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Preface

The 1992 workshop on “Mechanisms in B-Cell Neoplasia”,
held in Bethesda, Maryland, April 21-23, was the tenth in this
series. The meetings in Basel for the years 1983, 1985, 1987,
1989, and 1991 have all been published by Editiones Roche in
Basel as edited transcripts of the presentations and discussi-
ons. On the alternate years the workshop was held in Bethesda,
and the papers have been published in this series (Current
topics in microbiology and immunology, vols. 113, 132, 141, and
166). This field has grown in interest and depth, and the dis-
cussions now can no longer cover the entire subject in a 3-day
meeting, hence the selection of topics. Initially, in 1983 we
hoped to bring about discussions between those interested in
growth and development of normal B cells and tumor biologists
interested in B-lineage tumors. In 1981 the pivotal discovery of
Hayward, Neel and Astrin (Nature 209:475) implicated the ac-
tivation of the c-myc protooncogene in the major B-cell neo-
plasm in avians, the bursal lymphoma. Then, almost as the first
meeting was being planned, the fascinating story of the activa-
tion of c-myc by chromosomal translocations in mouse plas-
macytomas and Burkitt lymphomas unfolded, and a third
faction consisting of workers interested in oncogenes became
an integral part of these discussions. In the more recent mee-
tings there has been increasing participation by clinicians and
epidemiologists. Epidemiological studies of multiple myeloma
(G. I. Obrams and M. Potter, eds., Epidemiology and biology of
multiple myeloma, Springer Verlag, 1991) and non-hodgkin
lymphoma (a meeting report is to appear in Cancer research,
1992) have revealed an unexplained increased incidence of
these neoplasms over the last four decades. The student of the
B cell is much like a child at a five-ring circus where something
exciting is happening simultaneously in all arenas. The great
challenge for the B-cell biologist is to adapt this knowledge to
the special complexity of the pathogenesis of B-cell tumors
where different regulatory mechanisms operate during the suc-
cessive stages of development.
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The last decade has seen great technological progress in
understanding B-cell growth. Specific B-cell growth factors can
now be produced in large quantities. Methods for culturing B
cells at various developmental stages have been developed.
Model systems for each of the major forms of B-cell tumors in
man have been constructed. Transgenic mouse systems have
added a new dimension. More recently, we are beginning fo see
the application of the “knock-out” mouse that has been inge-
niously constructed so that the function of a specific endoge-
nous gene is inactivated. All of these spectacular developments
have added to the depth of this field.

The development of the B cell has been a particularly intrigu-
ing area of research from two aspects: the complex immu-
noglobulin gene rearrangements that take place at the genetic
level and the different cellular phenotypes which must accom-
pany these determinative events. The field of modern immuno-
logy began with the beautiful hypothesis of F. M. Burnet which
implicated “clones of lymphocytes” in antibody formation. A re-
volutionary idea in his paper was that circulating lymphocytes
were precursors of antibody-forming cells.

We continue to see the development of new information on
how B cells are formed with the dissection of the events that
take place in germinal centers, in special populations such as
the Ly1* B lymphocytes and in early B-cell development. The
availability of the cytokine interleukin-7 and cooperative stromal
cells from B-cell-generating organs such as bone marrow have
allowed the development of sophisticated culture systems in
which progenitor and precursor cells proliferate and differen-
tiate. Immunoglobulin genes in germline configuration rear-
range and the cells can undergo maturation. Not only can this
be achieved in tissue culture, but transfer of these progenitor
and precursor cells into SCID mice results in repopulation of the
pre-B and B-cell compartments in a stable way for long periods
of time (Melchers, Dorshkind, Paige, Nishikawa, Saffran,
Morrow, Hardy). This opens exciting possibilities for studying
various factors that influence neoplastic transformation, such
as genes that determine susceptibility to B-cell tumors, en-
vironmental influences (stromal cells, T cells, cytokines,
antigens), and exogenous agents (e. g., pristane).

Chromosomal translocations are putatively the key initia-
ting mutational steps in the development of many clinical and
experimental forms of B-cell tumors. In the B cell, these illegiti-
mate exchanges appear to be related to V-(D)-J rearrange-
ments and heavy chain isotope switching. There are funda-
mental unanswered questions about the mechanisms of illegi-
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timate exchanges. First, despite the near location of transloca-
tion sites to the vicinity of immunoglobulin gene signal sequen-
ces most of the breaks are not in signal or coding joints per se
but rather involve a considerable part of adjoining sequences.
The situation is even less clear in the case of the switch region-
associated translocations which are not site-specific rearran-
gements to begin with. The accusing finger suggests the
mechanisms that make immunoglobulin chromatin accessible
during a given stage of B-cell development may be involved.
Various cytokines and DNA binding factors participate in ac-
cessibility, and several of these associated with switching are
now being characterized. Possibly, accessible immunoglobulin
DNA is more prone to pathological breaks and rejoinings and,
thus, DNA repair enzymes may become implicated in both the
normal and pathological processes. Second, we still do not
have a clear explanation of the factors that bring segments from
different chromosomes into alignment and proximity for recom-
bination.

What is neoplasia? Is James Ewing’s definition of a tumor
as “an autonomous new growth of tissue” (J. Ewing, Neoplastic
diseases, W. B. Saunders, Philadelphia, 1928) descriptive of
the phenomenology we see in B-cell neoplasia? Clearly, the di-
versity of patterns of growth in common human B-cell tumors is
unique and extraordinary. The tumor types range from the most
benign forms such as MGUS, smoldering myeloma, B-CLL and
follicular lymphoma, to intermediate forms such as mantle zone
lymphoma (see Williams), to explosively growing acute blastic
tumors such as Burkitt’s lymphoma, the high-grade lymphomas
associated with various forms of immunodeficiency including
AIDS (see McGrath) and the acute B-cell leukemias. All of
these B-cell tumors have some degree of autonomy, but many
of them have curious patterns of growth. The indolence of folli-
cular lymphomas, the seemingly regulated growth of MGUS,
the regressions of some blastic lymphomas that occur after
withdrawal of immunosuppressive drugs, and the apparent lack
of proliferative activity in many of the cells that accumulate in
multiple myeloma and B-CLL are unusual examples of tumor
growth and proliferation.

In multiple myeloma large numbers of nondividing plasma
cells accumulate in the bone marrow cavities. The source of
these plasma cells is still being debated but it is now under in-
tense investigation in several laboratories (see discussion here
by Pilarski, Jensen, Witzig, Epstein, and McLennan). The
existence of circulating B-cells expressing the same idiotype as
found in the immunoglobulins secreted by the bone marrow
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plasma cells is gaining general acceptance. It is not known if
these circulating cells are myeloma stem cells that seed
marrow cavities or “metastatic” derivatives of bone marrow
myeloma cells. The cells are found in the peripheral blood in
measurable levels but they apparently do not greatly expand,
as might be expected of a leukemic cell, nor are they the same
cell that is found in the late occurring plasma cell leukemic
phase of myelomatosis. The circulating cells appear refractory
to chemotherapy (Pilarski). The unsettled question is to explain
the origin and relationship of the circulating cells to the bone
marrow plasma cells that accumulate in such large numbers.

Many protooncogenes code for proteins that are compo-
nents of signal transduction pathway which start at the cell sur-
face and converge in the nucleus on the regulatory sequences
of target genes, thereby controlling their transcription and trans-
lation. These highly complex, redundant, cross-circuiting mech-
anisms are far from understood. Very often these pathways
have been worked out in some other cell type and require spe-
cial evaluation to determine relevance to B-cell development
and function. C-myc s still the most important single oncogene
in B-cell neoplasia. The important discovery of Blackwell and
Eisenman that Myc protein heterodimerizes with Max to form a
specific DNA-binding protein complex has resulted in progress
in understanding Myc’s functions. While it is generally thought
that Myc is a transcription factor, the target genes have not been
defined. An exciting development, then, is identification of an
ornithine decarboxylase gene as one of the genes positively
regulated by c-myc (see Bello-Fernandez and Cleveland). Or-
nithine decarboxylase is a rate-limiting enzyme in polyamine
biosynthesis that is required in the progression from G, to the
S phase of the cell cycle.

The open discussions and exchanges of ideas in the “Me-
chanisms of B-Cell Neoplasia” workshops have been marked
by enthusiasm and cooperation among the participants, and
this has contributed to the progress in this field.

Acknowledgments

This meeting was sponsored by the DCDBC of the National
Cancer Institute, and special thanks are due to Dr. Alan Rabson
for his enthusiasm and encouragement in supporting this
meeting as a function of the Division. This year we obtained ad-
ditional financial support from private donors, and we wish to
express our gratitude to them for making it possible to fund the
travel of many of our foreign colleagues. Mr. Bruce Lorick of the
National Cancer Association was vital in making the arrange-



IX

ments with these anonymous donors at a time when we were
in desperate need of help. Despite the contributions of the
above-mentioned benefactors, many of the participants funded
their own travel to the meeting. We could not have arranged
such a meeting as this without the skilled and diplomatic assi-
stance of Ms. Fran Oscar of Cygnus Corporation and Ms.
Victoria Rogers of the Laboratory of Genetics, NCI. These two
people made it easy for us to have this meeting and added a
spirit of cordiality to the proceedings. Ms. Victoria Rogers has
handled all of the correspondence and technical editing in-
volved in producing this volume.

MICHAEL POTTER
FRITZ MELCHERS



Table of Contents

B-Cell Development

F. MELCHERS, D. HAASNER, H. KARASUYAMA, L. REININGER
and A. RoLNIK: Progenitor and Precursor B
Lymphocytes of Mice. Proliferation and Differentiation
In Vitro and Population, Differentiation and Turnover in
SCID Mice In Vivo of Normal and Abnormal Cells . . ..

K. DORSHKIND, R. NARAYANAN and K. S. LANDRETH:
Isolation and Characterization of a Stromal Cell Line.
With1 Figure ........ ... .. . . i

C. J. PaiGgg, A. CumaNo, G. BrRapy and N. N. Iscove:
Growth and Differentiation of a Bipotent Precursor of
B Cells and Macrophages ......................

S. I. NisHikawA, T. ERA, M. OGAwA, S. NISHIKAWA,

N. OHNO, S. I. HavasHI and T. KuNisADA: Control of
Intramarrow B-Cell Genesis by Stromal Cell-Derived
Molecules. With 3 Figures ......................

D. C. SAFFRAN, E. A. FausT and O. N. WITTE:
Establishment of a Reproducible Culture Technique
for the Selective Growth of B-Cell Progenitors.

With4 Figures ....... .. . ... . i,

D. G. OsmoND, K. JACOBSEN, L. FAUTEUX, H. VALENZONA
and S. Rico-VaRGAs: Multiple Steps in the Regulation
and Dysregulation of B-Cell Precursors in the Bone
Marrow: c-myc Expression, In Vivo Effects of
Interleukins 1 and 7, and Stromal Cell Interactions.
With2 Figures ......... ... ... ..

T. Morrow and M. ScHuisseL: The Purification of B-Cell
Precursors From Mouse Fetal Liver. With 3 Figures ..

M. L. GisHizky and O. N. WitTe: BCR/ABL Enhances
Growth of Multipotent Progenitor Cells But Does Not
Block Their Differentiation Potential In Vitro.

Withd Figures. ........ ... . . i

13

19

27

37

45

55

65



Xl

R. R. HARDY, S. A. SHINTON and K. HAYAKAWA:
Repopulation of SCID Mice with Fetal-Derived
B-Lineage Cells. With 7 Figures ... ...............

J. F. KEARNEY: Early B-Cell Repertoires . ...........

S. SAELAND, |. Moreau, V. DuveRT, D. PANDRAU and
J. BaNCHERAU: In Vitro Growth and Maturation of
Human B-Celi Precursors. With 4 Figures ..........

J. J. KENNY, D. G. SiEckMANN, C. FRETER, R. HODES,

K. HatHcock and D. L. LonGgo: Modulation of Signal
Transduction in Phosphocholine-Specific B cells from
ux Transgenic Mice. With 1 Figure .. ..............

Immunoglobulin Gene Rearrangement

G. E. TaccioLl, G. RATHBUN, Y. SHINKAI, E. M. OLTz,
H.-L. CHENG, G. WHITMORE, T. STAMATO, P. JEGGO and
F. ALT: Activities Involved in V(D)J Recombination.
With2 Figures .......... ... ... . ..

D. B. RotH, P. B. NakaJmA, J. P. MENETSKI, M. J. Bosma
and M. GeLLERT: Double-Strand Breaks Associated
with V(D)J Recombination at the TCR® Locus in
Murine Thymocytes. With 5 Figures .. .............

C.-L. HsieH, G. Gauss and M. R. LiEBeR: Replication,
Transcription, CpG Methylation and DNA Topology in
V(D)J Recombination. With 1 Figure ..............

U. SToRB, P. ENGLER, E. KLOTZ, A. WENG, D. HAASCH,
C. PINKERT, L. DoGLIO, M. GLymour and R. BRINSTER:
Rearrangement and Expression of Immunoglobulin
Genes in Transgenic Mice. With 3 Figures . . ... .....

W. DUNNICK, L. ELENICH, J. BERRY, D. ALBRECHT,
J. STAavNEZER and J. L. CLAFLIN: Regulation of Switch
Recombination to the Murine y1 Gene ............

R. A. WUerrreL and A. L. KENTER: Protein Recognition
Motifs of Sy3 DNA Are Statistically Correlated with
Switch Recombination Breakpoints. With 5 Figures . . .

Y.-C. A. LiN, P. SHOCKETT and J. STAVNEZER: Regulation
of Transcription of the Germline Immunoglobulin o
Constant Region Gene. With 2 Figures ... .........

K. B. Marcu, L. Xu and M. G. Kim: SaBP/BSAP/NF-Sp.
B,, a Murine and Human B-Cell Stage Specific Nuclear
Factor with DNA Binding Specificity Implying Roles in
Switch-Recombination and Transcription.

With7 Figures .. ... ... .. ... . i

73
81

85

95

107

115

125

137

143

149

157



XHi

Multiple Myeloma, Plasmacytomas

L. M. PiLArski, C. E. Cass, T. Tsuro and A. R. BELCH:
Multidrug Resistance of a Continuously Differentiating
Monoclonal B Lineage in the Blood and Bone Marrow
of Patients with Multiple Myeloma. With 2 Figures . ... 177

G. S. JeNsEN, A. R. BELCH, M. J. MaNT, B. A. RUETHER
and L. M. PiLarski: Expression of Multiple Adhesion
Molecules on Circulating Monoclonal B Cells in

Myeloma. With 3Figures . ...................... 187
T. E. WitziG, R. A. KyLE and P. R. Greirp: Circulating
Peripheral Blood Plasma Cells in Multiple Myeloma .. 195

X. THomAs, H. Q. Xia0, R. CHANG and J. EPSTEIN:

Circulating B Lymphocytes in Multiple Myeloma

Patients Contain an Autocrine IL-6 Driven

Pre-Myeloma Cell Population. With 1 Figure ........ 201

I. C. M. MacLeNNAN: In Which Cells Does Neoplastic
Transformation Occur in Myelomatosis? ........... 209

R. GrEiL, P. LoibL, B. FascHING and H. HUBER:

Differential Expression of c-myc-mRNA and

c-MYC-Protein During Terminal Neoplastic B-Cell
Differentiation. With2 Figures ................... 215

P. L. BERGSAGEL, C. VICTOR-COBRIN, L. A. BRENTS,

J. F. MusHinski and W. M. KueHL: Genes Expressed
Selectively in Plasmacytomas: Markers of Differentiation

and Transformation. With 2 Figures . .............. 223

M. A. ConNELLY, R. C. GRADY, J. F. MusHInski and

K. B. Marcu: PCS, a Gene Related to the Immuno-

globulin Super Family of Axonal Glycoproteins is

Expressed in Murine Plasma Cell Tumors.

With3Figures ......... ... .. .. . .. 229

B. KLEIN, Z. Y. Lu, J. P. GAILLARD, J. L. HAROUSSEAU and
R. BataiLLE: Inhibiting IL-6 in Human Multiple Myeloma.
WithS Figures .......... ... ... 237

B. BarLoGIE: Pathophysiology of Human Multiple
Myeloma — Recent Advances and Future Directions.
With1 Figure ... ... ... . .. . i 245

S. Siva, Y. WANG, M. BABONITS, H. AXELSON, F. WIENER

and G. KLEIN: An Exceptional Mouse Plasmacytoma

with a New Kappa/N-myc [T(6; 12) (C1; B)] Trans-

location Expresses N-myc But Not c-myc.

With2Figures. .......... . i 251



XV

A. SoLomon, D. T. WEiss and T. K. WiLLIAMS:
Experimental Model of Human Light-Chain-Associated
Disease. With3 Figures ........................

Lymphomas:
B-CLL, Follicular Lymphomas BCL-2, BCL-1

K. NiLssoN, L.-G. LARssON, O. SODERBERG, M. SCHENA,
D. GoTTaRDl, F. CALIGARIS-CAPPIO and M. CARLSSON:
On the Role of Endogenously Produced TNF-o and
IL-6 as Regulators of Growth and Differentiation of
B-Type Chronic Lymphocytic Leukemia Cells in Vitro.
With1Figure ...... .. ... . ... . . i

F. CALIGARIS-CAPPIO, P. GHIA, D. GOTTARDI, G. PARvVIS,
M. G. GReGORETTI, K. NiLssoN and M. ScHeNA: BCL-2
in B-Chronic Lymphocytic Leukemia. With 2 Figures . .

D. be Jong, F. PRINS, H. J. M. vaN KRIEKEN, D. Y. MASON,
G. B. van OmMEN and P. M. KLuin: Subcellular
Localization of BCL-2 Protein. With 2 Figures .......

D. AcToNn, J. DoMEN, H. JAacoBs, M. VLAAR,
S. KorsMmEeYER and A. BErRns: Collaboration of PIM-1
and BCL-2 in Lymphomagenesis. With 2 Figures . ...

A. STRASSER, A. W. HARRIs and S. CoRy: The Role of
bel2 in Lymphoid Differentiation and Neoplastic
Transformation ........... ... ... .. ... .. ...

G. E. MaRTI, G. B. FAGUET, C. STEWART, P. BRANHAM,

P. H. CARTER, G. C. WASHINGTON, P. BERTIN, J. MULLER,
V. ZENGER, N. CAPRAOSA, J. WHITEHOUSE, C. |. AMOS,

T. A. FLEISHER and R. VoaT: Evolution of Leukemic
Heterogeneity of Human B-CLL Lymphocytes Between
and Within Patients. With 5 Figures . ..............

S. EL Rousy, W. BAYONA, S. M. PisHARODY and
E. W. Newcoms: p53 Mutations in B-Cell Chronic
Lymphocytic Leukemia. With 2 Figures ............

K. BHaTIA, M. GUTIERREZ and |. T. MAGRATH: Burkitts
Lymphoma Cells Frequently Carry Monoallelic DJ
Rearrangements. With 1 Figure ..................

M. E. WiLuiams, S. H. SwerbLow, C. L. RosSENBERG and
A. ArnoLD: Centrocytic Lymphoma: a B-Cell Non-
Hodgkin’s Lymphoma Characterized by Chromosome
11 BCL-1 and PRAD 1 Rearrangements.
With2Figures ....... ... ... . i

261

271

279

287

293

299

303

313

319



R. M. E. PARKHOUSE, L. SANTOS-ARGUMEDO, C. TEIXEIRAL,
R. V. HeENRY and E. WawRrzyNczAK: Two Surface Antigen
Targets for Immunotoxin-Mediated Elimination of
Normal and Neoplastic Murine B Cells. With 3 Figures

Y. W. CHEN, K. A. Vora and M.-S. LIN: Generation and
Differentiation Potential of Retrovirus-Immortalized
Mature Murine B Cells. With 1 Figure . . . ...........

R. J. Forbp, A. TaMAYO and J. L. AMBRUS, JR.: The Role
of Growth Factors in Human Lymphomas.
With2Figures ........ ... . . i i

D. EmiLIE, O. DEVERGNE, M. RAPHAEL, L. J. COUMBARAS
and P. GALANAUD: Production of Interleukin-6 in High
Grade B Lymphomas. With 5 Figures .............

Lymphomas: EBV, AIDS Associated Lymphomas

R. MoorTHY and D. A. THORLEY-LAwsON: Mutational
Analysis of the Transforming Function of the EBV
Encoded LMP-1. With2 Figures . .. ...............

H. J. DELECLUSE, S. KOHLS, J. BULLERDIEK and G. W.
Bornkamm: Integration of EBV in Burkitt's Lymphoma
Cells. With4 Figures ........... ... ... .......

J. B. WiLsoN and A. J. Levine: The Oncogenic Potential
of Epstein-Barr Virus Nuclear Antigen 1 in Transgenic
Mice. With6 Figures . . . . ... ... ... ..

B. G. HERNDIER, B. T. SHIRAMIZU and M. S. MCGRATH:
AIDS Associated Non-Hodgkin’s Lymphomas
Represent a Broad Spectrum of Monoclonal and
Polyclonal Lymphoproliferative Processes.

With3 Figures ........ ... ... .. . . ..

Y. TANG, T. N. FREDRICKSON, S. K. CHATTOPADHYAY,
J. W. HaRrTLEY and H. C. MoRsk, lll: Lymphomas in Mice
with Retrovirus-Induced Immunodeficiency. .........

S. M. AsTRIN, E. SCHATTNER, J. LAURENCE, R. |. LEBMAN
and C. RobprIGUEZ-ALFAGEME: Does HIV Infection of

B Lymphocytes Initiate AIDS Lymphoma? Detection by
PCR of Viral Sequences in Lymphoma Tissue.

With6 Figures. .. ... ... ... i

Oncogenes and Transcriptional Factors

V. Bours, G. FRANZOSO, K. BROWN, S. PARK,

V. AZARENKO, M. TOMITA-YAMAGUCHI, K. KELLY and

U. SiEBENLIST: Lymphocyte Activation and the Family of
NF-kB Transcription Factor Complexes. With 6 Figures

XV

331

337

341

349

359

367

375

385

395

399

411



XVI

M. P. Duvao, D. J. KessLER, D. B. Spicer and
G. E. SonNENSHEIN: Transactivation of the c-myc Gene
by HTLV-1 tax is Mediated by NF-«B. With 2 Figures

S. A. BossoNE, A. J. PaTEL, C. AsseLIN and K. B. MaRcu:

Cloning and Characterization of DNA Binding Factors
Which Bind Sequences Required for Proper c-myc
Initiation. With 4 Figures .. .. ....... ... ... .....

L. KRETZNER, E. M. BLackwoop and R. N. EISENMAN:
Transcriptional Activities of the Myc and Max Proteins
in Mammalian Cells. With 4 Figures .. .............

C. BELLO-FERNANDEZ and J. L. CLEVELAND: c-myc
Transactivates the Ornithine Decarboxylase Gene.
With3 Figures ....... ... ... ... . i,

J. TROPPMAIR, J. L. CLEVELAND, D. S. Askew and

U. R. Rapp: v-Raf/v-Myc Synergism in Abrogation of
IL-3 Dependence: v-Raf Suppresses Apoptosis.
With4 Figures . ...... ... . . ..

J. HanLEY-HYDE: Cyclins in the Cell Cycle: An Overview.
With11 Figures . . ... ... ... .. . it

W. Y. LANGDON, K. G. HEATH and T. J. BLAKE:

The Localization of the Products of the c-cbl and v-cb/
Oncogenes During Mitosis and Transformation.

With7 Figures ....... ... ... ... . i,

E. H. HumpPHRIES and G. ZHANG: V-rel and C-rel
Modulate the Expression of Both Bursal and
Non-Bursal Antigens on Avian B-Cell Lymphomas.
With5 Figures . ... ... .. ... . .. i

R. A. PHiLLIPS, R. M. GiLL, E. ZACKSENHAUS, R. BREMNER,
Z. JIaNG, M. SoprTa, B. L. GALLIE and P. A. HAMEL:

Why Don’t Germline Mutations in RB1 Predispose to
Leukemia? With2 Figures .. ....................

R. H. ScHEUERMANN and S. R. BAUER: Loss of p53
Expression in Myc-induced B Lineage Tumors.
With3 Figures ....... ... ... ... . i,

421

425

435

445

453

461

467

475

485



List of Contributors

(Their addresses can be found at the beginning of their

respective chapters)

Acton,D. ......... 293
ALBRECHT,D. ....... 143
AT, Fooo oo 107
AmBRUS, JR., J. L. ... 341
Amos, C. 1. ......... 303
ARNOLD, A. . ........ 325
Askew, D.S. ....... 453
AsseLIN, C. ........ 425
ASTRIN, S. M. ....... 399
AXELSON, H. ........ 251
AZARENKO, V. ... .... 411
BagonNITs, M. ....... 251
BANCHEREAU, J. ..... 85
BARLOGIE, B. ....... 245
BaATAILLE, R. ........ 237
BAUER,S.R. ....... 493
Bavona, W. .. ..., .. 313
BeLcH, A.R. ....... 177

187
BELLO-FERNANDEZ, C. . 445
BERGSAGEL, P. L. .... 223
BERNS, A. .......... 293
BERRY,J. .......... 143
BERTIN,P. .......... 303
BHATIA, K. ... ... ... 319
BrLackwoon, E. M. ... 435
BLAake, T.J. ........ 467
BoRNKAMM, G. W. . . .. 367
Bosma, M. J. ... ... 115
BossonE, S. A. ..... 425
Bours, V. .......... 411
BraDY, G. . ......... 19

BrRaNHAM, P. .. ... ... 303

BREMNER, R.
BRENTS, L. A. .......
BRINSTER, R.
BrOwN, K. .........
BULLERDIEK, J. ......
CauigaRis-CappiO, F. .

CaPrAOSA, N. . ......
CARLSSON, M. . ......
CARTER,P.H. .......
Cass,C.E. ........
ChanGg, R. .........
CHATTOPADHYAY, S. K. .
CHEN, Y W. ........
CHENG, H.-L. .......
CLAaFuIN, J. L. ... ...
CLEVELAND, J. L. .. ...

CONNELLY, M. A. ... ..

CoumBaARAs, L. J. .. ..
CumaNO, A. ........
DeJonGg,D. ........
DELECLUSE, H. J. . ...
DEVERGNE, O.
DoGgLo, L. .........
DoMEN, J. . .........
DoRrsHKIND, K. . .....
DuNNICK, W. .. ......
DUVERT, V. .........
Duvao, M. P.
Eisenman, R.N. ... ..
ELENICH, L. . ...... ..

367
271
279
303
271
303
177
201
395
337
107
143
445
453
229

143



Xvill

EL Rousy, S. .......
EmMILIE,D. ..........
ENGLER,P. .........
EPSTEIN, J. .........
ErRA, T ... ...
FAGUET, G.B. ......
FASCHING, B.
FausT, E.A. ........
Fauteux, L. ........
FLEISHER, T.A. ... ...
FReTER,C. .........
Forbp, R. J.
FRANZOSO, G. .......
FReDERICKSON, T. N. . .
GAILLARD, J. P. ... ...
GALANAUD, P. .......
GALLIE, B. L.
Gauss, G, ....... ..
GELLERT, M. ........
GHAP. .. ... ...
GILL, R M. .........
GisHIizKY, M. L. ......
GLYMOUR, M. .......
GottArDL, D. .......

GraDY,R.C. .......
GREGORETTI, M. G. ...
GrEILLR. ..........
Grerp, P.R. .......
GuTIERREZ, M. ......
HaascH,D. .........
HAASNER, D. ........
HameL, P.A. ........
HANLEY-HYDE, J. . . ...
HarDY, R.R. .......
HARRIS, A.W. .. .....
HARousseau, J. L. ...
HARTLEY, J.W. ... ...
HAaTHCOCK, K. . ... ...
Havakawa, K. .. .....
HavasHi, S. 1. ..., ..
HeatH, K. G.
HENRY, R. V. ........
HERNDIER, B. G. ... ..
HopEs, R.

HsieH,C.-L. ........ 125
HuBer, H. ......... 215
HumPHRIES, E. H. . ... 467
Iscove, N.N. ....... 19
Jacoss, H. ......... 293
JACOBSEN, K. ....... 45
JEGGO,P. .......... 107
JENSEN, G. S. ....... 187
JANG, Z. ........ .. 485
KARASUYAMA, H. .. ... 3
KEARNEY, J.F. ...... 81
KELLY, K. . ......... 411
KENNY, J. J. ... ..., 95
KENTER, A. L. ....... 149
KessLER, D. J. ...... 421
KMM.G. ......... 167
KLEN,B. .......... 237
KLEN, G. .......... 251
Klotz, E. ... ....... 137
KLun, P.M. ... ... 287
KOHLS, S. .......... 367
KORSMEYER, S. . ..... 293
KRETZNER, L. ....... 435
KUEHL, W. M. ....... 223
KuNisapa, T. .. ... ... 27
KyLe, R.A.......... 195
LANDRETH, K. S. .. ... 13
LANGDON, W. Y. .. ... 467
LARSSON, L.-G. ...... 271
LAURENCE, J......... 399
Leeman, R. 1. . ... ... 399
LEVINE, A. J. ........ 375
LieBer, M.R. ....... 125
LN, M-S, .......... 337
LN, Y-C.A ........ 157
LopL, Pl 215
LonGo,D. L. ....... 95
Lu,Z. Y. ... 237
MAcLENNAN, J. C. M. . 201
MAGRATH, |. T. ...... 319
ManT, M. J. ... 187
Marcu, K. B. ....... 167

229

425
MART, G.E......... 303



Mason, D. Y. ....... 287
McGRATH, M. S. .. ... 385
MELCHERS, F. ....... 3
MENETSKI, J. P. ... ... 115
MoOREAU, |. ......... 85
Morrow, T. ........ 55
Momse lll, H.C. ..... 395
MooRrTHY, R. ....... 359
MULLER, J. ......... 303
MusHiINskl, J. F. .. ... 223

229
NAKAJIMA, P.B. ...... 115
NARAYANAN, R. .. .... 13
NewcomB, E.W. .... 313
Nisson, K. ... ... 271

279
NISHIKAWA, S. . ... ... 27
Ocawa, M. ......... 27
OHNO, N. ... .t 27
Ourz, EEM. ........ 107
OsmonD, D. G. ...... 45
PaGge,C.J. ........ 19
PANDRAU, D. .. ...... 85
PARK, S. ... ... ... 411
ParkHouse, R. M. E. . 331
Parvis,G. ......... 279
PateL, AL J. ... ... .. 425
PHiLLiPs, R.A. ... ... 485
PiLArskl, L. M. ... ... 177

187
PINKERT, C. ........ 137
PisHARODY, S. M. .... 313
PriNs, F. ... ..., 287
RAPHAEL, M. .. ...... 349
Rapp, U.R. ........ 453
RATHBUN, G. .. ...... 107
REININGER, L. ....... 3
Rico-VARGAS, S. .... 45
RODRIGUEZ-ALFAGEME, C.399
ROLINK, A. . ........ 3
RoOseNBERG, C. L. . ... 325
RotH,D.B. ........ 115
RUETHER, B. A. ... ... 187
SAELAND, S. ........ 85

SAFFRaN, D.C. ... ... 37

XiX

SANTOS-ARGUMEDO, L. 331

SCHATTNER, E. ...... 399
SCHENA, M. . ....... 271

279
SCHEUERMANN, R. H. . 493
SCHLISSEL, M. ... .... 55
SHINKAL Y. . ........ 107
SHINTON, S.A. ...... 73
SHIRAMIZU, B. T. . .... 385
SHOCKETT, P. ....... 157
SIEBENLIST, U. . ...... 411
SiECKMANN, D. G. .... 95
Sitva, S. .o 251
SODERBERG, O. ..... 271
SoLomon, A. . ... ... 261
SONENSHEIN, G. E. ... 421
SopPtA, M. .. ....... 485
SPICER, D.B. ....... 421
StAMATO, T. ........ 107
STAVNEZER, J. . ... ... 143

157
STEWART, C. ........ 303
StomrB, U........... 137
STRASSER, A. ....... 299
SwerbLow, S.H. .... 325
Tacciou, G.E. ...... 107
TAMAYO, A. .. ..... .. 341
TANG, Y. ... ... ... 395
TeEXEIRAL, C. ....... 331
THoMAS, X. ... ... ... 201

THoRLEY-LAWSON, D. A. 359
ToMmITA-YANAGUCHI, M. 411

TROPPMAIR, J. ... .. .. 453
Tsuro, T. ... ... 177
VALENZONA, H. ... ... 45
VaN KRIEKEN, H. J. M.. 287
Van OMMEN, G. B. ... 287
Victor-CoBRrIN, C. ... 223
VLAAR, M. ... 293
VoGgT,R. .......... 303
Vora, KLA. ... .. 337
WANG, Y. .......... 259
WasHINGTON, G. C. .. 303
WAwWRZYNCZAK, E. . . .. 331
WEIss,D.T. ........ 261



XX

WENG, A. .......... 137
WIENER,F. .. ....... 251
WiLuams, M. E. .. ... 325
Wituams, T. K. ... ... 261
WiLson, J.B. ....... 375
Witte, O.N. ....... 37

65
Witzig, TE......... 195
WHITEHOUSE, J. ..... 303
WHITMORE, G. ... ... 107
WUERFEL, R. A. ..... 149
Xiao,H. Q.. ........ 201
Xu, Lol 167
ZACKSENHAUS, E. . ... 485
ZENGER, V. ......... 303

ZHANG, G. ......... 475



B-Cell Development



Progenitor and Precursor B Lymphocytes
of Mice. Proliferation and Differentiation

In Vitro and Population, Differentiation

and Turnover in SCID Mice In Vivo of Normal
and Abnormal Cells

F. MELcHERS, D. HAASNER, H. KARASUYAMA, L. REININGER and A. ROLINK

Basel Institute for Immunology, Grenzacherstrasse 487, CH-4005 Basel

1 Introduction

Mouse progenitor B cells (pro B cells*), with H and L chain genes in germline
configuration, and precursor B cells with L chain gene loci in germline
configuration and H chain gene loci in DyJy-rearranged forms (pre B-I cells, ref.
1) can be grown from single cells of fetal liver, of neonatal liver, spleen, blood and
bone marrow, and from adult bone marrow for several months in serum-substituted
media on stromal cells in the presence of IL7. When IL7 is removed from the
medium, more than 90% of the progenitors and precursors loose the capacity to
proliferate on stromal cells in the presence of IL7 within 2 days. In these two days
they rearrange their H and L chain gene loci in- and out-of-frame and thereby
generate slg- and sIg+ B cells which both die rapidly by apoptosis. The sIg* B
cells can be activated by lipopolysaccharide (LPS), antigen and IL2 to a primary
response of proliferation and maturation to IgM-secreting, plaque forming cells
(PFC). Most of these findings have been published by Rolink et al. [7].

Early differentiation along the B lymphocytic pathway is marked by successive
rearrangements first of Dy to J, then of Vg to DyJy segments of the H chain
locus, and finally of VL, to Ji segments of the L chain loci. It has been repeatedly
suggested that expression of productive rearrangements of the H chain locus either
as DgJuCu-protein or as (VyDpJg-rearranged) uH chains on the surface signals
the pre B cell to rearrange the next step along the differentiation pathway, thereby
permitting only cells with productive rearrangements to proceed in their
differentiation towards a B cell (see ref. [1]). The different forms of membrane-
bound uH-chains can be deposited on the surface of the pre B cells because they
associate with a surrogate L chain composed of Vprep and A5 in which A5 forms
disulfide bonds (like L chains) with the pH-chains. It has been speculated that pro
B cells express a surrogate L chain-containing complex with unknown polypeptides
(called X) on the surface to signal the initiation and propagation of DyJy-
rearrangements [8]. Such polypeptide chains have now been identified on pro and

* Different research groups call different precursors of the B-lymphocytic lincage by
different names. Osmond and his colleagues [2], Rajewsky and his collcagues [3],
Nishikawa and his colleagues [4], Paige and his collcagues [5], and Hardy and his
colleagues [6] call different parts of the precursor B cell pool "pro B cells" (sce also
their contributions to this volume). We call all cells with H and L chain loci in
germline configuration (but committed to become B cells) "pro B cells”, while we call
cells with L chain loci in germline configuration, but H chain loci in DyJy-rearranged
forms (committed to become B cells) "pre B-I cells" - and all VyDyJg-rearranged cells
with L chain gene loci in germline configuration "pre B-II cells".
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pre B-I cells, and one of them, p64, is disulfide bonded to A5 (Karasuyama et al.
submitted). We will discuss experimental evidence for and against an involvement
of these surface-located complexes with surrogate L chains in the control of the B
cell differentiation pathways.

Mouse progenitor and precursor cells growing on stromal cells in the presence
of IL7 can be transferred into lightly irradiated SCID mice. Within four to eight
weeks this leads to a population of bone marrow (and also to some extent of
spleen) with the transferred progenitors and precursors, to a low level (5% to 15%
of normal) of sIg* B cells in spleen, but not in lymph nodes, and to a normal level
of CD5* sIg+ B cells in the peritoneum. This population of SCID mice with pro B,
pre B and B cells is stable for several months. Nevertheless, pre B cells in bone
marrow and B cells in spleen turn over rapidly, with half-lives of less than a week.
The preB cell-populated SCID mice have normal levels of serum IgM, but a 10-fold
lower concentration of IgA and no detectable 1gGj 2a2b or 3 in their serum. The
splenic, donor-derived sIg+ B cells can be stimuiated by LPS to a response of IgM-
PFC. Most of these findings, again, have been published by Rolink et al. [7].

This paper discusses some of the questions arising from recent findings in this
system of study of pre B cell development, and their potential relevance to
abnormal and malignant forms of this development.

2  Which Cells Proliferate "In Vitro", for How Long, and
by Which Molecular Contacts is This Proliferation
Regulated?

The cells which proliferate for many weeks on stromal cells in the presence of
exogenously added IL7 are B220+ or -, BP-1+ or -, PB76+, RAG-1*, RAG-2*,
MHC class I+, class II-, CD5-, CD4-, CD8-, CD3-, mb-1+, c-kit*, VpreB*, A5+ and
react to IL7, i.e. are likely to be IL-7 receptor (R)*. The majority of all fetal liver-
derived cells are TdT-. Their DyJy-joints are, therefore, devoid of N region
diversity, and the same holds true for the VgDpJy-joints of sIg* B cells, if they are
generated in fetal liver. Since fetal liver-derived, DyJy (N-)-rearranged pre B-1
cells can populate the bone marrow of SCID mice (see below) it is not yet clear
whether Vy rearrangements to these DyJy-rearranged H chain loci in bone marrow
are N* or N-. This is under investigation.

The majority of bone marrow-derived pre B-I cells are TdT+, and their DyJy-
joints contain N-region diversity. The presence or absence of N-region diversity
is, therefore, a sign for where the rearrangements have been made. Lyl+ B-LL
cells of the mouse are often N-, while the majority of human B-CLL's are N+ [9].

Fetal liver-derived and bone marrow-derived progenitors and precursors can
also be distinguished by differential expression of a novel regulatory myosin light
chain (PLRLC) in bone marrow [10] and a novel LiM-homeo domain in fetal liver-
derived cells (Alt, personal communication).

