Table 2. Effects of SIP1 gene dosage and
mutations on invertase expression. Invertase
activity is expressed as micromoles of glucose
released per minute per 100 mg (dry weight) of
cells. Values are averages from two to four
strains (four for snf4 strains). For values >1,
standard errors were <25%.

.. Temp- Invertase
Relevant PE;?;:S' era-  activity
genotype ture —————

g9ene  ec) R D

snf4A (YEp24)
snf4A (pB44)
snf4A (pLN132)
snf1A (pB44)

None 30° <1 4*
SIP1 30° <1 37*
SNF4 30° <1 140*
SIP1 30° <1 <1

sip1A 23° 1 190t
snf4A 23° <1 27t
sip1Asnf4A 23° <1 12t

*Cultures were grown at 30°C in synthetic complete
Ura with 2% glucose (repressing conditions, R) and
shifted to 0.05% glucose for derepression (D)
(6). 1Cultures were grown and derepressed in
rich medium at 23°C, a semipermissive temperature
for snf4A mutants (7).

coprecipitating proteins, and assays of a
mutant altered in the conserved Lys of the
SNF1 adenosine triphosphate (ATP) bind-
ing site (snfI-K84R) showed that the phos-
phorylation is dependent on SNF1 activity
(6) (Fig. 4A). One of the phosphorylated
products detected in an assay of a wild-type
extract migrates as a 110-kD protein, which
is approximately the size predicted for SIP1.
This phosphoprotein was not detected in
assays of an sip] A mutant (Fig. 4, A and B),
suggesting that this protein corresponds to
SIP1. We constructed a plasmid expressing
a LexA-SIP1 fusion protein (Fig. 2), which
was detected as a 130-kD protein on protein
immunoblots. In an assay of an sip] A mu-
tant carrying this plasmid, a new phospho-
protein corresponding to LexA-SIP1 was
detected (Fig. 4A). These results show that
the SIP1 protein co-immunoprecipitates
with SNF1 and is phosphorylated in vitro.
The diffuse nature of the band suggests that
SIP1 is heterogeneously modified. The ab-
sence of phosphorylation in immune com-
plexes containing the SNF1-K84R mutant
protein indicates that phosphorylation of
SIP1 requires SNF1 kinase activity.

Increased expression of SIP1 does not
appear to suppress snf4 defects by stimulating
SNF1 kinase activity. Multiple copies of
SIP1 do not restore SNF1 kinase activity in
an snf4A mutant but do allow weak detec-
tion of phosphorylated SIP1 protein (Fig.
4B). Taken together, our results suggest that
SIP1 functions downstream of SNF1. One
possibility is that SIP1 mediates the effects of
the SNF1 kinase in the signaling pathway.
Alternatively, SIP1 could facilitate interac-
tion of SNF1 with other substrates.

These genetic and biochemical studies
show that the interaction between SIP1 and
the SNF1 protein kinase detected by the
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two-hybrid method reflects a functional in-
teraction in vivo. The method is applicable
to cloned kinase genes from any organism
and is very sensitive; interactions yielding
only a few units of B-gal activity can be
detected in the color assay. Thus, the two-
hybrid system should prove generally useful
for identifying substrates and other proteins
that interact with protein kinases.
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Participation in Normal Immune Responses of a
Metastasis-Inducing Splice Variant of CD44

Robert Arch, Karin Wirth, Martin Hofmann, Helmut Ponta,
Siegfried Matzku, Peter Herrlich, Margot Zéller*

A variant of the glycoprotein CD44 (CD44v) that shares sequences with variants causally
involved in metastasis formation is transiently expressed on B and T lymphocytes and
macrophages after antigenic stimulation and in the postnatal period. Antibodies to the
variant hinder in vivo activation of both B and T cells. The observation that a protein domain
thatis expressed on CD44 and required for the lymphatic spread of tumor cells can catalyze
an essential step in the process of lymphocyte activation supports the idea that metas-
tasizing tumor cells mimic lymphocyte behavior.

Tumor cells that metastasize by way of the
lymphatics leave the site of local tumor
growth and enter peripheral lymphatic or-
gans through the afferent lymph. This pro-
cess resembles the trafficking of lympho-
cytes. When lymphocytes contact antigen,
they leave the periphery and enter the
draining lymphatic tissue where they are
selectively retained, activated, and expand-
ed before reentry into the circulation (1).
We have recently observed that highly

SCIENCE ¢ VOL. 257 < 31JULY 1992

R. Arch, K. Wirth, M. Zdller, Deutsches Krebsforschungs-
zentrum Heidelberg, Institut fur Radiologie und Patho-
physiologie, Im Neuenheimer Feld 280, D-6900 Heidel-
berg 1, Germany.

