Table 2. Effect of substance P and p—substance P
on synoviocyte proliferation. Synoviocytes were
cultured in the presence of substance P and D~
substance P (1078M) for 72 hours. For the last 6
hours, 5-bromo-2'-deoxyuridine (10 wAf) and
thymidine (32 wM) were added to the cultures.
Cells were then dislodged with trypsin. After
being washed with cold phosphate-buffered sa-
line, the cells were fixed with 70% ethanol at 0°C
for 30 minutes and spun onto microscope slides.
DNA was denatured with 0.07A1 NaOH at room
temperature for 2 minutes. Slides were then incu-
bated with monoclonal antibody to BrdUrd
(1:500). Bound antibodies were visualized with
fluorescein  isothiocyanate-labeled antibody to
mouse immoglobulin. The cells were analyzed
with a Leitz OrthoLux II microscope. Results
from four experiments performed in triplicate are
expressed as the percentage of fluorescence posi-
tive cells =+ SEM.

Cells stained with antibody

Sub- to BrdUrd
stance P . :
n presence o
o) Alone D—spubstancc P
0 8323
1076 183+ 34
1077 248 +39
1078 29.6 +3.8 13.6 = 2.8
107° 19.8 £32
10~10 144+29

remodeling and destruction may be relevant
also in the response of other organs to
inflammatory or traumatic injury, as well as
inflammation in other diseases.
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Recombinant Interferon Enhances Monoclonal
Antibody-Targeting of Carcinoma Lesions in Vivo

release substance P into the joint tissues.
From the present results it appears that
long-term exposure of synoviocytes to sub-
stance P could contribute to the develop-
ment of several pathological findings in RA.
By stimulating synoviocyte proliferation,
substance P can enhance the formation of
pannus, which represents excessive growth
of synovial tissue over the joint surface. This
hypothesis is consistent with its known
stimulation of skin fibroblast proliferation
(17). The basis for the effects of substance P
on these cells may be the amino acid se-
quence homology between substance P and
acidic fibroblast growth factor (18).

The augmentation of collagenase release
and PGE; generation from synoviocytes ac-
tivated by substance P suggests additional
roles for this neuropeptide in RA. Through
release of collagenase, substance P may stim-
ulate loss of cartilage and development of
lesions in the adjacent bone. Through PGE,
release, substance P may provide a signal to
perpetuate the inflammatory process in the
arthritic joint. The two other known activa-
tors of synoviocytes, IL-1 and TNF-a, are
both products of the reticuloendothelial sys-
tem. An interaction of the nervous and
reticuloendothelial system involving sub-
stance P has been proposed (9).

In summary, these observations define a
specific pathway by which substance P, a
nervous system—derived peptide, can con-
tribute to the pathogenesis of RA. Similar
effects of substance P on connective tissue
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JouN W. GREINER, FIORELLA GUADAGNI, PHILIP NOGUCH]I,
SIDNEY PESTKA, DAVID COLCHER, PAUL B. FISHER, JEFFREY SCHLOM

Heterogeneity in the expression of tumor-associated antigens, as defined by the
binding of monoclonal antibodies, is a characteristic common to most, if not all,
human carcinoma cell populations. Antigen-negative cells within the population can
escape detection and therapy by their failure to bind. the appropriate antibody.
Therefore, the extent of antigenic heterogeneity is an important consideration when
designing protocols for the management of cancer by administration of monoclonal
antibodies. One approach to counteracting the effect of antigenic heterogeneity is the
use of clone A of recombinant human leukocyte interferon (Hu-IFN-aA). Administra-
tion of Hu-IFN-aA in vivo effectively increased the amount of tumor antigen
expressed by a human colon xenograft in situ and augmented the localization of a
radiolabeled monoclonal antibody to the tumor site. Concomitant administration of
Hu-IEN-aA and monoclonal antibody may thus be effective in overcoming the
antigenic heterogeneity of carcinoma cell populations and in enhancing the efficacy of
monoclonal antibodies in the detection and treatment of carcinoma lesions. i

ETEROGENEITY OF ANTIGEN EX-
H pression is characteristic of human

carcinoma cell populations (1).
This phenomenon has far-reaching impljca-
tions for the use of monoclonal antibodies
(mAbs) in diagnosis or therapy. Rendering
a human tumor cell population more homo-
geneous for the expression of an antigen
could result in an augmentation of mAb
binding and, thus, more efficient diagnostic
or therapeutic results.

