micrometastases: a mathematical
modelinganddosimetricalanalysis.JNuclMed
1992;33:2167â€”2179.

32. WfflinsJD,Sgouros0. Predictingtheeffective
ness of radioimmunotherapy against microme
tastases: kinetic modeling, marrow dosimetry
and tumor control probability [Abstract]. I
NuclMed 1994;35(suppl):123P.

33. Wilma JD, Sgouros0. Modelinganalysisof
platinum-195m for targeting individual blood
borne cells in adjuvantradioimmunotherapy.I
Nuci Med 1995;36:100â€”103.

34. WheldonTE, O'DonoghueJA, Hilditch
BarrettA. Strategiesfor systemicradiotherapy
of micrometastases using antibody-targeted io
dine-131. Radiother Oncol 1988;1l:133â€”142.

35. Bigler RE, Zanzonico PB, Sgouros 0, Strauss
A, Godwin TA. Feasibility dosimetry for radio
immunotherapy for micrometastases [Ab
stract]. I NuciMed 1990;31(suppl):788.

36. WillinsJD,Sgouros0. Improvingthetherapeu
tic ratio in radioimmunotherapy of microme
tastases: a mathematical modeling analysis of
multiple antibody infusions [Abstract]. Med
Phys1993;20:865.

37. Sharkey RM, Weadock KS, Natale A, Hay
wood L, Aninipot R, Blumenthal RD. Golden
berg DM. Successfulradioimmunotherapyfor
lung metastasis of human colonic cancer in
nude mice.JNatlCancerlnst 1991;83:627â€”632.

38. Boerman CC, Sharkey RM, Blumenthal RD,
Anninipot RL, Goldenberg DM. The presence
of a concomitant bulky tumor can decrease the
uptake and therapeutic efficacy of radiolabeled
antibodiesin smalltumors. hit I Cancer 1992;
51:470â€”475.

39. BlumenthalRD. SharkeyRM, HaywoodL,
Natale AM, Wong GY, Siegel JA, Kennel SJ,
Ooldenberg DM. Targeted therapy of athymic
mice bearing GW-39 human colonic cancer mi
crometastases with iodine-131-labeledmono
clonal antibodies. Cancer Res 1992;52:6036-
&W4.

40. BlumenthalRD. SharkeyRM, NataleAM,

Kashi R, Wong 0, Goldenberg DM. Compari
son of equitoxic radioimmunotherapyand che
motherapy in the treatment of human colonic
cancer xenografts. Cancer Res 1994;54:142â€”
151.

41. ColcherD, EstebanJM, CarrasquilloJA,
arbakerP, Reynolds JC, Bryant 0, Larson SM,
Schlom J. Quantitative analyses of selective ra
diolabeled monoclonal antibody localization in
metastatic lesions of colorectal cancer patients.
CancerRes1987;47:1185â€”1189.

42. Ingvar C, Jakobsson B, Brodin T, Jonsson PE,
Strand S-E. Tumor antigen heterogeneity
withinmelanomametastasesan evaluationby
immunohistochemistry. Antican Res 1990;10:
219â€”224.

43. O'DonoghueJA, BardiesM, WheldonTE. Re
lationships between tumor size and curability
for uniformlytargeted therapy with beta-emit
ting radionuclides. I Nuci Med; 1995;36:1902â€”
1909.

44. Sgouros 0, Yorke ED, Willins JD, Ling CC.
Radioimmunotherapy of micrometastases: the
oretical evaluation of adjuvant treatment [Ab
stract]. JNucl Med 1994;35:161P.

45. Zalutsky MR, McLendon RE, Oarg PK, Archer
GE, SchusterJM, BignerDD.Radioimmuno
therapyof neoplasticmeningitisin rats usingan
alpha-particle-emittingimmunoconjugate. Can
cer Res 1994;54:4719â€”4725.

46. HunekeRB,PippinCO.SquireRA, Brechbiel
MW, Gansow OA, Strand M. Effective alpha
particle-mediated radioimmunotherapy of mu
nine leukemia. Cancer Res 1992;52:5818â€”5820.

47. Macklis RM, Kinsey BM, Kassis Al, et al. Ra
dioiminunotherapy with alpha-particle-emitting
immunoconjugates. Science 1988;240:1024â€”
1026.

48. NikulaTic FinnR, GansowOA, Ctal. Alpha
particle emitting constructs of recombinant hu
manizedanti-CD33for myeloidleukemias[Ab
stract].I Immunother1994;16:149.

49. Sgouros0, GrahamMC, JureidiniIM, Humm
JL,LarsonSM,ScheinbergDA. Preclinicaldo
simetry for alpha-emitter-labeledantibody ther
apy of hematologic disease [Abstractj.Jlmmu.
nother 1994;16:156.

50. Jurcic JO, Caron PC, Miller Jr., WH et al. Se
quential targeted therapy for relapsed acute
promyelocytic leukemia with all-trans retinoic
acid and anti-CD33 monoclonal antibody M195.
Leuke,nia 1995;9:244â€”248.

51. FlemingTR. Surrogate markers in AIDS and
cancer trials.StatMed 1994;13:1423â€”1435.

1912 The Journal of NuclearMedicineâ€¢Vol.36 â€¢No. 10 â€¢October 1995