Early in the development of fetal liver and of neonatal bone marrow some of
the H chain loci of the stromal cell-IL7-reactive cells are still in germline
configuration. In fact, normal frequencies of stromal cell/IL7-reactive cells are
found in bone marrow of RAG-2-deficient mice [11] which have all H and L chain
gene loci in germline configuration (Melchers et al., in preparation). During
ontogeny "“in vivo", and during continued proliferation "in vitro" the germline H
chain loci, as well as the DyJy-rearranged loci of the normal early pro B and pre B



points along the pathway of differentiation from a pluripotent hematopoietic stem
cell to a committed stem cell of a given lineage of blood cells, as well as the
possible plasticity of a state of differentiation along this pathway to reconcile these
experimental differences. For abnormal and neoplastic development it is evident
that deregulated states of stromal cells are prime environmental factors for
abnormal, deregulating influences on early stages of B lymphocyte development.
This should be particularly effective for the eventual development of B-AlLLLs and
B-CLLs with chromosomal translocations involving the Ji and the Vg regions of
the H chain locus to proto-oncogenic loci such as bel-1, bel-2 and bel-3 (see papers
of this volume). It will be rewarding to study the control of gene expression and
differentiation not only of the Ig loci, but also of the proto-ontogenic loci by
stromal cell-pro B/pre B/ B cell interactions to investigate what may go wrong (and
how) in these premalignant transformations.

3 Which Cells Do Not Grow on Stromal Cells in the
Presence of IL7?

When an Ig H chain gene locus is productively rearranged and expresses either
DyJHCy-protein or VyDyJy-Cy, yH chain on the surface of pre B cells, long-term
proliferation on stromal cells in the presence of IL7 ceases. The cells may continue
to grow for a limited time period in IL7 alone [4, 7] but this growth is not
maintained for more than a week. We have found three mouse strains that do not
follow this rule. NZB, BXSB and Balb/cAn pre B cells will proliferate for more
than one week in IL7 alone, and survive thereafter for weeks without further
proliferation 'in vivo' (Melchers et al., in preparation). This may be of interest in
view of a potential mutation making these strains susceptible to plasmacytogenesis
induced by mineral oil (Potter et al., previous volumes of this series).

Experimental evidence for the termination of long-term proliferation of pre B
cells by the surface membrane expression of different forms of uH chains comes
from the finding that pre B cells of fetal liver, carrying DyJy rearrangements with-
out N region diversity in reading frame (rf) II, are suppressed in the repertoire of
pre B cells [19]. Since nearly all Dy segments contain promoters at the 5' ends
they can be expressed in pre B cells as protein, together with Jy Cu if rearrange-
ment of Dy to Jy occurs in 1f II. When the DJCp-protein cannot be expressed on
the surface of pre B cells (i.e. in the pH-transmembrane protein-deficient mice [20]
or in the A5-deficient mice [21]) rf I is equally represented and not suppressed in
the repertoire of H-chain loci of pre B cells (Haasner et al., in preparation).

The termination of the long-term proliferative capacity of pre B cells is also
evident in H chain-transgenic mice ([22], Melchers et al., in preparation). A 20-
100 fold decrease in the frequency of clonable pre B cells is observed in these mice.
In uH-transmembrane-deficient and in A5-deficient pre B cells, the productively
rearranged pH chains cannot be transported and inserted into the surface
membrane. One might expect (and that is tested at present) that pre B cells with the
capacity of long-term proliferation on stromal cells in the presence of IL7 should
include cells with productively DyJy and VyDpJy-rearranged H chain loci, i.e.
cells with intracytoplasmic pH chain expression, typical for pre B-II cells of normal
mice.

Nevertheless, practically all pre B cells from normal or deficient animals
proliferating on stromal cells in the presence of IL7 lose their capacity to do so
within 2 to 3 days when IL7 is removed and differentiate to sIg* B cells. This
argues strongly against a signalling role of the pH chain/surrogate L chain complex



cells appear to continuously rearrange Dy to Jy on both chromosomes until they
either have reached the most 5' located Dy, or the most 3' located Jy on the H
chain locus (Haasner et al., in preparation). A single pro B or Pre B-I cell can,
thereby, give rise to a wide variety of DyJy-rearranged pre B-I cells.

The tyrosine kinase c-kit, receptor for the steel-derived factor (SCF, stem cell
factor), is involved in the regulation of proliferation of pro B and pre B-I cells on
stromal cells in the presence of IL7. A monoclonal antibody specific for the
extracellular portion of c-kit inhibits pre B-I cell proliferation ([12] see also paper
by S.I. Nishikawa et al., this volume). Steel-derived SCF acts as a costimulator in
precursor B cell growth [13]. Since SCF can be produced by stromal cells it is
likely that SCF/c-kit-interactions are part of the proliferation-controlling molecular
interactions in pre B-I cell growth that, furthermore, involve CD44 and
hyaluronate, and VLA-4 and fibronectin [15,16,17]. It remains to be investigated
whether the membrane-bound or the secreted form of SCF control the pre B-1
proliferation, or how the two forms of SCF might modulate the reactions of pre B-1
cells.

The high efficiency of plating of progenitors and precursors on stromal cells in
the presence of IL7 has allowed cloning from the original organ (fetal liver, spleen
and bone marrow) "ex vivo", and determination of the frequencies of cells with
various surface marker expression patterns during the life of a mouse (Rolink et al.
in preparation). A first wave of clonable cells in fetal liver, is followed by an
initially high (1 in 50 to 1 in 100) frequency of clonable pre B-I cells in bone
marrow early in life (between 2 and 4 weeks after birth), declining with age by
factors between 10 and 20. Sorting for B220, c-kit and CD43 revealed high
frequencies (1 in 5 to 1 in 15) of clonable pre B cells in the B220*, c-kit*, CD43+
bone marrow cell population of both young and old mice. In young but not old
mice, high frequencies (~1 in 50) were also found in the B220-, c-kit* population.
No clonable pre B cells are detectable in the B220-, c-kit- and the B220*, c-kit-
populations. Therefore, the decline of clonable pre B cells in the aged bone
marrow must be due to a decrease of the B220-, c-kit™ progenitors. The vast
majority of pre B cells in the bone marrow are B220+, c-kit-, CD43-, and are not
capable of long-term proliferation on stromal cells in the presence of IL-7.

These findings suggest that the production of a relatively constant number of
slg* B cells throughout the life of the animal (estimated by Osmond [2] to around
1-3x109 sIg* cells/day from 5x107 cells/day generated "in toto") is maintained from
precursors which have been formed early in life from B220-, c-kit* progenitors. It
is tempting to speculate that these B220-, c-kitt progenitors are B-lineage-
committed cells which have at least a part of their H chain loci in germline
configuration.

Our culture conditions with PA-6 cells as stromal cells [17] and exogenously
added IL7 in serum-substituted tissue culture media appear to favor the proliferation
of B-lineage committed progenitors and precursors. Differentiation "in vitro" and
"in vivo" of cells from normal mice usually do not generate detectable numbers of
myeloid cells or T-lineage cells [7], although other types of cells exhibit limited
growth potential but are usually lost after recloning of the pro B and pre B-I cells.
However, others have observed differentiation from stromal cell/IL7-reactive
progenitors to macrophages ([5] and references therein) and T-lymphocyte lineage
cells [18]. Precursor B cells also are capable of growth on S17 stromal cells which
do not produce IL7. Insulin-like growth factor-1 has been identified in these
cultures to be a cytokine effecting pre B cell proliferation (see paper by Dorshkind
et al., this volume). It is clear that we need to know more about the lineages of
differentiation of stromal cells, their regulation of cytokine production and
expression of cell contact molecules involved in regulating the various decision



in the induction of successive Vy to DyJH- or VL to Ji -rearrangements (see also
below). The simple picture which emerges for B cell differentiation 'in vivo'
expects the bone marrow (or fetal liver) to contain a finite number of stromal cell
sites, on which early in life B220-, c-kit* and B220+, c-kit*, CD43* and later in life
only B220+, c-kit+, CD43+* progenitor and precursor B cells can retain their state as
cells with long-term proliferative capacity, in contact with stromal cells and under
the influence of IL7. When they are pushed away from these sites, because bone
marrow gets too crowded, they differentiate into cells rearranging Vy to DyJy and
VL to J1, generating sIg- and sIg+ B cells no longer capable of further attachment to
stromal cells and no longer reactive to IL7.

4 How Do B220+, c-kit-, CD43- Pre B Cells Accumulate
in Bone Marrow?

The vast majority of pre B cells in the bone marrow are B220*, c-kit, CD43-, and
are unreactive to stromal cells and IL-7. It is entirely possible that they just
represent a transitory state to all sIg* B cells of no interactive capacity with bone
marrow stromal cells. Alternatively, it may be that (different) stromal cells interact
and retain these pre B cells, and regulate their further development, but no evidence
for such stromal cells has yet been found. If these pre B cells, in fact, express uH
chains on their surface (together with surrogate L chains) they could be selected via
binding specificities of the V-regions. Again, there is no evidence for selection of
the Vy-repertoire at this level of pre B cell development, but it is worth noting that
the vast majority of all B lineage tumors express productively rearranged Ig-loci,
while carrying the oncogenic translocations (to myc, bel-2, bel-1, bel-3 etc.) on the
second, nonproductive allele (see papers this volume). In the generation of B-
ALLs and B-CLLs, positive selection for a productively rearranged H chain locus
appears to dominate the development of malignant cells, which are expected to
develop the successive oncogenic transformations involving more than one
oncogene.

5 Is the Vpre/A5 Surrogate L. Chain Needed for B Cell
Differentiation?

The VpreB/AS5 surrogate L chain is important for proper and timely development of
B cells. This becomes evident in mice where the ls gene has been disrupted by
targeted integration of a defective A5 gene [21]. While the heterozygous litter mates
appear to develop their B cells normally and have normal precursor pools, the
homozygous AS deficient mice have a smaller precursor pool. Unlike in normal
mice, the vast majority of these are B220+, c-kitt, CD43+, thus the A5 gene seems
to play an important role in the transition from the earliest B220+, c-kit*, CD43+ pre
B cells that can proliferate on stromal cells, and IL-7 to B220+, c-kit-, CD43- pre B
cells that lost this capacity. It is likely, as a consequence of this, that B cell
development in these mice is delayed. While the CD5+ B cell compartment in the
peritoneum fills up within 4 weeks after birth, though with a reduced rate of
accumulation of cells, the CDS5- B cell compartment in spleen and lymph nodes, at 6



weeks of age, is 5% of normal, and is at best half of normal at half a year of age.
The B cells generated in AS-deficient mice appear normal, in that they are capable of
T-independent and T-dependent B cell responses and in that they are allelically
excluded.

For a possible explanation of this delayed B cell development we come back to
our speculation that the different steps of Ig-gene rearrangements are effected in
different cells, in which the product of the previous rearrangement controls the next
step in development [8]. The products of the rearrangements, DJCu-protein
(possibly in association with a germline-transcribed Vy-fragment [24]), and uH
chains are associated with the surrogate L chain in disulfide-bonds via the AS
protein and complexed with the B29 and mb-1 proteins in the surface membrane.
In progenitor cells with all Ig loci in germline configuration (but committed to the B
lineage differentiation pathway), a precursor complex consisting of p64 disulphide-
bounded to the surrogate L chain (Karasuyama et al., submitted) (called X in ref.
[8]), is deposited on the surface. The three complexes, we have speculated, might
recognize ligands (called S1, S2, S3) on cooperating stromal cells which bind to
these Ig-like complexes on pre B cells to induce the next step of differentiation.
Ligand S1, binding to p64/surrogate L. would induce Dy to Jy, ligand S2, binding
to DyJgCu-protein/germline Vy/surrogate L would induce Vg to DyJg, and ligand
S3 (maybe a collection of antigens, see preceding paragraph) to uH chain/surrogate
L would induce VL to Ji rearrangements. Finally, the complete Ig molecules with
uH chains and conventional L chains is likely to be monitored by antigens (self and
nonself) for positive or negative selection into the peripheral pool of mature B cells
[25, 26, 27].

However,this speculation is an apparent contrast to our "in vitro" experiments
with pro and pre B-I cells. These cells can rearrange Dy to Jy, Vi to Dy and VL,
to J1, simply when IL7 is omitted from culture [7]. Pre B-I cells unable to produce
mH chains upon VDIJ-rearrangement still rearrange Vi, to J1, though at lower rates
(clone 18 in ref. [7], Haasner et al., in preparation). Pre B cells from pH-
transmembrane-deficient mice unable to display pH chains on the surface still
rearrange VL, to JL, though at lower rates [23]. A5-deficient mice produce B cells,
though at reduced rates [21], and long-term proliferating pre B cells prepared from
A5 deficient mice are as efficiently stimulated by LPS to IgM secreting cells as those
of normal mice (Rolink et al., in preparation). It should, however, be kept in mind
that the function of the Vprep/AS surrogate L chain and their partners in the Ig-like
complexes on the surface of different stages of pre B cells might not be properly
testable in our "in vitro" experiments since we add excess amounts of IL7 to our
cultures and since it is likely that we do not provide the proper ligands S1, S2 and
S3 for interaction with these Ig-like complexes. We do not expect PA-6 or 3T3
preadipocytic fibroblast lines to express all the surface molecules of stromal cells of
fetal liver or bone marrow, and we have evidence that heterogeneous stromal cells
of normal fetal liver or bone marrow often do not support extensive proliferation
even in the presence of IL7, while allowing ordered B cell differentiation [28]. The
identification of possible ligands binding to the Ig-like complexes, and their
expression on given types of bone marrow cells might clarify these issues.

Ig rearrangements can occur out of the sequential order, i.e. VL to Ji before
H-chain gene rearrangements, though probably at lower rates [29]. It could be that
all Ig-gene rearrangements can occur "out of order" at a lower rate, and the lower
rate may indicate an uncontrolled mechanism, maybe uncontrolled by ligand-
receptor interactions. If so, this would allow accumulation of productively
rearranged VHDHJIH-H chain loci or productively rearranged V1.Jp -L chain loci in
A5-deficient pre B cells proliferating on stromal cells in the presence of IL7.
Whenever such a cell would have accumulated both a productive H and a
productive L chain locus, it could express slg, transit to become a B cell and be



selected to enter the peripheral pool of mature B cells. Since B cells of A5-deficient
mice appear allelically excluded, it could be that productive L chain rearrangements
accumulate more effectively and faster than productive H chain rearrangements. An
analysis of the rearrangements of the Ig loci in pre B cells of A5-deficient mice is
currently under way.

6. Which Pre B and B Cell Compartments are Populated
in SCID Mice by the Transfer of Pre B-I Cells?

Long-term proliferating pre B-I cells from fetal liver can be transferred from the
stromal cells/IL7-cultures into lightly irradiated SCID mice even after several weeks
of culture to populate practically all of the available sites in bone marrow and give
rise to a stable level of 5-15% of the normal number of sIg* B cells in spleen, and
normal levels of CD5*+ IgM+* IgD+/- B cells in the peritoneum in the apparent
absence of T cells of donor or host origin [7]. The spleen cells are Ig+/IgD*- and
might be CD5*, but this remains to be clarified. These "in vitro"/"in vivo"
conditions allow studies on factors which influence the development of Lyl+ B
lymphoma in mice.

Similarly, Hardy and Hayakawa ([30] see also this volume) have been able to
populate the CD5* B cell compartment in the peritoneum of SCID mice by transfer
of DyJy-rearranged, B220+, CD43+, HSA™ fetal liver pre B cells. The peritoneal
compartment of CD5* B cells is stably populated for long periods of time, again in
the apparent absence of T cells. However, while our experiments led to a stable,
long-term population of bone marrow with pre B-I cells of donor origin, Hardy's
and Hayakawa's pre B cells led to a wave of differentiation of CD5+* B cells in the
peritoneum, but pre B cells of donor origin could not be detected in the bone
marrow. It appears that the two pre B cell populations transferred into SCID mice
are different.

Turnover of our originally stromal cell/IL7-reactive pre B-I cells in the bone
marrow of the SCID mice, and also of the sIg* B cells in spleen is rapid, with half-
lives of less than a week (Rolink et al., in preparation). By these criteria they
appear not be selected by ligands (see ref. [27]). Injections of T cell-independent
antigens (such as TNP-Ficoll) lead to short, primary B cell responses with no
detectable switching to IgG, nor to the development of measurable levels of CD5-
IgM* IgD** B cells.

It remains possible that CD5- IgM* IgD*+ B cells could be generated from the
CD5+ IgM*++ IgD+- B cells by T cells and T cell-dependent antigens. We are in the
process of testing the effects of transfer of T cell population with and without
antigens on the development of the B cell compartment in these pre B-I-populated
SCID mice.

Hardy and Hayakawa also transferred DyJy-rearranged, B220+, CD43+,
HSA* pre B cells of bone marrow into SCID mice and found that after three weeks
(and as late as 5 months) CD5* B cells did not develop in these mice. Three weeks
after transfer the spleen contained CD5- B cells. They concluded that CD5+ and
CD5- B cells are generated from different precursors. Our experience with bone
marrow-derived pre B-I cells proliferating on stromal cells and IL7 is still limited.
While they are capable of differentiation to sIg+ B cells "in vitro" upon removal of
IL7 from culture, their capacity to populate SCID mice for long terms with pre B
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and B cells appears more limited. In agreement with Hardy's and Hayakawa's
findings we find them not to populate the peritoneum with CD5* B cells.

Again, and as reasoned above, it might be that the development of stable pools
of CD5- IgM+ IgD++ B cells might be T cell dependent, and experiments to test this
are under way.

7. Do SCID Mice Populated with Pre B Cells of Abnormal
Strains of Mice Elicit these Abnormalities "In Vivo" in the
Absence of T Cells and Other Donor-Derived Cooperating
Cells?

(NZBxNZW)F; (B/WF1) mice develop a systemic autoimmune disease resembling
systemic lupus erythematosis (SLE). The disease development is controlled by
several genetic loci, which can, in part, be genetically separated in recombinant
inbred strains (RI) with different assortments of chromosomes for NZB and from a
normal mouse (such as C58, Sm or B6) (for literature see ref. [31]).

Progenitor and precursor B cells from B/WF mice, reactive to stromal cells
and IL7, can be grown in long term tissue cultures. They can be transferred into
SCID mice and elicit many parameters of the lupus-like disease in the SCID mice
[31]. Most notably, they develop hyperplasia of IgM- and IgG-secreting cells in
many lymphoid organs, elicit elevated levels of IgM, IgGo, and IgGa, in which
autoantibodies to nuclear antigens (ANA), and to single and double-stranded DNA
can be detected - all classical signs of the lupus-like disease. They do not develop
gp70-retroviral envelope protein-specific antibodies and no lymphoid infiltrations,
which occur in B/WF; mice in many organs during the disease. Like B/WF| mice,
the B/WF; pre B-populated SCID mice develop glomerulonephritis, though les
severe. These results show that genetic defects expressed in B-lineage cells can be
expressed in SCID mice separately, and without the influence of T cell and other
environmental factors of the B/WF; mice. They allow a distinction of those
disease-eliciting genetic factors, which need this B/WF; environment, and other
disease-suppressing factors which suppress the disease in crosses of NZB with
normal mice. These enhancing and suppressing factors may be molecules or cells,
acting directly or indirectly on B-lineage cells. This experimental system,
therefore, allows a diagnosis of the genes, expressed as phenotypes, involved in
the disease, in propagation as well as in suppression. Those genes expressed in B-
lineage cells can be isolated from cDNA libraries of normal mice for a possible
cure of the disease. Such an analysis can also be performed with pre B cells from
immunodeficient mice (Kenny et al., this volume), and from mice with
susceptibilities to tumor induction in the B lineage pathway of differentiation (Potter
et al., previous volumes of this series). Again, the influence of factors
environmental to the B cells (T cells, other cooperating cells, cytokines, antigens,
etc.) appears amenable to investigations which might aid our eventual
understanding of the origins and progression of autoimmune, immunodeficient and
malignant cells of the B lymphocyte lineage.
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1. Introduction

Considerable progress in identifying cells and cytokines that regulate primary B
cell differentiation has been made in the last few years, and it is now possible to present a
model that identifies the stages at which various developmental signals act on B lineage
cells. The formulation of such a scheme has been possible largely because of the use of
various in vitro systems that allow the stromal cell dependent growth of B cells and their
precursors and the application of molecular techniques to the analysis of cells in these
cultures (Dorshkind 1990; Kincade et al. 1989).

In order to identify environmental components that regulate B lymphopoiesis,
many laboratories have utilized cloned stromal cell lines derived from the adherent layer
of long-term bone marrow cultures. One such population isolated in this laboratory,
referred to as S17, has been studied extensively. In the following sections, the
experiments that have been performed with this cell line and how the data obtained have
contributed to the understanding of stromal cell regulation of B lymphopoiesis will be
reviewed.

2. Isolation and Characterization of a Stromal Cell Line

2.1 Support of Myelopoiesis and Lymphopoiesis by Stromal Cells

The impetus for the derivation of stromal cell lines in our laboratory was to
address the question of whether distinct stromal cell populations existed that could
support myelopoiesis and lymphopoiesis or if one stromal cell type could support both
lineages. Accordingly, the hemopoietic support capability of several stromal cell lines was
tested under different long-term bone marrow culture conditions optimal for
myelopoiesis and lymphopoiesis. These experiments were performed by seeding stromal
cell adherent layers with adherent cell depleted bone marrow cells. One property of the
S17 cells that made these experiments possible was that the line grows as a contact
inhibited adherent layer, making it possible to seed cells onto it and not be concerned
about stromal cell overgrowth of the cultures.

The results clearly demonstrated that the S17 line could support myelopoiesis,
since the number of cells and myeloid colony-forming units had increased at least 10 fold
over numbers seeded. After three weeks of growth under myeloid conditions, the
reseeded S17 cultures were transferred to conditions optimal for B lymphopoiesis. Over
the course of four weeks, the cultures gradually shifted from myelopoiesis to B
lymphopoiesis, and a proportion of cells in the cultures expressed the 220,000 MW B220
antigen and surface IgM. Taken together, these results suggested that a single stromal
cell population can support both myelopoiesis and B lymphopoiesis (Collins and
Dorshkind 1987).

2.2 Stromal Cell Derived Soluble Mediators Support B Cell Differentiation
At the time the above observations with the S17 line were made, one of us (KSL)
had been working on characterization of a pre-B cell differentiation factor(s) present in
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the urine of patients with cyclic neutropenia (Landreth et al. 1985). The source of that
activity was unknown, and a logical question was whether stromal cells produced similarly
acting molecules. This was addressed by incubating freshly isolated bone marrow cells,
from which B220 and Ig expressing cells had been rigorously depleted, for 24-48 hours
with medium conditioned by the S17 line. The data demonstrated that S17 stroma
secreted a protein(s) that could potentiate the acquisition of cytoplasmic Ig u heavy chain
protein and surface B220 expression in B cell progenitors that did not express these
molecules. A surprising finding was that this differentiation occurred in the absence of
detectable cell proliferation, raising the possibility that differentiation in the B cell
lineage was not linked to cell growth (Landreth and Dorshkind 1988). Cumano and
colleagues (1990) have also demonstrated that maturation in response to S17 factors
occurs with little or no proliferation.

2.3 The S17 Activity Does Not Potentiate Expression of Surface Immunoglobulin

The above studies indicated that stromal derived signals exist which only allow
development of cells to the stage at which cytoplasmic u, but not light chain protein
expression, occurs. On initial analysis, this observation seemed at odds with the findings
in which S17 cells supported the generation of surface IgM expressing cells in long-term
bone marrow cultures. However, the latter study could not distinguish if S17 cells directly
supported the generation of surface IgM expressing B cells or other accessory cell
populations, such as macrophages (Kincade et al. 1981), present in the cultures

That the S17 line does not support the development of Ig light chain expressing
cells was substantiated by Henderson et al. (1990). In those studies, an S17 underlayer or
conditioned medium from the line was used to potentiate the growth in semisolid
medium of colonies composed of lymphoid cells. Phenotypic analysis of the cells present
in the colonies indicated that cu expressing cells were present but that presence of light
chain protein was never observed. These results were consistent with the above findings
using short-term in vitro differentiation assays and together suggest that the S17 stromal
cell line is highly efficient at supporting the maturation of B220 negative, Ig negative B
cell precursors to the pre-B cell stage of development. In this regard, the S17 line is
similar to other stromal cell lines that also allow development to cu but not light chain
expression (Whitlock et al. 1987; Hunt et al. 1987).

More recently, Henderson and colleagues have attempted to establish a molecular
basis for these observations and examined the status of kappa light chain gene
rearrangements in the S17 potentiated pre-B cells using various polymerase chain
reaction strategies. The results demonstrated that kappa light chain genes in cells from
many of these colonies were rearranged, but the use of a reverse transcriptase PCR
strategy failed to detect mature kappa transcripts (submitted for publication).

3. Identification of Soluble Mediators Produced by S17 Stroma

The observation that the S17 stromal cell line produced an activity that allowed
the development of cu expressing pre-B cells from pro-B cells initiated a series of studies
aimed at identification of the factor. The initial characterization studies only provided
information on which cytokines did not have the effect, including IL-1,2,3,4,5 and 6 and
the colony stimulating factors (Landreth and Dorshkind 1988). With the identification of
stromal cell derived IL-7 and c-kit-ligand (KL), an obvious question was whether or not
these cytokines could explain the differentiation effect of S17 cells. Billips et al. (1992)
addressed this issue by culturing bone marrow from which B220 and Ig expressing cells
had been depleted with various concentrations of IL-7, KL, or combinations of the two
factors. The data clearly demonstrated that pre-B cell formation from B220-, Ig-
progenitor cells and the expression of x4 heavy chain of immunoglobulin is dependent on
the factor produced by the S17 cell line and cannot be reproduced with IL-7, KL, or both
cytokines in combination. However, the data did demonstrate that once pre-B cell
formation in response to S17 factors occurred, the cells then became responsive to the
proliferation stimulating effects of IL-7 and KL.
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3.1 Insulin-Like Growth Factor-I is a Pro-B Cell Differentiation Activity

That neither KI. or IL-7 was responsible for the generation of pre-B cells from
their precursors could have been predicted by comparing the molecular characteristics of
the S17 derived differentiation activity to those factors. The molecular weights of IL-7
(Namen et al. 1988) and KL (reviewed in Witte 1990) are 14.9 and 20-30 kD,
respectively, while fractions of S17 conditioned medium collected from a Superose 12 gel
filtration eolumn were found to have two peaks of activity associated with molecules of 40
to 60 kD and less than 10 kD (Landreth and Dorshkind 1988).

Recent findings from our laboratories now indicate that the pro-B cell activity
produced by the S17 stromal cell line is insulin-like growth factor-I (IGF-I). This
conclusion is supported by several experimental observations. First, like S17 conditioned
medium recombinant IGF-1 potentiates the expression of cytoplasmic p heavy chain
protein on B220-, Ig- bone marrow target cells in short term cultures and this occurs in
the absence of detectable cell proliferation. Second, anti-IGF-I antibodies abrogate the
activity present in S17 conditioned medium. Finally, pretreatment of S17 stromal cells
with an anti-sense oligonucleotide for IGF-I suppresses the ability of the cells to produce
conditioned medium that potentiates pre-B cell formation (Landreth et al. 1992). These
findings provide convincing evidence that IGF-I plays a role in the differentiation of pro-
B cells into pre-B cells.

The size of the low molecular weight activity secreted by S17 cells (<10 kD) is
consistent with the 7.5 kD IGF-I molecule. A puzzling observation in our earlier
characterization was the association of the differentiation activity with a 40-60 kD
fraction when S17 stromal cell conditioned medium was eluted by gel filtration.
However, a recent report demonstrated that stromal cell derived IGF-I is associated with
a stromal cell derived IGF-I binding protein of 40 kD (Abboud et al. 1991). This
observation suggests that the high molecular weight activity secreted by S17 cells may also
be attributable to IGF-I as well.

3.2 IGF-I and IL-7 Interact To Stimulate Pre-B Cell Growth

Although no cell growth was detected in differentiation assays, conditioned
medium from the S17 line stimulates B cell progenitors to proliferate and form pre-B cell
colonies in semisolid medium (Dorshkind et al. 1989). Further experiments revealed that
while IGF-I alone did not potentiate colony formation, it was involved in that process
because treatment of S17 conditioned medium with an anti-IGF-I antibody removed up
to 80% of the lymphoid colony stimulating activity. The actions of IGF-I in this system
appear to be due to its ability to augment the effects of proliferation stimulating factors
on pre-B cell growth. For example, pre-B cells proliferate in response to IL-7, and if IGF-
I is also present, the degree of cell growth is significantly augmented. Recent ongoing
studies which have tested the effect of IGF-I on pro-B and pre-B cell clones indicate that
these effects of IGF-I on developing B lineage cells are direct (KSL, unpublished
observations).

While S17 cells secrete IGF-I, the identity of the factor it produces that stimulates
the proliferation of B lineage cells is unclear. No IL-7 transcripts are detected in S17
cells, but there are data that an anti-IL-7 antibody neutralizes the ability of S17 cells to
support the growth of IL-7 dependent pre-B cells (P. Kincade, personal communication).
Thus, S17 cells may produce enough IL-7 that, in association with factors such as IGF-I
and KL, act to potentiate growth of pre-B cell colonies.

4. A Model of B Cell Development

Based on the above observations using the S17 stromal cell line, it is now possible
to propose the following working model of primary B cell development (Fig. 1). Among
the earliest events in that process is the differentiation of pro-B cells to B cell
progenitors/pre-B cells that express the B220 antigen and cytoplasmic u heavy chain
protein, and the data indicate a role for IGF-I in this. Whether IGF-I acts to directly
stimulate differentiation or as a survival factor that allows cells to progress through a
stochastic program of differentiation is unclear. However, in support of the former
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possibility are observations that have defined a paracrine role for IGF-I in differentiation
of myoblasts (Florini et al. 1986; Schmid et al. 1984), adipocytes (Smith et al. 1988),
neurons (Xue et al. 1988), and oligodendrocytes (McMorris et al. 1986).

Differentiation Signals

------ < IGF-1 >
B220 B220 B220 B220
IgM
Plunpotent Pro-B Pro-B Pre-B Pre-B B Cell
Stem Cell Celll Celill Calll Cellll

LT ILT+GF-1_ IL7+KL >~ - -

Profiferation Signals

Fig. 1. A model of primary B cell development. Dashed lines indicate that the placement of
developmental or proliferative signals is approximate. Ig gene rearrangement events are placed at the
cellular stage at which they first occur. Whether IGF-I acts to directly stimulate differentiation or is a
survival factor that allows cells to progress through a stochastic program of development is not clear.

A hallmark of B cell development is that there is extensive expansion of the
progenitor cell pool, but IGF-I alone does not appear to mediate this activity. However,
once pro-B cells have differentiated into progenitors/pre-B cells in response to IGF-],
they then become sensitive to specific growth promoting molecules such as IL-7. Recent
evidence would suggest this event occurs at the stage of D-Jif rearrangements (Rolink et
al. 1991; Hardy et al. 1991). It is possible for the proliferative effects of IL-7 to be
augmented by two additional factors, KL (McNeice et al. 1991) and IGF-I, which alone
have no growth promoting activity. This observation is also consistent with findings that
IGF-I acts as a cofactor in association with specific proliferation factors. With regards to
hemopoiesis, IGF-I acts with erythropoietin or G-CSF to potentiate the effects of those
lineage specific mediators on formation of erythroid (Kurtz et al. 1985; Claustres et al.
1987) and granulocytic colonies (Merchav et al. 1988), respectively.

In vivo kinetic studies have revealed that the maturation of small pre-B cells into
surface Ig expressing B lymphocytes occurs with minimal to no proliferation (Landreth et
al. 1981). This observation would predict that cells would have lost responsiveness to IL-
7, KL, and IGF-I by this stage of development. In support of this conclusion is the fact
that cells in the pre-B cell colonies whose growth is potentiated by S17 supernatants no
longer express receptors for IL-7 or KL (submitted for publication). Thus, by the time
kappa light chain gene rearrangements have occurred, cells apparently no longer respond
to these factors.

5. Negative Regulators of B Cell Development

Although the S17 stromal cell activity which potentiates pre-B cell formation from
pro-B cells appears to be IGF-I, multiple cell types, including fibroblasts, make IGF-I but
nevertheless do not function in many hemopoietic assays. This point supports the idea
that the hemopoietic support capacity of stromal cells, and by inference hemopoietic
regulation within the hemopoietic microenvironment in vivo, must be considered in the
context of the sum total of positive and negative regulatory signals present. For example,
high levels of colony stimulating factors can be inhibitory for B lymphopoiesis in vitro and
in vivo (Dorshkind 1991), but in most passages of S17 cells, G- and GM-CSF transcripts
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are not detected by reverse transcriptase PCR. Thus, while many cell types may produce
IGF-I, the activity may be masked by high levels of other inhibitory and/or competitive
cytokines.

Y These points raise the issue of whether the particular cytokine profile of S17 cells
is similar to what occurs in stromal cells in vivo. This may in fact be the case. Howcver,
one can not exclude the possibility that the characteristics of the line that have made it so
useful are just a fortuitous adaptation of this particular cell population to long-term in
vitro growth.
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Introduction

Progress in single cell analysis is yielding important new insights concerning the
process of B cell development. Single cell cloning assays which distinguish early
members of the hemopoietic pathway, some of which are prior to the
lymphoid/myeloid branch point, provide the starting material to determine which
genetic events are associated with lineage commitment [1,2]. In this report, we
describe a cell which is at or near the time of commitment to the B cell pathway.
This cell has not yet undergone immunoglobulin gene rearrangement and still
retains the potential to develop into macrophages as well as B lineage cells [2].
In addition to progress in cellular cloning assays, technical innovations now allow
the creation of cDNA libraries from genes expressed in single progenitors [3]. A
strategy to identify the genetic events which lead to the commitment process in
these cells is presented.

Single Cell Analysis

Colony Forming Assays

A key element in our experiments is the development of single cell cloning assays
which selectively allow the growth and differentiation of B lineage progenitor
cells. Single cell cloning assays have been utilized for a number of years
[Reviewed in 4,5]. They offer several advantages including: 1) frequency
determination; 2) unequivocal identification of differentiated progeny; and 3) the
ability to distinguish between direct and indirect effects. We have utilized both
semi-solid medium based assays (agar or methyl cellulose) as well as limiting
dilution assays in 96 well plates. Progress in this area is based on parallel
developments in growth factor identification and cell selection techniques.

Modification of the agar-based CFU-B assay of Kincade, allowed the growth and
differentiation of B cell progenitors as colonies [6]. Additional manipulation of
the progeny which developed in these cultures allowed us to analyze routinely the
immunoglobulin produced by cells in the resultant colonies at both the protein and
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RNA levels [7,8]. Analysis of Ig heavy chain allotypes and Ig light chain isotypes
within single colonies led to the distinction of cells before and after commitment
to Ig heavy and light chain expression [9]. Although a variety of primitive B cell
progenitors could be studied in this assay, the growth factor requirements
remained poorly defined and optimal stimulation relied on the presence of freshly
prepared fetal liver adherent cells. Two important developments in the last few
years have spurred progress in this field: 1) the discovery of IL-7 and its action
on B cell precursors provided access to cells that previously had been difficult to
study; and 2) the identification of stromal cell lines which could substitute for the
heterogeneous adherent cells previously used [10-18].

One significant limitation of the semisolid assay is that the length of time cells
can be cultured is limited by medium exhaustion. It is also difficult to modify
the culture conditions to meet the changing requirements of differentiating cells.
Both of these difficulties are largely overcome in liquid-based limiting dilution
cultures. We currently use a two step procedure [1]. In the first step progenitor
cells are placed in 96-well costar plates which contain adherent irradiated S17
stromal cells [15] and relevant growth factors. The cells are seeded at limiting
dilution. The accuracy of this method is routinely validated by visual inspection.
In some cases single cells were micromanipulated under direct microscopic
observation to ensure clonality [2]. After 10-14 days the culture conditions are
modified by transferring clones to fresh wells containing either LPS and S17 for
the production of Ig secreting B cells or CSF-1 for the growth of pure macrophage
colonies. Cells placed in the second culture system can also be seeded by limiting
dilution if frequencies of a particular subset within a developing clone are of
nterest.

Several diagnostic techniques can be applied to determine the commitment stage
of the founder cell. For example, determination of the allotype and isotype of
secreted immunoglobulin yields information regarding the state of commitment to
immunoglobulin gene expression. Analysis of mRNA that encodes
immunoglobulin variable regions with probes that detect V gene families allows
access to more detailed information on V gene selection. In some cases the
retention of immunoglobulin gene segments in germ line configuration, detectable
in large clones by standard Southern blotting techniques or by quantitative PCR
in smaller samples, shows that the founder cell was not rearranged at the initiation
of the culture period. Each of these methods, applied to the developing clone,
yield a retrospective snapshot of the state of the founding cell. A more innovative
method relies on sibling analysis of single cells, some of which are used to
generate cDNA, while others are allowed to express their developmental potential
in culture.

Representative Amplification of cDNA of Single Cells

We have previously described a PCR method, known as polyA PCR which can be
used to amplify all of the polyadenylated message in a single cell [3,19]. Briefly,
this involves creation of representative short cDNA molecules each bracketed by
known sequences complementary to the PCR primer. The known sequences are
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added in two steps. In step one the 3’ end is defined in a cDNA reaction using
reverse transcriptase and an oligo (dT) primer, which will prime via the poly (A)
tail present at the 3’ end of most mRNA molecules. In the second step a
homopolymer (dA) tract is added to the 3’ end of each newly created cDNA
molecule using terminal transferase. Since the PCR reaction is most efficient for
relatively short sequences, amplification of full-length ¢cDNA would result in
disproportionate amplification of smaller cDNAs. This bias is deliberately avoided
in the polyA PCR protocol by limiting the length of the initial cDNA strand to
around 100-700 bases regardless of the size of the original RNA template.

PCR amplification of the (dA)/(dT) bracketed cDNA is carried out using a single
oligonucleotide, which consists of a 5° sequence containing a restriction enzyme
site and a 3’ (dT) stretch. Priming of the cDNA in the PCR reaction is initiated
via annealing of the (dT) region of the oligo to the homopolymer (dA) regions
present at the termini of the cDNA molecules. The unique 5° sequence provides
a convenient means of cloning the amplified product using the included restriction
enzyme site, and increases stability and precision of annealing during PCR.

Purification steps have been avoided to minimize losses of starting material and
opportunities for contamination. The final protocol is carried out in a single tube
and involves only three pippeting steps prior to PCR amplification. The amplified
product can be cloned into bacterial vectors and renewed indefinitely through
further rounds of PCR. From samples as small as a single cell, polyA PCR
produces microgram amounts of representative cDNA, which is infinitely
renewable and can be used as a substrate for conventional molecular
techniques such as filter hybridisation, cloning and sequencing.

Progenitor cells are rare in hematopoietic tissues, are available in only small
numbers, and are heterogeneous in terms of their differentiative and proliferative
potential. These features have effectively blocked comprehensive analysis of the
gene expression programs in the early stages of normal precursor development.
The ability to amplify messenger RNA globally from single cells represents an
important breakthrough, solving the problems of progenitor quantity as well as
progenitor purity. The approach is most useful in circumstances in which the
biological potential of individually processed cells is known with a high degree
of likelihood, for example, when applied to members of highly purified
populations. The resulting amplified material can be repeatedly probed to
determine expression of a variety of genes of interest. The material also provides
an inexhaustible source of nucleic acid for subtractive analyses aimed at
identifying genes that are differentially expressed during progenitor cell
differentiation and that might play roles in steering the differentiation process.

Cell Surface Phenotype

The most primitive progenitor cells are often among the least common cells found
in a particular site. Methods to enrich these cells are, therefore, essential for any
direct analytical approaches. Cell separation techniques based on the physical
attributes of cells have been effectively used in many instances. For the work
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reported here, we rely on the differential expression of cell surface markers
recognized by antibodies.