M. Hofmann, H. Ponta, P. Herrlich, Kernforschungs-
zentrum Karlsruhe, Institut fur Genetik und Toxikolo-
gie, P O. Box 3640, D-7500 Karlsruhe 1, Germany.
S. Matzku, E. Merck & Co., P.O. Box 4119, D-6100
Darmstadt, Germany and Deutsches Krebsforschung-
szentrum Heidelberg, Institute fur Radiologie und
Pathophysiologie, Im Neuenheimer Feld 280, D-6900
Heidelberg 1, Germany.

*To whom correspondence should be addressed.



metastatic rat tumor cells (BSp73ASML
cells) (2) express splice variants of the
glycoprotein CD44 (CD44v) (3). Antibod-
ies to the common variant portion of these
variants block the settlement of the tumor
cells in the draining lymph nodes and block
consequently any further spread (3, 4).
When individually expressed, two of these

Fig. 1. Expression of CD44v on lymphoid cells.
Cells from various lymphoid organs were ana-
lyzed by immunofluorescence for the expres-
sion of CD44s (MAb Ox49) (8) and of a variant
of CD44 that carries the epitope for the MAb
1.1ASML (3, 9). (A) The approximate positions
of the epitopes on CD44s and on the variant
isolated from the metastatic tumor. The variant
shown carries exon sequences of v4 through v7
(Fig. 3). Surface expression of the epitopes was
determined with MAbs Ox49 [immunoglobulin
G2a (IgG2a)] and 1.1ASML (IgG1) as the first
antibodies and phycoerythrin-labeled goat an-
tibody to mouse |gG2a and fluorescein isothio-
cyanate—labeled goat antimouse IgG1 as sec-
ond antibodies. In a presetting with BSp73-
ASML, fluorescence intensities of both dyes
had been adjusted to comparable levels. Stain-
ing was determined by a fluorescence-activat-
ed cell sorter (FACS) scanner (EPICS 752 Dye
Laser System, Coulter, Krefeld, Germany). All
cells stained heavily with Ox49 (100 to 1000

variants confer full metastatic behavior to
nonmetastasizing tumor cells (3, 5).

The similarity of these processes—lym-
phogenic tumor spread and lymphocyte re-
tention and activation after antigen con-
tact—prompted us to explore whether a
splice variant of CD44 had a physiologic
function during lymphocyte activation.

A 4-/0“9\5

ﬁmcm

T ereeeerreereeess CD44v
Iy

-—__
1.1ASML

Ox49
Adult Newbom Activated

PBL|

Not tested
T

50 0 5 0 50

Il 1.1ASML* cells (%)

T T T T T T T T T 1
0 100 200 0 100200 O 100 200 300
Relative intensity

relative intensity) (8). (B) Plot of the number of 1.1ASML-positive cells and their average intensity.
The values represent the means of three independent experiments with one rat each. The standard
deviations are indicated. Adult, pathogen-free BDX rats were 8 weeks old (Charles River, Sulzfeld,
Germany); newborn rats were 24 hours old. “Activated” represents cells from adult rats that had
received 1 x 108 irradiated (3000 R) allogeneic (DA strain) lymphocytes subcutaneously and
intraperitoneally 5 days before analysis. B, bone marrow; T, thymus; S, spleen; LN, lymph node; PP,
Peyer's patches; PBL, peripheral blood lymphocytes; PE, peritoneal exudate; and BL, bronchial

lavage. Asterisks indicate mesenteric LN.

Fig. 2. (A) Time course of antigen-induced
CDa44v expression. Cells from bone marrow,
lymph nodes, and spleen of one adult BDX rat
each were harvested at various times after
stimulation in vivo by allogeneic cells (Fig. 1).
The cells were sorted by FACS scan according
to size and epitope. Forward and sideward
scatter revealed two population of cells that
differed in size (log forward scatter) and gran-
ulation (log sideward scatter). The number of
MADb 1.1ASML-positive small (white bars) and
large (black bars) cells were plotted versus
time. One representative experiment is shown;
the experiment was repeated three times with
similar results. Asterisks indicate where large
cells were not detectable. (B) Distribution of
CD44v-positive hematopoietic cells. Lymphoid
organs were collected from newborn rats (with-
in 24 hours after birth) and from 8-week-old
(adult) antigenically stimulated BDX rats (Fig.
1). Lymphocytes were double-stained with
MAb 1.1ASML and MAb Ox52 (T cells and
thymocytes) (74), anti-rat IgM (p chain—specif-
ic), or MAb Ox41 (asterisk indicates macro-
phages and dendritic cells and precursor cells
in the bone marrow) (75). The percentage of