Human natural and recombinant interfer-
ons, in addition to eliciting antiviral and
antiproliferative actions, can alter the surface
antigenic phenotype of various human tar-
get cells in vitro (2-6). The level of expres-
sion of class I and II histocompatibility
antigens as well as of certain tumor-associat-

ed antigens can be modulated by recombi-
nant human interferons (2, 4-6). Recombi-
nant human leukocyte interferon (Hu-IFN-
a) can enhance the expression of histocom-
patibility antigens (HLA) and of several
mAb-defined tumor antigens on the surface
of human breast and colon carcinoma cells
(5, 7). We reported recently that of eight
different recombinant species of Hu-IFN-a,
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Hu-IFN-aA was the most potent in aug-
menting the binding of mAbs to defined cell
surface human tumor antigens (8). The in-
creased surface antigen expression, as deter-
mined by a radioimmunoassay (RIA), cyto-

+IFN, No mAb

fluorometry, and immunohistochemical
analysis, was a result of (i) an increase in the
amount of surface tumor antigen per cell
and (i) a higher percentage of antigen-
positive cells providing a more homoge-

Fig. 1. Fluorescence-activated cell

sorter (FACS) analysis of mAb

B6.2 binding to the surface of hu-

man colon carcinoma cells: effect of
Hu-IFN-aA. An Ortho Cytofluor-

ograf System 50H with blue laser

excitation of 200 mW at 488 nm
was used for flow cytometric analy-
sis. WiDr cells were incubated for
24 to 36 hours in growth medium
with or without Hu-IFN-aA at
850 antiviral units per milliliter,
harvested, and incubated in culture
medium containing 2 ug of mAb

B6.2 per 106 cells for 30 minutes at
4°C. The cells were then washed
thoroughly with Ca?*, Mg?*—free
Dulbecco’s phosphate-buffered sa-
line and then treated with fluores-
cinated sheep antibody to mouse
IgG (1:30 dilution) for 30 minutes
at 4°C. The cells were washed; ex-

cess antibody was removed; and the

cells were resuspended at a concen-
tration of 10° cells per milliliter and

stained with propidium jodide (18

pg/ml) and ribonuclease A (2000

unit/ml) for 4 hours at room tem-
perature. Under these conditions,
fluorescence of propidium iodide
bound to nuclear DNA is red,
whereas surface immunofluores-
cence bound to the 90-kD tumor
antigen is green (5). Data from
25,000 cells were stored on a com-
puter system (Ortho model 2150)

and were used to generate each
three-dimensional isometric  dis-
play, showing DNA content on the
y axis; fluorescence intensity—that
is, cell surface expression of the
B6.2-reactive 90-kD tumor antigen
on the x axis; and the number of
cells on the z axis. (A) WiDr cells
stained for DNA content, but no
mAb B6.2. (B) WiDr cells stained

for nuclear DNA and B6.2 binding.

(C) WiDr cells treated with Hu-
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IFN-aA (850 antiviral units for 24
to 36 hours) and stained as in (B).

neous antigen-expressing tumor cell popula-
tion.