We have utilized four monoclonal antibodies to enrich progenitor cells in our
recent experiments. These include AA4.1, B220, Macl, and Ly6a. AA4.1 was
derived from a series of rat anti-mouse lymphoma monoclonal antibodies
developed by McKearn and colleagues [20]. It was shown to detect a variety of
hemopoietic progenitors. More recently Jordan et al. have demonstrated, using
retrovirus marked cells in an in vivo reconstitution assay, that fetal liver derived
AA4.1* cells included long-term reconstituting units [21]. B220, the B cell form
of CD45, is a phosphoprotein phosphatase which is involved in signal
transduction. Our experiments use the 14.8 antibody developed by Kincade and
colleagues [22]. The B220 antigen has been known to be a marker of committed
B cell progenitors for many years. Recent data from Hardy and colleagues shows
that some bone marrow derived B220* B cell precursors have not yet rearranged
the Ig locus [23]. Macl is a member of the integrin family and was originally
identified as an antigen found on macrophages [24]. It has also been reported to
be expressed on some B cell subsets, notably the CDS5 population [25]. The Ly6
alloantigens are small cell surface proteins encoded by a cluster of about 20 genes
[26]. Originally identified as T cell activation markers, subsequent studies have
shown that they have a broad tissue distribution. Weissman and colleagues, using
the SCAT1 antibody, have shown that Ly6A is expressed on primitive hemopoietic
progenitors [27].

These monoclonal antibodies have been utilized in a panning protocol that yields
highly enriched populations of cells suitable for subsequent clonal analysis [1,2].
The panning technique has the disadvantage of not quantifying the degree of cell
surface expression of a particular antigen. Nonetheless, this method has proved
in our hands to be superior to other cell selection methods when single cell,
functional, assays are the desired endpoint. We adopt the convention of
designating cells that fail to adhere to a plate coated with a particular antibody as
"negative" for that marker, although such cells may in fact express antigens in
amounts insufficient for removal.

Bipotential B Cell/Macrophage Progenitors in 12 Day Fetal Liver

B cell progenitors in the developing fetal liver are heterogeneous. They differ
from each other in cell surface phenotype, degree of commitment to Ig expression,
responsiveness to growth and differentiation stimuli, and in other respects. In
most cases a set of traits such as Ig commitment level and a particular cell surface
phenotype are found associated with each other, although causal relationships have
not yet been established. Nonetheless, it is useful to attempt characterization based
on the criteria of cell surface markers, growth properties, and commitment level.
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Based on the criteria described below, at least one progenitor can be described
which maintains the capacity to develop into either B cells or macrophages.

The Detection of the Bipotent Progenitors.

The bipotent progenitors were first observed in the course of an investigation
focused on B lymphopoiesis. In those initial studies we observed the clonal
expansion of small, non-adherent cells, which became IL-7 responsive and B220".
Such clones generally gave rise to cells which could respond to B cell mitogens
and secret immunoglobulin. In almost every case the Ig secreted from single
clones indicated the utilization of both light chain isotypes and both heavy chain
allotypes. This finding demonstrated that the founder cells of such clones were
not yet committed to the expression of a particular immunoglobulin molecule and
suggested that the rearrangement process was still active in the developing cells.
This was confirmed by additional experiments in which we demonstrated that a
substantial number of clones contained members that retained the Ig locus in the
germ line configuration. Those clones generally came from progenitors that were
selected for the expression of AA4.1 and depleted of cells which expressed B220.
Moreover, occasionally such clones also contained adherent cells which were
morphologically distinct from the developing B lineage cells.

Further enrichment of the progenitor which gave rise to both adherent and B
lineage cells was achieved (see below). The B lineage cells derived from
progenitors found in this population were now invariably accompanied by adherent
cells. The designation of these adherent cells as macrophages was based on the
expression of lysozyme, non-specific esterase, and their response to the
macrophage growth factor, CSF-1.

Enrichment for Bipotent Progenitors and Confirmation of the Single Cell
Origin

The enrichment protocol which allowed us to isolate the bipotent cell consisted
of a three stage panning procedure [2]. Fetal liver derived cells which adhere to
plates coated with AA4.1 were depleted of cells which were retained on plates
coated with anti-B220/anti-Mac1, and subsequently selected on plates coated with
anti-Ly6a. This population represented approximately 0.1% of the fetal liver.
One in three of the AA4" (B220,Mac-1) Ly6a* cells was able to found a colony
consisting of both B cells and macrophages whether tested by limiting dilution or
single cell manipulation. Limiting dilution analysis was carried out under
conditions which yield an average of 3, 2, or 1 cell/10 wells. Under these
conditions, the frequency of colonies which contained both macrophages and B
cells was far higher than predicted based on the likelihood of coincidence of two
committed unipotent progenitors. Moreover, visual inspection of the cultures was
used to assure that doublets were excluded. The single cell origin was confirmed
by micromanipulation in which single cells were picked from enriched populations
and deposited in a well. A second micropipette was then used to transfer such
cells to the culture plate. This double transfer procedure excluded the transfer of
a potentially unobserved second cell sticking to the pipette.
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Differentiation Capacity of the Bipotent Progenitor

The 12 day fetal liver population that contained bipotent progenitors also
contained progenitors which gave rise to macrophages alone, and to mixed
myeloid colonies. Colonies containing B cells alone were not found. Moreover,
B cell containing colonies never contained cell types other than macrophages.
The possibility that inhibition of B cell growth by a second cell type was
responsible for this result, was excluded by seeding cells at densities expected to
yield two or more distinct progenitors/well. Under these conditions the expected
number of B/Macrophage clones was observed, but now these were frequently
accompanied by other members of the myeloid lineage. A number of experiments
were also carried out with other growth/differentiation factors such as IL-1, IL-3,
kit-ligand, and M-CSF, but we have not yet observed other lineages developing
from founder cells with B cell potential. A further measure of the differentiation
potential of the bipotential progenitor was assessed in a six month erythroid in
vivo reconstitution assay. We showed that the population which contained nearly
all bipotent progenitors completely lacked the ability to sustain erythropoiesis in
this assay. This reconstitution assay shows a strong correlation to the long-term
reconstituting multipotent stem cell, these data demonstrate that the bipotent
progenitor is distinct from this stem cell.

The immunoglobulin locus of the bipotent cell was in germ line configuration.
This was demonstrated by quantitative PCR-based ¢DNA amplification of
macrophage samples. We found that both alleles were germline, confirming that
the founder cell had not yet begun to rearrange its Ig locus. To further
characterize the enriched population, cDNA was amplified from 10° cells and
examined for the presence of various expressed genes. We found that this
population contained cells expressing RAG-2, c-fms, and cp [2]. We have not
yet determined whether the bipotent cell itself expresses these genes.

Growth and Differentiation Factor Requirements

The bipotent cell requires exposure to an adherent stromal cell for the initial part
of the assay. We use the S17 cell line which has proven effective for cells
already committed to B cell differentiation. We do not yet know if other stromal
lines also support differentiation of the bipotent cell. After several days of culture
on S17 stroma, non-adherent IL-7 responsive B cell progenitors arise. At the
same time, CSF-1 dependent adherent cells are seen. The IL-7 responsive cells
are >98% B220", and within 10-12 days such cells can be transferred to fresh
plates which contain additional S17 stromal cells and the B cell mitogen, LPS.
Under these conditions they begin to secrete immunoglobulin after several days.
We have not yet determined which stromal cell derived factors are needed to
support growth and differentiation in this assay system.
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A remarkable progress has been made in the investigation of B cell-genesis since
Whitlock and Witte have reported a long-term culture system of bone marrow B cells
(Whitlock and Witte 1982). Although some more stromal cell molecules are yet to be
cloned before concluding that we know all molecules involved in the intramarrow B cell-
genesis, the basic framework of the molecular requirements for B cell-genesis has been
understood to a considerable extent. As a result of this progress. a numbers of methods
which use stromal cell lines and recombinant cytokines to control B cell-genesis in vitro
are presently available ( for review see Kincade et al. 1989: Rolink and Melchers 1991,
Kunisada et al. 1992). It is also true, however, that some inconsistency is stili present
among the previous results on the growth signal requirement of B precursors. Given that
control of cell proliferation in higher organisms might be achieved in a redundant and fail-
safe manner. this redundancy could be a source of the inconsistency among the previous
results. Thus, in this article, we would like to re-examine three key propositions which
we have been stated in the previous studies and discuss them in detail in light of the

previous results of ours and other groups.

IL-7 is an absolute requirement for B cell-genesis

We made this statement on the basis of our results that a stromal clone, PA6 which does
not express IL-7 is unable to support B cell-genesis, whereas B cell-genesis starts by
adding of recombinant IL-7 in this culture (Sudo et al. 1989: Hayashi et al. 1990). This
result is further confirmed by our recent study that transfection of IL-7 gene into PA6
renders this stromal cell clone capable of supporting B cell-genesis (Kunisada et al.
1992). Furthermore, similar results have been reported from another group using PA6 as
stromal cell clone for culture (Rolink et al. 1991). Taken together, as far as PA6 is used
in the culture, IL-7 is an absolute requirement for B cell-genesis. The strongest evidence
against this proposition, however, has also been presented in the culture system using

S17 stromal cell clone (Collins and Dorshkind 1987). As shown in the previous paper,
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S17 does not express 1L-7. while it can support B cell-genesis (Billips et al. 1992).
A morestriking observation which is described in this issue by D.Saffran is that pre-
culturing bone marrow cells on S17 produces B220% ¢&lls which do not respond to IL-7 (
see Doug Saffran et al. : Growth of enriched population of B lymphoid progenitor cells is
stromal cell dependent and does not require SLP or 1L-7. in this issue). The implication
of these results is that B cell-genesis occurs in the complete absence of 1L-7. If one must
accept both results, the simplest possibility would be to assume existence of an 1L-7-
equivalent factor which is expressed in S17 . Obviously, this putative factor should not
be expressed in PA6, because PAG6 is not able to support B cell-genesis in the absence of
IL-7. In fact, previous results suggests that other cytokines could work as growth factor
for B cell-genesis under certain but probably unusual circumstances(Palacios et al 1984,
Paige et al. 1985). Of note in this context is an observation of ours and other groups that
a population of B precursor cells in the normal bone marrow is able to proliferate in
response to [L-7 alone and form colonies in semi-solid culture systems (Lee et al. 1989;
Suda et al. 1989). However, cytokines with such an activity as IL-7 has not been
identified in any stromal cell clones. Thus, if S17 expresses an IL-7-equivalent factor, it
would be interesting to know whether or not it has pre-B colony inducing ability.
Although sound paradoxically, another point which we would like to emphasize is our
notion that IL-7 is not the absolute requirement for B cell differentiation. Instead, we
think that most processes of B lineage differentiation might be by and large cell
autonomous rather than being directed by stromal cell molecules. Thus. it may be
possible that some stem cells undergoes complete differentiation into mature B cells
without IL-7, if a minimum level of cell proliferation is maintained by other stromal cell
factors. Actually, although extremely low in number, B220% cells are always included in
the bone marrow cells proliferating on the PA6 layer in the absence of IL-7. However, to
maintain a constant and extensive B cell-genesis as observed in normal bone marrow (
for review see Gallagher and Osmond 1991). additional growth factors like IL-7 are
required. In conclusion, although not proven yet. we prefer to think that 1L-7 as well as
other stromal cell derived factors play a role as pure growth factors which make B cell-
genesis enough efficient so as to be able to produce 5x107 cells everyday. Thus, any
factors, that can touch the machinery for B cell proliferation and increase its efficiency.,

could promote B cell-genesis .

C-kit and its ligand Steel factor (SLF) play a functional role in B cell-
genesis
Since the role of SLF in B cell-genesis is rather new issue, there might not be a

firm argument against this statement yet. Previous studies using the recombinant SLF have
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Figure 1. B cell-genesis from C-kit*lineage- cells under various culture
conditions. C-kit*lineage- cells were sorted by FACScan. and 104 of them were
cultured in the presence of either SLF alone, SLF+IL-7 or PA6+IL-7. Recoveries of
total cells and B220* cells were counted 8 days after culture

provided positive evidence for the role of SLF in B cell-genesis ( McNeice et al. 1991).
Among all. the most remarkable is a report by Hirayama et al that a single IL-3 induced
blast colony can give rise to B lineage cells in the culture containing 1L-7 and SLF
(Hirayama et al. 1992). Our result shown in Fig.1 is consistent with their observation.
In this experiment, we purified c-kit*lin- cells from normal bone marrow and cultured in
the presence of SLF, SLF+IL7 and PA6+IL7. Our result shows clearly that B cell-
genesis from the early B220- precursors is supported by SLF+IL7, although involvement
of other factors present in fetal calf serum could not be excluded. In contrast to these
results, a recent paper by Billips et al. (1992) showed that SLF+IL7 is not enough to
support B cell-genesis from B220- stem cells. More contrasting is an observation of
Saffran described in this issue that B progenitors harvested from the bone marrow culture
on S17 do not respond to IL-7 nor SLF (Saffran et al. in this issue). In fact, previous
studies on W or S/ mutant mice demonstrated that B cell compartment remains rather
intact in these mice (Landreth et al. 1984). Moreover, we failed to block B cell-genesis in

normal bone marrow by injecting an anti-c-kit mAb which antagonize c¢-kit function and
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Figure 2. Effect of an anti-c-kit mAb, ACK2 on B cell-genesis in stromal

cell-dependent culture. 10® bone marrow cells precultured on PA6 for two weeks
were cultured in the presence of PA6+IL-7. 10pg/ml ACK?2 was added to inhibit c-kit
function. Cell recovery was estimated 9 days after culture

blocks in vivo myelopoiesis and erythropoiesis (Ogawa et al. 1991). All these results
indicate that SLF does not play a principal role in actual B cell-genesis, although it may
have some effect on in vitro B lymphopoiesis.

Notwithstanding  these facts, we believe that SLF plays a functional role in B cell-
genesis. First, in vivo B cell-genesis is blocked by the same anti-c-kir mAb, if the mAb
is injected into such a mouse as k-chain transgenic mouse in which the frequency of the
IL-7-CFCs is low. Thus, we think that our failure to block B cell-genesis innormal

mice by anti-c-kit mAb is because overgrowth of pre-B cells which are 1L-7-dependent
but independent from other stromal cell-derived molecules compensate for the decrease of
earlier B precursors. Second, B cell-genesis from B220- cells in the culture containing
IL-7 and PAG is severely suppressed by the addition of this mAb (Fig 2). It is interesting
to note, however, the effect of the mAb is not complete and about 10% of B cell
progenitors remain proliferative and give rise to mature B cells even in the presence of
an excess dose of the mAb. In agreement with this observation, the ability of SLF+IL-7
to support in vitro B cell-genesis is far less than that obtained by PA6+IL7 (Figure ).

Thus, SLF+IL-7 can support the proliferation of B progenitors to some cxtent, thercby
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increasing an efficiency of B cell-genesis. However, presence of some additional but yet
unknown stromal cell-derived molecules appears to induce much higher level of B cell-

genesis.

B cell differentiation is directed by cxpression of immunoglobulin

This statement (Era et al. 1991), although having been the most controversial one, is
now being accepted by most B cell biologistsbecause emerging evidence on various
gene-knock-out mice indicates that the expression of a transmembrane form of p-chain by
itself is the most important signal which triggers the differentiation of B cells (Kitamura et
al. 1991). Therefore, I do not have much difficultyin statingthe process of B cell
differentiation includes a change of growth signal requirements, namely differentiation
from PA6+IL-7 dependent stage into IL-7 alone dependent stage. In fact. in the last B
cell neoplasia meeting, K.Rajewsky mentioned that no IL-7 colonies are present in the
UMT/uUMT mouse.

One additional statement which we would like to make in this context is that the
outcome of p-chain expression is merely an acquisition of a new signalling machinery
which has not existed in the earlier differentiation stage. Thus, if other signalling
pathways which share some downstream parts with the p-chain-derived signalling
pathway is activated, one might be able to induce the similar B cell differentiation by
bypassing the p-chain expression. For example, while no IL-7-CFCarepresent in fresh
bone marrow of scid miceor theyMT/UMT mouse, it is possible to obtain cell lines
which proliferate in response to IL-7 alone without expressing p-chain proteins.
Therefore, any exceptions from this statement would not surprise us, because we are

aware that the signalling pathways in a given B progenitor are complex and redundant.
Conclusion and Prospect

Figure 3 illustrates our current view on signalling pathways involved in B cell-genesis.
Our previous studies showed that ¢-kit is expressed in pluripotent stem cells and plays a
functional role for their selfrenewal (Ogawa et al. 1991 Okada et al. 1991). Recent
studies of other group demonstrated that other cytokines are additionally required for
supporting the efficient self-renewal of the stem cells (for review see Scadden et al.
1991). Taken together, hematopoietic stem cells at the earliest part of their differentiation
require at least two signalling pathways: one from tyrosine kinase receptor system and
the other  from cytokine receptor family molecules. Even after commitment into B cell
lineage, the basic properties of their growth requirements remains unchanged. Namely,
both cytokine receptor family molecules (IL-7R) and tyrosine kinase receptor

molecules(c-kit) are required for  cell proliferation. It is of important to note that c-kit
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Figure 3. Signalling machineries involved in B cell-genesis. For explanation see text
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and 1L-7R are not the whole signalling machinery available in B cells. In fact our result
in Figures 1, 2 and previous studies on S17 derived signals suggests the presence of
other signalling pathways. although the molecular nature of these ligands and receptors
are yet to be determined.
Previous studies demonstrated that the initial events taking place after the commitment
are activation of immunoglobulin gene rearrangement and expression of a number of "B
cell specific molecules”(for review see Rolink and Melchers 1991). Since expression of
animmunoglobulin molecule is an ultimate destination of B cell differentiation, it would be
reasonable that the molecules regulating VDJ recombination are activated upon
commitment into B cell lineage. Then, what is the functional role of "B cell specific
molecules” which are expressed before expression of pu-chain?  In this respect, it is
interesting to note that virtually all of the "B cell specific genes" obtained by subtraction
cloning method are p-chain associative molecules. Although it might be possible that
these molecules can function by themselves without pi-chains (see a paper by F.Melchers
in this issue), they albeit most efficiently when assembled on p-chains. Taken
together, we propose that major function of "B cell-specific molecules" is to make a
signalling complex together with pi-chains, thereby allowing pre-B cells to know whether
or not they have succeeded to express p-chains. If one comparesB cell differentiation
with erythrocyte differentiation, the most important difference resides in the fact that not
all B precursors succeeded to express immunoglobulin genes, while all erythroid
precursors are able to express hemoglobulin genes. This is because V gene rearrangement
per se is an error prone process. Obviously, by developing such an imprecise way to
undergo V gene rearrangement which produces an enormous diversity at junctional sites
of V genes, the size of antibody repertoire increases remarkably. Thus, despite the cost
to generate non-functional B cells during the differentiation process. this impreciseness
would be important for immune system. Nevertheless, this cost seems to be overcome
beautifully by developing a group of molecules which can convert p-chain to a signal for
differentiation. Thus, next questions to be addressed is what kind of signalling molecules
exist in the downstream of this complex of p-chains and B cell-specific molecules and
what kind of effects are produced by this signalling pathway. In this respect, one point
which we want to make here is that ¢-kit -independence of B progenitors is acquired at
this stage, because pre-B cells which proliferate in response to IL-7 alone appears upon
expression of p-chains. Thus, we speculate that the signalling pathway from p-chains
may overlap to some extent with the signalling pathway downstream of the receptor
tyrosine kinase, c-kit, thereby allowing cpu* pre-B cells proliferate in the absence of SLF.
Finally, since we expect that next issue of B cell development will be focused upon
the intracellular signalling molecules for the differentiation. various model mice whose B

cell differentiation is arrested due to the blockade of the most upstream of the signalling



34

pathway would be useful to identify the downstream molecules capable of

complementing this defect.
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We describe a culture system which permits growth of enriched populations of progenitor
cells of the B-lymphocyte lineage. In this technique bone marrow cells are plated on the
stromal line S17, which preferentially selects for growth of B-cell progenitors. After 3-4
weeks in culture the cells display size scatter profiles and morphological appearance
characteristic of small to medium size lymphocytes. The majority of cells express the
CD45R (B220) antigen, while a small percentage express cytoplasmic mu chain. Surface
IgM, as well as stem cell, T-cell, and myeloid antigens are not expressed. Molecular
analysis reveals germline configuration of the IgH chain locus and expression of genes
associated with early stages of B-cell development. Progenitor cell populations can
differentiate into mature B-cells after injection into CB.17 SCID mice. This culture
technique represents a reproducible method to obtain enriched progenitor B-cells that can
be used to identify genes and growth factors which regulate early B-cell development.

Our goal is to determine what signals are required for growth of early progenitors of the
B-cell lineage. The development of B-cells involves discrete stages characterized by
commitment of a stem cell to a progenitor (pro-) B cell which lacks lineage-specific
antigens, with the possible exception of CD45R (B220) and low levels of Thy 1.2, and
retains Ig heavy (H) chain genes in germline configuration (reviewed in 1,2). Pro-B cells
differentiate to pre-B cells which express additional surface antigens and specific genes (ie.
BP-1, VpreB, lambdaS, TdT) and have rearranged IgH chain genes. Upon successful
rearrangement at both the IgH and IgL loci, pre-B cells become mature B-cells which
express surface Ig and are exported to the periphery. The use of the Whitlock-Witte
culture system and transformation of pre-B cells by Abelson murine leukemia virus have
permitted detailed analysis of the pre-B to B-cell transition including specific growth
requirements and molecular mechanisms which result in Ig gene rearrangement and
diversity of the antigen receptor (2-5). In contrast little is known about the early stages
of B-cell development due to the inability to obtain pure or enriched populations of B-cell
progenitors for study.

We report here a reproducible technique to obtain representative populations of B-cell
progenitors. Enriched populations of B-cell progenitors selectively grow after plating BM
cells on the stromal cell line S17 (6). We refer to this technique as the lymphoid
progenitor cell (LPC) culture system. This system was previously used in our lab to show
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that expression of the human chimeric oncogene BCR/ABL in mouse BM cells could
stimulate growth of clonal lines of B-cell progenitors (7). In addition, several labs have
used alternative techniques to grow out populations and clones of pro- and pre-B cells,
which typically requires exposure to high doses of growth factors such as IL-3 or IL-7, and
in some cases combination with stromal cells (8-11). The LPC culture system we describe
here results in growth of B-cell progenitors which resemble those found in situ in BM,
have had no exposure to exogenous growth factors, and have not been selected for clonal
bias which may skew growth characteristics. We have used this system to demonstrate
that steel locus factor, SLF, which is the ligand for c-kit, and IL-7 are not sufficient signals
for growth of progenitor B-cells (E.A.Faust, D.C.Saffran, and O.N.Witte, manuscript in
preparation).

In the LPC culture system BM cells are plated on the stromal cell line S17. This contrasts
to Whitlock-Witte cultures, in which BM cells themselves give rise to a complex stromal
layer which eventually supports several stages of B-lymphopoiesis. The LPC cultures are
fed 3 days after initiation, and 4 days later by removal of 75% of spent medium and
addition of fresh medium. This procedure is repeated weekly. Within 1-2 weeks most
myeloid elements die, followed by selective growth of a more uniform population of cells
with lymphoid morphology by weeks 2-3 of culture. Wrights stained cytospin preparations
demonstrate that these cells exhibit a monomorphic cellular morphology characteristic of
small and medium size lymphocytes (Figure 1). This is confirmed by the scatter profiles
showing that cells from LPC cultures are less varied in size and complexity as compared
to BM, but similar to cells from Whitlock-Witte cultures.

We evaluated the maturational status of the cells from LPC culture by staining them with
fluorochrome-conjugated antibodies specific for early and late stages of B-cell
development. The flow cytometry data in Figure 2 represent individual staining profiles
we normally obtain with LPC cultures. These data show that LPC cultures are enriched
for CD45R (B220+) cells, with a small percentage of cells which express low levels of
cytoplasmic mu chain. However none of the cells express IgM on their surface. In
addition, we have also stained the cells with a series of antibodies directed against other
lineage-specific markers which shows that the cells do not express myeloid, T-cell, or the
stem cell antigen FALL-3. However a small percentage of cells do express a low level of
Thy 1.2, which indicates that a sub-population resembles B220+, Thy 1.2(lo) cells which
have been proposed to represent the earliest stage of B-cell development (12). The
staining data shows that the cells from LPC culture are committed to the B-lineage but
lack cytoplasmic and surface Ig expression. This suggests that these represent cells at a
differentiation stage prior to the characteristic pre-B cells that are normally derived by the
Whitlock-Witte culture system.

To further identify the specific stage of B-cell development the LPC cultures represent,
we performed molecular analysis of DNA and RNA from the cells. A summary is
presented here, but the primary data will be reported elsewhere (E.A.Faust, D.C.Saffran,
and O.N.Witte, manuscript in preparation). A hallmark of B-cell differentiation is
rearrangement of Ig heavy (IgH) chain genes. Southern blot analysis of several LPC
cultures revealed that the cells retained IgH genes in the germline configuration with a
small proportion of D-J rearrangements. This is in contrast to Whitlock-Witte cultures
where IgH D-J rearrangements have occurred among the majority of cells. We also
examined expression of genes associated with early B-cell development by Northern
analysis. Cells from LPC culture express transcripts for sterile mu, TdT, and B29,
however transcripts for the RAG-1 and RAG-2 genes are present only at low levels.
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PROTOCOL FOR THE GROWTH OF
LYMPHOID PROGENITOR CELLS (LPC)

Fig. 1. This scheme represents the culture technique for the growth of B-cell progenitors as compared to
the Whitlock-Witte culture system. Note the differences between the cultured cells and bone marrow (BM)
with respect to size scatter profiles and general morphology.
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Fig. 2. FACScan analysis of cells from LPC cultures stained with specific fluorochrome-conjugated
antibodies. Each panel illustrates the representative staining profile of cells stained with the indicated
antibody. In all cases the cells are stained with the appropiate isotype-matched control antibody as shown.

These data demonstrate that low levels of RAG gene expression in LPC cultures
correlates with germline configuration of IgH genes (E.A.Faust, D.C.Saffran, and
O.N.Witte, manuscript in preparation). Although similar B-lymphoid specific genes are
expressed in both LPC and Whitlock-Witte cultures, the low frequency of IgH gene
rearrangements in LPC cultures clearly distinguishes the two systems.

To determine the ability of the cells from LPC culture to complete differentiation and
become mature B-cells, we utilized severe combined immune deficient mice (CB.17 SCID)
as a host to assess B-cell reconstitution. Sub-lethally irradiated CB.17 SCID mice were
injected intravenously with 1-3 X 10° LPC from 3-4 week old cultures. After 8-10 weeks
animals were sacrificed and reconstitution of the B-lymphocyte population was determined



41

by the presence of surface IgM positive cells in the spleen and soluble IgM in serum.
FACS profiles in Figure 3 show that sIgM positive cells are present in comparable levels
in the spleens of mice reconstituted with either cells from LPC culture or equal numbers
of fresh BM cells. A selected experiment presented in Figure 4 compares data from
several reconstituted animals. In this case injection of LPC results in a mean of 25%
surface IgM positive cells in the spleen. In'addition the same animals contain IgM in the
serum, although levels are significantly high as compared to BM reconstituted animals.

This may possibly represent deregulation of Ig production at the clonal level, which is
currently under investigation.

B-CELL RECONSTITUTION OF SCID MICE

Fig. 3. CB.17 SCID mice were sub-lethally irradiated and injected with either Hanks BSS, Balb/c BM, or
cells derived from LPC culture. After approximately 8 weeks the animals were sacrificed and analyzed for
expression of sIgM positive cells in the spleen and the presence of IgM in the serum.
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B-CELL RECONSTITUTION IN SCID MICE BY
LYMPHOID PROGENITOR CULTURES

Fig. 4. The results represent a selected experiment in which reconstituted CB.17 mice were analyzed for
the presence of B-cells in the spleen and IgM in serum.

Hardy and colleagues (13) have recently shown that B220+, HSA+, CD43+ sorted BM
cells exhibit D-J rearrangements as determined by PCR analysis. The LPC cultures we
describe likely represent cells one stage prior to this, since they have committed to
expression of B220 but not Ig gene rearrangement. According to Osmond’s scheme of B-
cell development (14), these cells would be considered early to intermediate pro-B cells
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based on expression of B220 and TdT, and lack of Ig heavy chain gene rearrangement.
The establishment of the LPC culture systém provides a reproducible source of enriched
pro-B cells that may be used to define growth and differentiation signals required early
in B-cell development. Several groups have reported that steel locus factor, SLF, and/or
IL-7 could support growth of either pro-B cells (10, 15,16), pre-B cells (17), or both (18).
The differences in growth responsiveness to SLF and IL-7 are likely due to the source of
cells used in the different systems and their ambiguous definition as either pro- or pre-B
cells. We have used the enriched populations from LPC cultures to demonstrate that SLF
and IL-7 alone or in combination are not sufficient to maintain growth of pro-B cells
(E.A Faust, D.C.Saffran, and O.N.Witte, manuscript in preparation). Our findingssuggest
that stromal cells such as S17 produce a signal which acts independently or in concert with
SLF and IL-7, and may come in the form of a growth factor(s) or specific adhesion
molecules. Alternatively B-cell progenitors may lack the necessary downstream signalling
components to respond to SLCF and IL-7 at that specific stage of development. The LPC
cultures provide a useful system to examine these issues as well as the role of known or
novel genes and molecules on B-cell development.
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INTRODUCTION

The generation and selection of B lymphocytes in the bone marrow
involves a complex series of differentiation steps, molecular
interactions with local stromal cells and the influences of both
short range and systemic growth factors (Osmond 1986,1990; Kincade
1989,1991). Normal regulation of B lymphopoiesis requires a balance
between these various processes. Dysregulations, possibly
predisposing to oncogenesis, may result from perturbations at a
number of different points in the chain of regulatory events.

Differentiating precursor B cells in mouse bone marrow sequentially
express characteristic molecules (Park & Osmond 1987,1989; Osmond
1990). Pro-B cells, before the expression of immunoglobulin (Ig)
chains, transiently express intranuclear terminal deoxynucleotidyl
transferase (TdT) while they are in the process of rearranging Ig
heavy chain variable region (Vy) genes. B220 glycoprotein is then
coexpressed on the surface membrane of some TdT  cells, and persists
throughout the rest of the B cell lineage. Subsequently, u heavy
chains are assembled in the cytoplasm, the cell now being termed a
pre-B cell. Finally, whole IgM molecules are assembled and inserted
into the surface membrane, constituting the mature B lymphocyte. A
series of cell divisions by pro-B cells and large pre-B cells
results in much clonal expansion of the precursor B cell pool. This
is followed, and possibly accompanied, by a massive degree of cell
loss (Opstelten & Osmond 1983; Deenan et al 1990; Osmond 1990).
Many precursor B cells appear to undergo a programmed cell death
(apoptosis) and are rapidly ingested by resident macrophages
(Jacobsen & Osmond 1990,1991). This process may represent an
important screening mechanism to cull aberrant B lineage cells,
including those that may have sustained a potentially oncogenic
dysregulation.

Precursor B cells proliferate in intimate association with stromal
reticular cells both in vivo (Jacobsen & Osmond 1990) and in vitro
(Kincade et al 1989). Adhesion molecules retain B lineage cells on
the stromal framework of the bone marrow, as an essential
requirement for their development, until they reach the appropriate
maturation stage to be released into the blood circulation. The
same stromal cells provide similar services to other hemopoietic
precursor cells. The molecular bases on which stromal cells may
recognize and discriminate between various hemopoietic lineages and
may prevent the dissemination of immature or dysregulated cells are
unknown.

Stromal cell-derived growth factors, notably interleukin (IL)-7, are
necessary for B lymphopoiesis. IL-7 stimulates pre-B cell
proliferation (Namen et al 1988; Subo et al 1989; Kincade et al
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1989,1990) and expression of the c-myc protooncogene (Morrow et al
1992). It remains to determine whether the target cells for this
cytokine also include pro-B cells, a differentiation stage which is
particularly vulnerable to genetic errors and dysregulation during
V, gene recombination events.

Systemic cytokines also appear to influence B lymphopoiesis in the
bone marrow. The proliferation of pro-B cells and pre-B cells can
be stimulated by administering various foreign agents in vivo, an
effect mediated by the activity of macrophages in the spleen (Park
& Osmond 1991). Pathological processes associated with intense
macrophage activation, notably murine malaria and pristane oil-
induced granulomata, also produce sustained stimulation of pro-B
cells (Osmond, Priddle & Rico-Vargas 1990). These findings have
suggested that the 1local stromal cell-dependent mechanisms
regulating B cell genesis in the bone marrow may be susceptible to
perturbations in the levels of certain circulating cytokines which
could act on precursor B cells either directly or indirectly by
inducing the production of stromal cell factors. Among the many
cytokines produced by activated macrophages, IL-1 is released
systemically but its possible in vivo effects on precursor B cells
are not clear. Largely depressive effects have been observed in
vitro (Dorshkind 1988). Identification of cytokines capable of
mediating systemic stimulation of precursor B cell proliferation
would be important to identify factors which may predispose to
oncogenesis and to devise possible blocking strategies.

The present work has concerned three levels of the control of B cell
production and loss in the bone marrow (1) intrinsic deregulation of
the myc protooncogene (2) in vivo actions of candidate local and
systemic cytokines, IL-7 and IL-1 (3) the nature of the molecular
interface between stromal cells and B cell precursors.

PRODUCTION AND DEATH OF B CELL PRECURSORS IN Eu~MYC TRANSGENIC MICE

Transgenic mice which carry a c-myc oncogene coupled to the
immunoglobulin heavy chain enhancer all develop malignant clonal B
lineage lymphomas and leukemias (Adams et al 1985; Harris et al
1988; sidman, Marshall & Harris 1988). During a pretumorous period
of several months which varies in length between individual mice, an
initial burst of large proliferating B lineage cells in the blood is
followed by a prolonged period in which blood B cells are

essentially normal. In due course, however, a dysregulated cell
invariably evades normal homeostatic protective mechanisms to
produce a malignant clone. To investigate the cellular events

leading up to tumorigenesis we have examined the perturbations in
the proliferative dynamics and microenvironmental associations of B
cell precursors produced by c-myc deregulation during the
pretumorous phase.

In collaboration with Dr. Charles L. Sidman, Jackson Laboratories,
Maine, precursor B cells were examined in bone marrow suspensions
from C57BL/6J Smn-Eu-myc (Eu-myc) mice identified as being in the
pretumorous phase by flow cytometry of blood lymphocytes, compared
with cells of congenic C57BL/6J Smn (B6) mice. The population sizes
of pro-B cells, pre-B cells and B lymphocytes, as well as the
production rate of proliferating pro-B and pre-B cells were
determined using double immunofluorescence labeling and mitotic
arrest techniques, as described (Opstelten & Osmond 1983; Park &
Osmond 1987,1989). The in situ organisation and cellular
associations of B220* B 1inea%e cells were examined by the binding
of intravenously administered &1-labeled monoclonal antibody (mAb)
14.8 (Kincade 1989), detected by electron microscope
radioautography, as described (Jacobsen & Osmond 1990,1991).
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Despite the apparent normality of peripheral blood cells in Eu-myc
mice, marked perturbations of proliferation of precursor B cells
were evident compared with B6 controls (Table 1).

Table 1. Number and proliferation of B lineage cells in bone marrow
of Eu-myc B6 transgenic mice?

Cells/femur (x10%)¢ Mitoses/femur (x10%)9
Cell populationb Control Eu-myc Control Eu-myc
Pro-B cells 8.6 35.4 15.2 40.1
Pre-B cells 51.0 78.0 18.0 54.6
B lymphocytes 22.3 14.6 - -

a

b Each value was derived from a pool of three mice.

Pro-B cells consist of 3 populations negative for u chains
(TAT'B2207; TAT*B220%; TAT B220%); pre-B cells (cu*su’); B
lymphocytes (su*).

Calculated from the incidence of cells of each phenotype relative
to nucleated cells and total cellularity of the bone marrow.
Calculated from the incidence of cells of each phenotype and
percentage of cells of each phenotype in metaphase (metaphase
index) 2h 40min after injecting vincristine sulfate i.p.

Pro-B cells in Eu-myc mice were increased threefold in both
population size and production rate, measured as the number of cells
flowing through mitosis per unit time (Table 1). This included an
increased production rate of TdT' intermediate pro-B cells as well
as increased numbers and production rate of late pro-B cells. Pre-B
cells also increased threefold in production rate, representing the
subset of large dividing pre-B cells. Paradoxically, the population
size of pre-B cells was increased only 1.5 fold, and the number of
B lymphocytes was actually reduced to only 65% of control values
(Table 1). The number of B lymphocytes in the spleen closely
resembled control values (not shown).

Thus, c-myc deregulation in the B cell lineage increases the number
of pro-B and pre-B cells dividing per unit time, yet their more
mature progeny, small pre-B cells and B lymphocytes, are reduced in
numbers. In the absence of evidence of accelerated migration of
newly-formed B lineage cells from the bone marrow to the peripheral
lymphoid tissues, these findings imply that the expanded
proliferation of B precursors is associated with a greatly
exaggerated degree of cell loss.

Electron microscope radiocautography of bone marrow revealed
prominent B220% cells, often in mitosis and in clusters which were
larger and more numerous than usual (Fig. 1). Many of the B220*
cells showed morphological evidence of programmed cell death (Wyllie
et al 1984), including irregularly shaped nuclei with dense
chromatin condensation, cytoplasmic electron density and
vacuolization (Fig. 1). The apoptotic cells were more numerous and
the degree of apoptotic morphology was more extreme than that
normally seen. B220* cells were often associated with the extensive
processes of macrophages which often surrounded apoptotic B lineage
cells and had many ingested bodies within their cytoplasm (Fig. 1).
However, some small B220* cells of normal morphology were also
observed within the lumen of bone marrow sinusoids (not shown) .

Thus, constitutive c-myc expression in the B cell lineage of Eu-myc
mice produces two opposing effects, increasing both the prolifera-
tion of precursor B cells and their tendency to undergo a programmed
cell death and ingestion by macrophages. To become frankly neo-
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Figure 1. Bone marrow of Eu-myc mouse. A macrophage (M, nucleus)
with cytoplasmic phagosomes and crystalloid inclusions surrounds an
apoptotic cell (A) with radiocautographic labeling (arrows) of B220
glycoprotein (X 6250)

plastic the B lineage cells apparently must undergo further changes
to acquire mechanisms to evade these processes of negative
selection.

IN VIVO EFFECTS OF RECOMBINANT INTERLEUKINS 1 AND 7 ON PROLIFERATIVE
DYNAMICS OF B CELL PRECURSORS

To examine their capacity to stimulate precursor cells at each
phenotypic stage of B cell differentiation in vivo we have
administered recombinant IL-1 and IL-7 provided by Dr. Anthony E.
Namen, Immunex Corporation, Seattle, by subcutaneously implanted
microosmotic minipump in 8-10 wk C3H/HeJ mice. The cytokines were
delivered at a constant rate in mouse serum albumin (MSA) of low
lipopolysaccharide activity. Control mice received an equivalent
dose of the MSA vehicle alone.

Systemic IL-1 produced effects on B precursors in the bone marrow in
a dose dependent fashion (Table 2). At a low dose rate (20 ng/d) IL-
1 had stimulatory effects. The numbers and proliferative activity
of pre-B cells were increased at 6d (Table 2). The TdT" subset of
pro-B cells more than doubled in proliferative activity (not shown).
In contrast, high dose rates (400ng/d), though still stimulating
proliferation of cells at the large pre-B cell stage, severely
depressed all other B lineage cell populations to less than half
control population sizes and production rates (Table 2).
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Table 2. Number and proliferation of B lineage cells in bone marrow
of IL-1 treated C3H/HeJ mice?

20 ng/day 400 ng/day
Cells® Mitosesd Cells® Mitosesd
Cell population? ctl IL-1 ctl 1IL-1 ctl IL-1 ctl IL-1
Pro-B cells 6.8 4.1 4.0 1.3 5.8 3.1 3.9 2.2
Pre-B cells 11.8 15.3 3.3 4.1 16.0 11.1 9.5 14.0
B lymphocytes 9.8 9.8 - - 8.2 3.4 - -

@ Each value was derived from a pool of three mice after 6 days of
continuous perfusion of IL-1 by a subcutaneous micropump.
bed gee Table 1.