A Bone marrow  Lymph node Spleen
100 100-‘ 10(7
& 801 801 80f
2
E 60 604
60+
§
8 40 0 404
20 l 204 201,
03571014 03571014 03571014
Days after stimulation
B % T cells % B cells % Macrophages*
Newbom B ]
LN |
i B
Activated PE

S.
LN
PP

0 50 0 50 0 50
l CD44v* subpopulation

cells staining only with an antibody to either the T cell, B cell, macrophage, or dendritic cell markers
(light gray bars) and the percentage of cells double-staining with one of these antibodies and MAb
1.1ASML (dark gray bars) are plotted. Data from one experiment are shown; two other experiments
yielded similar results. Abbreviations are as in Fig. 1.

SCIENCE ¢ VOL. 257 ¢ 31JULY 1992

e RIPORTS
Lymphocytes have been known to express
the standard type of CD44 (CD44s) that is
thought to facilitate lymphocyte emigration
from the blood stream at the sites of high
endothelial venules (6, 7). We report here
that after lymphocytes contact antigen,
they transiently express a variant of CD44
and that this variant is involved in B and T
cell activation in vivo.

To screen lymphatic tissue for CD44v ex-
pression, we used the metastasis-(CD44v)—
specific monoclonal antibody (MAb)
1.1ASML and MAb Ox49, which recogniz-
es an epitope on both CD44s and CD44v
(Fig. 1A). Although more than 80% of the
lymphocytes from all tissues tested (Fig. 1B)
were stained with Ox49 at a high fluores-
cence intensity (8), the adult rats we used
expressed almost no 1.1ASML epitope
(Fig. 1B). Immediately after the rats were
born, however, a large fraction of their
cells, particularly from bone marrow and
mesenteric lymph nodes, was positive for
1.1ASML, which indicates expression of a
variant of CD44 (Fig. 1B).

The early appearance of CD44v* cells
in the postnatal period and particularly in
mesenteric lymph nodes may depend on
contact with external antigen or may be
restricted to a subset of naturally activated
lymphocytes. We tested the assumption of
CD44v expression during lymphocyte acti-
vation by injecting allogeneic cells into
adult rats. The percent of CD44v™* cells
increased in most lymphatic tissues, partic-
ularly in bone marrow, spleen, lymph
nodes, Peyer’s patches, and peritoneal exu-
date (Fig. 1B). The increase in staining
intensity and the number of positive cells
was transient; maximal numbers were
reached 3 to 5 days after antigen injection
(Fig. 2A).

During the activation process, the small
peripheral lymphocytes become blast cells.
If the expression of CD44v were related to
the activation process, the epitope should
appear either just before or with the blast
cell stage. To measure the size distribution,
we sorted the cells according to size and
granulation. Whereas CD44s was equally
expressed in all cells irrespective of size (8),
the 1.1ASML epitope was detected only in
a minority of small cells; most positive cells
were large (Fig. 2A). Particularly in cells
from lymph nodes and spleen, the peak of
expression in small cells preceded that in
large cells, which is compatible with the
idea that CD44v expression is an early
event in lymphocyte activation.

To determine which cells become
CD44v™" in both the newborn period and
upon allogeneic antigen injection, we dou-
ble-stained the cells with MAb 1.1ASML
and with MAbs specific for subsets of leu-
kocytes (Fig. 2B). CD44v was found on
macrophages, T cells, and B cells, and the
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relative proportions varied with the source
of lymphoid tissue. In lymph nodes, mainly
T cells were positive for CD44v, whereas in
the peritoneal cavity, expression of CD44v
was restricted to B cells and cells of the
macrophage lineage (Fig. 2B). Thus, all
classes of cells of the immune system that
are in a process of activation probably
express CD44 variants.