We now report that Hu-IFN-aA can aug-
ment the binding of a mAb to human
carcinoma cells in vivo. Monoclonal anti-
body B6.2 reacts with a 90-kD glycoprotein
found in 75% to 80% of breast carcinomas
and more than 90% of colon carcinomas
(9). We showed earlier that mAb B6.2 can
be labeled with a radionuclide while main-
taining its immunoreactivity and can effi-
ciently localize human carcinoma xenografts
in athymic mice (10). Heterogeneity for the
expression of the B6.2-reactive 90-kD anti-
gen within these human colon carcinoma
cells has been established (5, 9). We investi-
gated the possibility that Hu-IFN-aA treat-
ment of athymic mice bearing human colon
carcinoma xenografts can enhance the level
of expression of the 90-kD tumor antigen
and can augment the localization of labeled
mAb B6.2 to the colon tumor mass. For
controls we used mAb W6/32, which recog-
nizes histocompatibility antigens HLA-A,
B, and C (11), and MOPC-21, an immuno-
globulin G1 (IgG1) produced by a murine
myeloma (10). '

We used the colon carcinoma cell line
WiDr and the normal fibroblast cell line WI-
38 to investigate the effects of Hu-IFN-aA
on the expression of the B6.2-reactive 90-
kD tumor antigen and the histocompatibil-
ity antigens. We reported earlier that the
binding of mAb B6.2 to the surface of
human breast and colon carcinoma cells can
be enhanced in a dose-dependent manner by
Hu-IEN-aA (5). In the present study, treat-
ment of the WiDr cells with 2000 units of
Hu-IFN-cA for 24 to 36 hours resulted in a
2.7-fold increase in the binding of B6.2 to
the WiDr cell surface (13,810 as opposed to
5,080 count/min per 5 x 10* cells). The
binding of mAb W6/32 to HLA was also
increased threefold after Hu-IFN-aA treat-
ment. For comparison, we:studjed the ef-
fects of the Hu-IFN-aA on the expression of
these same antigens on the surface of the
normal human WI-38 fibroblasts. The WI-
38 fibroblasts expressed HLA constitutive-
ly; however, these cells do not express the
90-kD tumor antigen either before or after
IFN-aA treatment and thus fail to react with
mAb B6.2. Neither cell type demonstrates
any reactivity with the MOPC-21 antibody.
As reported by others (2, 4), Hu-IFN-oA
can increase the expression of HLA on the
surface of normal human cells. HLA expres-
sion on the WI-38 cell surface was increased
34% with the addition of Hu-IFN-oA;
moreover, treatment with higher doses or
longer time intervals failed to further boost
W6/32 binding to the WI-38 cell surface.
Such observations are particularly important
for the analysis of the kinetics of B6.2
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Table 1. Reactivity of mAbs to human colon tumor extracts isolated from athymic mice after Hu-IFN-
aA treatment. Human colon carcinoma xenografts from WiDr cells were grown as subcutaneous
tumors in female athymic mice. When the tumor diameter averaged 0.5 to 0.8 cm, the mice were
divided into an Hu-IFN-aA—treated group that received twice daily intramuscular injections of either
0.25 x 10° or 1.25 X 10° antiviral units of Hu-IFN-aA and a control group that received phosphate-
buffered saline (PBS) containing 1% bovine serum albumin. After 5 days of treatment the mice were
killed and, bled by cardiac puncture; plasma Hu-IFN-aA levels were measured by means of MDBK cells
infected with vascular stomatitis virus. The amount of binding of *’I-labeled B6.2 or MOPC-21 was
measured as counts per minute per 5 pg of tumor extract in extracts prepared from the WiDr tumors
(8). Each *’I-labeled mAb was added at a concentration of 75,000 count/min per 25 pl to each well of a
96-well plate containing dilutions of rumor extract ranging from 20 pg per well to 0.3 pg per well.
Values in parentheses represerit the range of mAb binding, where the mean amount of each mAb bound
is calculated from three to five experiments. Each experiment consisted of 25 to 40 control and IFN-

aA-treated tumor-bearing mice. NSB, no significant binding.