Systemic IL-7 (1000 ng/d) produced a well marked stimulation of
proliferation of both pro-B cells and pre-B cells, as well as
increased numbers of B lineage ~cells at all stages of
differentiation (Table 3). The number and proliferative rate of the
TdT" subset of pro-B cells increased fourfold relative to controls
(not shown).

Table 3. Number and proliferation of B lineage cells in bone marrow
of IL-7 treated C3H/HeJ mice®

Cells/femur (x10°)¢ Mitoses/femur (x10%)9
Cell populationb Control Eu-myc Control Eu-myc
Pro-B cells 4.9 7.9 18.2 34.0
Pre-B cells 12.3 31.1 17.9 46.0
B lymphocytes 13.0 28.5 - -

@ Each value was derived from a pool of three mice after continuous
infusion of IL-7 (1000 ng/d) for 4 days.
bed gee Table 1.

The findings demonstrate that circulating IL-1 can stimulate B cell
precursors in the bone marrow. Both IL-1 and IL-7 administered in
vivo can enhance the proliferation of both pro-B cells at the stage
of V, gene rearrangement as well as pre-B cells.

MOLECULAR INTERFACE BETWEEN STROMAL CELLS AND LYMPHO-HEMOPOIETIC
PRECURSORS

To examine the molecular interactions between precursor B cells and
associated stromal cells in the bone marrow, we have compared the in
vivo binding of two new mAbs raised against cultured bone marrow
stromal cells by Drs. Paul W. Kincade and Kensuke Miyake, Oklahoma
Medical Research Foundation, Oklahoma City. mAb MK/2 recognizes
VCAM-1 and can disrupt established B cell-stromal cell cultures
(Kincade 1991, Miyake et al 1991). mAb KMI6 recognizes a 110kDa
protein which has yet to be more fully characterized. Radiolabeled
mAbs were injected intravenously and their binding sites in bone
marrow sections were detected by electron microscope
radioautography.
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Both M/K(VCAM) and KMI6 determinants were revealed on normal bone
marrow stromal cells in vivo but there were interesting differences
in distribution. VCAM-1 was expressed heavily in a uniform manner
along the 1length of stromal cell processes which were often
associated with more than one lineage of hemopoietic precursor cells
(Fig. 2a). KMI6 labeling was also heavy over the plasma membrane of
certain stromal cells, but was localized only to the part of the
membrane which was in contact with cells having an undifferentiated
lymphoid morphology. Other areas of the same stromal cell in
contact with other distinguishable hemopoietic cells did not express
KMI6 (Fig. 2b).

Figure 2.a) A stromal cell process in bone marrow (arrows) showing
radiocautographic labeling for VCAM-1 is associated with granulocytic
(G), erythroid (E) and lymphoid (L) cells (X 4600). b) A large
lymphoid cell (L) in bone marrow is almost surrounded by KMI6-
labeled processes of a stromal cell (large arrows): processes not
adjoining the lymphoid cell show little or no KMI6 label (small
arrows) (X 4900).
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After depletion of lymphoid and hemopoietic cells by lethal whole
body y-irradiation, the stromal cells continued to express both
determinants, but whereas VCAM-1 expression was elevated, KMI6 was
diffuse and reduced in intensity (not shown). Single cell
suspensions of bone marrow cells, lacking stromal cells, showed
little or no labeling for VCAM-1 or KMIG6.

Interactions between VCAM-1 and its ligand VLA-4 appear to be widely
involved in mediating adhesion between lymphoid and hemopoietic
precursor cells and stromal cells in the bone marrow. The
interaction may be responsible in part for retaining differentiating
cells and exposing them to regulatory signals in the bone marrow
until they either reach an appropriate stage of maturation for their
release into the blood stream or start the apoptotic pathway when
they are released for ingestion by macrophages. KMI6, on the other
hand, appears to be the first example of a molecular determinant
highly restricted to a particular region of the stromal cell
membrane interacting only with lymphoid cells.

DISCUSSION

Oncogenesis in the B cell lineage must meet two main requirements;
first, a deregulation of cell cycle control and, second, the evasion
of culling mechanisms leading to apoptosis and elimination by
macrophages. The present work emphasizes that various levels of
control may be involved in the initiation and progression of B cell
neoplasia.

Expression of the c-myc oncogene is central to normal B cell genesis
and is deregulated in many B cell tumors. Yet, the substantial time
lag before Eu-myc mice develop clonal B lineage malignancies
indicates that c-myc deregulation alone is not sufficient for
oncogenesis. The present work shows that the constitutive
expression of c-myc throughout the differentiation of precursor B
cells in Eu-myc mice produces substantial increases in the levels of
production of both pro-B cells and pre-B cells. This is consistent
with the known effects of c-myc in cell proliferation by promoting
the transition from G, to S phase of the mitotic cell cycle
(Heikkila et al 1987). To what extent the observed effects in Eu-
myc mice reflect an acceleration of the cell cycle due to a
shortening of G, or the completion of additional cell cycles during
precursor B ceil differentiation remains to be determined. The
increased precursor B cell proliferation is followed, however, by a
considerable elevation of the normally high fraction of cells
undergoing apoptosis and macrophage elimination. During the
prolonged pretumorous phase of life, the deregulated cells in the
bone marrow appear to be negatively selected. The cells become
apoptotic at the late pre-B cell stage when the c-myc gene would
normally be down regulated and cell divisions would cease. This
observation is consistent with findings that c-myc expression
induces apoptosis when combined with other conditions that would
block progression through the cell cycle (Askew et al 1991; Evan et
al 1992). Thus, persisting c-myc expression in differentiating
precursor B cells in Eu-myc mice may induce apoptosis when the cells
reach a stage when they are no longer responsive to IL-7 or other
factors necessary for cell cycle progression, either because the
factors are no longer available or the differentiating cells have
become refractory to their effect. The apoptotic effect of c-myc
thus has a protective function in preventing the persistence of
cells which could otherwise be tumorigenic (Evan et al 1992). Not
all defective B lineage cells necessarily undergo apoptosis, yet
they may still be rapidly recognized and eliminated by bone marrow
macrophages, as in scid mice (Osmond et al 1992). Oncogenesis in
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Eu-myc mice therefore requires further transforming events
eventually to produce a B lineage cell which not only has a
deregulated cell cycle but is also capable of avoiding the apoptotic
pathway and ingestion by macrophages. Somatic mutations are most
likely to occur in dividing cells. Precursor B cells are
particularly susceptible to genetic errors when dividing during the
pro-B cell stage of differentiation, due to mistakes in DNA
recombination. BAny conditions associated with increased levels of
pro-B cell proliferation may thus be particularly effective in
increasing the probability of errors. In Epu-myc mice some such
errors, favoured by the c-myc-induced stimulation of pro-B cells and
pre-B cells, could confer a survival advantage. In normal mice,
some errors, including Ig:c-myc translocation, could perturb the
cell cycle while others, including bcl-2 deregulation, could block
apoptosis to initiate a potentially neoplastic clone.

Growth factors capable of stimulating proliferation of pro-B cells
as well as pre-B cells are now shown to include IL-7 and, under
suitable conditions, IL-1. IL-7, a required growth factor normally
acting at short range from associated stromal cells, also acts when
administered systemically at high dose levels. IL-1 stimulates some
pro-B cells and pre-B cells when given in lower dose levels,
calculated to augment physiological circulating levels. It is thus
a candidate cytokine for mediating, at 1least in part, the
stimulatory effects of macrophage activation on B cell genesis. An
initial lag in its stimulatory effect (not shown) suggests that
apart from a direct effect on the precursor B cells, possible
including an inhibition of apoptosis (McConkey et al 1989), IL-1 may
act indirectly by inducing bone marrow stromal cells to produce
various growth factors (Kincade 1991). IL-7 may thus constitute a
final common pathway both in normal regulation and in a variety of
systemic conditions associated with precursor B cell hyper-
stimulation and oncogenesis, eg. malaria and pristane-induced
granuloma. It may be significant that the latter two conditions
also show a characteristic combination of apparently contradictory
effects on precursor B cells in the bone marrow, enhanced
proliferation of pro-B cells followed by enhanced cell loss (Osmond,
Priddle & Rico-Vargas 1990).

The highly restricted expression of KMI6 determinants on bone marrow
stromal cells raises the possibility that these cells may be
polarized so that their products are vectorially directed to
lineage-specific "niches" of their plasma membrane. In this way,
small amounts of stromal cell factors could influence lymphoid cell
development without affecting adjacent hemopoietic cells. This
could explain how individual stromal cells may simultaneously
regulate more than one hemopoietic lineage, and how stimulation of
one lineage may commonly occur at the expense of another. The
stimulated precursor B cells may induce a more extensive area of B
lineage-specific polarization of the associated stromal cell
membrane with a corresponding reduction of the area of surface
membrane available for other cell lineages.

The foregoing findings and speculations concerning their possible
implications serve to reinforce the view that the primary genesis
and survival of B cells are susceptible to regulatory influences at
many different 1levels and that therefore a number of diverse
mechanisms may be relevant to the etiology or prophylaxis of B cell
neoplasias in the bone marrow.
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Lymphocyte progenitor cells isolated on sequential days
of gestation from mouse fetal liver represent distinct stages in
B cell development. We have utilized polymerase chain
reaction (PCR)-based assays to detect immunoglobulin (Ig) gene
rearrangement and flow cytometry to assay cell surface
markers following fractionation based on the differential
expression of the B cell-specific phosphatase CD45 (B220). The
purification of B220* cells from day 17 fetal liver resulted in a
10-fold enrichment of cells which had undergone gene
rearrangement events. We have also shown that day 13 fetal
liver cells activate successive Ig gene rearrangements during
short-term culture in the presence of fetal calf serum (FCS),
interleukin-3 (IL3), and interleukin-7 (IL7). However,
partially purified lymphocyte precursors fail to activate Ig
gene rearrangement in culture unless they are cultured in the
presence of a stromal cell line.

Introduction

During gestation, murine B cell development occurs in the
yolk sac and fetal liver. B cell progenitors are first detected in
fetal liver on day 12 of gestation and are thought to undergo
development as a synchronous wave progressing through
characteristic stages on specific days [1]. The assembly of
genes encoding the Ig molecule involves the highly regulated
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joining of variable (Vy), diversity (Dy), and joining (Jy) gene-
segments to generate an Ig heavy-chain gene and variable (VL)
and joining (JL) gene segments to generate an Ig light-chain
gene. The temporal order of these events has been
characterized using Abelson-Murine Leukemia Virus (A-MulV)
transformed cell lines, with heavy-chain gene Dpy-to-Jy
rearrangement preceding Vyg-to-DJy rearrangement. Light-
chain gene V[p-to-Jp rearrangement most often occurs next,
giving a cell the potential to produce surface Igs [2].

The regulation of this complex series of events remains
unclear. Ig heavy-chain (u) protein is thought to be a critical
regulator of this process. In addition, it has been proposed that
transcription of individual unrearranged Ig loci (germline
transcription) targets each in turn for rearrangement by
making them accessible to the recombinase machinery [3]. In
support of this notion, LPS treatment, which activates germline
k light-chain gene transcription, also activates Vx-to-Jx gene
rearrangement [4]. Additionally, overexpression of the heavy-
chain enhancer binding transcription factor E47 in a pre-T cell
line activates germline heavy-chain gene transcription and D-
to-Jg gene rearrangement [5]. These results provide evidence
that transcription and rearrangement are closely related.

Another poorly understood phenomenon is allelic
exclusion. A single B cell expresses only one functional heavy
chain and one functional light chain despite having two heavy-
chain and six light-chain loci [6]. One hypothesis is that
expression of heavy-chain protein on the cell surface halts
further heavy-chain gene rearrangement. Mice transgenic for
a rearranged heavy-chain (u) gene exhibit marked decreases in
their endogenous heavy-chain gene rearrangement, suggesting
that the presence of one productively rearranged heavy-chain
gene inhibits rearrangement of the other allele (reviewed in
(7).

In order to begin to characterize the molecular
mechanisms which regulate the progression of early B cell
precursors through development, we have devised methods to
purify B cell progenitors from the fetal liver. We have
fractionated cells based on their expression of the B cell specific
phosphatase CD45 (B220) and have determined that this
method enriches for cells which have undergone gene
rearrangement.  Additionally, we have developed a short-term
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culture system which recapitulates the in vivo pattern of Ig
gene rearrangement.

Materials and Methods

Cell Preparation and Cell Culture

Balb/c mice were purchased from NCI (Bethesda, MD) and
mated. The presence of a vaginal plug was taken as day O of
gestation, and pregnant females were sacrificed on specific
days thereafter. For FACS and PCR analyses, fetal livers were
homogenized in 1x PBS with 10mM Hepes pH 7.2, passed
through nylon mesh to remove aggregates, and spun through
ficoll-paque (Pharmacia) to purify lymphocytes. Cells were
then washed 3 times in 1x PBS. For panning, 1 x 107 cells were
plated on petri dishes (Primaria) which were coated with 10ug
antibody per plate. After 1 hr at 4°C, nonadherent and
adherent cells were collected. The preparation of cells for
culture involved disrupting livers in IMDM supplemented with
5% FCS, antibiotics, and 50uM mercaptoethanol (Sigma), and
plating in 24 or 6 well plates.

Reagents and FACS Analysis

Unconjugated mab to B220 (clone RA3-6B2, Pharmingen)
was used for panning, and biotinylated anti-B220 followed by
AVPE (Caltag) was used for FACS analysis. Biotinylated CD4
(clone MT4) was a gift from Dr. Drew Pardoll. Single and two
color FACS was conducted on a Becton Dickinson FACS flow
cytometer.  Nonviable cells were excluded from analysis by
forward and side angle light scatter. The stromal cell line S17
was kindly provided by Dr. Ken Dorshkind.

Preparation of DNA for PCR

DNA was prepared for PCR by resuspending 1 x 106
trypan blue-excluding cells in 200pl PCR lysis buffer as
previously described [8].  This cell lysate was used directly for
DNA PCR.

DNA PCR
DNA PCR was performed as described [8] with one
modification - 30 cycles consisting of 94°C for 1 min and 66°C
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for 2.5 min were used. 2pl aliquots of cell lysate (10,000 cell-
equivalents) was used in each assay. Quantitative standards
were generated by dilution into PCR lysis buffer and run with
each series of PCR assays. PCR products were separated by
electrophoresis on 1.2% agarose gels, blotted to Zetabind (Cuno),
and analysed by Southern blot hybridization as previously
described.

Results

DNA PCR to Detect Gene Rearrangement

We have utilized sensitive PCR techniques to detect cells
which have undergone Ig gene rearrangement following
fractionation of fetal liver based on expression of B220. The
assays all use one unique primer specific for the J-gene region

Fig. 1. Ig hcavy-chain locus gene rcarrangement PCR assays.

The arrows denote the locations of the various primers used in assays to
detect gene rearrangement.  In cach case, thrce PCR products can be
gencrated depending on which of the three JH genes is involved in the
genc rcarrangement cvent. The 5' Vy primer is a degenerate
oligonucleotide mixturc homologous to conscrved scquences in the FR3
regions of thc variable genes present in most of the Vy gene families
and the 5' Dy primer is a degencrale oligonucleotide mixture
homologous to a conserved portion of the recombination signal
sequence 5' to 10 of the 11 known Dy genes (excluding DQ52). H and N
indicate the locations of the hcptamer and nonamecr signal sequences
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(either Jy or Jx) and one degenerate primer population which
recognizes most VH, Vx, or Dy gene segments (Fig.1). When the
Ig locus is in germline configuration, the primers are spaced too
far apart to amplify DNA. Thus, amplified products result only
when a gene rearrangement event has occurred to bring the
primers into close proximity. Figure 1 is a diagram showing
the location of the primers and the amplified products formed
after Dy-to-Jy and Vy-to-DJy rearrangement on the Ig heavy-
chain locus. The different sized PCR products are detected and
quantified by Southern blot hybridization with a heavy-chain
J-region probe. By limiting the concentration of input DNA and
the number of PCR cycles, and by comparison to serially diluted
standard template reactions, measuring the intensity of the PCR
bands yields quantitative information.

Since Ig gene rearrangement is restricted to lymphoid
lineage cells in the fetal liver, we used this assay system to test
cells harvested from fetal livers on different days of gestation
and fractionated by a variety of means for the presence of
progenitor B cells.

Purification of B Cell Progenitors by B220 Panning

We fractionated cells based on cell surface B220 which is
expressed during B cell development [9]. After ficoll
purification, lymphoid cells from day 17 fetal liver were plated
on anti-B220 coated dishes. The nonadherent population was
collected, and, following extensive washing to remove any cells
adhering nonspecifically, the B220* population was removed.
Figure 2 shows the analysis of cell populations before and after
fractionation. FACS analysis demonstrates that a small fraction
of ficoll-enriched day 17 fetal liver cells express B220 (<5%)
and that following panning, the adherent population contains
30% B220* cells. In addition, DNA PCR shows that this
procedure enriches for cells which have undergone gene
rearrangement. The first five lanes show the DJy, VDIJy, and
VIk rearrangement signals- from crude and fractionated day 17
fetal liver. Control PCRs were done using primers to amplify a
DNA fragment from a non-rearranging locus to show that the
same amount of input DNA was used in each assay (data not
shown).  The last five lanes show the rearrangement signals
from the indicated number of splenocytes.

Ficoll purification gave an approximately 2-fold
enrichment of DJy-, VDJy-, and VJk- containing cells. The ficoll
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Fig 2. Purification of B ccll progenitors from day 17 fetal liver.

The left pancl shows thc PCR analysis of gene rearrangement in crude,
ficoll-purified (interface and pellet), and B220- and B220+ populations
following B220 panning from day 17 fctal liver. The indicated number
of control DJy, VDIJy, and VJx allcles were also subjected to PCR analysis.
An autoradiogram of the Southern blot is shown. The right panel shows
FACS analysis of day 17 fctal liver before and after B220 panning. The
solid linc represents B220+ adhercnt cells, thc dotted line the
unfractionated population, the closcly spaced dotted line the B220-
population, and the dashed linc unfractionated cells stained with an
isotype matched control antibody.  These fractions were collected and
used for thc¢ PCR analyscs shown on the left

pellet contained few cells which had undergone gene
rearrangement.  Enriching for B220% populations by panning
resulted in a 10-fold purification of B cell precursors as
compared to the crude cell lysate. The B220- population also
contained cells which had undergone gene rearrangement. This
might represent cells with low levels of B220 which don't
adhere well to antibody-coated plates or cells which have
undergone gene rearrangement which don't yet express surface
B220.

We next examined the pattern of gene rearrangement
from B2207* fetal liver cells sorted by FACS from developmental
days 15 and 18. These populations contained greater than 90%
B220+* cells by FACS analysis (data not shown).  The
rearrangement signals from the B220% populations isolated on
both days showed that more than 50% of the. cells had
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undergone gene rearrangement, although we are unable to
estimate the purity of these populations as our undiluted
standard contained only 50% rearranged alleles.

Dispersed Fetal Liver Lymphocytes Activate Gene
Rearrangement During Culture

We placed unfractionated day 13 fetal liver cells into
culture for 4 days and assayed the effects of IL3 and IL7 on
gene rearrangement. The starting day 13 fetal liver
preparation contained few cells which had undergone gene
rearrangement as detected by DNA PCR (Fig. 3). However, the
cultured B cell progenitors activated gene rearrangement
during 4 days of culture in the presence of IL7 alone or with
both IL7 and IL3. This is similar to the pattern of gene
rearrangement in vivo as represented by the rearrangement
signals detected in crude and ficoll-purified day 17 fetal liver.

Interestingly, ficoll-purified fetal liver cells failed to
activate gene rearrangement when cultured in the presence of
both IL7 and IL3 (Fig. 3, culture - stroma). However, culturing
these cells in the presence of a cloned stromal cell line derived
from fetal liver reconstituted their ability to undergo gene
rearrangement.

Discussion

The resolution of B-lineage cells into definitive
populations representing specific stages of development is
required in order to elucidate the mechanisms involved in
regulating Ig gene rearrangement. We have used DNA PCR
assays to track B cell progenitors from the fetal liver during
cell fractionation. We have found that sorting cells from
different days of development on the basis of B220 expression
enriches for cells which have undergone gene rearrangement,
and therefore provides a method for purifying developing B
cells.

B220 is one of the first B cell lineage surface antigens to
be expressed during development [9]. A recent study showed
that B220% IgM- cells isolated from the bone marrow could be
sorted into 4 fractions based upon 3 differentially expressed
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Fig. 3. In vitro culturc of day 13 fectal liver supports gene
recarrangement.  Lanes labeled crude and ficoll show the patterns of Ig
gene rcarrangement scen in  unfractionated and ficoll-purified cells
obtained from day 13 or 17 fctal liver. Ceclls used to generate the signals
in lancs labcled culture were from disrupted day 13 fetal livers assayed
after 4 days in culturc in the presence of the indicated interleukins.
The lanes labeled culture + or - stroma rcflect the patterns of Ig gene
rearrangement scen in  ficoll-purificd cclls from day 13 fetal livers
assayced alter 4 days of culture in the presence of both IL3 and IL7 with
or without the stromal cell line S17. The control represents the signal
from ecach sample [following PCR wusing primers specific for a non-
rcarranging locus.  The pancls in the right half of the figure show
quantitative control PCR assays

cell surface antigens (S7, BP-1, and 30F1 or heat stable antigen)
and their ability to undergo gene rearrangement in a stromal
cell culture system [10]. Changes in surface expression of these
antigens during early B cell differentiation correlated with Ig
gene rearrangement patterns characteristic of different stages
of development. The most immature of these fractions
expressed B220 and had the Ig loci in germline configuration.
These data were obtained from bone marrow and differ
from another study which found that the earliest B cell
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precursors in fetal liver contained unrearranged Ig loci but did
not express B220 [11]. This population expressed an as yet
uncharacterized antigen designated AA4.1 which is detected on
both lymphoid and myeloid lineage cells. This discrepancy
may stem from differences in B cell development during
different stages in ontogeny or from differences in detection

systems.
The roles which each of these surface antigens play
during development is unclear. However, since they are

expressed during or before gene rearrangement is activated in
developing B cells, it is important to understand how they
function in lymphoid development. We have developed culture
conditions using dispersed fetal liver which support patterns of
Ig gene rearrangement similar to that seen in vivo. Optimal
conditions for culturing B cell precursors include the presence
of FCS, IL3, and IL7. Additionally, early fetal liver cells were
found to be dependent upon the presence of stromal cells for
growth and differentiation as few viable cells were recovered
from cultures initiated with ficoll-purified cells alone. Mixing
of this population with the stromal cell line S17 allowed for
activation of gene rearrangement.

Other investigators have reported that early B cell
progenitors from fetal liver are absolutely dependent on
contact with stromal layers for their development into mature
surface Ig positive B cells [10, 12]. B cell progenitors which had
already undergone gene rearrangement showed modest or no
dependence on stromal cell contact.

We hope to test the involvement of various cells surface
molecules and growth factors reported to function in B cell
development by culturing early B cell precursors in the
presence of blocking or crosslinking antibodies and assaying for
the effect of these perturbations on the activation of gene
rearrangement. We will also use antisense oligonucleotides to
disrupt the expression of genes thought to be involved in
regulating development in the B cell lineage.
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BCR/ABL Enhances Growth of Multipotent
Progenitor Cells But Does Not Block Their
Differentiation Potential In Vitro

M. L. GisHizky and O. N. WiTTe*
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We have developed an in vitro system for investigating the direct effect of the
BCR/ABL oncogene on the growth and differentiation of single multipotent
progenitor cells (MPPC). Using this system we demonstrate that MPPC
expressing P210 BCR/ABL have an enhanced ability to grow in the presence of
very low concentrations of IL.-3 or steel locus factor (SLF). MPPC’s expressing
P210 BCR/ABL do not exhibit a block in differentiation and can give rise to
mast cell, macrophage, granulocyte and B-lymphoid cell lines. Differentiation
of the B-lymphoid cell lines can progress to the pre B-cell stage, marked by
expression of CD45R (B220) and rearrangements of both heavy chain
immunoglobulin gene alleles. Transformation of MPPC’s, initiated by BCR/ABL
progressés through defined stages that can be monitored by obvious changes in
growth characteristics. These studies demonstrate that BCR/ABL may enhance
the growth of MPPC’s without abrogating their differentiation potential. This
system should prove useful in evaluating the effect of specific genetic events on
leukemogenesis and identifying the molecular signals which regulate normal
hematopoietic development.

A major goal in the study of hematopoietic development is to identify the
molecular signals which direct pluripotent and multipotent progenitor cells to
proliferate vs. differentiate. One approach to elucidate these signals has been to
study the molecular mechanisms involved in leukemogenesis. The rational being
that by understanding the events involved in leukemogenesis we will gain insight
into the signals directing normal hematopoietic development. A dominant theme
emerging from this research is that leukemias result from the progressive
accumulation of genetic lesions within a cell. These genetic alterations can occur
at any stage during hematopoietic development as pluripotent stem cells
differentiate into lineage committed cells. A major contribution to this field
would be establishment of a model system that could follow the effect of a single
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genetic lesion on the growth and development of a single target cell. Criteria for
such a system must include: 1) ability to evaluate subtle alterations in cell growth
and phenotype, 2) ability to control the external environment and 3)
identification of discrete stages in the progression of the transformed phenotype.
Using such a system we present a model which describes the progressive
transformation of multipotent hematopoietic stem cells (MPPC) initiated by the
BCR/ABL oncogene (Figure 4).

One of the most extensively studied leukemias associated with a specific genetic
lesion is human chronic myelogenous leukemia (CML; reviewed in Kurzrock
1989). The cellular origin of CML has been traced to a clonal expansion of a
multi-potent or pluripotent hematopoietic progenitor cell. The hallmark of this
disease is the presence of the Philadelphia chromosome (Ph'). A molecular
consequence of this translocation is the formation of the chimeric BCR/ABL
oncogene. The product of the BCR/ABL gene (P210) is an activated form of
the c-ABL protein tyrosine kinase. The presence of the P210 BCR/ABL protein
in cells during both chronic phase and acute blast crisis suggests that BCR/ABL
expression plays an important role in the etiology of CML. BCR/ABL like v-
ABL can transform pre B-cells in vitro. The BCR/ABL oncogene can also induce
a myeloproliferative disease in mice, similar to that observed in patients with
CML (Daley 1990, Kelliher 1990, Gishizky manuscript in preparation). This
demonstrates that P210 BCR/ABL is a critical factor in the pathogenesis of the
CML. However, the question remains whether the BCR/ABL oncogene initiates
the disease, by deregulating the growth of MPPC'’s, or functions as a necessary
cofactor which deregulates the growth of committed progenitor cells.

To investigate the direct effect of BCR/ABL expression on growth and
development of MPPC’s, we developed a single step in vitro assay that selects
for cells which express the oncogene based on their ability to grow in the
presence of low concentrations of cytokines. Prior work demonstrated that
BCR/ABL expression stimulated the growth of lineage committed B-lymphoid
progenitor cells in vitro without blocking their ability to differentiate (Scherle
1990). Other studies showed that expression of BCR/ABL in cytokine
dependent cell lines can induce factor independent growth (Harikarian 1988,
Young 1991). These observations suggested that BCR/ABL may stimulate
growth by altering the cells sensitivity to specific factors. We reasoned that
incubating BCR/ABL containing progenitor cells in the presence of cytokines,
at concentrations below the threshold amounts required to stimulate the growth
of normal bone marrow cells, could positively select for the effect of the
oncogene.

The experimental protocol used in these studies is schematically depicted in
figure 1. The details of this procedure have been previously reported (Gishizky
1992). In brief, murine bone marrow enriched for progenitor cells, by
pretreatment with 5-fluorouracil (5-FU), was infected with helper free
retroviruses expressing either the BCR/ABL oncogene or the TK-neo gene
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(mock). Following infection cells were seeded in a soft agar colony forming
assay in the absence or presence of decreasing concentrations of cytokines
(murine IL-3, rat steel locus factor [SLF], murine GM-CSF and human G-CSF).
The cultures were analyzed at 8-10 days post seeding for colony number, cellular
morphology of individual colonies as determined by Wright-Giemsa stain and
presence of the BCR/ABL gene as determined by BCR/ABL specific polymerase
chain reaction (PCR) gene amplification.
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FIGURE 1: Experimental Protocol

In analyzing these cultures we observed that at low concentrations of IL-3 (10-
100 pg/ml) there was a striking difference in the number of colonies growing in
wells seeded with BCR/ABL infected cells vs. mock (Fig 2). The concentration
of cytokine at which the greatest difference in colony growth between BCR/ABL
vs. mock infected cells was observed varied between individual experiments.
However, we consistently observed a 2.5 - 10 fold greater number of agar
colonies in wells containing BCR/ABL infected bone marrow when compared to
mock infected controls at the same concentration of cytokine within each
experiment. Using PCR and oligonucleotides specific for BCR/ABL we
determined up to 90% of the small colonies (range 65 - 90%) contained the
BCR/ABL oncogene (Gishizky 1992). Enhanced growth of BCR/ABL infected
bone marrow cells was also observed at low concentrations of SLF (0.3-30
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ng/ml). However, in the presence of GM-CSF and G-CSF we observed no
difference in colony growth between BCR/ABL or mock infected 5-FU bone
marrow. This indicates that the ability of BCR/ABL to enhance growth is not
a general growth stimulatory phenomenon, but rather, may work through specific
growth factor pathways.

120 1

# COLONIES / 2x10 ° CELLS

1 0.1 0.01 0.001
IL-3 (ng/ml)

FIGURE 2: BCR/ABL stimulates hematopoictic cell growth in an IL-3 supplemented soft
agar colony assay. Pollowing infection cells were washed and resuspended at 1 x 10° cells/ml.
2 ml of cell suspension was seeded per well in soft agar supplemented with IL-3. The threshold
concentration of growth factor necessary to stimulate agar colony formation varied between
individual experiments. In each experiment the optimal concentration of growth factor necessary
to preferentially support the growth of BCR/ABL expressing cells was determined by
supplementing cultures with serial dilutions of either murine IL-3 (1-500 pg/ml) or rat SLF (0.3-
100 ng/ml). Triplicate cultures were established at each concentration of growth factor and
colony number determined between days 8-10 post seeding. Each experiment also included
cultures which contained no exogenously added cytokines. The reported number of colonies for
each experiment represents the mean number of colonies counted in three wells

As previously reported, the agar colonies containing the BCR/ABL gene could
be segregated into several classes based on size and cellular morphology
(Gishizky 1992). The most interesting colony type was a small (<0.4mm), rare
(represented approximately 2% of all colonies) colony that contained cells from
different hematopoietic lineages. The presence of lymphoid, mast cell,
macrophage and myeloid cells with segmented nuclei within the same colony
suggested that these "mixed phenotype" colonies originated from or may still
contain MPPC’s.
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To demonstrate that cells in the mixed phenotype colonies contained MPPC’s
it was necessary to derive clonal cultures of different hematopoietic lineages and
show that they all originated from the same BCR/ABL retroviral infected
progenitor cell. Cells from individual colonies were subcultured in liquid media
and also in methyl-cellulose, in the presence of specific growth factors including
IL-3, IL-4, IL-6, IL-7, erythropoietin, SLF, GM-CSF and G-CSF.

Figure 3: Molccular characterization of differentiated subcultures originating from single
BCR/ABL expressing multi-lincage progenitor cells in vitro. 12 ug of DNA from each culture
was digested and analyzed as described in the legend for figure 1B. Phenotypic designations of
cach culture were assigned based on the expression of lineage specific antigens analyzed by flow
cytometry, mast - mast cell, MO - macrophage, Gr - granulocyte and B-lymph - B-lymphocyte.
At the time of analysis the B-lymphoid cells derived from agar colony 3 expressed the B-
lymphoid specific marker B-220 and most cells retained the Ig gene in the germline
configuration.
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In three independent experiments we derived clonal outgrowths of B-
lymphocytes and cells of different myeloid lineages (mast cells, macrophages,
granulocytes) from the same mixed phenotype colony. Cellular phenotype was
confirmed by flow cytometry analysis using lineage specific markers (Mac-1, Gr-
1, B220, Gishizky 1992). To determine the origin of individual cultures genomic
DNA was prepared and analyzed for the presence of a unique BCR/ABL
retroviral integration site (Figure 3). Identical proviral integration sites were
present in all cell lines derived from the same agar colony. Two examples are
shown in figure 3. This confirmed that the subcultures all originated from the
same BCR/ABL infected MPPC. DNA blot analysis to detect inmunoglobulin
(Ig) gene rearrangement revealed that most B-lymphoid cultures had rearranged
both Ig gene alleles while the myeloid cultures retained the Ig genes in the
germline configuration. These data demonstrate that expression of BCR/ABL in
MPPC’s can enhance their growth, but does not block their ability to
differentiate into myeloid and pre B-cells.

Cultures established from BCR/ABL expressing MPPC progressed through
stages as they acquired a transformed phenotype (Fig 4). Two criteria used to
assess cellular transformation are factor independent growth in vitro and ability
to cause tumors in mice. Initially the cultures established from BCR/ABL
containing murine MPPC were dependent on the presence of specific growth
factors and grew at a very slow rate (Gishizky 1992). With extended passage in
vitro (> 6 weeks), most of the cultures were dominated by growth factor-
independent cells that exhibited lineage specific phenotypes. To test whether
these factor-independent cell lines were tumorigenic, groups of sublethally
irradiated severe combined immunodeficient (CB.17 SCID) mice were injected
intravenously with cells from either myeloid or B-lymphoid cultures established
from the same MPPC. As a positive control for developing pathology other
mice were injected with a BCR/ABL expressing growth factor-independent pre
B-cell line that was maintained in culture for over a year. Surprisingly, only
mice injected with the control cell line have developed tumors. None of the
other mice show any pathology at 5 months post inoculation. This demonstrates
that factor independence and tumorigenicity represent different stages in the
development of BCR/ABL induced pathogenicity (Figure 4) and that additional
genetic alterations are necessary for the progression toward a malignant
phenotype.

The experimental strategy described in these studies can evaluate the kinetic
progression of leukemia from a single multi-potent progenitor cell. This
paradigm can also identify discrete stages in the transformation pathway leading
toward malignancy. Using this system it should be possible to follow the
molecular changes that are initiated by a single genetic event (such as expression
of BCR/ABL) in the appropriate target cell (MPPC) which lead to the
development of CML and other leukemias. This experimental paradigm and the
BCR/ABL oncogene may also be useful in establishing culture systems which
promote expansion of MPPC’s without inducing their differentiation.
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Figure 4: Schematic representation of discrete stages in the progression of BCR/ABL induced
multi-potent hematopoictic progenitor cell transformation.

A characteristic of stem cells is their ability to remain quiescent for long periods of time and
when appropriately stimulated, to divide and repopulate cells of the different hematopoietic
lineages. Regulating the transition between the quiescent state and cellular division requires an
intricate balance between external influences, such as growth factors, cell contact and
autonomous ccllular mechanisms. As our data demonstrate, the effect of BCR/ABL is very
subtle and could serve to either heighten the cellular response to positive stimuli or attenuate
the response to negative effectors of growth. Previous work from this laboratory exploited the
growth stimulatory effect of the BCR/ABL oncogene in establishing a B-lymphoid progenitor
culture system (Scherle 1990). Our data demonstrating that BCR/ABL can enhance growth of
MPPC without abrogating their differentiation potential suggests that BCR/ABL may be a useful
reagent to establish analogous systems for growing MPPC'’s in vitro.
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Introduction

B lineage cells in the bone marrow can be recognized by the expression of the high molecular
weight form of the common leukocyte antigen CD45, known as B220. We showed recently [1,
2] that a small portion of these cells in bone marrow co-express leukosialin, CD43 [3, 4], and
that many of these cells possessed D-J, but not V-D-J rearrangements. Further analysis with
other markers revealed that this D-J rearranging population was contained in the fraction of
B220+CD43+ cells that also expressed intermediate levels of the heat stable antigen, HSA. We
showed that in short term culture, many of these cells would progress to the Pre-B and B cell
stages. We have termed cells with this phenotype “Pro-B”. These Pro B cells can be detected
both in bone marrow and fetal, known sources of B lymphopoiesis (Figure 1).

More recently [5] we compared the capacity of these cells to differentiate in vivo by transferring
limited numbers into immunodeficient SCID mice [6] that lack their own lymphoid populations.
We used these animals as recipients because good engraftment can be achieved with low dose
irradiation (350R), which allows survival of animals receiving only lymphoid-restricted
precursors. We found that B cells could be readily detected in the spleen and peritoneal cavities
of such mice receiving as few as 104 such cells when analyzed 3 weeks following transfer. More
typically we used 105 cells per mouse. At this dose B cells constituted approximately 5% of
spleen and T cells were infrequent or absent. Thus transfer of this Pro B population provided
repopulation limited to the B lineage. Furthermore, such repopulation proceeded in a “wave” of
differentiation, since Pre-B cells were not detected in the bone marrow of these recipients three
weeks after transfer.

Fig. 1. Analysis of bone marrow and fetal liver for expression of B220, CD43 and HSA reveals a fraction of cells
expressing all three determinants in these tissues. Note that while there are many B220*CD43~ cells in bone
marrow, such cells are lacking from fetal liver. Gates used in sorting are indicated by dotted boxes and lines
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Fig. 2. B cells with distinct phenotypes are repopulated in SCID mice 3 weeks after transfer of fetal liver or adult
bone marrow derived Pro B cells. 1 x 105 Pro B cells (defined as B220*CD43+HSA*) were isolated by cell sorting
from either source and then injected i.v. into SCID recipients irradiated the previous day (350R, Cs). Three weeks
later recipients were sacrificed and spleen cell suspensions stained with indicated reagents. Cells were analyzed on
a dual laser flow cytometer operating in four-color mode (FACStarP-US)

We then compared the phenotype of B cells generated by Pro B cells from two distinct
developmental timings, adult bone marrow and fetal liver. Previously [7] we had suggested that
B cells bearing a novel surface phenotype, IgMhighIgDIOWCDS5+ (hereafter referred to simply as
CD5* B cells), were largely generated early in development and only poorly repopulated using
bone marrow stem cells, largely giving rise to B cells with a typical phenotype,
IgDhighJgM10WCD5~ (hereafter referred to as IgD+* B cells). In contrast, fetal liver stem cells
efficiently reconstituted all lymphoid subpopulations. However, since transfer of stem cells
repopulates the bone marrow, generating Pre-B and B cells there, it was unclear whether both
CD5* and IgD*+ B cells were simultaneously generated in fetal liver and then only the latter in
bone marrow or alternatively whether CD5* B cells were produced in fetal liver and IgD*+ B
cells in adult bone marrow.

The results of these transfer experiments (Figure 2) supported the latter alternative. Thus,
transfer of Pro B cells from fetal liver efficiently generated B cells, but few expressed high
levels of IgD and many were CD5* (both in spleen and peritoneal cavity). In contrast, Pro B
cells from bone marrow generated B cells in similar numbers, but most were IgD** and few
expressed CDS5. We interpreted this as supporting a fetal origin for most CD5* B cells found in
the adult animal and further, that most IgD+* cells do not arise from this fetal source. This
distinction in precursors is important, since CD5* and IgD*+ cells exhibit numerous functional
distinctions. Further, many B cell lymphomas are CD5+, both in mouse and human [8, 9]. Thus
it is critical to establish whether CD5* B cells arise independently of IgD*+ cells and if so to
characterize differences in both the progenitors and their progeny.
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Time course of B cell repopulation

We have carried out a time course of the repopulation of B cells using fetal-derived Pro B cells.
We find detectable B cell engraftment at 2 weeks, peaking by 3-4 weeks and thence remaining
relatively stable for months. As can be seen in Figure 3, many of the B cells in spleen express
CDS5 at all time points tested. Further, analysis for IgD expression (Figure 4) shows that most
bear distinctive low levels of IgD together with high levels of IgM as a stable phenotype (out to
10 months).