These data are compatible with previous
Northern (RNA) blot experiments that
demonstrated a specific hybridization with
our CD44v cDNA clone of RNA in a
minor fraction of cells in lung, spleen, and

lymph nodes (3). Whereas the metastasiz-
ing rat tumor cells express a whole variety
of different splice variants, these cells pro-
duced only one RNA splice product (3).
Thus, metastatic cells may have a splice
disorder, or several splice variants may be
involved in the metastatic process, whereas
the physiologically regulated splice proba-
bly yields one or a few defined products.
Cells can choose from at least ten variant
exons (9, 10). In order to determine which
RNAs were produced in activated lympho-
cytes, we labeled cells with MAb
1.1ASML, sorted the positive cells from

vl v2 vS v4 vS v vZ v8 vo vi0 8

1 5.,
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7821014
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CB:
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i142 i167

111 8__CCCTGGCCACCACCTGGGCAGATCCTAATAGCACAACAGAAGAAGCAGCTACCCAGAAGGAGAAGTGGT

TTGAGAATGAATGGCAGGGGAAGAACCCACCCACCCCAAGTGAAGACTCCCATGTGACAGAAGGGACAA

1142

CTGGTGATGGAGACTCATCCATGGACCCCAGGGGTGGTTTCGACACTGTGACTCATGGATCCGAATTAG

! 167
CTGGACACT..3

Fig. 3. Sequence representing the variant expressed in activated lymphocytes isolated from lymph
nodes. The positions refer to those given for pMeta-1 [figure 4 in (3)]. The cells from bone marrow
and lymph node of DA rats that were sorted had been obtained from adult animals 5 days after
injection of allogeneic irradiated BDX lymphocytes as described (Fig. 1). Total RNA was prepared
and used as template for reverse PCR. With respect to the numbering of the sequence of pMeta-1
[figure 4 in (3)], the oligonucleotides for priming have the following positions: oligo A, 102 to 131;
" oligo B, 1103 to 1132; oligo C, 1020 to 1047; and oligo D, 1549 to 1571. After 45 cycles between
primers A and D, further amplification was performed (25 cycles) with nested primers of sequences
within the epitope-encoding exon. Primers A and B permit exact delimitation of the splice variant on
the 5’ side of the epitope-encoding exon, and primers C and D yield the corresponding information
on the 3’ side. All amplification products were sequenced. We suggest that the variant exons be
numbered v1 through v10 (l). The putative exon structure of the CD44 gene has been derived from
numerous PCR analyses of different splice variants and from a map of murine genomic clones (70).
The lymphocytes contain CD44s RNA and RNA of a variant with v6 only (Il and Ill). In contrast to
pMeta-1, standard type-specific sequences coding for 23 amino acids as shown [figure 9 in (3)] are

part of the molecule.

Fig. 4. Influence of antibodies directed against
the variant portion (v6) of CD44v upon activation
of CTLs. For each experiment, three DA rats
were immunized with 5 x 107 irradiated (3000 R)
BDX lymphocytes each and received concomi-
tantly, where indicated, an intravenous injection
of 100 pg of protein A-Sepharose 4B (Pharma-
cia, Freiblrg, Germany) affinity-purified MAb
1.1ASML, MAb Ox49, or MAb 3-9 (anti-unrelated
hapten). Spleen cells were collected 7 days
after immunization and were tested for cytotoxic
activity against BDX blasts immediately. They
were adjusted to 1 x 107 cells per milliliter of
RPMI-1640 medium supplemented with L-gluta-
mine, antibiotics, 103 M Hepes buffer, and 5%
heat-inactivated fetal calf serum. One hundred
microliters of cell suspension (E: effector cells)
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was titrated in U-bottomed microtiter plates, and 100 ul of target cells [T: 1 x 10* 5'Cr-labeled BDX
concanavalin A (Pharmacia, Freiblrg, Germany) blasts] was added. After 6 hours of incubation at
37°C, plates were centrifuged, aliquots of supernatants were harvested, and the amount of 5'Cr
released was determined in a gamma counter. The mean percentage of specific release and the
standard deviations were calculated from three such experiments (each using three rats).
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bone marrow and lymph nodes, and ana-
lyzed the RNAs by reverse transcription
polymerase chain reaction (PCR) (Fig. 3).
With primers from outside the variant exon
sequences (Fig. 3, primers A and D),
CD44s and the variants can be determined;
the predominant splice product was that of
CD44s. To accurately delimit the variant
sequences that carried the epitope
1.1ASML, we used nested primers (Fig. 3,
primer B for the 5’ side and primer C for the
3’ side). The variant expressed in cells
sorted from lymph nodes contained only
sequences of exon v6 (Fig. 3). This is a
variant of CD44 which has not yet been
cloned, but which shares the 1.1ASML
epitope-containing exon v6 sequence with
CD44v in metastatic tumor cells. In sorted
bone marrow cells, several variants are ex-
pressed, including the lymph node variant;
the other variants are larger. It is not clear
whether different variants are expressed in
different subpopulations of cells and what
their functional significance is.