Amount of mAb bound to

Hu-IFN-aA Plasma . .
treatment Hu-IEN-aA level tumor tissue (count/min per 5 _“‘g)
(antiviral units) (antiviral unit/ml) B6.2 MOPC-21
75 (<30 5,460 (3,680 to 7,240) NSB*
+50,000 75 (<40 to 90) 7,890 (5,810 to 12,890) NSB
+250,000 310 (160 to 540) 18,460 (7,890 to 24,410) NSB

*Less than 500 count/min above background.

reactivity to nontumor cells. In this regard,
we found that incubation of the WI-38 and
other normal human cells with as much as
10,000 antiviral units of Hu-IFN-aA did
not result in the initiation of expression of
this, or any other, tumor antigen. These
results have shown that a noncarcinoma
human cell population which does not con-
stitutively express a particular surface tumor
antigen remains antigen-negative éven after
treatment with high levels of Hu-IFN-aA.
The data from the RIA established that
Hu-IFN-0A treatment can - increase the
overall level of surfice antigen expression
within a cell population (5, 8). It is possible,
however, that the increase induced by the
interferon could be a result of the enhanced
expression of the B6.2-reactive antigen
withiin a subpopulation of cells or a prefer-
ential expansion of a population that exhib-
its a constitutively high level of B6.2 reactiv-
ity. WiDr cells were treated with. Hu-IFN-
oA for 36 hours and the binding of B6.2
was analyzed by cytofluorometry. Cell sorter
analysis of the untreated and Hu-IFN-aA—
treated WiDr cells, but with no mAb B6.2
added, is shown in Fig. 1A. The addition of
mAb B6.2 to the WiDr cell population
results in 40% to 50% of the cell population
binding the B6.2 (Fig. 1B). Treatment of
the WiDr cells with Hu-IEN-aA for 36
hours followed by the addition of mAb
B6.2 (Fig. 1C) results in more than 90% of
the population being positive for the 90-kD
antigen and a two- to threefold increase in
the fluorescence intensity. These findings

indicate that in addition to the overall in--

crease in tumor antigen expression within
the cell population, Hu-IFN-aA treatment
results in an increase in the percentage of
antigen-positive cells within that population
(from approximately 50% to more than
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90%). The results argue against a preferen-
tial expansion of a high antigen-expressing
cell population and suggest enhanced syn-
thesis of the surface antigen as a possible
mechanism.

Experiments were conducted to deter-
mine whether Hu-IFN-aA was capable of
enhancing tumor antigen expression and
subsequent mAb binding in vivo. WiDr
cells were grown as subcutaneous tumors in
athymic mice. The mice were untreated or
were treated with 50,000 or 250,000 units

Fig. 2. Comparison of the localization of (A and
B) '*I-labeled B6.2 F(ab'), and (C and D) *I-
labeled MOPC-21 to WiDr tumors grown in
athymic mice with and without Hu-IFN-cA
treatment. The B6.2 IgG was purified from asci-
tes fluid obtained from pristane-primed BALB/c
mice inoculated intraperitoneally with 107 hy-
bridoma cells (12). F(ab'), fragmerits were pre-
pared by pepsin digest without any pretreatrnent
with dithiothreitol or iodoacetamide. MOPC-21,
a mouse myeloma IgGl was purchased from
Littoh Bionetics (Rockville, Maryland). The B6.2
F(ab’), and MOPC-21 antibodies were labeled
with Na'ZI with the use of iodogen as described
carlier (12). The iodination protocol yielded la-
beled IgG and fragmients with a specific activity of
15 to 50 wCi/pg, with up to 60% of the '*I
bound to the protein. Four-week-old female athy-
mic mice were inoculated subeutaneously with
2 X 10° WiDr cells (in 0.2 ml), and after 18 to 32
days tumors with average diameters of 0.8 to 1.5
cm had appeared. In this representative experi-
ment the WiDr tumor-bearing athymic mice were
divided into two groups: controls and those
treated with Hu-IFN-aA at 250,000 units per
day. Hu-IFN-aA-treated mice received intramus-
cular injections twice daily for 5 days and the
control, untréated animals received PBS contain-
ing 1% bovine serum albumin. Approximately 2
hours after the final Hu-IFN-aA injection all mice
received, via the tail vein, 1.5 wCi (0.1 pg) of
iodinated B6.2 F(ab'), or **I-labeled MOPC-21