Fig. 3. Flow cytomeiry of CD5/IgM expression in SCID spleen as a function of time after transfer of fetal Pro B.
The IgM* cell frequencies (where visible) vary from 2-7%. Data shown is gated for “lymphoid” forward/right
angle scatter values. Representative data from numerous analyses (at least two at each time point). Note that CD5
expression, normally rare on B cells in spleen, is readily detectable in these analyses

Fig. 4. Flow cytometry of IgM/IgD expression in SCID spleen as a function of time after transfer of fetal Pro B.
Analyses comparable to those in Figure 3. Note that in contrast with the bulk of B cells in normal spleen, most B
cells show a distinctive [gMhighIgDIoW phenotype
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Fig. 5. Flow cytometry of CD5/IgM expression in SCID peritoneal cavity as a function of time after transfer of
fetal Pro B. The IgM™ cell frequencies (where visible) vary from 10-30%. Representative data gated as in Figure 3.
Note that the bulk of B cells are CD5* at all but the first detectable time point, week two

A similar time course analysis of cells in peritoneal cavity also reveals first detectable B cells 2
weeks after injection (Figure 5). Interestingly, there is a reproducible increase in the expression
of CD5 between 2 and 3 weeks; thereafter the percentage is relatively stable. This may reflect
the induction of CD35 on an initially CD5~ population during a process of antigen selection (see
below).

Careful analysis of the bone marrow for engraftment of Pre B cells (as distinguished from Pro B
cells that are always present in SCID bone marrow) shows that a transient population of
B220+CD43- cells is detected one week after injection (Figure 6). At this point all B220+ cells
are IgM~ (not shown). At later time points (2, 3 wks) this fraction is undetectable. Furthermore
this population is never seen in control SCID bone marrow, whether irradiated or
unmanipulated. A transient expansion of the Pro B fraction (B220+*CD43+) is seen shortly after
irradiation of SCID mice (see control, 1wk, Figure 6).

Fig. 6. Flow cytomectry analysis of bone marrow from SCID recipients at different times after transfer of fetal Pro B
reveals a transient population of Pre B cells (B2201CD43, dotted box) one week after transfer. For these data,
unlike all other experiments presented, 3-5 x 10° fetal Pro B cells were injected per animal to enhance the ability to
detect early engraftment. Note that early after irradiation, control SCID bone marrow contains an clevated
percentage of B220+CD43* cells. In all plots, it is likely that most cells with this phenotype are SCID-derived and
not from the transferred population
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Fig. 7. Sorted CDS* B cells retain CD5 expression after transfer to and expansion in SCID mice. CD5* B cells
were sorted from BALB/c peritoneal cavity, cultured for two days, then a fraction restained and the majority
injected into SCID mice (irradiated the previous day, 350R, Cs). After 7 weeks, recipients were sacrificed and
peritoneal cavity cells analyzed for the presence of CD5™ B cells by flow cytometry. Thy-1 serves as a control for
CDsS staining on B cells in these analyses

CD5 expression on B cells as a stable phenotype

If CD5+ B cells are not constantly replenished from unrearranged sources in the adult, then how
is the population maintained? We had previously shown that transfers of small numbers of
IgM* B cells from peritoneal cavity could reconstitute and maintain the CD5* B cell population
in irradiated recipients [10]. Thus CD5* B cells are a long-lived self-maintaining population,
with little or no need for input from a newly rearranging precursor pool, in contrast with bone
marrow derived IgD** B cells that presumably turn over with a shorter half-life. Further, we
have found that CD5 expression is a relatively stable feature of the CD5* B cell population
since such cells when carefully purified from the peritoneal cavity will stably repopulate only
CD5* B cells in SCID mice (Figure 7).

It appears that the Ig repertoire of CD5* B cells is more restricted in the adult compared to the
newborn. This is particularly evident when one focuses on genes encoding novel self-
reactivities enriched in this B cell subset such as antibody to a cryptic determinant on mouse
red blood cells exposed by treatment with the proteolytic enzyme bromelain [11-13]. Thus we
suggest that CD5* B cells have undergone selection from the original pool of Ig* cells with
only those encountering their antigen at an appropriate (as yet undetermined) affinity being
recruited into the long-lived adult population [14]. As such, they constitute a type of “memory”
encoded in the germline for self determinants. The functional significance of such a self-
memory population remains a topic of speculation for the moment and further investigation.
Our repopulation system provides a powerful new tool for solving this intriguing puzzle.
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Conclusions

Since their initial identification as a subset of B cells in normal mice [15] Ly-1/CD5* B cells
have been shown to possess a set of properties that distinguish them from normal (IgD++) B
cells. Among these are production of certain self-reactive antibodies [16] and a propensity to
clonal expansion and even neoplasia [17]; for a review see [18]. In particular, recent
immunoglobulin V region gene sequence analysis of hybridomas derived from the normal CD5*
B cell population provides some of the best evidence to date connecting them with neoplastic
CD5* B cells [12, 19, 20]. Further, the definition of a homologous population of CD5* B cells
in human that shares at least some properties with murine CD5* B cells provides further impetus
to understand their significance ([21, 22]).

A recurrent issue in the study of this population has been it’s relationship with the bulk of IgD++
B cells. Early work demonstrating differences in the efficiency of repopulating irradiated
recipients using fetal liver versus adult bone marrow led us to suggest that CD5* B cells arise
relatively independently from the bulk of B cells, primarily during fetal and neonatal
development [7]. An alternative hypothesis, based on the observation that CD5 could be
induced on human B cells by phorbol ester treatment [23], was that such cells were simply an
activated stage of a single population of B cells. More recently, this latter view has received
support from a demonstration that CD5 expression could be induced on murine CD5- B cells by
treatment with anti-IgM antibody [24].

However a number of observations argue against the interpretation that the majority of CD5+ B
cells seen in normal mice arise by activation of typical IgD*+ splenic B cells. First, it is difficult
to explain the transfer results based on an activation model. Our recent Pro B cell transfer data
(including that presented here) argue that most committed B cell progenitors present during fetal
development contribute to the adult CD5 population and not to the IgD** population whereas
the converse is true for Pro B cells in bone marrow of adult mice. A counter to this
interpretation of our data is that CDS expression is only induced by certain antigens (possibly
those known as “type II”") and that such specificities are uniquely restricted to the fetal-derived
B cell population, possibly due to low N region addition. While it is clear that N region addition
is low in the progeny of fetal Pro B cells [25] it remains unclear how the lack of N regions
would give such a biased reactivity (or alternately how the presence of N addition would
preclude it). Furthermore, not all Ly-1 B cells show an absolute lack on N-addition [26].

Another suggestion is that preferential Vyi/V1, expression restricted to fetal B cells might give
the type of reactivity that induces CDS5 expression. But again, there is no clear data suggesting
that preferential V gene usage would produce this type of reactivity and further, such
preferential usage has been reported in early B lineage cells of both fetal liver and adult bone
marrow [27, 28]. Even if if it turns out that fetal and adult B cells do express such distinct
repertoires, then the argument that CD5 is simply an activation antigen on B cells becomes in
essence semantic, since it would then serve to mark the progeny of B cells that can only be
generated during fetal development. The data in human is less clear-cut, due to the inability to
perform transfer experiments, but the large population of CD5* B cells in cord blood [21]
argues against it’s expression simply being the result of recurrent infections. Further,
immunoglobulin gene sequence analysis suggests that at least some CDS5* human neoplasias
arise preferentially from a selected population of B cells expression novel Vy/VL, combinations
[22], analogous to findings in the mouse.

In summary, even though CD5 expression can be induced on bone marrow derived B cells by a
type of “activation”, it appears likely that CD5 expression in vivo normally serves to mark the
progeny of a distinctive wave of B cell development separate from adult bone marrow derived B
cells. Thus, as suggested long ago, CD5* B cells constitute a separate developmental pathway or
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pathway or lineage with novel molecular and functional properties. The associations with
autoreactivity and B cell neoplasia make this an important population to understand more fully.
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Introduction

Itis clear now from many studies, that the early B cell repertoire differs significantly from
that expressed in the adult. These differences result from not only the variety of V genes
that are expressed but also the mechanisms involved in V gene rearrangements [1-5].
Additionally, the phenotypes of early B cells are typical of the B-1 phenotype while the
majority of adult cells are of the B-2 type [6]. Previous studies have also established that
the ability of B cells to respond to different antigens develops in a hierarchy with a
particularly late development of the ability to respond to polysaccharide antigens [1,7,8].
In contrast to the late appearance of B cells capable of responding to specific antigens,
the early B cell repertoire is marked by the properties of interconnectivity, autoreactivity
and multispecificity which result from the character of the receptors expressed by early B
cells.

Interconnectivity

Previous studies have shown that early B cell derived antibodies are highly connected
when analyzed for binding to each in vitro [9,10]. Several fundamental questions relate
to the origin of this connectivity. Are these interactions between IgM antibodies the result
of selection of B cells expressing particular genetically related V genes within a given
strain or are these V region connections "learned" and develop as the result of mutual
selection during B cell development? We have attempted to study the two alternatives by
comparing interconnectivity that develops within perinatal antibodies derived from two
distinct parental strains, BALB/c and C57BL/6, compared to the connectivities developing
between such parental antibodies when these are derived from F1 mice of the same
parental strains. When we analyzed the connectivity between parentally-derived BALB/c
and C57BL/6 hybridomas it was clear that while there were differences in interconnectivity
apparent within the BALB/c compared to C57BL/6 sets of IgM antibodies, interconnectivity
across strains was much less. However, when the allotypically distinct hybridomas were
isolated from F1 hybrid mice and tested in the same way, such differences were not
obvious and there appeared to be equivalent connectance between antibodies even
though they were derived from the different parental chromosomes. These results
suggest that the connectance between immunoglobulins observed during early life results
from an interplay of the V regions expressed by both alleles and do not appear to be
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genetically restricted. These results favor the second hypothesis that mutual selection by
interaction of B cell receptor immunoglobulins are involved in the connectivity observed
that develops within the individual [9,10].

Self-reactivity and Multispecificity

Although autoantibody production is characteristic of many autoimmune diseases, it is
also a hallmark of developing B cell repertoires in mouse and man [9-11]. Self-reactivity
can be manifested as anti-idiotypic activity as described in the previous section or as
reactivity to other cell surfaces structures.

During development in the mouse the most 3' D proximal genes are rearranged and
expressed first in early development at a frequency out of proportion to the size of the V,
gene families. In most strains of mice studied a particular member of the V,,7183 family,
V, 81X, is functionally rearranged at a high frequency in fetal liver and adult bone marrow
yet never appears to be expressed as IgM expressed by B cells [4,5,12]. In our collection
of perinatal hybridomas we have isolated several secretory hybridomas expressing V81X
in conjunction with a light chain. The secreted IgM antibody from these hybridomas is
highly self-reactive in that it binds to many IgM’s derived from the perinatal period and in
this sense is one of the most highly connected of perinatal antibodies. In addition, this
antibody reacts with the membrane of a variety of self-cell types and cell lines as detected
by FACS analysis. A clue to its highly reactive nature was obtained by analysis of the
derived amino acid sequence which revealed that within the VDJ region of these germline
rearranged genes here were five pairs of positively charged amino acids. Analysis of
other Ig V regions by search of GenBank revealed that this is a very unique characteristic
and itis rare to find even one pair of such charged amino acids in a given V,, region. This
unusual characteristic suggests a reason why the rare V, 81X containing antibodies
isolated have such high self-reactivity towards self-Igs and other cell surface membranes.

This high degree of self reactivity may be responsible for the lack of expression of B cells
expressing the V81X gene since this gene is rearranged at a high frequency in B cell
generative sites. B cells expressing functional rearrangements appear to be deleted [12].
Itis not clear as to the function of such B cells or pre-B cells that would express such a
receptor early in development. To try to understand why this occurs and to determine a
possible function of such cells expressing a rearranged V,, gene we have constructed a
transgenic mouse expressing a functionally rearranged V,,81X gene. Preliminary results
from mice in which the V81X Cp (IgH6a) is expressed on a IgH6b background have
shown that these mice appear to contain normal numbers of B cells expressing the IgM
transgene but no serum transgene IgM could be detected. A small amount of serum IgM
could be detected from the expression of endogenous genes. These results suggest that
the V, ;81X gene can be expressed in periphral B cells but that its presence renders the
B cells anergic in some way and IgM is not secreted into the serum.
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Apart from the apparent self-reactivity that occurs between Ig V regions, other
autoreactivities that are often observed in human and mouse autoimmune diseases were
also detected in perinatal hybridomas. Approximately 11% of hybridomas from the
perinatal period reacted with thymocytes and/or subpopulations of peripheral T cells and
sometimes B cells. A majority of these antibodies appeared to bind to epitopes which
were sensitive PI-PLC treatment [13] and several antibodies which appeared to react with
a similar epitope, precipitated a 100 Kd molecule from the surface of thymocytes which
appeared to be associated with Thy-1 and Th-B molecules [2]. Nucleotide sequence
analysis of this set of antibodies showed a high degree of homology with almost identical
V, genes from the SM7 family and with identical V-D-J,, joins [14]. Since these
hybridomas were isolated from separate fusions it is likely that B cells expressing this
particular specificity are generated regularly during the perinatal period. What particular
role, if any, do B cells expressing such specificities play in early lymphocyte repertoire
development? We are currently investigating the role of such anti-T cell specific B cells
in secondary lymphoid organs since B cells are the first lymphoid cells to enter spleen and
lymph nodes and locate in areas which rapidly become T cell populated compartments.

Neonatal B Cells

It is clear from the above, that perinatal B cells differ in many ways from their adult
equivalents. Apart from the fetal liver as a site for B cell development we have recently
found that mesodermal derived tissues including omentum and mesentery also appear to
be sites for B cell development in mouse and man [15,16]. In mice, fetal omentum
transferred into subkidney capsular sites of scid mice gave rise to CD5" B cells but not
conventional B cells or T cells within the peritoneal cavity of the recipient. Grafting of this
tissue also produce approximately normal levels of serum IgM of donor origin as well as
1gG (mainly 1gG3) in the serum. In addition, donor-derived IgA plasma cells were found
in the lamina propria [15,17]. The nature of the precursors is not yet clear, but these
experiments clearly showed that the mouse omentum contained precursors for CD5" B
cells. Similarly in humans we could show that fetal omentum is a site for B cell generation
since cells with all the criteria of precursor B cells including CD24 positive cells and TdT
activity could be found in early fetal life [16]. More recently a preliminary study of other
mesodermally derived tissues in human fetuses including kidney and lung also showed
evidence for pre-B cell development [18]. All of these studies suggest that fetal liver is not
the only site where B cells develop in the embryo and that there may be multifocal sites
in which the early B cells, most notably CD5 B cells which predominate early in
development, are generated in sites other than the fetal liver.

These results not only define new sites for B lymphopoiesis but also may relate to the
tendency for plasmacytomas to arise in these tissues as described extensively by Potter
(in this volume).
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Purified B cell precursors (BCP) (CD10+ CD19+ surface-membrane (s)Ig- cells) isolated from
human fetal bone marrow (BM) were cultured with various cytokines, in the presence or
absence of a fibroblastic stromal cell layer derived from adult human BM. We demonstrated that
IL-7, IL-3, and stem-cell factor (SCF) participate in inducing low magnitude BCP proliferation

in the absence of stroma. Addition of either IL-4, IFN (& and 7y), or TGFR, resulted in
significant inhibition of proliferation.

Strikingly, BCP proliferated at remarkably higher levels when cultured on BM stromal cells,
and this effect was further enhanced by exogenously supplied IL-7. Proliferating cells were
mostly CD20+, and included both cpl- and cp+ cells.

Furthermore, BCP proliferated in response to anti CD40 antibody presented by FcyRII-
transfected murine fibroblastic Ltk- cells (CD40 system) (Banchereau et al. 1991),
demonstrating a functional role for CD40 in B cell ontogeny. However, this effect was shown
to require a second signal, which could be specifically provided by IL-3 among a panel of
cytokines examined.

Finally, although suggestive of BCP maturation, the culture systems examined did not permit
the transition to mature B cells (sIgM+ sIgD+).

Introduction

A number of groups have devoted major efforts to understand the regulatory mechanisms
controlling BCP proliferation and maturation. Progress has been most notable in the murine
system (reviewed by Rolink and Melchers 1991), largely following the establishment of long-
term stroma-dependent BCP cultures (Whitlock and Witte 1982). Such cultures permitted the
identification and molecular cloning of stromal-cell derived interleukin (IL)-7 (Namen et al.
1988), which represents a central growth-factor in murine B cell ontogeny. In addition, a
number of other cytokines have been described as positive (stem cell factor (SCF), IL-4, IL-3),
or negative (IL-1, IL-4, TGFR), regulators of murine BCP proliferation at various stages of
development. Although cytokines (IL-1, IL-4) have also been implicated in BCP maturation,
this process is thought to be largely driven by expression of the Ig genes (Reth et al. 1987; Era
et al. 1991).

In humans, lack of appropriate culture systems has long constituted a major obstacle for the
study of B lymphopoiesis (reviewed by LeBien 1989). Recently, however, we and others
(Wolf et al. 1991) succeeded in expanding human BCP for several weeks in vitro. Here, we
summarize our studies on the proliferation and maturation of human BCP.

Current Topics in Microbiology and Immunology, Vol. 182
© Springer-Verlag Berlin - Heidelberg 1992



86

Materials and Methods

Isolation of human BCP

Human BCP were isolated from femurs of spontaneously aborted fetuses between 18-24 weeks
of gestation. BM was extracted, and centrifuged on Ficoll-Hypaque (d=1.077). Light-density
cells were subjected to overnight adherence at 37°C, and non-adherent cells were subsequently
fractionated by panning with anti-CD10 MAb (ALB-1, Immunotech, Marseille, France).

CD10+ cells were recovered and depleted of sIg+ cells by a cocktail of MAbs (anti W, o, 8, K,

A) and immunomagnetic beads. This procedure led to the isolation of a highly purified CD10+
slg- BCP population, which uniformly expressed CD19 antigen.

Cultures of BCP in the presence of cytokines

Freshly isolated CD10+ sIg- BCP were cultured in OptiMEM liquid medium (Gibco, Grand
Island, NY), containing 10%v/v fetal bovine serum (FBS), 5 x 10E-5 M 2-B-mercaptoethanol
(2-me), and antibiotics. For 3H-thymidine (3H-Thd) incorporation assays, BCP were seeded in
96-well culture plates at 10E4 cells/well. In parallel, cultures were initiated at 3 x 10ES cells/ml
in 24-well plates, for cell-counts and phenotype analysis. Human cytokines were used as
purified recombinant preparations, at concentrations indicated in Figs. and Tables.

Cultures of BCP on stromal cells
Freshly-isolated CD10+ sIg- BCP were cultured on confluent monolayers of human BM
stromal cells prepared as follows. Briefly, adult BM from femur fragments obtained during

orthopedic surgery was seeded -in oi-MEM medium supplemented with 12.5%v/v FBS,
12.5%v/v horse serum, 10E-6 M hydrocortisone, and 10E-4 M 2-me. Non-adherent cells were
removed following 18 hours of incubation. Adherent cells were cultured for 7-10 days,
detached with trypsin, and depleted of cells of hematopoietic origin by using a cocktail of MAbs
(anti CD45, CD14, CD20, CD33, CD19, CD2, CD3) and immunomagnetic beads. Cells
recovered were replated and grown to confluence, yielding uniform fibroblastic-like cultures.
After washing off spent medium, BCP were added (in OptiMEM medium) to the stromal cells,
at the same cell densities as described above.

Cultures of BCP in CD40 system
BCP were recovered after expansion of CD10+ slg- cells on BM stroma and IL-7 for 10 days
(see above), washed, and seeded onto irradiated (5000rad) murine fibroblastic Ltk- cells

transfected with CDw32, the human Fcyll-receptor (CDw32 L cells) (ratio BCP/L cells=2).
Anti CD40 MAb (MAD 89) (Vallé et al. 1989) was added at 500ng/ml, in the presence or
absence of cytokines. As control, a MAb of same isotype (IgG1) but unrelated specificity was
supplemented (500ng/ml) to the cultures. BCP were seeded at the same densities as above. The
CD40 system has been previously described in detail for cultures of mature human B cells
(Banchereau et al. 1991).

Results and Discussion

Phenotype of fetal CD10+ sIg- BCP

We first characterized the phenotype of freshly-isolated fetal BCP by flow cytometry.

The CD10+ sIg- cells were found to have the following phenotype: CD1a-, 2-, 3-, 5-,8-, 9+,
10+, 11a+ (LFA-1), 13+ subset, 19+, 20+ subset, 21-, 22+, 23-, 24+, 25-, 28-, 33-, 34+
subset, 37+, 38+, 40+, 43+, 44+, 45R0-, 45SRA+, 47+, 48+, 49d+ (VLA-4), 49¢+ (VLA-5),

54+ (ICAM-1), 55+, 58+ (LFA-3), 59+, w78+, c-kit-, slg-, cli+ subset, ck-, cA-.

In addition, Hoechst 33342 fluorescence analysis indicated that a proportion of freshly-isolated
CD10+ sIg- cells were in cycle (10.4% cells in S+G2/M) (data not shown).
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Effect of cytokines on human BCP

As illustrated in Table 1, among a panel of factors tested, only IL-7 and IL-3 induced significant
levels of 3H-Thd uptake by fetal CD10+ sIg- BCP. Human BCP have previously been reported
to proliferate in response to IL-7 (Saeland et al. 1991; Uckun et al. 1991), and IL-3 (W6rmann
et al. 1989). However, the effect of IL-7 is of much lower magnitude than that described on
murine BCP (Lee et al. 1989). In this context, although early BCP respond to IL-7 (Saeland et
al. 1991), we did not detect high-proliferative B lineage cells within the CD34+ compartment,
indicating that our present BCP selection does not exclude such a putative CD10- population.
The association of IL-7 and IL-3 provides a stronger proliferative signal for CD10+ sIg- BCP
than either cytokine used alone (Saeland et al. 1991; and Table 1). However, these effects
remain of low magnitude, and such cultures did not permit an increase of cell numbers (not
shown). Furthermore, IL-7 and IL-3 dependent cultures could only be maintained for
approximately two weeks.

IL-7 dependent proliferation of CD10+ slg- cells was potentiated by soluble SCF (Table 1),
which, unlike I1.-3, lacked proliferative activity per se (Table 1). In this respect, SCF has been
reported to synergize with IL-7 for the proliferation of early murine BCP (McNiece et al.
1991). However, murine BCP have been reported to express high levels of the c-kit encoded
SCF-ligand (Rolink et al. 1991), whereas human BCP seem to lack detectable c-kit expression
(personal observations; and Ashman et al. 1991).

Table 1. Proliferation of CD10+ sIg- BCP in response to cytokines

cpm
Culture conditions Exp 1 Exp2 Exp 3
Medium 525 + 86 205+ 15 317+ 82
-7 1137 + 163 2694 £ 72 1548 £ 18
IL-3 1337 £ 230 790 + 56
IL-6 500 + 114
IL-10 313 £ 102
IFN-y 585 + 149
TNF-o 441+ 53
TGFB 136 £ 15
SCF 447 £ 126
IL-7 + IL-3 5911 * 405
IL-7 + SCF 2424 + 267

34-Thd incorporation = SD in triplicate wells, after 6 days of culture of CD10+ slg- cells (10E4/well). Cytokine
concentrations as follows: IL-7: 10 ng/ml, IL-3: 10 ng/ml, IL-6: 20 U/ml, IL-10: 100 ng/ml, IFN-y : 500
U/ml, TNFo.: 25 ng/ml, TGF: 2 ng/ml, SCF: 100 ng/ml

As shown in Table 2, several cytokines, such as IFN-vy, IFN-a,, [L-4, and TGF-8, were able to

inhibit IL-7 and IL-3 dependent BCP proliferation. In this context, TGF- and IL-4 have been
described as growth-inhibitors in murine B cell ontogeny (Lee et al. 1989; Rennick et al. 1987).

Finally, we did not detect an inhibitory effect of IL-1o on BCP proliferation in response to IL-7

and IL-3 (Table 2). This contrasts with the IL-1c induced inhibition of IL-7 dependent murine
BCP growth (Suda et al. 1989).
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Table 2. Inhibitory effect of cytokines on IL-7 + IL-3 dependent proliferation of CD10+ slg- BCP

cpm
Culture conditions Exp 1 Exp2
Medium 723+ 71 1050 £ 515
IL-3 +IL-7 2808 + 130 5721 + 709
IL3 + IL-7 + IFNy 1531 + 283

IL-3 + IL-7 + IFNo 1729 + 186

IL-3 + IL-7 + TGF8 729 £ 71

IL-3 + IL-7 + IL-1o 3067 £ 522

L4 916 + 78
IL-3 +IL-7 + IL-4 1541 £ 517

Experimental conditions as in Table 1, except IFNy: 1000 U/ml, IFNo: 1000 U/ml, IL-1o: 1000 U/ml, IL-4:
100 U/ml.

Effect of bone marrow stromal cells on human BCP

High-level BCP proliferation in the presence of stromal cells

In the mouse, stromal cells from the BM are well known to play a key role in B lymphopoiesis,
serving as accessory cells producing cytokines and providing membrane contact.

Consequently, we generated stromal cell cultures from human BM and evaluated their effect on
the proliferation and maturation of fetal CD10+ slg- BCP. The stromal cultures were depleted
of cells bearing hematopoietic markers, thus abrogating endogenous hematopoiesis, and
eliminating lymphoid and myeloid cells (data not shown). This appeared particularly important
in order to establish BCP cocultures without irradiation and subsequent physiological
alterations of the stromal cells.

As illustrated in Fig. 1, CD10+ slg- cells cultured in the presence of confluent stromal cells
incorporated high levels of 3H-Thd as compared to BCP alone. This reflected BCP
proliferation, as stromal cells alone incorporated only low levels of 3H-Thd (Fig. 1). The
supportive effect of stromal cells on BCP proliferation was considerably enhanced by the
addition of exogenous IL-7 upon initiation of the cocultures (Fig. 1). These results confirm
recently reported experiments (Wolf et al. 1991), and illustrate the importance of the association
of stromal cells and IL-7 in human B-lymphopoiesis, as widely documented in the mouse.

Fig. 1. High-level proliferation of
CD10+ sIg- BCP cultured on bone
marrow stromal cells.

3H-Thd incorporation *SD in
triplicate wells seeded with freshly-
isolated CD10+ slIg- BCP
(10E4/well), in the absence or
presence of stromal cells, or with
stromal cells alone. Cultures
performed with or without exogenous
IL-7 (10ng/ml)
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Lymphoid cells were recovered from BCP cocultures as non-adherent and stroma-adherent
fractions. In line with the data presented in Fig. 1, lymphoid cell numbers were found to
increase in cultures supplemented with IL-7, leading to a several fold expansion as compared to
input BCP (Table 3). Such cultures could be maintained up to one month, without significant
loss of cell viability. In contrast, cocultures performed in the absence of IL-7 contained fewer
cells (Table 3), and were associated with a lower cell viability.

Finally, we also observed high-level proliferation of adult CD10+ sIg- BCP on stromal cells,
indicating that this effect is not restricted to fetal B cell ontogeny (not shown).

Table 3. Expansion of lymphoid cells in cultures of CD10+ sIg- BCP on bone marrow stroma

cell numbers (x10E-5)

Days of culture + Medium +IL-7
0 3.0 3.0
5 3.8 7.2
10 6.4 16.2
15 7.9 21.7
20 9.2 23.6
25 2.8 22.7
30 0.8 21.8

Data represent total recovery of viable lymphoid cells (stroma adherent + non adherent) in cultures performed in
the presence or absence of IL-7 (10 ng/ml).

Effect of stromal cell culture on BCP phenotype
We next studied the phenotype of lymphoid cells recovered from cocultures of fetal CD10+ slIg-

cells with BM stromal cells, in the presence or absence of exogenous IL-7.

Thus, virtually all cells were CD19+ CD10+ (Fig. 2), demonstrating their B lineage affiliation.
Only a minor proportion of cells expressed sy (maximally in the order of 10%) (Fig. 2), in
association with sk or sA (not shown), independently of the presence of IL-7 (Fig. 2).These
data are in accordance with other authors (Wolf et al. 1991).

However, we failed to detect cells bearing other isotypes (not shown), indicating that the great
majority of the cells in our cultures are BCP, and that the present system does not support the
emergence of mature B cells. In contrast, stromal cells have been described to provide sufficient
signals for the maturation of human BCP to Ig plaque-forming cells in agar cultures (McGinnes
et al. 1991). The reasons for these differences remain to be investigated. In this context, we
neither detected ck+ or ci+ cells in our cultures, nor the presence of Ig in the supernatants,
indicating the absence of plasmocytes.

As shown in Fig. 2, BCP cultured on stromal cells expressed high levels of CD20 antigen in
the presence of exogenous IL-7. We further observed the appearance of CD21+ cells, and
occasional CD23+ cells, under the same culture conditions (not shown). In contrast, we noted a
reduction of the CD34+ BCP subset, and an importance decrease in the expression of CD9
antigen (not shown). Taken together, these results suggest that our BM stromal cell cultures
support a partial BCP maturation sequence, in which IL-7 plays an active role.

With the exception of an increase in LFA-1 levels, which has previously been described during
human B cell ontogeny (Kansas and Dailey 1989), our stromal culture system did not modulate
the expression of a number of adhesion receptors (VLA-4, VLA-5, ICAM-1, LFA-3) (not
shown). Binding of BCP to stromal cells involves VLA-4 (Ryan et al. 1991), but our data
suggest that expression levels of this molecule cannot explain the reported maturation-
associated decrease in the capacity of BCP to bind to stroma (Ryan et al. 1990).

We neither detected expression of c-kit, nor of the transferrin receptor, following culture of
BCP on stromal cells. In contrast, however, and unlike freshly-isolated BCP, a subset of the
cells recovered from the cultures was found to express CD25, the 55kD chain of the IL-2
receptor (data not shown).
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Finally, CD40 was expressed on most BCP following culture on stroma, with a pattern similar
to that of freshly-isolated CD10+ slg- cells (not shown).

CONTROL CD10 CcD19 CD20 sp
10! 10F 103 101 107 103 10° 10! 107 107 1° 10! 10F 107 10° 0! wf 107

MJLUUAML

10° 10! 107 107 10° 10% 107 107 10° 10! 0¥ 0’ w° w! 0¥ 103 w° 10! 107

Fig. 2. Phenotype of lymphoid cells following culture of CD10+ sIg- BCP on bone
marrow stromal cells.

Freshly-isolated CD10+ slg- BCP were cultured for 11 days on stroma (see Materials
and Methods), in the absence (A) or presence (B) of exogenous IL-7 (10ng/ml).
Histograms represent log of fluorescence (horizontal axis) versus relative cell numbers
(vertical axis) for non-adherent lymphoid cells (FACScan analysis). Similar results
were obtained on stroma adherent lymphoid cells (not shown)

Characterization of proliferating BCP in stromal cultures
Next, we characterized proliferating cells in cultures of CD10+ sIg- BCP and BM stroma.

Thus, we performed cell-cycle analysis (Hoechst 33342 fluorescence) on stroma adherent and
non-adherent lymphoid fractions.

As shown in Fig. 3, a comparable proportion of cells were in S+G2M phase in the two
fractions (adherent: 23.7%; non-adherent: 26.5%) following 4 days of culture. Similar results
were obtained on day 10 cultures (not shown). These data indicate that the capacity to adhere to
stroma does not permit a segregation of proliferating and non-proliferating BCP.
We further observed that the majority of cycling cells, both within stroma adherent and non-
adherent fractions, expressed CD20 in the presence of IL-7 (Fig. 3). However, we recently
detected high-proliferative capacity cells both within CD20- and CD20+ BCP fractions (not
shown). These data would suggest that IL-7 is involved in the induction of CD20, leading to a
rapid predominance of proliferating CD20+ cells. Accordingly, as discussed above, a much
lower proportion of CD20+ cells was found in cultures not supplemented with IL-7 (Fig. 2).
Finally, similar proportions of cu+ and cp- cells were identified in stroma-adherent and non
adherent populations (Fig. 3). Furthermore, proliferating cells were found within the cpi+ and
cl- subsets of both populations (Fig. 3).

Our observation that cp- sIg- cells are not restricted to the stroma-adherent fractions indicate
that some of the cells preceding the cpi+ stage have lost their adhesion capacity. Our findings
suggest that the progressive loss of BCP capacity for stroma adherence (Ryan et al. 1990) is
not an obligatory pathway.
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Fig. 3. Cell cycle analysis of CD10+ slg- BCP cultured on bone marrow stromal cells.

Freshly-isolated CD10+ slg- cells were cultured 4 days on stroma (see Malerials and
Methods), in the absence (A) or presence (B) of exogenous IL-7 (10ng/ml). Dot plots
represent DNA content (Hoechst 33342 fluorescence) (horizontal axis) versus phenotype
(vertical axis) (FACStar+ analysis)

Role of surface membrane CD40 in BCP development

The 45kD CD40 glycophosphoprotein has been demonstrated to participate in the activation
and proliferation of mature human B cells. In particular, triggering through anti CD40
antibodies presented by murine CDw32 L cells results in long-lasting proliferation of normal
human B cells (CD40 system), which is further enhanced by IL-4 (Banchereau et al. 1991).
Since CD40 is also expressed on human BCP (Law et al. 1990; Saeland et al. 1992), we
investigated the role of this molecule in human B cell ontogeny.

As illustrated in Fig. 4, significant levels of 3H-Thd incorporation were observed when fetal
BCP expanded on stroma (see Materials and Methods) were cultured in the presence of anti
CD40 MAb, CDw32 L cells, and human IL-3. Similar results were obtained using freshly-
isolated CD10+ slIg- cells (not shown), indicating that the effect is not associated with
preculture on stromal cells. The observed proliferation was specificforCD40, as it was not
observed with an isotype-related control MAb (Fig. 4). However, anti CD40 signaling in the
absence of IL-3 was largely ineffective in inducing proliferation, either through soluble MADb,
or upon presentation in the context of CDw32 L cells (Fig. 4). These data are in accordance
with the description that soluble or cross-linked anti CD40 MAbs do not induce BCP
proliferation (Law et al. 1990).
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Fig. 4.CD40 dependent proliferation in the presence of IL-3.

BCP recovered from culture of CD10+ slg- cells on stroma were seeded either in CD40 system
(anti CD40 + L cells) (see Materials and Methods), or in control conditions, in the presence or
absence of IL-3 (10ng/ml). Control MAb is of same isotype as anti CD40 (IgG1). 3H-thymidine
incorporation £SD in triplicate wells (10E4 cells), at day 8 of culture

Among a panel of cytokines tested, only the addition of IL-3 resulted in proliferation in the
CD40 system (Table 4), indicating that IL-3 plays a particular role in CD40 dependent BCP
activation.

IL-4 was ineffective as a cofactor for BCP proliferation (Table 4), in contrast with the co-
stimulatory role of this cytokine on mature B cells (Gordon et al. 1988).These data confirm that
our present description of CD40 dependent proliferation represents an effect on BCP and not on
mature cells.

Table 4.IL-3 acts as a specific cofactor for CD40 dependent BCP proliferation

Culture conditions cpm
Medium 417 * 68
IL-3 3143 £ 759
IL-1o 362 + 39
IL-2 500 + 127
IL4 344 + 53
IL-6 358 + 103
IL-7 873 £ 73
IL-10 652 £ 137
[FNy 480 % 35
TNFa 259 £ 56
TGFB 385 + 82

BCP recovered from culture of CD10+ slg- cells on siroma were seeded in CD40 system, as described in
Materials and Methods. Data represent 3H-Thd incorporation + SD in triplicate wells (10E4 cells), after 8 days of
culture. Cytokine concentrations as in Table 1, except IL-1o:: 20 U/ml, IL-2: 20U/ml, IFNy: 500 U/ml.
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Finally, we observed that BCP cultured following CD40 stimulation only included a low
proportion of sigM+ cells, and we did not detect cells bearing other isotypes (not shown).

Taken together, our results identify a role for CD40 in B cell ontogeny. Further studies will be
required to characterize the target BCP for CD40 dependent proliferation, and to address the

mechanisms underlying this effect.

Concluding remarks

We have described different culture systems for investigating the regulatory mechanisms in
human B lymphopoiesis.

Of particular interest, BCP were maintained several weeks in culture in the presence of stromal
cells, providing a model to address the role of stromal cell-derived molecules in BCP
proliferation. In addition, a practical consequence of our results is the possibility to generate
relatively large numbers of BCP for characterization studies.

Our present data confirm and extend recent observations of Wolf et al (Wolf et al. 1991). In
particular, it is clear that, as in the mouse, ILL-7 plays a critical role in the proliferation of human
BCP. Another similarity with the murine system is the requirement for additional signal(s) for
optimal proliferation. Further work will be required to dissect the factors acting at the different
stages in human B lymphopoiesis.

Our observations that the CD40 molecule signals BCP proliferation in the presence of IL-3
raises the question of the physiological relevance of this effect. In this context, both IL-3 and a
recently identified CD40 ligand (Armitage et al. 1992) are produced by activated T cells,
suggesting the possibility that CD40 could be involved in T cell-dependent regulation of B
lymphopoiesis.

Finally, the culture systems presented herein did not permit the generation of sIgM+ sIgD+ B
cells from BCP. Consequently, investigation of the factors required for the transition step to
mature B cells represents an important priority.
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INTRODUCTION

The bone marrow of an adult mouse produces approximately 16 million new B
cells each day (1). The vast majority of these cells appear to be rapidly
turned over since 2/3 of the peripheral B cell pool is comprised of long-
Tived u*6" B cells (2). Recent studies indicate that newly generated B cells
are selected into this Tong-Tived pool via an Ig V region-mediated process
that appears to involve internal autoantigens or external environmental
antigens (3-7); and that this receptor-driven selection process is influenced
by both the anatomical and physiological environment of the B cell (5,7) as
well as the genetic make up of the host (8). Thus, we have recently
demonstrated that phosphocholine-(PC)-specific B cells are positively
selected into the peripheral lymphoid tissues of M167 p-H-chain transgenic
mice that express a normal X-chromosome but they are clonally deleted in both
M167 p and pk transgenic mice which coexpress these M167 transgenes with the
X-Tinked immune deficiency gene, xid (6,8). Idiotype and antigen binding
analysis of antibodies generated via transfection of variant V4l genes in
conjunction with the k8, k22, and k24 Tight chain genes suggest that both the
positive and negative selection of idiotype-positive, PC-binding B cells are
antigen-mediated and not idiotype-mediated processes (6)(Kenny,J.J. et al.,
submitted). In as much as >97% of the peripheral B cells in M167 puk
transgenic mice express the transgene-encoded IgM product as an antigen-
specific receptor on their surface (9), it was of interest to determine
whether or not these antigen-selected B cells had been altered during their
positive selection process. The data presented in this paper suggest that
the initial encounter with antigen has resulted in a selective form of
tolerance in that extensive cross-linking of the IgM receptors with soluble
anti-Ig leads to the death of these B cells.