The transient nature of CD44v expres-
sion in response to antigenic stimulation
suggested a functional role of CD44v in
lymphocyte activation. The function of
CD44v in the metastatic process can be
blocked by subcutaneous or intravenous
injection of MAb 1.1ASML (4, 11). With
this, the formation of metastases in lymph
nodes was retarded or prevented. This en-
couraged us to attempt to interfere with
CD44v function during the activation of
lymphocytes by injecting MAb 1.1ASML.
We injected purified MAb (200 pg) simul-
taneously either with trinitrophenol conju-
gated to lipopolysaccharide (TNP-LPS) or
horse red blood cells (TNP-HRBCs) or
with allogeneic lymphocytes and deter-
mined, at the days indicated (Table 1 and
Fig. 4), the number of antigen-specific,
plaque-forming cells and the antibody titer
or the generation of cytotoxic cells.

The antibodies reduced both the T cell-
dependent and T cell-independent B lym-
phocyte response (Table 1). In the presence
of 1.1ASML, the yield of hapten and car-
rier-specific plaques and the hapten-specific
antibody titer dropped. In three indepen-
dent experiments with TNP-LPS, the re-
duction of hapten-specific plaques was 36,
38, and 8%. In the latter experiment, the
antibody titer was reduced to 5% (Table 1).
In two experiments with TNP-HRBCs, the
TNP-specific plaques were reduced to 15
and 9% and carrier-specific plaques were
reduced to 21%. To ascertain that the effect
of MAb 1.1ASML was a result of blockage
of a specific function of CD44v (exon v6)
and not a result of Fc-mediated suppression,
we prepared F(ab'), fragments and injected
them instead of whole immunoglobulin.
The F(ab’), fragments also inhibited the B
cell activation (Table 1), which indicates



Table 1. Antibodies directed against CD44v block B lymphocyte activation. DA rats (five per group)
were immunized intraperitoneally with 50 pg of TNP-LPS (76) or 5 x 108 TNP-HRBCs (77).
Plague-forming cells (PFCs) were determined 3 and 5 days later, respectively, with TNP-SRBCs
(TNP coupled to sheep red blood cells) and HRBCs as target cells. PFCs were determined
according to a modification of the hemolytic plaque assay (78, 19). MAbs (200 ng) or F(ab’),
fragments (100 p.g) were injected intravenously, concomitantly with the antigen, as indicated. I, I,
and |ll refer to three independent experiments. Each figure represents the mean of data from five
rats. Quantitation of anti-TNP antibodies in the serum of immunized rats was performed as
described (78) by comparison of serum titration curves with standard curves of purified anti-TNP
MAD in an enzyme-linked immunosorbent assay (20). NT, not tested.

PFC/10% spleen cells Serum
Antigen Antibody Anti-TNP . Anti-TNP
Anti-HRBC
| m (ng/mi)
TNP-LPS 3-9 (IgG1) 776 £ 32 525+ 39 620+ 45 108.0 + 25.1
1.1ASML (IgG1) 280 =+ 41 197 = 51 52 + 23 51+ 3.1
1.1ASML-F(ab’), 459 =87 290 + 49 NT NT
Ox49 502 = 51 443 + 31 NT NT
TNP-HRBC 3-9 (IgG1) 219 = 23 214 + 31 1582 + 89
1.1ASML (IgG1) 33+ 8 20+ 9 337 £ 55
1.1ASML-F(ab’), 72 + 11 NT 605 + 74

that it is the specific function of the CD44
variant that is involved in lymphocyte
activation.

The alloantigen-induced proliferative T
cell response (8) and the generation of
cytotoxic T cells (CTLs) (Fig. 4) were
inhibited by 1.1ASML; the control MAb
antibody had no effect in CTL activation.
Because we have no MAbs that recognize
CD44s exclusively, it is difficult to predict
how a MAb to the CD44s portion of
CD44v should act (12). We tested MAb
Ox49 for both the B cell and the CTL
response and found less pronounced or
weak interference (Fig. 4). This suggests
that the epitope of MAb Ox49 is sufficient-
ly far from the domain of CD44v that is
important for the immune response.

Antigen-presenting cells and lymphoid
cells meet antigen in the periphery. The
expression of CD44v triggered in these cells
is involved in the early phase of the primary

immune response. Metastatic tumor cells
can use variants sharing exon v6 in the
spread to lymph nodes. This suggests that
metastatic cells, by mimicking lymphocytes,
recruit a physiologic genetic program. The
inhibition by antibody of the lymphogenic
spread of tumor cells and of the immune
response is compatible with the idea that
CD44v with the exon v6 participates in a
relevant interaction within or before entry
into the lymphoid organs (13). This inter-
action may be useful in the therapeutic
modulation of the immune system.
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