of Hu-IFN-aA daily for 5 days. The mean
plasma Hu-IFN-aA levels for the mice treat-
ed with 50,000 or 250,000 units were 75
and 310 antiviral units per milliliter, respec-
tively (Table 1). When the mice were killed,
the human colon tumors were removed
from each of the individual mice, extracts
were prepared (9), and the binding of '*I-
labeled B6.2 was measured. The data indi-
cate that the admiinistration of either 50,000
or 250,000 antiviral units of Hu-IFN-«A to
athymic mice bearing WiDr tumors can
significantly increase the amount of B6.2-
reactive 90-kD tumor antigen in the tumor
extracts. The mean level of binding of 1251
labeled B6.2 to the WiDr tumor extracts
prepared from mice that received 50,000
units of Hu-IFN-aA per day for 5 days was
approximately 45% higher than that mea-
sured in WiDr tumor extracts prepared from
the untreated mice (7890 as opposed to
5460 count/min per 5 pg of tumor protein
extract). Increasing the Hu-IFN-aA daily
dose to 250,000 antiviral units resulted in
an increase in the circulating interferon plas-
ma levels. The mean level of binding of '*°I-
labeled B6.2 to those WiDr tumor extracts
was more than threefold higher than for the
control WiDr tumors (18,460 as opposed to
5,460 count/min per 5 pg of tumor protein
extract). An analysis of WiDr tumor extracts
prepared from individual mice treated with
250,000 antiviral units Hu-IFN-aA per day
revealed that the level of expression of the
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in PBS. The mice were killed 24 hours later, the tumors were excised and weighed, and the radioactivity

was measured in a gamma counter.
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Table 2. Binding of '*I-labeled B6.2 F(ab'), to WiDr tumors grown in athymic mice. F(ab'),
fragments of mAb B6.2 were produced and labeled with Na'*°I (12). Mice were injected with 2 X 10°
count/min (approximately 0.1 pg of protein) of the radiolabeled B6.2 F(ab'), and killed 24 hours later;
the percentage of the injected dose per gram was determined for each of the tissues (12). Control
animals received either a single injection of 0.9% NaCl or **I-labeled MOPC-21 mouse myeloma
antibody. The growth of WiDr tumors in athymic mice and the administration of 250,000 units of Hu-

IFN-aA were as described in Table 1.

Percentage of injected dose

Plasma .
Mouse Hu-IEN-0A per gram of tissue ,
(unit/ml) Tumor Blood Liver Spleen
Control
1 <30 2.68 0.52 0.52 0.30
2 <30 2.16 0.79 0.44 0.32
3 <30 2.60 0.85 0.77 0.43
4 <30 2.81 0.68 0.69 0.44
5 <30 4.61 1.03 0.68 0.53
6 <30 4.40 0.78 0.73 0.53
P Hu-IFN-oA-treated
w1 128 7.24 0.70 0.80 0.38
2 64 347 0.96 0.68 0.33
3 196 8.23 0.85 0.76 0.36
4 128 6.19 0.60 0.74 0.43
5 196 9.37 0.90 1.22 0.49
6 64 12.89 1.03 1.04 0.69
7 196 12.55 1.15 0.98 0.63

90-kD tumor antigen was six- to sevenfold
higher than that found in comparable tu-
mors in the untreated group.