RESULTS AND DIscussIon
Thymus Dependent Immune Responses Appear to be Normal in M167 Transgenic Mice

To analyze the in vivo and in vitro in immune responses of B cells from M167
ik transgenic mice to PC, mice were either immunized i.p. with PC-KLH in CFA
and their spleen cells assayed 5 days later for PC-specific PFC, or unprimed
splenic B cells were set up in vitro with PC-KLH and a KLH-specific T helper
cell Tine. The data in table 1 demonstrate that large numbers of M167-id*
PFC were generated in the spleens of transgene positive (TG') mice while the
TG littermates produced the expected T15-id dominant response. In as much
as TG" mice have more than 10 x 10° PC-specific B cells in their sP1eens
prior to immunization (6,9), it is somewhat surprising that the TG" mice
produce less than 10° PC-specific PFC/spleen following immunization with
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PC-KLH. This could indicate that: 1) very few of these B cells are capable
of developing into antibody secreting cells; or 2) that T cell he]p and/or
other physiological or anatomical requ1rements may be limiting in situ.
Pinkert et al. (10) have shown that only 1 in every 10° B cells from these
M167 pk transgenic mice is capable of responding to PC in the splenic
fragment assay, where presumably every B cell should be provided with maximum
T cell help. However, as shown in Fig. 1 and in reference (11), the B cells
from these mice make excellent antibody responses when placed in culture with
PC-KLH and KLH-specific T helper cells. PC- spec1f1c antibody responses of
2.5 pg/ml were produced with as few as 3 x 10° B cells per well. Due to the
low number of B cells used, no anti-PC antibody was produced from TG B cells
in assays performed in 96 well plates (data not shown).

The data in Table 1 and Fig. 1 indicate that the B cells from M167 uk TG'
mice are capable of responding normally in vivo and in vitro when prov1ded
with cognate T cell help. However, when spleen cells from TG" and TG™ mice
were cultured with optimally st1mu1atory concentrations of soluble anti-g,
or Sepharose-conjugated anti-pu, ant1 -u®, anti-p°, anti-id antibodies, or PC
and analyzed for proliferation by H-TdR uptake, spleen cells from TG* mice
were unresponsive to soluble goat anti-g while the normal TG™ cultures were
stimulated ~30-fold over the medium control. In contrast, the TG' spleen
cells gave a 15-fold higher response than the med1um control after
stimulation with the same preparation of goat anti-g conjugated onto
Sepharose beads. TG* cultures also responded to Sepharose conjugated anti-
id, anti-p®-allotype, and PC and to LPS (Table 2). Overall, these results
suggest that the transgene-encoded sIgM receptor is capable of transducing
mitogenic signals when stimulated by Sepharose conjugated anti-Ig, but not
soluble anti-Ig.

The unresponsiveness of T B cells to soluble anti-Ig could be due to: 1)
FcR-mediated inhibition; 2) T-cell suppression; 3) developmental arrest of
these B cells; 4) anti-g induced receptor modulation; or 5) receptor-induced
cell death. It has been demonstrated that anti-g-induced activation can be
inhibited by the Fc portion of the antibody molecule acting through the B
cell FcR (12). To 1nvest1gate FcR-mediated inhibition as a poss1b1e cause
of the unresponsiveness in TG" B cells, the sp]een cells from TG" and TG mice
were: 1) cultured with soluble goat ant1 -4 in the presence of purified

Table 1. Primary in vivo immune response of M167 px transgenic mice to phosphocho]inea

Mouse Plaque Forming Cells Per Spleen
Phenotype

Total IgM % Vyl-id % T15-id % M167-id
Transgene Positive 260,008 99 0 100
Transgene Negative 92,537 100 95 0

a) Mice were immunized 1.P. with 100 ug of PC-KLH in CFA. Direct PFC were assayed on PC-SRBC 5 days after
immunization.



97

Antibody Responses of Transgenic B Cells
T Cell-Dependent Responses to PC—KLH

B+MAC Alone

B+MAC T, Line

o]

Ml PC-KLH (10 ng/ml)
[ No Antigen

1 1 1
2000 4000 6000

PC—Specific Antibodies (IgMa) (ng/ml)

Microtiter wells were set up in triplicate with 104 anti-Thyl + C' treated M167 uk spleen cells (B + MAC)
with or without 10™ B10 KLH-specific Ty-cells. Media was changed at day 4 and supernatants assayed on PC-
BSA-coated microtiter plates (9) at day 10.

Table 2. In vitro activation of spleen cells from M167 ux transgenic mice

Transgene + Transgene -
CPM/Culture
Media 4,372 5,281
Anti-p 4,453 155,331
Anti-g-Seph. 62,078 153,550
Anti-Vy-id-Seph. 221,022 6,882
Anti-IgMa-Seph. 36,120 5,868
Anti-1gMP-Seph. 2,970 79,641
PC-Seph. 184,871 4,987
MOPC-21-Seph. 3,081 5,406
Rat-IgG-Seph. 8,055 5,441

LPS

409

73,242

s 51,
a) Spleen cells (3 x 107) from individual T' and T 207-4 mice were cultured in the presence of soluble

gpat anti-p (100 pg/m1), goat anti-u-Sepharose (1:150), anti-u®-Sepharose (DS1zSepharose, 1:100), anti-
u’-~Sepharose (AF6-78.25-Sepharose, (1:100) for 48 hr. prior to pulsing with “H-thymidine for 16 hrs.

b) Data represent the geometric mean of triplicate cultures. The standard error for all groups exhibiting
proliferation above that of the medium control was less that 5 % of the mean.
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monoclonal 2.4G2 anti-FcR antibody (13); and, 2) stimulated with goat F(ab’),
anti-g. The data in Table 3 demonstrate that anti-FcR antibody had

no effect on the anti-g response of the TG* spleen cells. Treatment of TG'
and TG spleen cells with F(ab’), anti-p resulted in a 3-fold increase in
proliferation of the TG" spleen cells, while the proliferation of C57BL/6 and
TG™ spleen cells was enhanced an average of 1.6-fold over the responses
obtained with an equal molar concentration of intact anti-pg-antibody (Table
4). The low response obtained with the F(ab’), anti-p was still 3 times
Tower than the response of the same cells to anti-p-conjugated Sepharose and
10 times lower than the response to anti-Vyl-id-conjugated beads. From these
experiments, it is evident that FcR mediated inhibition is not the primary
reason for the lack of anti-g induced responses in TG' B cells.

The removal of T cells by treatment with anti-Thy 1.2 + C’ also had no effect
on the ability of the TG" B cells to respond to anti-g, and the coculture of
TG* and TG spleen cells in the presence of anti-g did not suppress the TG
spleen cell response (data not shown). Since the anti-Thy + C’ treatment
completely eliminated the proliferative response to Con A, the presence of
an active anti-pu- spec1f1c or non-specific suppressor T ce]] or suppressor
factors in the TG spleen can be dismissed.

Anti-pg Induced Killing of B Cells from 207-4 Transgenic Mice.

We have previously shown that the B cells in M167 pk transgenic mice express
high levels of sIgM and do not express sIgD even though ~20% of these B cells
coexpress endogenous sIgM (9). In as much as this cell surface phenotype is
similar to that of immature B cells that have recently emerged from the bone
marrow (14), the restricted anti-g stimulation defect observed in the B cells
from 207-4 transgenic mice could be: 1) due to arrest of these B cells at a
stage of development which is easily tolerizable, i.e. sIgM’'IgD’; 2) the

Table 3. Anti-g stimulation of Transgene Positive and Transgene Negative
Spleen Cells in the Presence of Anti-Fc Receptor Antibody

Mitogens Anti-FcR C57BL/6 Transgene Transgene
Positive Negative
CPM/CuTture
Medium - 4,456 424 1,352
+ 7,750 327 3,659
Goat anti-p - 86,203 861 20,066
+ 86,464 795 67,444
Goat anti-g-Seph. - 129,239 15,567 63,649
LPS - 76,393 24,320 61,309

a) Spleen cells (3 x 107) of individual T° and T mice were cultured in triplicate wells in the presence
of soluble goat anti-g (100 ug/m1) and 2.4G2 monoclonal anti-FcR aniibody, or Sepharose conjugated goat
anti-p (1:200) or LPS (50 ug/m1) for 48 hr. prior to pulsing with “H-thymidine for 16 hrs. Result are
represented as a geometric mean of the CPM/culture, and standard errors of the mean were less than 5
% in activated cultures.

Table 4. F(ab')p Anti-u Stimulation of Transgene Positive and Transgene
Negative Spleen Cells®

Stimulating Transgene Transgene

Agent Positive Negative
CPM/Cultureb

Media 3,599 5,356

LPS 43,750 88,404

Goat anti-u-Seph. 39,475 77,671

Goat anti-z 100 pg/ml 6,100 69,157

F(ab')p anti-x 61 pg/ml 12,354 207,095

a,b) Spleen cells were cultured and data analyzed as described in table 2.
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consequence of a previous encounter with autologous or environmental PC which
has resulted in a selective inactivation of certain biochemical activation
pathways; or, 3) an activation defect common to all uk transgenic mice, which
results from transgene-induced alteration in B cell development. This Tatter
possibility was addressed by anti-g stimulation of spleen cells from the uk
anti-TNP Sp6 transgenic mouse line (15). The data in Table 5 show that both
soluble ant1 - and anti-p Sepharose beads induced s1gn1f1cant proliferation
in both TG* and TG" B cell populations; thus, the defect in B cells from M167
uk transgenic mice is not simply the result of px transgene expression but
may be related to the changes induced in these B cells fo]]owing antigen-
induced selection or to an arrest in their development. It is known that the
TG* TNP-specific B cells that coexpress endogenous sIgM also express slIgD
(16). This suggests that the B cells in the TNP-transgenic mice have fully
matured, whereas, those in the PC-transgenic mice may be immature.

It has been shown that anti-p treatment of neonatal B cells, which express
predominantly sIgM-only, results in either down modulation and failure to
reexpress sIgM receptors (17) or the induction of apoptosis (Chang, T.L.,
submitted). On the other hand, mature sIgM:sIgD positive B cells will
reexpress their receptors within 18 hr of anti-Ig stripping (17) and will
then proliferate. It was therefore possible that soluble anti-ug caused
either receptor down modulation on the IgM-only TG' B cells and thus, no
response would be seen because multiple rounds of anti-p signaling are
required to get effective induction of proliferation (18). Alternatively,
the anti-pg stimulation could result in the death of these cells. To test
both of these posibilities, TG' and TG" spleen cells were incubated with
soluble goat anti-u antibody or control goat IgG for one hr at 37°C to allow
binding and capping of the sIgM on the B cells. The cell suspensions were
then washed and a portion of the cells stained with biotin conjugated anti-
B220 antibody plus either FITC conjugated goat anti-g, anti-p®, or rabbit
anti-goat-IgG. Only low levels of goat antibody remained after the stripping
and wash procedure (not shown). The remainder of the cells were incubated
overnight in RPMI-1640 + 10% FCS to allow regeneration of the membrane IgM
and were then stained for B220, IgM and IgM®-allotype. The results of one
representative experiment are shown in Table 6. The TG" and TG™ spleen cell
populations initially had 13.6 and 36.5% B cells respectively. After 1 hr
incubation with soluble anti-g, staining of sIgM was reduced to less than 1%;
thus, sIgM was efficiently capped and removed from both cell types. In both
the TG* and TG™ populations, the Toss of B220*IgM* cells was balanced by an
increase in the number of B220"IgM'cells. Twenty four hours after treatment
with goat anti-u, 48.3% of the TG™ spleen cells reexpressed sIgM as compared
with 52.5% in the control. In marked contrast, only 6.4% of the TG' cells
reexpressed their surface IgM and very few B220"IgM cells remain in these
cultures. These results indicate that approximately 2/3 of the TG* B cells
actually die within the first 24 hr following anti-g stimulation. The B

Table 5. Anti-p Induced Activation of Spleen Cells from Sp6 uk Anti-TNP Transgenic Mice®

Stimulating Transgene Positive Transgene Negative

Agent Mouse 1 Mouse 2 Mousel Mouse 2
CPM/Culture

Media 2,490 1,783 3,680 5,321

Anti-p 42,922 51,591 63,561 81,565

Anti-p-Seph. 81,536 82,656 139,872 119,206

LPS 61,555 54,780 94,014 97,602

a) Spleen cells from two TG and TG mice were cultured and data calculated as described in table 2.
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cells that remain do not appear to down modulate their receptors. These
findings suggest that the failure of TG" B cells to proliferate following
anti-g stimulation is due to preferential killing of these sIgM-only B cells.

Early Signal Transduction Events in Transgenic B Cells Appear to be Normal

The B cells from these M167 uk anti-PC transgenic mice present a unique
opportunity for elucidating the difference(s) in the biochemical pathway(s)
that lead either to cell proliferation or cell death following signal
transduction through the same Ig-receptor. High concentrations of soluble
anti-g have been shown to induce both intracellular and extracellular calcium
transport and increased phosphotidylinositol (PI) turnover within minutes of
sIgM receptor cross-linking (19). Thus, we analyzed PI turnover in the B
cells from M167 ux transgenic mice to determine whether or not this early
activation event was altered in these cells. The data in Table 7 show that
there was no difference in PI turnover in TG vs TG B cells following
activation with anti-g, LPS or aluminum fluoride. Pre]iminary analysis of
Ca-flux in these cells also indicates that this activation step is unaltered,

a]though initial unstimulated Ca levels may be higher in the B cells from TG

mice (J. Mond, unpublished data). However, Hornbeck et al. (manuscript in
preparatlon) have demonstrated that phosphomyrlstln C Tevels in unstimulated
T6* B cells are elevated 5 fold over those of TG B cells. Since
phosphomyristin C is a primary substrate for protein kinase C and it

Table 6. Goat anti-u treatment of spleen cells from transgene positive mice_ induces B-cell death
Percent of Total ceNs®?

Treatmenta) Transgene Positive Transgene Negative
n u u n L
B220*  B220" B220" B220* B220*
Day 1 Goat IgG 0.7 13.6 15.1 0.3 36.5
Goat anti-u 13.8 0.3 0.2 32.5 0.4
Day 2 Goat IgG 0.4 18.3 16.5 1.8 52.5
Goat anti-u 1.3 6.4 6.3 3.1 48.3

a) Spleen cells (1 x 107 /m]) from T and T 207-4 mice were cultured in the presence of soluble goat
anti-g (100 pg/m1) gr 1 hr. at 37°C, washed 3 times and cultured overnight at 37°C.

b) Spleen cells (1 x 10°) were stained before and after anti-u treatment with FITC-conjugated anti-z and
biotin-conjugated anti-B220 plus PE-Streptavidin and analyzed as described in the methods section.

Table 7. Anti-p induced activation of the phosphatidylinositol cycle in B cells from M167 puk
transgenic mice®

Ratio: PI/Total Myoinositol x 10 =

Inducing Transgene Transgene
Agent Positive Negative
None 5.0 5.7
Anti-u 8.0 8.4

LPS 6.0 6.3

AF 10.8 11.1

a) Anti-Thy + C' treated spleen cells from M167 ux T&‘,’ and TG littermates were cultured for 4 hours in
inositol-free RPMI supplemented with 200-400 uCi of “H-myo-inositol (58.5 Ci/mMole). Cells were washed,
stimulated with soluble anti-g for 30 min. and PI turnover measured as previously described (20).
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is induced following cross-linking of sIgM, this observation may indicate
that a biochemical change has indeed been induced in these cells following
their initial in vivo selective encounter with antigen.

The data presented above indicate that the initial biochemical pathways that
ultimately Tlead to either the induction of proliferation or cell death
following high dose anti-g cross-linking of sIgM receptors appear to be
shared. However, it is not yet clear whether the cell death pathway has been
programmed into the PC-specific B cells as a result of their positive
selection by antigen or that it results from a developmental arrest of these
cells as sIgM':sIgD” cells which are extremely susceptible to tolerance
induction following excessive cross-linking of their IgM receptors (17). It
will be necessary to analyze several strains of sIgM-only transgenic mice
before we can rule out developmental arrest as a possible explanation.

When B cells are stimulated with soluble anti-g, most sIgM receptors are
engaged and modulated from the surface membrane, whereas, anti-g on a
Sepharose bead may engage only a limited number of receptors. It is
therefore possible that the extent of receptor cross-linking is responsible
for the difference in signaling. Thus, Timited receptor cross-linking leads
to proliferation of these cells while extensive cross-linking leads to cell
death purhaps by apoptosis. Studies are in progress using different
conjugation ratios of PC-dextran to elucidate the cross-linking parameters
that differentiate between induction of death and proliferation. Brunswick
et al. (21) have shown that very low concentrations of dextran-conjugated
anti-g or anti-§ can lead to B cell proliferation in the absence of Ca-flux
or PI turnover, while higher doses of this polyclonal activator induce Ca-
flux, PI turnover and proliferation. Thus, there appears to be at least 3
separate bijochemical pathways that can be activated following cross-linking
of the sIgM receptor. Elucidating these pathways and distinguishing what
determines which pathway will be utilized should Tead to new insights on B
cell development and regulation.

Acknowledgements

The authors are grateful to Drs. Ursula Storb, David Lo and Ralph Brinster
for providing the original M167 transgenic mice used to establish our
breeding colony, and to Dr. Matthew Scharff for providing us with the anti-
T15 and anti-Vyl hybridomas. The excellent technical assistance of Ms.
Gretchen Guelde and Ms. Erin Martin also gratefully acknowledged. We
appreciate the able assistance of Ms. Laura Martinez in the preparation of
the manuscript. Research sponsored, at least in part, by the National Cancer
Institute, DHHS, under contract N01-C0-74102 with Program Resources, Inc.
This work was also supported in part by the Naval Medical Research and
Development Command Research and Technology Work Unit # 3M161102BS12.AA.112.
Sponsored in part by the Office of Naval Research, contract N00014-89-C-
0305. The contents of this publication are the private views of the authors
and do not necessarily reflect the views or policies of the DHHS or the
Department of Defense, nor does mention of trade names, commercial products,
or organizations imply endorsement by the U.S. Government. The experiments
reported herein were conducted according to the principles set forth in the
"Guide for the Care and Use of Laboratory Animals", Institute of Laboratory
Animal Resources, National Research Council, DHHS Publication (NIH) 86-23,
(1985).



102

REFERENCES

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.
18.

Osmond, D.G. 1986. Population dynamics of bone marrow B Tymphocytes.
Immunol. Rev. 93:103.

Forster, I. and K. Rajewsky. 1990. The bulk of the peripheral B-cell pool
in mice is stable and not rapidly renewed from the bone marrow. Proc.
Natl. Acad. Sci. USA 87:4781.

. Freitas, A., M-P. Lembezat, and A. Coutinho. 1989. Expression of antibody

V-regions is genetically and developmentally controlled and modulated by
the B Tymphocyte environment. Int. Immunol 1:342.

. Gu, H., D. Tarlinton, W. Miller, K. Rajewsky, and I. Forster. 1991. Most

Peripheral cells in mice are ligand selected. J. Exp. Med. 173:1357.

. Freitas, A.A., A-C. Viale, A. Sundblad, C. Huesser, and A. Coutinho.

1991. Normal serum immunoglobulins participate in the selection of
peripheral B cell repertoires. Proc. Natl. Acad. Sci. USA. 88:5640.

. Kenny, J.J., C. 0’Connell, D. G. Sieckmann, R. T. Fischer, and D. L.

Longo. 1991. Selection of antigen-specific, idiotype positive B cells in
transgenic mice expressing a rearranged M167-p heavy chain gene. J. Exp.
Med. 174:1189.

. Andrade, L., F. Huetz, P. Poncet, V. Thomas-Vaslin, M. Goodhardt, and A.

Coutinho. 1991. Biased Vy gene expression in murine CD5 B cells results
from age-dependent cellular selection. Eur. J. Immunol. 21:2017.

. Kenny, J.J., A. M. Stall, D. G. Sieckmann, M. C. Lamers, F. Finkleman,

L. Finch, and D. L. Longo. 1991. Receptor-mediated elimination of
phosphocholine-specific B cells in X-linked immune deficient mice. J.
Immunol. 146:2568.

. Kenny, J.J., F. Finkleman, F. Macchiarini, W. C. Kopp, U. Storb, and D.

L. Longo. 1989. Alteration of the B cell surface phenotype, immune
response to phosphocoline and the B cell repertoire in M167 p plus «
transgenic mice. J. Immunol. 138:1363.

Pinkert, C.A., J. Manz, P-J. Linton, N. R. Klinman, and U. Storb. 1989.
Elevated PC responsive B cells and anti-PC antibody production in
transgenic mice harboring anti-PC immunoglobulin genes. Veter. Immunol.
Immunopath. 23:321.

0’Brien, R.L., P. Marrack, U. Storb, and J. W. Kappler. 1988. B cells
expressing Ig transgenes respond to a T-dependent antigen only in the
presence of Ia-compatible T cells. J. Immunol 141:3335.

Scribner, D. J., H. L. Weiner, and J. W. Morehead. 1978.
Anti-immunoglobulin stimulation of murine Tymphocytes: V. Age-related
decline in Fc receptor-mediated immunoregulation. J. Immunol. 121:377.
Unkeless, J.C. 1979. Characterization of a monoclonal antibody directed
against mouse macrophage and lymphocyte Fc-receptors. J. Exp. Med.
150:580.

McNagy, K.M., P-A. Cazenave, and M. D. Cooper. 1988. BP-3 alloantigen:
A cell surface glycoprotein that marks early B lineage cells and mature
myeloid Tineage cells in mice. J. Immunol. 141:2551.

Rusconi, S. and G. Kohler. 1985. Transmission and expression of a
specific pair of rearranged immunoglobulin g and K genes in a transgenic
mouse line. Nature 314:330.

Lamers, M.C., M. Vakil, J. F. Kearney, J. Langhorne, C. J. Paige, M. H.
Julius, H. Mossmann, R. Carsetti, and G. Kohler. 1989. Immune status of
a [,k transgenic mouse line. Deficient response to bacterially related
antigens. Eur. J. Immunol. 19:459.

Sidman, C.L. and E. R. Unanue. 1975. Receptor-mediated inactivation of
early B lymphocytes. Nature 257:149.

Sieckmann, D.G. 1980. The use of anti-immunoglobulin to induce a signal
for cell division in B lymphocytes via their membrane IgM and IgD.
Immunol. Rev. 52:181.



19.

20.

21.

103

Cambier, J.C., L. B. Justement, M. K Newell, Z. Z. Chen, L. K. Haris, M.
Sandoval, M. J. Klemsz, and J. T. Ramsom. 1987. Transmembrane signals and
intracellular "second messengers" 1in the regulation of quiescent
B-lymphocyte activation. Immunol. Rev. 95:37.

Freter, C.E., M.E. Lippman, A. Cheville, S. Ainn, and E.P. Gelmann. 1988.
Alterations in phosphoinositide metabolism associated with 178-estradiol
and growth factor treatment of MCF-7 breast cancer cells. Mol.
Endocrinol. 2:159.

Brunswick, M., C.H. June, F.D. Finkelman, H.M. Dentzis, J.K. Inman, and
J.J. Mond. 1989. Surface immunoglobulin-mediated B-cell activation in the
absence of detectable elevations in intracellular ionized calcium: a
model for T-cell-independent B-cell activation. Proc. Natl. Acad. Sci.
USA 86:6724.



Immunoglobulin
Gene Rearrangement



Activities Involved in V(D)J Recombination

G. E. TaccloLl, G. RATHBUN, Y. SHINKAL, E. M. OLTz, H. CHENG, G. WHITMORE?,
T. StamaTo?, P. JEGGo® and F. W. ALT

The Howard Hughes Medical Institute, The Children‘s Hospital and

The Department of Genetics, Harvard University Medical School,

300 Longwood Ave. Boston, Massachusetts.

' Ontario Cancer Institute, Experimental Therapeutics, 500 Sherbourne St.,
Toronto, Ontario, Canada.

2The Lankenau Medical Res. Center, 100 Lancaster Ave., Wynnewood,
Pennsylvania.

3MRC Cell Mutation Unit, University of Sussex, Falmer, Brighton, UK.

Introduction.

The assembly of immunoglobulin (Ig) and T cell receptor (TCR) variable region
gene segments (V,D,J) is a complex reaction that likely involves numerous components.
In a simplified view, the recombination mechanism involves recognition of conserved
heptamer-spacer-nonamer recombination sequences (RS) that flank each germline V, D,
or J segment, introduction of double stranded breaks between the elements to be joined
and the flanking RS elements, potential loss and/or addition of nucleotides at the coding
junctions, polymerization and ligation activities to complete the joining process (Fig.1;
Alt and Baltimore 1982; for review see Blackwell and Alt 1989; Lieber 1991). The RS
sequences that flank V, D, and J segments are sufficient to target the site-specific
activities of the V(D)J recombination system to the adjacent "coding" sequences (Akira et
al. 1987; Hesse et al. 1989). A notable aspect of this recombination reaction is the
asymmetric processing of the coding and RS joins; the latter rarely involve nucleotide
deletion and/or addition (Lieber 1991). The relative orientation of the sequences in the
chromosome determines the fate of the reaction products. If the two coding gene
sequences are in "opposite" transcriptional orientation the reaction will lead to inversion
of the segment of DNA between the coding and RS joins with retention of all products in
the chromosome. If the two sequences are in the same transcriptional orientation, the
coding joins will be retained in the chromosome while the RS joins will be deleted as a
circle (Okasaki and Sakano 1988; Toda et al. 1988; Fig.1). However, linear deletion
products have also been observed to accumulate in thymus providing more direct
evidence for the occurrence of double stranded breaks during this recombination process
(Roth et al. 1992).

Two Recombination Activating Genes (RAG-1 and RAG-2) have been isolated that
are completely sufficient to generate VDJ recombinase activity when expressed
simultaneously in all examined cell types (Schatz et al. 1989; Oettinger et al. 1990). The
RAG gene products have not been identified as actual components of the V(D)J
recombinase, hence the somewhat ambiguous nomenclature. It is possible that one or both
RAG gene products serve to regulate expression of the actual recombinase gene(s);
alternatively, these products in some way may activate the actual V(D)J recombinase.
Consistent with the distribution of V(D)J recombinase activity, the RAG-1 and RAG-2
genes were found to be co-expressed at substantial levels only in primary lymphoid tissues
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and in cell lines that represent precursor lymphocytes (Shatz et al. 1989; Oettinger et al.
1990). However, expression of one or the other of these genes has been found in
additional tissues, leading to speculation that one or both of the gene products might have
activities in more mature lymphoid cells or in non-lymphoid cells (Chun et al. 1991;
Carlson et al. 1991). The RAG genes are conserved in vertebrates but, to date, no close
homologs have been found in lower organisms. The RAG-2 gene product has no clear
homology to any other gene product (Oettinger et al. 1990). However, the RAG-1 protein
does have limited homology to the yeast protein, HPR-1 which is apparently involved in
recombination (Aguilera and Klein 1990).

Fig.1. Model for V(D)J recombinase-mediated rearrangements.

RS elements are indicated by black and white triangles and coding sequences by boxes. (A) During normal
V(D)J recombination double strans breaks are introduced between the RS and adjacent coding sequences,
folowing by proccessing and ligation. (B) in RAG-deficient mice the recombination process is not initiated
and coding sequences remain unrearranged (C) In xrs-6 and XR-1 double stranded breaks appear to bc
properly introduced but normal joining of both RS and coding sequences does not occur. (D) In scid and in
the V3 dsbr mutant only the joining of the coding sequences is significantly impaired.
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Based on expression pattern, the RAG gene products (or activities they regulate)
are likely the tissue-specific components of the V(D)J recombinase. In addition, this
system employs at least one non-essential lymphoid specific activity, TdT, that
qualitatively modifies V(D)J junctions via N region addition (Alt and Baltimore 1982).
Finally, it seems likely that the specific components of V(D)J recombinase can recruit
ubiquitously expressed cellular activities to perform certain aspects of the rearrangement
process. One such activity may be encoded by the gene affected by the murine scid
mutation. This defect was initially defined as an autosomal recessive mutation that
resulted in a general (but often not complete) absence of mature B and T lymphocytes
due to an impairment in one of the terminal steps of the V(D)J recombination reaction
(Bosma et al. 1983; Shuler et al. 1986). The homozygous scid mutation also has
additional manifestations in both lymphoid and non-lymphoid cells, most notably an
increased sensitivity to ionizing radiation (e.g.. an impairment in the ability to repair
double-stranded DNA breaks Fulop and Phillip 1990; Biedermann et al. 1991;
Hendrickson et al. 1991). Thus, the scid mutation may affect a more generalized activity
involved in double-strand break repair that is recruited by the V(D)J recombination system
to perform one of its terminal steps.

Results and Discussion.

RAG Gene Expression is Required for Initiation of V(D)J Recombination.

To unequivocally evaluate the function of the RAG-2 gene product, we eliminated a
major portion of the RAG-2 coding region in mice by ES cell gene-targeting technologies
(Shinkai et al. 1992); others have targeted the RAG-1 gene (Mombaerts et al. 1992).
Mice lacking either RAG-1 or RAG-2 gene function have identical and very specific
phenotypes: both are viable but have a complete severe combined immune deficiency.
These RAG deficient mice have no mature B or T cells in either primary or peripheral
lymphoid tissues However, primary tissues from these animals accumulate lymphoid cells
that appear to represent very early T and B cell progenitors. These accumulated pre-
lymphocytes have no detectable rearrangements of either endogenous Ig or TCR loci.

In accord with the findings on primary lymphocyte differentiation organs, A-MuLV
transformed pre-B cell lines generated from either fetal liver or adult bone marrow of
RAG-1 or RAG-2 mutant mice have absolutely no rearrangements of any endogenous
antigen receptor loci. This is in contrast to A-MuLV transformants derived from normal
mice which invariably have at least DJyj rearrangements (Shinkai et al. 1992; Mombaerts
et al. 1992). The specificity of the RAG-2 defect has been demonstrated by transfection of
RAG-2 expression vectors into RAG-2 deficient (RAG-2 -/-) A-MuLV transformants; such
cells acquire ability to efficiently undergo rearrangements of both transfected V(D)J
recombination substrates (Shinkai et al. 1992) and endogenous Jig loci (Fig.2) (Rathbun et
al. in preparation). Thus, the endogenous IgH loci are fully competent for rearrangement
in RAG-2 -/- pre-B cells but cannot undergo the process in the absence of the RAG-2
product (see below). Together, these findings indicate that in the absence of the RAG-1
or RAG-2 gene products, B and T cell development is blocked at a very early stage due
to an inability to initiate V(D)J rearrangement.

Analyses of RAG-1 or RAG-2 deficient mice have, thus far, revealed no
abnormalities in any tissue or developmental system outside of the immune system. The
NK and myeloid compartments appear completely intact in these animals and there are no
obvious neurological abnormalities. The lack of a detectable neurological phenotype in
RAG-1 (or RAG-2) deficient mice would appear to eliminate any obvious function for
these gene products in development of the central nervous system (Chun et al. 1992;
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Matsuoka et al. 1991). However, the possibility of a more subtle function for RAG-1 (or
RAG-2) in maintenance of neurological function (Chun et al. 1992) including a role in
DNA repair (see below) requires more detailed and long term analyses of the mutant
animals. Likewise, a potential role for RAG gene products in more mature stages of
lymphocyte development remains possible and can be tested by complementation of the
RAG defect with assembled Ig (or TCR) transgenes.

Fig.2. Onset of DJY rearrangements in reconstituted RAG-2 -/- A-MuLV transformed pre-B cells.

DNA from the parent cell line or from transfectants with RAG-2 expression vector was digested with EcoRI
and assayed by Southern blot procedure for hybridization to a J 4 probe. Lanel: parent RAG-2-/- A-MuLV
transformed pre-B cell line. Note germline (GL) configuration of the J loci. Lane 2: Jy rearrangement
status (showing virtually no GL Jg loci) of p12-B, a 63-12 transfectant containing a stably integrated
RAG-2 expression construct.. Lanes 3-18: various DJY rearrangements in subclones of p12-B.

Unlike the RAG mutant pre-B cells, scid pre-B cells undergo the initial steps of
VDJ recombination relatively efficiently, including RS recognition and introduction of
precise double stranded breaks (Malynn et al. 1988; Lieber et al. 1988; Blackwell et al.
1989: Hendrickson et al. 1990). The scid defect is manifested as an inability to form
coding joins, however, RS joins are generated with relatively normal fidelity and
efficiency (Fig.1). In contrast to the RAG-deficient mice, the severe combined immune
deficiency of scid mice is "leaky"”. In other words, scid mice develop populations of
peripheral mature lymphocytes in a time dependent fashion (Bosma and Carroll 1991).
The leakiness of the scid mutation may, in some cases, be explained by somatic reversion
events (Petrini et al. 1990). It is more likely, however, that much of this leakiness results
from the rescue of the liberated coding joins in scid pre-lymphocytes by an illegitimate
recombination mechanism that occasionally restores what appear to be normal coding
joins (Ferrier et al. 1990; Hendrickson et al. 1990; Bosma et al. 1988). Because RAG-
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deficient animals cannot even initiate the V(D)J recombination process, the Ig and TCR
variable region loci are as recombinationally inert as any other genetic loci in these
animals. Such a defect cannot be leaky without reversion of the mutation, a situation
which can not occur in gene-targeted deletions.

Somatic Cell Genetic Approach To Define Additional Activities Involved in VDJ
Recombination.

Mutations in yeast that have impact in recombination frequently affect the DNA
repair process, particularly the double-strand break repair (dsbr) pathway (for review see
Friedberg 1988). In this regard, V(D)J recombination and dsbr, in addition to involving
double strand breaks, probably also utilize common enzymatic activities such as
exonuclease, polymerase, and ligase. Thus, some of the ubiquitous factors recruited by
V(D)J recombinase may also participate in dsbr. To test this notion, a large battery of
existing mutant CHO cell lines with known defects in either excision repair (UV
sensitivity) (for review see Hoeijmakers and Bootsma 1990) or dsbr (X-ray sensitivity)
(review in Jeggo 1990) was assayed for ability to rearrange transiently introduced V(D)J
recombination substrates when co-transfected with of constitutively expressing RAG

TABLE 1. signal and Coding Joins formation in CHO cell lines

CELL LINE SENS RepAmpRCamR/AmpR x100 Jocorrect
joints
UV X-ray pJH200(Sig) pJH290(Cod)
V3 - S 2.4 0.07 45
AAB(wt) - - 40 6.9 99
Mock - - 0.05 0.07 NA
Xrs-6 - S 0.10 0.11 14
K1(wt) - - 23 18 99
Mock - - <0.01 ND NA
xrs-6/Ch2(D5) - P 14 ND 99
XR-1 - S <0.1 <0.2 10
4362A(wt) - - 10 092 99
Mock - - <0.04 ND NA
XR-1:Ch5 - P 3.0 ND 99
BLM-1 - S 5.0 >4.0 99
BLM-2 S S >3.0 >3.0 99
ADR-3 - S 50 10.0 99
K1(wt) - - 54 93 99
Mock - - <0.01 ND NA
Scid (SCGRI11) - S 5.6 0.30 80

wt (wild type), ND (not determined), NA (not applicable), S (sensitive), P (partial), (-) indistinguisable
from wt. The last column represents the % of correct RS joints screened by digestion of the recombinant
substrates with HgiAl, a site that is generated only after precise fusion of heptamers (Hesse et al. 1987).
Mock transfections were performed in the corresponding wt cell line transfected only with the recombination
substrate. The UV sensitive cell lines (UV-, EM9) were provided by Dr. L. Thompson. SCGR11 is a scid
fibroblast cell line that was kindly provided by Dr. D. Weaver. The bleomycin (BLM-) and adryamicin
(ADR-3) resistant CHO cell lines were provided by Dr. 1. Hickson and Dr. C. Robson.
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expression vectors (providing the specific V(D)J recombination functions to the non-
lymphoid cells) (Alt et al. 1992) . For these analyses, we used the pJH290 and pJH200
transient recombination substrates (Hesse et al. 1987) that, respectively, allow rough
quantitation of coding and RS join formation by recovery from mammalian cells followed
by assays of conferred drug resistance in bacteria (Table 1).

None of a variety of different excision repair mutants showed any impairment in ability to
undergo V(D)J recombination (data not shown). However, 2 of 5 tested dsbr mutants (Xrs-
6 and XR-1) demonstrated a striking decrease in ability to form both coding and RS joins .
A third dsbr mutant (V3) showed a preferential impairment in coding join formation with a
relatively normal level of RS join formation (Table 1). The latter phenotype is
reminiscent of the V(D)J recombination defect found in scid pre-B cells (Lieber et al.
1988) and in scid fibroblasts (Table 1). Each of the CHO mutants belong to a different
complementation group indicating that the defect(s) may be encoded by different genes.
Revertants of the Xrs-6 and XR-1 mutants were obtained by introduction of human
chromosomes 2 and 5, respectively, (Jeggo et al. 1992; Giaccia et al. 1990); notably,
these revertants, D5 and XR-1:Ch5, also showed completely normal ability to undergo
V(D)J recombination when assayed as described above (Table 1). The xrs-6 and XR-1
mutants are likely to affect different activities than the murine scid defect (evidenced
both by the manifestation of the defect and by complementation studies) (Taccioli et al.
submitted). The V3 mutation, on the other hand, generates a V(D)J recombinational
defect quite similar to that of the scid mutation. Fusion between scid fibroblasts and V3
cells are in progress to determine whether the defect involves the same gene.

The above studies strongly suggest that DNA repair system and V(D)J
recombination share a number of different components. In other words, the free ends
generated by the V(D)J recombinase complex might be a substrate for the general non-
lymphoid specific end-joining activities of the DNA repair system. One could envision that
mutated genes that affect DNA repair may exert their effects'a number of direct or indirect
fashions, including mutation of an essential component of the reaction (e.g.. a ligase,
Barnes et al. 1992), mutation of a factor necessary for expression of a reaction component,
or mutation of a factor that although not directly involved in the repair process may yield
an activity that interferes with proper expression or activity of a required component
(Jentsch et al. 1987). Therefore, it should be possible to design strategies that will allow
selective cloning of genes that encode the products that complement these mutations.
Further definition of activities involved in V(D)J recombination may also yield insight
into defects that underlie a number of human diseases that affect the immune system. In
this regard, it seems possible that various human diseases that affect both DNA repair
processes as well as aspects of lymphocyte development may involve a shared factor.
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Introduction

Somatic recombination events are responsible for assembling the
variable regions of immunoglobulin and T cell receptor genes from
germline-encoded DNA segments (Tonegawa, 1983; Lewis and Gellert,
1989). These rearrangements are mediated by a recombination
activity that recognizes signal sequences (consisting of conserved
heptamer and nonamer elements separated by nonconserved spacer
regions of 12 or 23 nucleotides) located adjacent to the V, D, and J
coding segments. Although the mechanism of the reaction remains
obscure, recombination is thought to involve either single-stranded or
double-stranded cleavage at the border between a signal heptamer and
a coding segment, followed by rejoining of the DNA ends in a new
configuration (Alt and Baltimore, 1982; Lewis and Gellert, 1989).
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v D J
1 Cleavage
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D Coding J Coding Excised linear
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——— S
Coding Joint Signal Joint

Fig.1. A breakage-reunion model for V(D)J recombination. Recombination signal
sequences are represented by triangles, with heptamers adjacent to coding
segments, which are shown as rectangles. Signals with 23 and 12 nucleotide spacers
are represented by solid and open triangles, respectively.

One possible mechanism is diagrammed in Fig. 1. According to this
scheme, double-strand cleavage creates two sets of termini, coding
ends and signal ends, which are subsequently joined to generate
coding joints (the junction between coding segments) and signal joints
(the reciprocal junction with the recombination signals fused
heptamer-to-heptamer). One prediction of this model is that molecules
containing double-strand breaks adjacent to recombination signals
might accumulate in tissues containing a large pool of
recombinationally active cells, such as the thymus. We have used the
T cell receptor  locus as a model system to search for such broken
molecules in murine thymocytes (Roth et al., 1992). This locus
provides a relatively simple system for the study of cleavage events, as
it contains only two D and two J elements, and most recombination
events in newborn mice involve D2 and J1. We therefore assayed
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genomic DNA preparations from BALB/c thymocytes for the presence
of molecules containing double-strand breaks near D2 and J1.

Results

The arrangement of the recombination signal sequences adjacent to D2
and J1 allows these elements to participate in a variety of
rearrangement events, including V-D2, D2-J1, V-D2-J1, and V-D1-D2-
J1 joining. Possible products of cleavage at these signals are
illustrated in Fig. 2. To assay for these species, thymus DNA was
digested with EcoRI and analyzed by Southern blotting using the TCR
0 probes shown in Fig. 2. Fig. 3 shows a blot of EcoRI digested DNA
hybridized to the 5D2 probe. In addition to the germline fragment
(7400 bp) several

502 ™ 3u1 J2
I L
GE VG X G E E
NN LI L1 | |
| 31 I 2 B dq q
vV D1 D2 J1 J2
. Observed
Signal Ends
Left D Signal — 2500 bp +
Excised linear a4 900 bp +
Right D Signal < -
9 9 4900 bp

J Signal —d 3400 bp -

Coding Ends
Left D Coding —— 2500bp - -
J Coding - -
4000 bp
Right D Coding r-¢G——— -
4900 bp
e —
2kb

Fig. 2. Possible products of double-strand breaks near the TCR3 D2 and J1
elements. Cleaved molecules observed in this study are indicated in the right
column. Restriction sites: E, EcoRI; G, BgllIl; V, Pvull; X, Xmnl.
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fragments are present in thymus DNA from newborn, 2-3 day old, and
5 week old BALB/c mice (lanes 3-5), including a 6600 bp fragment
resulting from D2-J1 rearrangement (Carroll and Bosma, 1991), and
species of approximately 3300, 3000, and 2500 bp. The 3300 and 3000
bp fragments represent reciprocal products of D1-D2 and V-D2
rearrangements, as they contain signal joints (Roth et al., 1992 and
our unpublished observations). The nongermline fragments are not
present in DNA preparations from adult liver (lane 1), day 15 fetal
liver (lane 2), adult spleen, or adult testis (not shown), indicating that
these species are specifically associated with tissues undergoing TCR
gene rearrangement. The 2500 bp fragment could result from double-
strand cleavage near the D2 element, since an EcoRI site is located
approximately 2500 bp to the left of D2 (Fig. 2).

To confirm that the 2500 bp fragment results from double-strand
cleavage, and to test whether any of the other nongermline fragments
might be due to cleavage events, we developed an exonuclease assay.

Fig. 3. EcoRI mapping of double-strand breaks. Approximately 8 ug of each
sample of genomic DNA was digested with EcoRI and electrophoresed through a 1%
agarose gel. The membrane was probed with the 5'D2 probe.
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Exonuclease treatment of genomic DNA prior to digestion with a
restriction enzyme should specifically destroy molecules with broken
ends. Newborn thymus DNA was treated with Micrococcus luteus
ATP-dependent exonuclease, and then digested with EcoRI. The
resulting fragments were analyzed by Southern blotting using the 5'D2
probe (Fig. 4). Exonuclease treatment prior to digestion with EcoRI
destroys only the 2500 bp fragment (lane 4), demonstrating that this
fragment results from a double-strand break. The remaining
nongermline fragments (6600, 3300, and 3000 bp) are exonuclease-
resistant, indicating that they do not contain exonuclease-sensitive
ends. As a control for exonuclease activity, thymus DNA was digested
with EcoRI prior to exonuclease treatment, resulting in loss of greater
than 95% of the hybridizable material (lane 2). This assay provides a
general method for the identification of fragments that contain free
broken ends, and is particulérly useful for characterizing samples
containing numerous nongermline restriction fragments.

Fig. 4. An exonuclease assay for molecules containing double-strand breaks.
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The location of the double-strand break was mapped more precisely
using additional restriction enzymes. Digestion with Pvull, BglIl, and
BamHI produced fragments of sizes consistent with the presence of a
double-strand break very near the D2 element (Roth et al., 1992). Fine
mapping of the broken end was performed using Xmnl, which cleaves
298 bp to the left of D2. In principle, cleavage could occur at the
recombination signals on either side of D2, generating species
terminating in either D signal or D coding ends (Fig. 2). These
molecules would differ by only 16 nucleotides, the length of the D2
element. Digestion with Xmnl mapped the cleaved terminus to within
five nucleotides of the left end of the D2 element, consistent with
cleavage at the recombination signal to the left of D2, corresponding to
a signal end. Cleavage at this signal might be related to
rearrangement with elements leftward of D2, such as V-D2 or D1-D2
joining. No coding ends could be detected (Roth et al., 1992).

To quantitate the species resulting from double-strand breaks near D2,
the amount of radioactivity hybridizing to the fragments shown in Fig.
3 was measured using a phosphorimager. To normalize for the
amount of DNA in each lane, the blot was rehybridized with a probe
specific for a nonrearranging sequence (RAG1 probe). This analysis
revealed that molecules with double strand breaks near D2 comprise
about 2-3% of total genomic DNA in newborn or 2-3 day old thymus.
Although the abundance of all fragments hybridizing to the 5'D2 probe
is severely diminished in 5-6 week old Balb/c thymus DNA (lane 5),
longer exposures of the autoradiogram reveal that the 2.5 kb species is
still present in this sample (not shown), and its abundance relative to
the germline fragment is similar to that in newborn DNA. Thus,
double strand breaks near D2 are relatively abundant, and are present
well past the newborn period.

In the autoradiogram shown in Fig. 3, the abundance of the 2500 bp
fragment appears to be much greater than 2-3% of total hybridizing
signal in newborn thymus DNA. This is because a significant
fraction of total thymus DNA does not hybridize to the 5'D2 probe.
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The loss of hybridization is significantly greater in the DNA
preparation from 5-6 week old thymus (Fig. 3, lane 5). This does not
simply reflect the amount of DNA in this sample, as reprobing the blot
with the nonrearranging RAG1 probe reveals abundant hybridization
to germline fragments (not shown). Hybridization to the 5D2 probe
could be lost because of TCR a rearrangements, as the 8 locus is
embedded in the TCR o locus in such a way that Va - Ja
rearrangements excise the entire 8 locus. To test this hypothesis, the
blot shown in Fig. 3 was rehybridized to with a probe specific for J52.
Sequences hybridizing to this probe should be deleted along with the
rest of the & locus by Va- Ja rearrangements. As shown in Fig. 5,
some loss of hybridization to this probe occurs with increasing age, but
not much; 2-3 day thymus and 5 week thymus have lost 20 and 30
percent, respectively, of hybridization to this probe. Therefore,
deletion of the entire TCRb locus by Va-Ja recombination does not play
a major role in the loss of sequences able to hybridize to the 5'D2
probe. Rearrangements involving sequences to the left of D2, which
would not affect hybridization to the J2 probe (such as V to D2 or D1 to
D2 joining) are more likely to be responsible for this phenomenon. The
presence of molecules cleaved to the left of D2 (possible intermediates
in V to D2 or D1 to D2 rearrangement) is consistent with this
interpretation.

Discussion

Here we describe the identification of DNA molecules containing a
double-strand break near the TCRd D2 element. Observation of these
broken molecules in thymus, but not in liver or spleen, provides the
first direct evidence for an association between specific cleavage of
chromosomal DNA and recombination in mammalian cells, and
supports a breakage-reunion model of V(D)J recombination. Cleavage
occurs within several nucleotides of the recombination signal on the
left side of D2, generating a signal end (Roth et al., 1992).



122

Fig. 5. Use of the J2 probe to measure extent of TCRa rearrangement. The blot
shown in Fig. 3 was stripped and rehybridized to the J2 probe. Quantitation was
performed using a Molecular Dynamics model 400E phosphorimager, which was also
used to generate this autoradiographic image.

These broken molecules could be intermediates in V-D2 or D1-D2
rearrangement, and might correspond to excised linear fragments
containing the sequences between D1 and D2 or a V segment and D2.
This is supported by the recent observation of an approximately 10kb
fragment in undigested thymus DNA, which could represent a D1-D2
excised linear molecule (unpublished). Another excised linear
fragment, resulting from double-strand cleavage at the recombination
signal to the right of D2 and at the signal to the left of J1, has been
identified (Roth et al., 1992); these molecules also terminate in signal
ends. This excised linear fragment might arise as a result of D2-J1
recombination; corresponding circular forms containing perfect signal
junction have been detected (Roth et al., 1992). Although molecules
with signal ends are relatively abundant, species with coding ends
could not be detected. The overall results of these investigations are
summarized in the right column of Fig. 2.

The relatively high abundance of cleaved molecules with signal ends
suggests that they are quite stable. Long-lived intermediates resulting
from double-strand cleavage have been observed in both Tn7 and Tn10
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transposition in E. coli (Bainton et al., 1991; Haniford et al., 1991), as
well as in yeast mating type switching (Raveh et al., 1989; White and
Haber, 1990). The double-stranded transposon ends produced during
Tnl0 and Tn7 transposition are present in extremely stable protein-
DNA complexes and are protected until they are joined to target DNA
(Bainton et al., 1991; Haniford et al., 1991). Perhaps signal ends are
similarly protected, providing an explanation for the remarkable
preservation of signal ends seen in signal junctions, as well as the
apparent lack of heterogeneity present in the molecules cleaved at D2.

The observation that molecules with signal ends are much more
abundant than the molecules terminating in coding ends suggests
that these two types of ends are treated differently. This is supported
by two additional lines of evidence. First, nucleotides are normally
lost only from coding ends (Lieber et al., 1988). Second, the murine
severe combined immunodeficiency (scid) mutation affects coding joint
formation much more severely than signal joint formation (Lieber et
al.,, 1988). Perhaps signal ends are sequestered in a protein-DNA
complex, and joined by a specific pathway. In contrast, coding ends
might be handled by general, nonspecific cellular end-joining activities
(Roth and Wilson, 1988). This is consistent with the observation that
the scid mutation affects general double-strand break repair functions.
The frequent presence of short sequence homologies at coding joints
(Gu et al., 1990; Feeney, 1992) as well as their apparent use in random
end joining of transfected DNA molecules (Roth and Wilson, 1988)
lends support to this notion. Perhaps the mechanism of V(D)J
recombination is analogous to certain transposition events (Engels et
al., 1990) in which excision of the transposable element and
integration into the target DNA are performed by the transposase,
while repair of the broken donor site is mediated by general repair
pathways .
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Introduction

The seven antigen receptor loci are targeted for V(D)J
recombination at different times, different developmental
stages, and with B or T lineage specificity by unknown
mechanisms. The physical basis for the differential
accessibility in this site-specific recombination reaction has
been a matter of much speculation. Possibilities have included
the processes of transcription (Ferrier et al.,, 1989; Martin et
al.,, 1991; Schlissel et al., 1991) and DNA replication, and the
structural features of DNA methylation and chromatin
structure (Mather and Perry, 1983; Persiani and Selsing, 1989;
Storb and Arp, 1983; Yancopoulos et al.,, 1986). The relevant
order and hierarchy of these parameters in controlling
accessibility of the V(D)J recombination activity are unknown.
Although some studies have raised the possibility that
transcription is a requirement for recombination, the temporal
resolution of such studies has been limiting. They have not
permitted determination of whether transcription and
recombination are consequences of a common chromatin change
or whether transcription precedes and, thereby, activates
recombination.

Recent findings have intensified an interest in locus
targeting of V(D)J recombination (Lieber, 1991). First, the
length of the essential portions of the recombination signal
sequences may not be long enough to stringently specify these
sites in the genome. The heptamer can serve as a signal
without the nonamer at a reduced, but significant, frequency,
potentially allowing cutting at many adventitious sites.
Within the heptamer, only 4 base pairs appear to be critical to



126

initiating and completing the reaction (Hesse et al., 1989).
Second, it appears that the V(D)J recombination activity may
be able to initiate nucleolytic cuts at a single signal (Lewis et
al., 1988; Hendrickson et al., 1991). These cuts are then
reclosed, with some base loss and addition. Hence, the
sequence requirements for initiation of the reaction may lie in
one rather than two signals. These findings indicate that
without some form of locus targeting, V(D)J recombination
may catalyze cuts and rearrangements much more frequently
than one would expect to be compatible with cell viability.
Here we summarize our recent investigations of the role that
DNA replication, transcription, CpG methylation and DNA
topology have in targeting the V(D)J recombination reaction.

V(D)J Recombination and DNA Replication

We have examined a series of extrachromosomal DNA
substrates for V(D)J recombination under replicating and
non-replicating conditions (Hsieh et al., 1991). Complete and
partial replication were examined by monitoring the loss of
prokaryotic-specific adenine methylation at 14 to 22
Mbol/Dpnl restriction sites (GATC) on the substrates. Some of
these sites are within 2 bases of the signal sequence ends. We
find that neither coding joint nor signal joint formation
requires substrate replication.

After ruling out replication as a substrate requirement,
we determined if replication had any effect on the efficiency
of V(D)J recombination. Quantitation of V(D)J recombination
efficiency on non-replicating substrates requires some method
of monitoring the entry of substrate molecules into the cells.
We devised such a method by monitoring DNA repair of
substrates into which we had substituted deoxyuridine for 10
to 20% of the thymidine nucleotides in the DNA. The
substrates which enter the lymphoid cells are repaired
efficiently in vivo by the eukaryotic uracil DNA repair system.
Upon plasmid harvest, we distinguish repaired (entered) from
unrepaired (not entered) plasmids by cleaving unrepaired
molecules with uracil DNA glycoylase and E. coli endonuclease
IV in vitro. This method of monitoring DNA entry does not
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appear to underestimate or overestimate the amount of DNA
entry. Using this method, we find no significant quantitative
effect of DNA replication on V(D)J recombination efficiency.

V(D)J Recombination and Transcription

It has been shown previously by others that transcription
is temporally correlated with the onset of V(D)J recombination
at the endogenous antigen receptor loci (Alt et al., 1987). We
have been interested in determining whether this temporal
correlation indicates a causal connection between these two
processes. We have compared V(D)J recombination
minichromosome substrates that have transcripts running
through the recombination zone with substrates that do not in
a transient transfection assay (Hsieh, McCloskey and Lieber,
1992). In this system, the substrates acquire a
minichromosome conformation within the first several hours
after transfection. We find that the substrates recombine
equally well over a 100-fold range in transcriptional variation.
In additional studies, we have taken substrates that have low
levels of transcription and inhibited it further by methylating
the substrate DNA or by treating the cells with a general
transcription inhibitor (a-amanitan). Although these
treatments decrease the level of expression an additional 10-
to 100-fold, there is still no observable effect on V(D)J
recombination.

Based on these results, we conclude that transcription is
not necessary for the V(D)J reaction mechanism and does not
alter substrate structure at the DNA level or at the simplest
levels of chromatin structure in a way that affects the
reaction.

CpG Methylation and V(D)J Recombination

We have used minichromosome substrates to study the
role that CpG methylation might play in controlling V(D)J
recombination site accessibility (Hsieh and Lieber, 1992). We
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find that CpG methylation decreases the V(D)J recombination
of these substrates more than 100-fold. The decrease
correlates with a considerable increase in resistance to
endonuclease digestion of the methylated minichromosome
DNA. The minichromosomes acquire resistance to both the
intracellular V(D)J recombinase and exogenous endonuclease
only after DNA replication. Therefore, CpG methylation
specifies a chromatin structure that, upon DNA replication, is
resistant to eukaryotic site-specific recombination. The
implications of these findings to V(D)J recombination as well
as to the chromatin assembly of methylated DNA during
replication are discussed below.

CpG Methylation, V(D)J Recombination and
Accessible Domain Size

CpG methylation on V(D)J recombination substrates
results in a striking inhibition of V(D)J recombination. This is
clearly not a direct interference of the interaction of the
recombination activity with the methylated DNA because no
inhibition of recombination is observed in the case of
non-replicating substrates. The inhibition due to methylation
is only apparent for transfected plasmids that form replicating
minichromosomes in the lymphoid cells. This inhibition of
site-specific recombination correlates with a degree of
restriction endonuclease resistance that is only apparent after
substrates have replicated. We infer that replication of
methylated DNA results in a chromatin structure that is
resistant to lymphoid V(D)J recombination.

Using a V(D)J recombination substrate that is capable of
DNA replication in human cells, we have found that V(D)J
recombination is inhibited more than 200-fold by CpG
methylation in a human lymphoid pre-B cell line (unpublished
observations). As in the case of the polyoma replicon, CpG
methylation did not inhibit origin firing. Therefore, our
conclusions regarding the inhibition of V(D)J recombination by
CpG methylation are not restricted by species or the choice of
replicon. These extents of inhibition are likely to be 10-fold
underestimates because what little recombination that does



129

occur happens on the small sub-population of demethylated
molecules.

Inaccessibility occurs regardless of the exact placement
of the CpG sites relative to the signals, indicating that a
regional structure is important rather than a localized
interference with the heptamer or nonamer recognition. We
find that a CpG gap of 150 bp around one signal and a 91 bp gap
around the other signal in one of our substrates (pJH229) still
resulted in a 100-fold inhibition of V(D)J recombination. The
inhibition does not increase for a substrate with CpG sites
located within 4 bp to 8 bp of each signal. It is not clear in
any system what length of DNA is critical for the formation of
an inaccessible domain. Because the domain of inaccessibility
does not appear to be at the length of hundreds of base pairs,
one suspects that it is considerably lenger.

CpG Methylation and V(D)J Recombination at the
Endogenous Antigen Receptor Loci

Analysis of over 50,000 bp of sequence at the endogenous
Ig and TCR V, D, and J segments in 8 vertebrate species
indicates they are CpG-rich relative to the bulk genome. In
addition, where long stretches of sequence are available at the
immunoglobulin loci, the CpG density also appears to be higher
than the bulk genome. In a continuous 14,928 bp stretch of the
human D locus that includes twelve DH segments, the CpG
density is one in 55 b (Ichihara et al., 1988). With respect to
the T-cell receptor loci, analysis of TCR «, B and y sequences in
human and mouse indicate that these sequences are also richer
in CpG than the bulk genome (Kabat et al., 1987). Of the Ig and
TCR V, D, and J segments in these 8 vertebrate species, only
the Vy and V,; genes of mouse are as CpG-deficient as bulk

vertebrate DNA, and these recombine with segments that are

CpG-rich.
The CpG densities of our substrates are very similar to
the observed CpG richness in the endogenous loci. For the

substrates, the local CpG densities (within 50 bp) are between
one in 15 and one in 48 bp. The regional densities (within 1 to
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3 kb) are between one in 19 and one in 37 bp. We see no
diminution in the effect of CpG methylation over this range. In
fact, we see the highest inhibition on the substrates with the
lowest regional and local CpG densities over these ranges. We
conclude that the CpG densities studied here are comparable
and relevant to the densities at endogenous loci.

Model of the Order of Events Required for Locus
Activation for V(D)J Recombination

Based on these functional and structural observations
and the structural analyses of others on the endogenous loci,
we suggest a model in which targeted demethylation leads to
an endonuclease sensitive chromatin structure which then
allows for recombination to occur (Fig. 1). How might the
targeted demethylation occur? This is not yet clear. It is
possible that specific sites are recognized by demethylation
activities at each locus. Alternatively, binding of
transcription factors may target a region for demethylation.

| Trangg:'?iggnogzactors ? Transcription (stable)
p - { —

1
Iy . -
K Chromatin Accessibility

1 4 T~ V(D)J Recombination

=== CpG methylation

Fig. 1. Proposed Order of Events in the Activation of Antigen
Receptor Loci for V(D)J Recombination

CpG Methylation and Genome Stability

Our observations that CpG methylated DNA that has
undergone replication is resistant to site-specific
endonucleolytic action by the V(D)J recombinase is of intrinsic
significance from a chromatin structure standpoint. If one
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considers the V(D)J recombinase as a nuclease, then these
studies demonstrate that the nuclease resistant chromatin
configuration induced by methylation is present prior to cell
fractionation. The relevance of this is two-fold. First, if
methylated DNA is as resistant to recognition by other
nucleases as by the V(D)J recombinase, then CpG methylation
may stabilize the genome against the inadvertent action of the
enzymes of DNA metabolism. Second, because 75% of the CpG
sites in the genome are methylated, much of the genome in
lymphoid cells is likely to be protected from rearrangements
at adventitious sites that might otherwise be catalyzed by the
V(D)J recombination activity. Given the minimal requirements
for cutting by the V(D)J recombination activity, there may be
as many as 5000 adventitious cut sites for every one signal
sequence at a V, D, or J segment. The chromosomal
translocations that occur in childhood lymphoid leukemia and
lymphoma are likely to represent only a fraction of what would
occur if a major portion of the genome were left unprotected.
The studies here suggest that at least a significant portion of
the protection against V(D)J recombination outside of the
targeted loci is mediated by CpG methylation.

From an evolutionary standpoint it is interesting to note
that, within the animal kingdom CpG methylation is used on a
genome-wide basis only in the vertebrates. It is possible that
the combination of a longer lifespan and a more complex
genome made the stability against inadvertent recombination a
selective advantage for retaining some minimal density of
methyl-CpG. It is also interesting, in light of the observations
here, that the only physiologic, site-directed recombination
reaction that has been described in animal cells appears to be
restricted to vertebrates, suggesting that the protection
provided by methylation might have been a prerequisite for the
evolutionary introduction of a site-directed endonuclease.

Topological Bias in V(D)J Recombination
One of many questions about V(D)J recombination

concerns how the two signals and the recombination activity
assemble. One hypothesis has been that the recombination
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activity binds to one signal, and collisional interactions of
this protein-DNA complex with the other signal generates the
ternary complex. A second hypothesis has been that the
protein-DNA complex formed at one signal tracks processively
along the DNA until it reaches a second signal (Yancopoulos et
al., 1988). This hypothesis predicts that a signal will
recombine with the nearest compatible signal with some
preference to distant ones. Though the second hypothesis
seems at odds with the notion that V(D)J recombination is a
random exon assembly system, work from several laboratories
has been cited in favor of some form of tracking. First, the
joining at the murine lambda locus markedly favors proximal
over distal segments (Storb et al., 1989). Second, at the TCR g
locus, the temporal onset of Vy2, Vy3, and Vy4 rearrangement
correlates with distance. Third, the utilization of Vy gene
segments that are more proximal to DJy is 3- to 30-fold
greater than the utilization of more distal Vi gene segments
during fetal development (Yancopoulos et al., 1988). Finally,
the strongest support for the tracking hypothesis (Kurosawa
and Tonegawa, 1982) lies in the data for which it was
originally proposed to explain: the well-established fact that
deletional V(D)J recombination occurs one- to two-orders of
magnitude more frequently than inversional recombination in
DH to Jy joining at the heavy chain locus (Meek et al.,, 1989).
The joining of Dy to Jy occurs predominantly by deletion even
though inversion should be common based on the 12/23 joining
rule (Hesse et al., 1987). Because the Dy element bears signal
sequences on each side, inversion would be expected as often
as deletion in DyJH recombination, but in fact, the markedly
favored outcome is deletion, entailing the utilization of the
closer recombination site. The way a tracking model could
explain this is that the 12-signal of the Dy element that gives
rise to deletion is at least 10-bp closer to the 23-signal than
the 12-signal that would give rise to inversion. Modified
proposals invoking a looser type of tracking, such as jumping
followed by local tracking, might account for the few
inversions that do occur in D-Jy joining, and still allow for
randomness of the exon assembly process.

We have studied how signals interact by looking for
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biases in the outcome of the recombination reaction when
multiple possible outcomes exist using extrachromosomal
plasmid V(D)J recombination substrates (Gauss and Lieber,
1992). We find that there is no form of tracking between
signals. Yet the large bias for deletional over inversional
V(D)J recombination can be recapitulated on these substrates.
Their analysis indicates that the large bias in favor of
deletions is due to two factors: (1) sequence differences
between the two sides of the D segment can favor usage of the
proximal 12-signal which leads to deletion, and (2) reactions
that require two joints to form (inversions) have a lower
probability of going to completion than reactions that require
only one joint to form.
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Transgenic mice are discussed which carry a rearrangment test transgene. The
methylation status of the transgene varies, depending on the background mouse strain. When
the transgene is bred into the C57BL/6 strain, it is completely methylated and not rearranged in
lymphoid organs. After several generations of crossing into DBA/2 or SJL the transgene
becomes unmethylated and rearranges at high frequency. A strain specific modifier of DNA
methylation (Ssm-1) was mapped close to the Friend virus susceptibility locus (Fv-7) on mouse
chromosome 4.

Rearranged transgenes from spleen, bone marrow and thymus of adult mice or fetal
liver were cloned and sequenced. A great variety of joints was found, with about 1/3 being in
the correct reading frame. Small deletions into the V- and J- coding ends as well as N region
additions contributed to the variability. The fetal joints showed no N regions. Since no
functional immunoglobulin (Ig) gene can be created from this artificial test gene, the data
indicate that the rearrangement mechanism of the fetus differs from that of the adult.

Introduction

The rearrangement of Ig genes is controlled at several levels. Besides a requirement for
the preB and preT cell spcific V(D)J recombinase, the target genes must be "accessible”
(Blackwell and Alt 1989). We have constructed a rearrangement test gene, pHRD (Fig.1),
which, when transfected into recombinase positive preB cells, is correctly rearranged in nearly
every transfectant (Engler and Storb 1987; Engler et al. 1991a). In order to investigate
competency for rearrangement during development, we produced transgenic mice with the
PHRD test gene (Engler et al. 1991b; Engler et al. 1992). This report summarizes our findings
with these mice.

Results and Discussion

The transgene is differentially methylated in different mouse strains

The pHRD transgenic mice were first propagated by crossing with C57BL/6 mice
(Engler et al. 1991b). Unexpectedly, there was no rearrangment of the test gene in lymphoid
organs. An analysis using methylation sensitive restriction enzymes showed that the
transgenes were completely methylated in all tissues of the mice, suggesting that perhaps the
transgenes were inaccessible to the V(D)J recombinase. The transgenic mice were then
crossed with two other mouse strains, SJL and DBA/2. After two generations of such crosses,
partial or complete undermethylation of the transgenes was seen (Fig.2) and additional crosses
led to complete undermethylation in all cases. The undermethylation paralleled rearrangement
of the test gene. This could be easily detected in spleen, lymph nodes and bone marrow by
Southern blot analysis. Thus, hypermethylation prevented the rearrangement.
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Fig.1. Map of the rearrangement test gene pHRD. The transgene pHRD contains the heavy chain intron enhancer
(Eng), the metallothionein promoter (PMT). a portion of Vk including the RSS (V), a portion of the rat
preproinsulin gene including the translation initiation region (AUG), part of Jx1 including the RSS (J), the E.coli
xanthine-guanine phosphoribosyl transferase gene (gpt), and the SV40 splicing (splice) and polyadenylation (poly
A) signals. Primers for PCR are indicated by arrows. Restriction sites are indicated as E<EcoRI (eliminated in
the transgene), B=BamHI, P=PstI (rearrangement deletes the middle Pstl site). The methylation sensitive
restriction sites Hpall (H) and Smal (S) are shown.

Mapping the strain-specific modifier (Ssm-1)

When pHRD transgenic mice on a DBA/2 background in which the test genes are
unmethylated are crossed with C57BL/6 mice, the transgenes become completely methylated
in the first generation offspring (Engler et al. 1991b). We used this dominant C57BL/6 effect
to map the modifier gene (Ssm-1) in BXD recombinant inbred mice. Males with unmethylated
transgenes were crossed with BXD females and the methylation status of the transgenes was
determined by Southern blots. The offspring gave one of two patterns: either complete
methylation (as if bred to C57BL/6) or unmethylated (like the parent). We found an exact
concordance of methylation with the Fv-I locus on chromosome 4.

Additional crosses with various inbred strains of mice which are either Fv-10 or Fy-1
showed no absolute correlation between pHRD methylation and Fv-1, indicating that Ssm-1
and Fv-1 are different genes.

Possible function of Ssm-1

The strain specific results described above were the same in 13 of 13 independent
transgenic lines: on a C57BL/6 background the transgenes are hypermethylated. Many of the
lines have been crossed with DBA/2, leading to undermethylation of the transgenes. Thus, the
target for Ssm-1 is the pHRD transgene independent of chromosomal position effects. We are
in the process of defining the target sequences within pHRD and possible endogenous targets
in C57BL/6 mice.

We are also trying to determine when in early development the Ssm-1 effect is first
seen. So far we know that in 7.5 day embryos the difference between undermethylation in
DBA/2 and hypermethylation in C57BL/6 is clearly established.

What may be the action of Ssm-1? We assume that it is not itself a methylase, because
the overall DNA methylation is the same in the different mouse strains and it appears that a
single methyltransferase is responsible for the maintenance methylation in the mouse genome
as well as presumably the de novo methylation early in embryogenesis (Bestor et al. 1988). It
is perhaps more likely, that Ssm-1 interacts with certain DNA sequences resulting in their
priming for methylation by the classical methyltransferase (Fig.3). It would seem likely that
mouse strains which are Ssm-I negative have other modifier genes which interact with
different targets. Perhaps the function of this type of modifier is to promote an overall pattern
of DNA methylation which aids in the regulated expression of specific genes.

Variability of rearranged pHRD joints
Rearrangement of the pHRD test gene occurs in mice in which the multiple transgene
copies are partially or completely unmethylated (Engler et al. 1991b; P.E. and U.S., in
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preparation). We have made a more detailed analysis in a transgenic line (#342-2) with 7
copies of pHRD. It appears that the partial methylation represents a mixed mosaicism, where
in different cells varying numbers of the total CpG sites are methylated (Engler et al. 1991b).
We do not know yet, how the different methylation patterns relate to the chromatin status of
the transgenes (Fig.3). We also do not know, how the fine mapping of the methylated CpGs
relates to accessibility to the V(D)J recombinase. Apparently, in a given cell, rearrangement
can occur despite methylation of many of the potential methylation sites (Engler et al. 1991b;
P.E. and U.S., in preparation).

Since the pHRD test gene does not encode functional Ig molecules it was interesting to
analyze the VJ joints produced in these mice in order to obtain a sampling of unselected joints.
DNA was prepared from lymphoid tissues and a stretch around the rearranged joint of pHRD
was amplified by PCR, cloned and sequenced (P.E. et al. 1992). The joints were shown to
resemble those found in endogenous Ig genes with no or moderate deletions (maximally ten
nucleotides) into the V or J coding regions. Inverted repeats, often of considerable length,
were seen. The study of joints arising from the pHRD transgene has allowed an appreciation
of the enormous variability encoded by a single V-J gene pair. We sequenced 76 joints, which
were all different, except for six which occurred two, three, or five times in the same or
different organs. About one third of the joints are in frame with respect to the translational
codons for the V and J region, as expected from random associations.

It had been found that endogenous Ig (and TCR) genes of fetal mice lack N nucleotide
additions, whereas in adult joints such additions are frequent (Feeney 1990; 1991a and b; Meek
1990). This difference could be either mechanistic or due to selection of special repertoires at
the different stages of mouse development. The pHRD transgene represents a neutral target to
answer this question.
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Fig.3. Model of the relationship of Ssm-1 function to the rearrangement of the pHRD transgcne.
The five horizontal arrows represent tandem transgene copies. The straight arrows indicate

unmodified DNA, the wavy arrows, DNA which has been modified by Ssm-1. The open boxes
represent endogenous mouse DNA at the integration site; it is unknown if the Ssm-1 cffect spreads
into flanking regions. M=methylation at all Hpall sites (see Fig.1). Only transgenes in which at
least one Hpall site is unmethylated are rearranged. It is not yet known if, in the partial methylation
state, the Ssm-1 modified chromatin (wavy line) persists.
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Normally, N regions are mainly seen in H genes which are rearranged in early preB
cells. However, the pHRD transgene contains the heavy chain enhancer and its Vk-Jx joints
are probably rearranged in early preB cells, because they are found to be rearranged in early
fetal liver cells. No N regions were found in seven different joints from 15.5 day fetal liver,
but 74% of joints from adult spleen, thymus or bone marrow showed N regions. This finding
suggests that the rearrangment process is different in fetal and adult lymphoid tissues. This
may be due to different levels of a terminal transferase (TdT) as has been suggested by others
(Feeney 1990; Meek 1990). However, fibroblasts which are induced to rearrange Ig test genes
by the expression of RAG-1 and RAG-2 genes show occasional N regions despite the apparent
absence of TdT (Schatz et al. 1992). It will probably require a cell free system of V(D)J
recombination to determine the molecular basis of the fetal/adult difference. Since normally N
nucleotides are mainly seen in H genes whose rearrangment precedes that of L genes, perhaps
the adult early preB cell has a different recombinase composition than that of the more mature
preB cell, and the latter more closely resembles the fetal recombinase.
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INTRODUCTION

The immunoglobulin heavy chain switch, in which a variable region
gene is rearranged from association with the Cu gene to association with a
Cy, Ce, or Ca gene, is mediated by a recombination event between switch
(S) regions [reviewed in 1]. Switch regions are 2 to 10 kb segments of
simple sequences repeated in tandem and are found upstream of each of the
heavy chain C genes, except C§ [1]. Switch recombination is regulated in
a gene-specific way; individual B cells direct recombination to one, or
sometimes two, CH genes out of the six possible genes. For example, B
cells treated with a mitogen, like lipopolysaccharide (LPS), and moderate
amounts of interleukin 4 (IL4) switch almost exclusively to the ¥l gene
[2, 3].

This gene specificity is 1likely to be mediated by changes in the
accessibility of the CH gene and switch region [reviewed in 1 and 4]. The
change in accessibility is best evidenced by transcription of the germline
CH gene and switch region [5, 6]. There is a strict correlation between
induction of germline transcription and switch recombination. 1In B cells
activated by LPS or T cells, certain cytokines induce transcription and
then DNA rearrangement of a specific heavy chain gene. In a manner
similar to other CH genes, IL4-induced transcription of the yl gene begins
upstream of Syl and continues through the CH gene. The first exon, called
Iyl, is about 400 bp long (with a wvariable 5’ end due to variable
transcription start sites) and is spliced to the C region exons [7, 8].
The promoter region has been extensively characterized by transfections of
reporter gene constructs into tissue culture cells [9].

One of our goals is to define the cis acting DNA elements that
direct +yl-specific accessibility for both transcription and switch

recombination. To this end, we have constructed transgenic mice with an
intact vyl gene or parts of the vyl promoter region linked to reporter
genes. To characterize the trans acting factors that bind to these DNA

elements, we have attempted to immortalize cells making these factors by
transformation with SV40 T antigen.

RESULTS AND DISCUSSION

We have prepared three lines of transgenic mice with a construct
containing the Syl region, the Cyl? region, and about 4 kb of 5’ and 3’
flanking sequences (total size = 17 kb). Two of the lines (from founders
#45 and #46) have three copies of the transgene; the third line, from
founder #3 has more than 20 copies of the transgene. We prepared splenic
B cells from these transgenic mice and from non-transgenic littermates
[10]). Cultures of these B cells were stimulated with LPS or with LPS and
IL4 (100 units per ml). After three days, total RNA was prepared from the
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cells in these cultures and examined for the presence of Iyl transcripts

by S1 nuclease analysis [11]. In the Iyl exon there are only two
positions of nucleotide polymorphism between the endogenous genes and
transgenes. Therefore, this S1 analysis measured simultaneously
transcription of both types of genes. Nevertheless, the transgenes from

the founder #3 line seem to have been expressed, as B cells from these
mice made excess Iyl transcripts compared to B cells from non-transgenic
littermates (32.4 vs. 3.9, Table 1A). To confirm that some of the
transcripts detected by the S1 nuclease experiment derived from the
transgene, we have amplified them by the polymerase chain reaction.
Analysis for transgene and endogenous gene-specific nucleotides [12]
revealed that both types of transcripts are found in the population.

Is transcription from the transgene properly regulated? No Iyl
transcripts were detected in thymus (Table 1A), so the transgene was not

transcribed in this IL4-responsive lymphoid tissue. Additionally, Ivl
transcripts were detected in B cells after LPS + IL4 stimulation, but not
after LPS stimulation. Production of these transcripts corresponded to

that from the endogenous gene; significant amounts of Iyl transcripts were
detected only upon LPS + IL4 stimulation of B cells. Therefore, either
the transgenes were expressed with proper regulation, or they were not
expressed at all. We have strong indications that the transgenes in #3
founder offspring and in #46 founder offspring are expressed, and we are
testing by similar technology offspring of the #45 founder.

The results from transgenic mice with the complete yl gene and some
flanking sequences (Table 1) suggest that these transgenes can be properly

regulated. It might be possible for the transgenic heavy chain to be
expressed as protein if switch recombination could occur by translocation
or by trans-splicing. However, the B cells in these mice do not secrete

12 protein from the transgene as assayed by an allotype specific ELISA.
At most, 1 in 100,000 yl protein molecules arise from the transgene; the
remainder are encoded by the endogenous locus. This tiny level of
transgene protein expression needs to be substantiated by more sensitive
assays. These results contrast with results from transgenic mice with
VDJ-Su-Cu transgenes, which seem to recombine with the endogenous locus by

Table 1. Germline vl transcription by Iy1-Sy1-Cyl transgenic mice.

Founder Cells and Treatment Relative Iyl transcripts
A. Non-Tg Splenic B--LPS 0.6
Splenic B--LPS + IL4 3.9
#3 Splenic B--LPS + IL4 32.4
Thymocytes 0.3
B. #3 Splenic B--LPS 1.0
Splenic B--LPS + IL4 81
#45 " Splenic B--LPS 1.0
Splenic B--LPS + IL4 53
#46 Splenic B--LPS 1.0
Splenic B--LPS + Il4 78

In part A, the amount of Iyl transcripts (in arbitrary units) as
detected by Sl nuclease analysis was corrected by the amount of actin
transcripts in the same assay tube. In part B, the amount of Iyl
transcripts were normalized to S1 protection by the tRNA control.



145

Table 2. Expression of transgenic luciferase directed by the vyl promoter.

Splenic B cell treatment Luciferase activity (light units%)
LPS 34
IL4 115
LPS + 114 1041

*The value from the no extract control (230 light units) was
subtracted from each experimental result.

translocation or perhaps produce VDJ-Cy transcripts by trans-splicing [13-
15]. There are a few differences in the experiments that would explain
the different activity of the two types of genes; one is the much greater
transcriptional activity of the VDJ-Su-Cp type of transgene [13, 14].

Selsing and his colleagues have shown that switch recombination can
occur by chromosomal translocation [13]. However, it is not clear that
switch translocations in VDJ-Su-Cu transgenic mice occur at a moderate
rate, or occur at a very low rate and are under strong selection due to
immunization with an antigen to which the transgenic VDJ binds. In our
Iyl-Syl-Cyl transgenic mice, switch recombination by translocation between
switch regions must occur at a very low rate, if at all. This result re-
emphasizes how rare translocations between switch regions and the c-myc
oncogene must be, even though such translocations are detectable by the
dramatic phenotype they cause.

To better define the DNA sequences responsible for <vl-specific
transcription, we have constructed mice with 1491 bp 5’ and 200 bp of the
Iyl exon (using a 1.7 kb BgIII fragment from upstream of the Syl region)
fused to a luciferase reporter gene. Preliminary results indicated that
luciferase was expressed in B cells only after stimulation with LPS and
IL4 (Table 2). The construct may have been slightly responsive to either
LPS or IL4, although the level of expression from these transgenes was so
low that such questions could not be resolved.