To determine whether the IFN-aA-medi-
ated increase in tumor antigen content in-
cluded the cell surface component of the
antigen, we carried out in vivo localization
studies with the '»I-labeled B6.2 F(ab’),
fragment. In an earlier study of human
tumors in athymic mice (12), a comparison
of the radiolocalization indices for the intact
B6.2 IgG and related fragments showed that
the F(ab’), fragment of B6.2 was capable of
eliciting higher ratios of tumor to tissue
than the other forms of the antibody. There-
fore, we decided to compare the localization
of '»I-labeled B6.2 F(ab'); in athymic mice
carrying WiDr tumor with and without Hu-
IFN-0A treatment (Fig. 2, A and B). Hu-
IFN-0A treatment of WiDr tumor-bearting
athymic mice resulted in a substantial en-
hancement of the '*I-labeled B6.2 F(ab'),
localization index as measured by the
amount of I bound per milligram of
tumor weight—a 93% increase in the mean
amount of '*T bound (104 as opposed to
54 count/min per milligram of tumor
weight). In addition, the WiDr-bearing
athymic mice that received Hu-IFN-aA ex-
hibited a fivefold range for the localization
of 'PI-labeled B6.2 F(ab'),; this finding
suggests differing sensitivities or plasma in-
terferon levels (or both) among the individ-
ual mice of the interferon-treated group.
Again, analysis of individual mice revealed
that Hu-IFN-aA treatment can result in a
fourfold increase in the localization of the
F(ab’), fragment of B6.2 to the WiDr tu-
mor mass. The control, MOPC-21 anti-
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body, did not react with either control or
Hu-IFN-aA-treated WiDr tumor-bearing
mice (Fig. 2, C and D). Furthermore, inter-
feron treatment did not alter the in vivo
growth of the WiDr tumors during this
study.

Table 2 is a summary of the difference in
the percentage of the injected dose of '*I-
labeled B6.2 F(ab’), localized in untreated
and Hu-IFN-aA~treated WiDr tumor-bear-
ing mice. In untreated WiDr tumor-bearing
mice, 2.1% to 4.6% of the amount of
injected '*I-labeled mAb was localized after
24 hours. The percentages of injected '*°I-
labeled B6.2 F(ab'), localized in the WiDr
tumor of athymic mice treated with Hu-
IEN-0A were considerably higher, with val-
ues up to 12.9% of the injected dose per
gram. Untreated WiDr tumor-bearing athy-
mic mice consistently failed to exhibit plas-
ma Hu-IFN-aA levels that were greater than
the minimum level (30 unit/ml) of detection
for the assay. In general; there is a linear
relation between the circulating plasma lev-
els of Hu-IFN-oA and the amount of local-
ization of '*I-labeled B6.2 F(ab’); to WiDr
tumors in situ (Table 2). However, the wide
range of plasma interferon may reflect differ-
ences in the rate of clearance of Hu-IFN-aA
by the individual mice, development of anti-
bodies to interferon, differential release of
Hu-IEN-0A from the site of injection, or
any combination of these or other factors.

An important consideration in the design
and implementation of mAbs for the detec-
tion and therapy of human carcinomas is the
degree of tumor antigen heterogeneity with-
in a human tumor cell population. Tumor
cells that do not express antigen or cells with

low surface antigen density might be unde-
tected in immunodiagnostic or therapeutic
procedures. We have presented evidence
that Hu-IFN-aA can alter the biology of a
human tumor cell population. Our in vitro
studies revealed that the increase in tumor
antigen expression as a result of Hu-IFN-aA
treatment was due to an increased amount
of antigen expressed per cell as well as an
increase in the percentage of antigen-ex-
pressing cells within the population (5, 7). It
is conceivable that the same ¢vents occurring
in vivo can result in the increase in B6.2
reactivity to WiDr tumor extracts and the
augmentation of '*I-labeled B6.2 F(ab’),
localization at the WiDr cell surface. Nu-
merous mAbs are being evaluated by differ-
ent laboratories using both experimental
models and clinical protocols to determine
their usefulness in the management of hu-
man carcinomas. Some of the mAbs have
been conjugated with radionuclides and
used to localize occult tumor lesions in situ
(10, 12), to detect antigen in serum (13),
and to detect circinoma cells in pleural
effusions, ascites, and fine-needle aspirate
biopsiés (14). In an immunodiagnostic pro-
cedure, the ability to increase tumor antigen
expression on tumor cells by a pretreatment
with recombinant human interferon could
result in a more accurate discrimination
between tumor and nontumor . tissue. In
addition, mAbs can be used to deliver thera-
peutic doses of radionuclides, toxins, or
effector cells to the tumor site. The use of
recombinant interferon to augment tumor
antigen expression in each of these situa-
tions merits consideration.
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