It would be of great wutility if one had a <cell 1line that
constitutively produced the factors that mediate vyl accessibility. We
have attempted to immortalize such cells with SV40 T antigen. This
approach has been used to generate tumors of unusual cell types [16, 17].
Two hundred bp of Iyl exon and 2000 bp of 5’ flanking region were fused to
T antigen coding sequences, so that T antigen expression would be under
control of this promoter region. Four lines of transgenic mice were
prepared using this construct. Three of the lines (#237, #273, and #274
founders) made low levels of T antigen transcripts in B cells. In some
experiments T antigen transcripts were found in thymocytes, in other
experiments they were not (data not shown). Offspring of the fourth line,
from the #220 founder, have never expressed T antigen transcripts, even
though the founder herself had a very low level of transcripts. We tested

Table 3. Expression of Iyl transcripts by T antigen transgenic mice

Relative level of Iyl transcripts expressed#

Founder: #220 #237 #273 #274
Treatment

LPS 1.2 12.6 3.0 2.4
LPS + 114 2.4 14.7 8.1 6.6

*The amount of Iyl transcript (in arbitrary units) relative to an internal
actin probe.
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splenic B cells from all four lines of T antigen transgenic mice for
expression of Iyl transcripts from the endogenous locus (Table 3). In
contrast to normal mice (refer to Table 1), mice which expressed the T
antigen transgene also expressed significant amounts of endogenous Iyl
transcripts when stimulated with LPS alone. The level of Iyl transcripts
can be increased further with IL4 stimulation. However, compare the 6.5-
fold induction by LPS and IL4 compared to LPS alone (non-transgenic mouse
in Table 1A) with 1.2-fold to 2.7-fold induction in T antigen transgenic
mice (Table 3).

In B cells from non-transgenic mice, germline ¥l transcription is
easily detected only after activation with both LPS and IL4; we have not
detected Iyl transcription in normal B cells or other transgenic mice with
LPS stimulation alone (for example, Table 1). In B cells with a transgene
linking T antigen to the vyl promoter, abundant germline transcripts of the
endogenous vyl gene are detected after stimulation with LPS alone. We
hypothesize that when B cells in these transgenic mice are activated in
vivo to express endogenous germline vyl transcripts, coordinate expression
of T antigen allows such cells to divide several more times, or perhaps
even to become immortalized. The presence of such cells is then detected
in vitro by LPS-driven expansion of their numbers and/or RNA content.
(Iyl transcripts might be detectable in fresh B cells from T antigen
transgenic mice; we have not investigated this question as yet.) One
future goal is to increase the numbers of these cells by more intense or
prolonged stimulation of the B cells with IL4, either in vivo or in vitro.

A second goal is to obtain tumors of these cells. Tumors could arise if
naturally occurring secondary tumorigenic events occur, or by our
providing a second activated oncogene by transgenic technology. We hope

that such tumors would express factors that bind to the yl promoter and
mediate its accessibility and transcription.

We are not sure that T antigen expression is restricted to B cells
in the process of antigen-driven differentiation. Some results with the
vl promoter region we have used in the T antigen transgenic mice suggest
that the promoter is active in B cells only when they are activated by LPS
and IL4, but not in B cells stimulated with LPS nor in T cells. Other
results suggest a less stringent tissue and activator control. Better
definition of the cis acting sequences important to the production of
germline vl transcripts might allow us to better target T antigen
expression to the appropriate cell at the appropriate time.
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1 Introduction

The immunoglobulin (Ig) heavy (H) chain class switch permits expression of a mature
variable (VDJ) region with constant (C) regions other than ‘Cp. (for review see [6]). Molecular
analysis of IgH loci which have undergone isotype switching has led to the observation that this
event results in the deletion of the Cu gene and the intervening genomic sequences [18, 21].
The looping-out and deletion model for switch recombination predicts that the intervening
DNA between switch (S) regions will be excised as a circle [9]. Circular excision products of Ig
switch recombination have recently been isolated from mitogen stimulated spleen cells [7, 8,
14, 25]. This finding confirms that switch recombination occurs by the looping-out and deletion
mechanism.

Switch recombination focuses on switch DNA, regions of tandemly repetitive sequence
located upstream of each Cy gene and produces a new hybrid S DNA combination (Sp-Sx) [2,
10, 23]. Sequence analyses of switch recombination joints have revealed that both donor and
acceptor breakpoints fall within the tandem repeats in all events derived from B cells [7, 8, 14,
25). There are no obvious consensus recombination signal sequences, though the pentamers,
GAGCT, GGGGT, and GGTGG, components of all the S regions, are often found at or close
to recombination joints [16]. There are two models on the mechanism of switch recombination.
The first emphasizes the sequence divergence of S regions and suggests that there are switch
region specific recombinases which are responsible for the recombination [2]. The second
highlights the short nucleotide repeats which are common amongst all the switch regions and
suggests that switch recombination is due to homologous recombination [10]. Little, however,
is known regarding the molecular details of this mitotic recombination event.

Recombination requires that the two recombining DNA helices be in close apposition and
that the spatial arrangement of the juxtaposed DNA sequences will determine the product of the
recombination event [5, 19, 24, 26]. Formation of DNA-nucleoprotein complexes is a common
feature of such processes as transcription, site-specific recombination and the initiation of DNA
replication [3]. Switch recombination involves DNA rearrangements between sequences
distanced by 50-100 kb of genetic material [22]. Based on these considerations we reasoned
that juxtaposition of donor and acceptor switch DNA prior to recombination may be facilitated
by sequence specific DNA binding proteins. Activation of normal splenic B cells with LPS
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A-site B-site A-site
Competitors

KB oligo GATCCAGAGGGGACTTTCCGAGAG

B2 oligo GTTCAAGTATGGGGACTAACCTGGG
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Fig.1. List of probe and competitors. For simplicity, only the coding strands are shown. The A-site and B-site
sequences in probe pl.Sy3+ are bracketed. All oligonucleotide competitors were chemically synthesized and
annealed with their complementary strands for use in competition experiments. Dashes indicate positions of
identity with the B2 oligo in the case of B2 oligo.1 and with A oligo.1 for the series of A oligos.

causes switching from IgM expression to a high level of IgG3, some IgG2b, but no IgGl
production [11]. We have detected an Sp sequence specific DNA binding protein in these cells,
termed SNUP (switch nuclear p-binding protein), which recognizes a portion of the Su tandem
repeat, GAGCTGGGGTGAGCT [29]. We have also identified two DNA binding proteins
which specifically interact with two discreet portions of the Sy3 tandem repeat [28]. The DNA
sequences at which recombination occurs in the Sy3 switch region are statistically correlated
with the binding sites of these two switch binding proteins.

2 Experimental Results

To ascertain whether Sy3-specific binding proteins are present in activated B cells, binding
reactions were performed with a probe containing 1.5 repeats of the Sy3 genomic sequence and
nuclear extracts prepared from splenocytes which had been stimulated with LPS/DxS for 44
hours (Fig.1). Analysis by electrophoretic mobility shift assay (EMSA) resulted in resolution of
§ distinct complexes (Fig.2). Two complexes were judged to be non-specific by methylation
interference analysis since no footprint was evident for B3 and the binding of BS is dependent
on pUC polylinker DNA [28]. The methylation interference patterns for the other three
complexes, B1, B2, and B4, revealed that their binding focuses on Sy3 sequences.

2.1 Delineation of the SNIP Recognition Motif

The methylation interference analysis showed that the binding sites for B1 and B2 overlap
[28]. Extensive competition experiments demonstrated that B1 binding is dependent upon a
unique sequence in the probe [28]. The B1 complex does not recognize the Sy3 consensus
tandem repeat and is therefore predicted to bind to only one site in Sy3. The B2 recognition
motif, as it appears in the probe, also varies from the consensus Sy3 repeated sequence. In



151

Fig. 2. Competition binding assays to test the A-site specificity of the Sy3 B4 complex. Probe pl.Sy3+ (10,000
cpm) and nuclear extract from LPS/DxS stimulated B cells (5 ig) were incubated in binding reactions either in the
absence (lanes 1 and 20) or presence of increasing amounts (5.6 ng, 22.5 ng, and 90 ng) of the indicated
competitor DNA (lanes 2-19). The complexes were resolved by EMSA on a 6% polyacrylamide gel.

contrast to B1, the B2 factor binds to the consensus sequence. Hence, the B2 protein could
potentially interact with many repeats in Sy3.

Examination of the B2 recognition motif revealed a striking similarity with NF-xB binding
sites [13]. It is known that LPS stimulation of B cells causes NF-xB to be activated and
translocated to the nucleus [1]. Likewise, the B2 binding protein is found only in the nuclei of
mitogen stimulated B cells [28]. In a previous set of studies it was shown that an oligo
competitor containing the kB site derived from the intron enhancer of the « light chain gene
effectively competed with the Sy3 genomic probe for B2 binding [28]. When the kB oligo is
used as probe in a competition binding assay the B2 oligo competitor effectively competes for
the lower bound complex (Fig.3). The lower bound complex comigrates with the single
complex formed with the B2 oligo probe [28]. Moreover, the B2 recognition sequence as found
in the consensus Sy3 repeat also competed for the lower complex, albeit at reduced affinity
([28] and data not shown). B2 oligo.1, containing two mutations in the B2 binding site, does
not compete (Fig.1 and Fig.3). These results establish the Sy3 B2 motif as an NF-xB binding
site.

Since a number of different proteins have been shown to bind to «B sites it was necessary to
more directly determine the relationship between the B2 binding protein and NF-xB. When an
antiserum specific for the p50 subunit of NF-«xB was used in supershift assays, the bound
complex formed with the B2 oligo probe and the lower bound complex seen with the B oligo
probe were supershifted [28]. No supershifting occurred when preimmune serum was used.
This directly demonstrated that the B2 factor contains the NF-xB p50 subunit or a highly
related protein. We have designated the B2 binding factor as switch nuclear protein or
SNIP/NF-xB. The position of the Sy3 SNIP/NF-xB recognition motif within the Sy3 tandem
repeat is presented in Figure 4.

2.2 Delineation of the SNAP Recognition Motif

The methylation interference footprint of the B4 complex indicated that it bound to a
discreet portion of the Sy3 tandem repeat. To more finely analyze B4 binding, a new probe,
pl.Sv3.A, was prepared from a recombinant plasmid containing the Sy3 A oligo (Fig.1)
[28].Additional methylation interference and competition assays were performed using partially
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Fig. 3. Competition binding assay to analyze NF-«B recognition of the Sy3 B-site sequence. End labeled B oligo
was used as probe (10,000 cpm) in binding reactions with nuclear extract from LPS/DxS stimulated B cells (10
ng). The specificities of the bound complexes were tested by competition with increasing amounts (.009 ng, .35.
ng, 1.4 ng, and 5.6 ng) of unlabeled kB oligo (lanes 2-5), B2 oligo (lanes 6-9) or 5.6 ng of the mutant (mt), B2
oligo.1 (lane 10). The complexes were resolved by EMSA on a 6% polyacrylamide gel.

purified extracts [28]. These studies resulted in definition of the A binding site (Fig.4). To
confirm that the B4 complex is truly specific for the A-site, an EMSA was carried out using
the series of A oligos as competitors (Fig.2). The footprint data indicated that the A-site binding
factor strongly contacts the G residue of the non-coding strand which is complementary to the
first C of the A oligo. It was observed that binding affinity could be increased by moving the A-
site to a more centered location within the oligo (compare lanes 2-4 to lanes 5-7). To permit a
direct comparison of the effects of mutations within the A-site, oligo.1 through oligo.5 all have
centered sites. A oligo.2 has a T substituted for a strongly contacted G (position +12 in the
oligo). This single change results in a greater than 4-fold reduction in the ability of this oligo to
compete for B4 binding as compared to A oligo.1. A further decrease in competition efficiency
is observed with A oligo.5, in which two strongly contacted G residues have been changed to T
residues. A oligo.3, in which the G at position +14 in the oligo sequence has been changed to a
T, competes for B4 binding nearly as well as A oligo.1. This is consistent with the methylation
interference studies which indicated that the G at that position is only weakly contacted by the
A-site binding protein. A common, natural variation of the Sy3 A-site motif has a run of 5,
instead of 4, guanines following the CTCT. Efficient competition with A oligo.4, which
contains this variant A-site, demonstrates that the insertion of an extra G does not adversely
affect B4 complex formation. These data show that the B4 complex formed with the pl.Sy3+
probe is indeed A-site specific. We have designated this DNA binding factor as switch nuclear
A-site protein or SNAP. The SNAP recognition motif, positioned within the Sy3 tandem repeat,
is presented in Figure 4.

Fig. 4. Summary of the SNIP and SNAP recognition motifs. A representative Sy3 49 bp repeat is presented with
the B-site and A-site sequences boxed. G residues which are strongly (*) or moderately (o) contacted by the
proteins, as determined by methylation interference, are shown.
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3 Sy3 Recombination Breakpoints Fall in SNIP and SNAP Recognition
Motifs

Previous analyses of cloned, recombined switch regions have failed to define switch
recombination as either site specific or dependent on extensive homologous base pairing
between the donor and acceptor switch regions. It was of interest to re-examine the Sy3
breakpoints with respect to the SNIP and SNAP binding sites. The sequences of 21 Sy3 switch
recombinants are available [7, 10, 14, 16, 17, 23, 27, 30]. The Sy3 germline sequences
surrounding these breakpoints are presented in Table 1. It is remarkable that of these 21
examples, 10 breakpoints occurred within A-sites which are 15 bp long. Six breaks mapped to
B-sites which are 11 bp long. Only 5 breakpoints fell in the remaining 23 bp spacer sequences
outside the A or B recognition sites (Fig.5). The distribution of 16 breaks in the A and B sites
compared to 5 breaks in the remaining Sy3 DNA is shown by %2 analysis to be significantly
non-random with p=.04. It is also evident that the breakpoints are particularly focused to a
subregion of the A-site. All 10 A-site breakpoints occurred within the 3'-most two thirds of the
A-site sequences. When this region is compared to rest of the Sy3 49-mer, ¥2 tests result in a
high level of confidence that the concentration of breakpoints in this A-site subregion did not
arise by chance, p=.002. Thus while the most significant focusing of recombination breakpoints
is to A-sites, the B-site and the 4 bp spacer sequences also may serve as recombination
substrates. The sequences downstream of the A-sites, in contrast, show a significant under-
representation of recombination crossovers, with p=.025.

p=.025

p=.002

SRR LN
[ snip ||  swap |}
i Htd !

Recombinogenic - Prote'cted
Region Region

S

Fig. 5. Schematic diagram showing Sy3 recombination breakpoints positioned on a single 49 bp repeat. Acceptor
and donor breakpoints are indicated by arrows above and below the repeat, respectively. The levels of
significance of breakpoint clustering in the bracketed areas, as determined by %2 tests, are shown.

Given the concordance of switch recombination breakpoints with the SNIP and SNAP
recognition motifs we hypothesized that SNIP and SNAP may be functionally involved in
focusing switch recombination to the B and A sites of Sy3. We then wished to consider whether
the sequences in which breakpoints occurred could be bound by SNIP and SNAP. The 21
sequences represent 16 different Sy3 tandem repeats. All of the A-site sequences and 14/16 B-
site sequences are easily recognizable by visual inspection and could presumably serve as
binding sites for SNAP and SNIP. Many sites are variants of the consensus sequence and
although each variant has not been directly tested for SNIP and SNAP binding, it is predicted
that SNIP and SNAP could interact with most if not all these sites. The degenerate B-sites
derive from repeats 1 and 44, at the extreme ends of the Sy3 region where the 49 bp repeated
sequence is less well conserved. It is of interest to note that both the B-site and A-site
sequences are more highly conserved than the short and long spacer sequences. This may
reflect the functional importance of the B an A site sequences in switch recombination.

Since Sy3 contains multiple binding sites for SNIP and SNAP it is possible that these
proteins facilitate the formation of a higher order architecture of the Sy3 region. This may result
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in greater frequencies of recombination in certain areas of Sy3. Examination of the 21 examples
at hand reveals that 13 breakpoints mapped to the first third (repeats 1-15), 3 mapped to the
second third (repeats 16-30), and 5 mapped to the last third (repeats 31-45) of the Sy3 switch
region. Such a distribution is non-random according to x2 analysis where p=.002. This confirms
and extends earlier observations that breakpoints preferentially occur in the first third of Sy3 [7,
23]. This finding may allude to a higher order structure of the Sy3 switch region in vivo.

4 Conclusions

When all 21 examples of sequenced switch recombination breakpoints involving Sy3 are
considered, there is a statistically significant over-representation of breaks in the A-site/B-site
regions of the tandem repeats. This suggests that these sequences of Sy3 may serve as
recombination substrates in isotype switching. In contrast, resolution of crossovers rarely
occurs in the sequences directly downstream of A-sites, as evidenced by the dearth of
breakpoints in these areas. Even more striking is the focusing of 48% of the breakpoints to a 10
bp sub-region of A-sites. In addition to serving as recombination substrates, the B-site and A-
site sequences of the Sy3 tandem repeats are recognition motifs for binding proteins, namely
SNIP and SNAP. We find that the vast majority of breakpoint sites are at intact binding motifs.

By several criteria SNIP is indistinguishable from NF-xB. Possible roles for NF-xB in
switch recombination are suggested by it's well studied characteristics. First, it is a transcription
factor [13]. The work of several investigators has demonstrated that transcription across a given
Cu region precedes switch recombination to that isotype (reviewed in [4]). The precise
functions of this transcription and the sterile transcripts which result from it are still unclear.
Perhaps SNIP/NF-xB plays a role in regulating the transcription across the Cy3 locus. Second,
NF-«B is known to bend DNA [20]. The bending of DNA is a critical and essential feature in
certain prokaryotic site-specific recombination systems [15]. In bending Sy3 DNA, SNIP/NF-
«B may facilitate the formation of a higher order DNA-protein structure which is required for
recombination. Third, NF-xB is composed of rel-related proteins and therefore contains rel
dimerization domains [12]. Hence, SNIP/NF-xB could potentially mediate the synapsis of
switch regions through protein-protein interactions.

The focusing of breakpoints to SNAP recognition motifs suggests an intimate role for
SNAP in switch recombination. The precise functions of SNIP and SNAP in switch
recombination must await fuller characterization of the proteins and the development of
functional assays.
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Regulation of Transcription of the Germline
Immunoglobulin oo Constant Region Gene
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Different classes of antibodies serve different effector functions
and therefore the production of different classes must be regulated
during an immune response. Numerous recent studies support the
accessibility model for the regulation of heavy chain class switch
recombination, as heavy chain (Cyg) genes to which cells will switch
have been shown to be hypomethylated and to be transcriptionally
active (reviewed in Esser and Radbruch, 1990). Each of the
unrearranged Cpy genes has been shown to be transcribed prior to
switch recombination to that particular Cy gene. The structures of all
the Cy gene germline transcripts are identical, i.e. they are initiated 5'
to the switch (S) regions and are transcribed in the same direction as
and terminate near the same poly(A) sites as mature Ig mRNAs (Fig. 1).
An exon 5' to the S regions (I or germline exon) is spliced to the normal
acceptor site for mature mRNAs. The germline RNAs tend to have
multiple initiation sites probably due to the fact that they do not have
TATA boxes and at least one (germline o RNA) has multiple splice
donor sites for the I exon.
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Fig. 1. Map of the unrearranged Ig Co Gene in I/St mice and diagram of the
predominant species of germline o RNA.
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Most of the studies in our laboratory use a surface IgM* B
lymphoma cell line (I.29u) that can be induced by treatment with
lipopolysaccharide (LPS) to undergo class switch recombination to IgA
(Stavnezer et al. 1985). Isotype switching in this cell line has been
demonstrated to occur by classical switch recombination within the
tandem repeated sequences located 5 to the Cp and Ca genes
(Stavnezer et al. 1985). 1.29u cells synthesize germline o transcripts
and subclones of this line which switch at a high frequency express
more of the germline o transcripts than subclones that switch at a
lower frequency (Stavnezer-Nordgren and Sirlin, 1986; Stavnezer et al.
1988). These data plus studies in cytokine treated normal B cells have
provided strong correlative evidence suggesting that switch
recombination is directed by control of transcription. Germline
transcripts corresponding to the Cy gene to which cells are directed to
switch by cytokines are induced prior to switch recombination (Lutzker
et al. 1988; Stavnezer et al. 1988). Thus, it is important to analyze the
regulation of transcription of unrearranged CH genes. We summarize
here our analysis of the regulation of transcription of germline o genes
in 1.29u cells and the DNA sequence eclements and nuclear factors
necessary for regulated transcription of the germline Ca gene.

Transforming growth factor 1 (TGFP1) is a 25-kDa polypeptide
synthesized by many cell types. Both human T and B cells have been
shown to secrete TGFP after cellular activation and TGFP affects
proliferation and differentiation of a variety of cell types. TGFpB has
been shown to specifically induce IgA* cells in LPS activated B cell
cultures (Coffman et al. 1989; Sonada et al. 1989), and TGFB also
induces expression of germline o transcripts in these cultures prior to
appearance of IgA+ cells (Lebman et al. 1990a; 1990b).

TGFp increases LPS-induced switching to IgA and
increases transcription of germline o genes in I.29%u cells. We
tested the effect of TGFB on switching in 1.29u cells. We found that
addition of TGFP (2 ng/ml) at the time of addition of LPS increased the
percent of cells which have switched to IgA by greater than 12.5- fold
on day 3 after initiation of the cultures. Switching is assayed by
immunofluorescence microscopy, scoring switched cells as those which
stain in their cytoplasm with both anti-IgM and anti-IgA antibodies.
Since cells which express both IgMand IgA in their cytoplasmcannot
have been derived by outgrowth of IgA* cells, this is an excellent assay
for actual switch events. We next examined whether TGFB treatment
caused an increase in the level of germline o transcripts prior to the
switch to IgA. L1.29u cells were treated with LPS and/or TGFB for 24 hr,
pelleted, and RNA was purified or the cells were put back into culture
for an additional day or two days without inducers. RNA was also
purified on days 2 and 3. The RNA was analyzed by northern blotting,
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hybridizing with a probe specific for germline o transcripts. We found
that LPS alone does not induce germline transcripts on any of these
days, although it is required for switching to IgA. TGFpP in the absence
or presence of LPS induces germline o transcripts by an average of 5.5
fold by 24 hr after addition and this level is maintained to 48 hr, but is
greatly reduced by 72 hr (Shockett and Stavnezer, 1991). In nuclear
run-on assays, TGFPB (2 ng/ml) was found to increase transcription of
germline o genes in L[.29u cells within 4 hr after addition, with a
maximal induction of 5-fold at 12 hr (Shockett and Stavnezer, 1991).
Thus, TGFP causes an early increase in transcription and a transient
increase in steady state levels of germline o RNA. The stability of the
germline o RNA is unaffected by treatment with TGFB, or by treatment
with LPS, having a half-life of about 4 hr in 1.29u cells. Among the
known cytokines, TGFp is the best inducer of switching to IgA that has
been thus far identified and these data suggest that TGFB directs
switching to IgA by increasing transcription of germline o genes.

Identification of the promoter for germline o RNA
transcription. To determine if the DNA segment on the 5' flank of
the two start sites for germline o RNA functions as a promoter for RNA
transcription and then to define the regulatory elements functioning in
the promoter, a series of Co-luciferase fusion genes with different
lengths of 5' flanking segment were created. The plasmids were
transfected transiently into two B lymphoma cell lines: 22D, a surface
IgM+ subclone of 1.29u which expresses germline oo RNA, and A20.3, a
surface IgG2at cell line which has no detectable germline o RNA when
cultured with or without TGFB (Lin and Stavnezer, manuscript
submitted). The Ca-luciferase fusion genes are expressed equally well
in the two cell lines (Table I). We speculate that repression of
endogenous germline oo RNA in A20.3 cells is mediated through DNA
regions not residing within the 5’ flanking segment or by methylation
of the endogenous Co genes in A20.3 cells. It was not necessary to
include an additional enhancer in the Ca-luciferase fusion plasmids and
addition of the Ig heavy chain intron enhancer or the 3' Co enhancer
does not increase luciferase expression. The activity of the constructs is
unaffected by whether the construct has one or both of the two start
sites for germline a RNA. The construct containing only 106
nucleotides 5° to the first RNA initiation site is as active as the construct
containing 3800 nucleotides, but if the plasmid only contains 98
nucleotides 5° to the first initiation site, 86 to 88% of the activity is lost
in both cell lines. When we examined the DNA sequence of this region,
we noted an ATF/CRE consensus element residing between -103/-95
relative to the first initiation site. Oligonucleotide-directed mutagenesis
was used to create 4 nucleotide substitutions in this motif and this
mutated ATF element was inserted into the Cal79-luciferase plasmid.
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Table I. Expression of Co-luciferasc plasmids in 22D and A20.3 cclls

Co-luciferase % _Luciferase Activity Relative to [;SVZLuc2
;zlasmig‘l1
22D A20.3

3800 5.83+0.924 9.14+1.22
2-1793 7.17+0.22 6.78+0.28
179 5.91+1.47 8.10+0.79
148 5.23+0.90 7.39+1.77
128 5.30+1.39 8.60+0.89
118 5.63+1.72 9.71+0.93
106 5.18+2.11 11.57+1.70
98 0.64+0.11 1.65+0.36
88 0.78+0.27 2.34+0.64
mATF 1.39+40.51 2.20+0.49

1. Numbers refer to the length (bp) of the Co segment in the plasmids upstream to
the first RNA initiation site. -

2. pSV2Luc has the SV40 enhancer/promoter driving luciferase expression.

3. Plasmids 2-179 and 3800 have both RNA initiation sites; all others have only the
first initiation site.

4. Luciferase activity is normalized to the activity of co-transfected pSV2CAT and
the activity of pXP2, the plasmid vector without any Co promoter
sequences, is subtracted. The number given represents the mean of 3-4
experiments+S.D.

Mutation of the ATF element reduces the expression of the Cal79
construct by 76% and 73% in 22D and A20.3 cells, respectively (mATF
in Table I). To provide evidence that the ATF consensus element bound
a transcription factor, we examined whether a DNA fragment containing
the ATF motif binds a nuclear factor by the electrophoretic mobility
shift assay (EMSA) (data not shown). The fragment containing the wild
type ATF sequence forms 3 retarded bands when incubated with
nuclear extracts from a variety of cell types, including 1.29u cells, but
the fragment containing the mutated ATF site forms only two of the 3
retarded complexes. Competition experiments demonstrated that the
binding is specific. We conclude that the ATF element is binding a
transcription factor that is important for basal level transcription of the
germline o RNA. Although one member of the family of transcription
factors that bind ATF/CRE sites is inducible by cAMP, expression of the
germline o promoter fusion plasmids is not inducible by cAMP.

The germline o promoter is inducible by TGFB. We next
examined the TGFp-inducibility of the Co-luciferase fusion plasmids in
22D and A20.3 cells by treating transiently transfected cells with TGFp
(1 to 2 ng/ml is optimum), adding it either 7 hr after transfection (22D
cells) or immediately after transfection (A20.3 cells). In both cases,
cells were harvested 24 hr after transfection for the luciferase assays.
In 22D cells, plasmid Ca3800 is the most inducible; TGFB induces its
expression by 3.3+0.7 fold (mean+S.D.) (Table II). Plasmids Ca826 (data
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TGER-inducibility of Co-luciferase plasmids in 22D and A20.3 cells

Ca-luciferase Fold induction of luciferase activity by TGFp1
plasmid
22D A20.3

3800 3.304+0.752 21.2642.64
2-179 2.07+0.25 11.80+5.11
179 2.02+0.19 8.66+1.56
148 2.15+0.19 9.13+£1.49
128 2.02+0.19 5.79+1.33
118 1.5540.31 3.50+0.47
106 0.88+0.39 0.89+0.24
98 0.98+0.17 0.93+0.19
88 1.02+0.17 1.11+0.45
mATF 2.03+0.64 10.27+4.14

1. Fold induction=light units of induced culture/light units of uninduced culture.
2. The number given represents the mean of 3-4 experiments+S.D. The vector
pXP2 is not inducible by TGF. -

not shown) through Co128 are induced to about the same extent by
TGFB (average 2 fold, although in later experiments the induction
improved to 5-fold), but further deletions result in a loss of TGFp
inducibility.  The region from -127 to -105 contains two imperfect
tandem repeats of sequence 5' CACAG(G)CCAGAC 3'. The first copy
extends from -127 to -117 and the second copy from -116 to -105.
Plasmid Ca106, which lacks these repeats is not more inducible than
the promoterless vector pXP2, indicating that the repeat sequence is
necessary for TGFB induction. The difference in the amount of
induction obtained from Cal28 and Cal06 is statistically significant as
determined by an analysis of variance (Student-Newman-Keuls test,
p<0.05). Plasmid Co118, which has deleted the more 5’ copy of the
repeat, shows an intermediate level of induction, suggesting that both
repeats contribute to the induction. The repeats are not important for
constitutive expression since deletion of nucleotides from -128 to -106
does not affect promoter activity in the absence of TGFP (Table I). The
ATF element is not necessary for TGFB induction since Cal79 with the
mutated ATF element is fully inducible by TGFB (mATF in Table II). An
additional TGFp-responsive element is present 5' to -826 because
Ca3800 is more inducible than all shorter constructs.

We also tested these promoter constructs in A20.3 cells (Table II).
There is a greater induction of luciferase acitivity by TGFB in A20.3
cells than in 22D cells. The greater inducibility may be explained by
the fact that 22D cells make TGFp, whereas A20.3 cells do not (Shockett
and Stavnezer, 1991). Again, Ca3800 is the most inducible (21.3+2.6
fold) and Co through Co 148 are induced to the same extent (about 8
fold) by TGFP. Deletion of regions between -148/-128, -128/-118 and
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-118/-106 all lead to reduction of the TGFP response. The difference
between the inducibility of Ca128 and Co106 is statistically significant
(p<0.01). Thus, the DNA segment between -3800 and -826 and the
tandem repeats located between -127 and -105 are important for TGFB
induction in both A20.3 and 22D cells. In addition, these results
indicate that the segment between -148 and -128 can also contribute
to the TGFP response in A20.3 cells. LPS has no effect on expression of
the Cao-luciferase fusion plasmids, as expected from the fact that LPS
does not induce transcription of germline o genes (Shockett and
Stavnezer, 1991).

The Igoa TGFB-RE oligonucleotide confers inducibility to a
heterologous promoter. To determine if the tandem repeats
residing at -127/-105 can function by themselves to confer TGF
inducibility to a heterologous promoter, we inserted a 36-bp
oligonucleotide containing the direct repeat of the germline o promoter
into the plasmid pFL, which contains a minimal c-fos promoter driving
the luciferase gene (Fig. 2). Plasmids pFL-1, -2 and -3 contain one, two
and 3 copies of the oligonucleotide in the normal 5' to 3’ orientation,
respectively. The response of these plasmids to TGFP is similar in 22D

-132 TCCACCACAGCCAGACCACAGGCCAGACA -104

Fold induction by TGFp in

22D A20.3
c-fos

oFL 0.82+0.12 1.00+0.27
pFL'1 rzxey LuUC 111i023 116i_033
pFL-2 e e Luc 5.66+1.51 10.05+0.91
PFL-3 tue 18.19+0.36 26.64+4.22
pFL-4 e =’ [TGC 6.35+2.09 4.69+1.61
pFL-5  Vem & [Twie 3.21+1.99 1.94+0.17

Fig.2. The Iga TGFB-Response Element is sufficicnt to transfer TGFB inducibility
to plasmids driven by a minimal c-fos promoter in 22D and A20.3 cells. pFL
contains a minimal mouse (-71/+109) c-fos promoter driving luciferase gene
expression, and the other plasmids (pFL-1,-2, or -3) contain one, two or 3 copies of
an oligonucleotide (-132/-104) containing the direct repeat present in the Cao
promoter or they contain segments [rom the Co promoter, indicated by the
nucleotide positions relative to the first RNA initiation site in the figure (pFL-4, -
5). The results given are the means+S.D. of 3-4 ecxperiments. The nucleotide
sequence of these segments is reported in Lin and Stavnezer, submitted for
publication.
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and A20.3 cells. Expression of pFL and pFL-1 are not increased by
TGF, but luciferase expression of the plasmids containing two and 3
copies of the repeat are strongly induced by TGFp (6 to 10 fold and 18
to 27 fold, respectively; Fig. 2). These results indicate that the
transcription factor(s) which binds to the repeated sequence (Iga TGFp-
RE) functions synergistically to activate transcription and more than
two copies of the individual TGFB-RE are required for TGFB induction.
Consistent with this finding, we noted in the germline o promoter a
third copy of the TGFB-RE located between -41/-30. In addition, we
tested two plasmids containing 3 copies of the TGFB-RE oligonucleotide
inserted with the middle copy in the reverse orientation in one and
with the 5' copy in reverse orientation in the second. TGFf induction of
these plasmids is consistently about 30% lower than the induction of
pFL-2 (data not shown). These results suggest that the nuclear factors
which bind to Iga TGFB-RE interfere with each other when they are
closely spaced and bound to DNA in an inverted orientation relative to
each other, but they cooperate if in the correct orientation when closely
spaced. We tested additional DNA segments from the germline o
promoter for ability to confer TGFP responsiveness to pFL. Plasmid
pFL-4, which contains the -179/+46 Co promoter segment, can be
induced by TGFB by 5 to 6 fold in the two cell lines, whereas pFL-5,
which contains the -179/-52 Ca promoter segment, is induced to a
lesser extent, by 2 to 3 fold. This result suggests that the additional
TGFB-RE, which is not present in the -179/-52 segment, contributes to
TGFB inducibility.

Nuclear extracts from 1.29u cells contain specific binding
activity to TGFB-RE. To determine if a nuclear factor binds the Iga
TGFB-RE, the double-stranded oligonucleotide containing the direct
repeat was end-labeled and incubated with nuclear extracts prepared
from 22D cells and analyzed by EMSA. A few retarded bands were
detected; the most slowly migrating band appears specific, as it is
competed by excess unlabeled TGFB-RE, but not by an unrelated
oligonucleotide. ~The EMSA pattern is the same when nuclear extracts
from TGFp-treated 22D cells were used. Thus, the TGFB—-RE binds a
nuclear factor in a sequence-specific manner but the binding of this
factor appears to be unaffected by TGFP treatment. This is consistent
with the fact that the TGFP signal transduction pathway involves a
serine/threonine protein kinase (Ohtsuki and Massague, 1992), since
phosphorylation does not always change the DNA binding activity of
transcription factors.

The Iga TGFB-RE is found in the 5’ flanks of other genes.
Three copies of the Iga TGFB-RE are present at similar positions relative
to the start sites of transcription of the human germline ol transcript.
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A copy of the element is also found in the promoter for both mouse and
human TGFB, a gene whose transcription is induced by TGFB. The
element is located in a region that has not been studied for its effect on
TGFp inducibility (immediately 3’ to the first of the two RNA initiation
sites), and it is known that an AP-1 binding site is involved in TGFp
induction of transcription from the second initiation site of the TGFp
gene (Kim et al. 1990). Therefore, if this element is involved it would
not be the sole TGFB-RE in this promoter. This element also resides at -
560 in the B-actin 5’ flank, another gene known to be induced by TGF,
although again this region has not been examined for its effect on TGFp-
inducibility. The element is also found in the 5’ flanks of several other
genes that are not known to be induced by TGFB. TGFB is known to
induce transcription of genes through a few different DNA elements:
AP-1 binding sites, NF-I and USF elements. None of these elements are
found in the 826 nucleotide 5’ flanking region of the germline o
promoter.

In conclusion, multiple copies of a novel sequence element are
responsible for TGFp induction of germline o RNA. Further, our results
indicate that TGFP can induce transcription of different genes by a
variety of mechanisms. Our results support the hypothesis that TGFp
directs switching to IgA by inducing accessibility of the unrearranged o
gene and that TGFB induces this accessibility by inducing transcription
directed by the germline a promoter.
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Introduction

Immunoglobulin genes undergo a programmed series of DNA rearrangements in
B lymphoid cells. Following assembly of a functional variable (V) region
gene, an independent series of recombinations determine the heavy chain
isotype of the expressed antibody (IgM, IgG, IgE and IgA). Heavy chain
class switches result in the deletion and replacement of the Cy gene with a
downstream Cy gene (Cy3, C¥y, Cfpp, Cypas Ce Or C«)( reviewed in Marcu,
1982; Shimizu and Honjo, 1984; Radbruch et al., 1986; Gritzmacher, 1989).
These recombinations are mediated by switch (S) regions which are
positioned about 2 Kb 5’ of every Cy gene segment with the exception of Cg.
Differential regulation of Cy class switching is believed to be manifested
by the accessibility of S segments to a B cell specific switch-recombinase
activity (Stavnezer and Sirlin, 1986). Switch-recombination occurs at
widely spaced positions within Sy and other downstream S regions and only
limited sequence homology between S sequences may be present near the site
of recombination (Gritzmacher, 1989; Ott and Marcu, 1989). S regions
consist of short tandemly repetitive sequences of varying length and
homology which are-believed to mediate switch recombination by an
illegitimate mechanism. GAGCT and GGGGT sequences are found in all S
regions in addition to three other commonly observed pentamers: ACCAG,
GCAGC and TGAGC (reviewed in Shimizu and Honjo, 1984; Gritzmacher, 1989).
A heptamer consensus motif, YAGGTTG (Y=pyrimidine), has also been found
nearby a number of switch recombination sites in plasma cell tumors and
hybridoma Tines and is also repeated in various S segments (Marcu et al.,
1982). The 5’ portion of the S region is non-repetitive but does contain
interspersed GAGCT, GGGGT and YAGGTTG like sequences while the 3’ portion
is composed of a simple repetitive block of (GAGCT),GGGGT motifs where it
ranges from one to seven (Nikaido et al., 1981). The Sy, S¢ and S«
sequences display considerable homology particularly in areas containing
repeats of GAGCT sequences while the Sy regions contain a Tower density of
these pentamers but are typified by 49mer or 52mer (Sjy,,) repeats and
TGGGG, GCAGC and ACCAG motifs (Kataoka et al., 1981). The overall homology
of the Sy regions correlates with their distance from Sy (e.g., Sy3>
S¥1>S¥2p>S¥p,) (Shimizu et al., 1982; Stanton and Marcu 1982).

We have previously employed retroviral vectors to introduce switch-
recombination substrates into cells (Ott and Marcu, 1989). These studies
demonstrated that: (1) portions of two S regions are sufficient for
efficient switch-recombination, (2) switch-recombination is B cell
specific, (3) switch repeat motifs may mediate DNA rearrangements but only
limited sequence homology resides at the precise sites of recombination and
(4) switch-recombination 1is regulated by multiple factors (presumably
contributed in part by the degree of switch region accessibility) in
addition to the presence of a B cell specific switch-recombinase.
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Here, we describe the properties of a B cell stage specific S region
binding factor NFSx-B;. By binds to Sm 5’, 543’ sequences and to other S
regions with varying “specificity. Binding site competition assays reveal
that NFSy-By is 1ikely identical to S«BP (Waters et al., 1989) and BSAP
(Barberis et al., 1990) which were shown to bind to two sequences upstream
of the S« repeats and within the promoters of sea urchin histone genes
respectively. Preincubation of B cell nuclear extracts with protein
dissociating agents strongly enhanced NF-S4Bj binding to switch repeat
motifs implying that an inhibitory activity inlB cells may alter its DNA
binding specificity.

C[,l 1
[E— ] ¢
X RXHS HS H X SH H H
I \ TANDEM REPEATS OF
Sp. MOTIF (GAGCT-TGG66)
H Hh Hh H

(®) IgH ENHANCER

L_150bp —p3! 5 s, HoTiF

6
Sp9 Spl20 owe RECOMBINATION SITES
[ZN(S;‘/S)VH) tki SWITCH-RETROVECTOR]
*—= RECOMBINATION SITES
[ENDOGENOUS Sp REGION]
Fig.1. Schematic of the S region and associated flanking sequences. R,

EcoRl; H, Hindlll; S, Sstl; X, Xbal; Hh, Hhal.

Identification of a B Cell Stage Specific S Region Binding Factor

Gel retardation assays were performed with crude nuclear extracts derived
from lymphoid and non-lymphoid cell lines and two DNA probes were prepared
from the repetitive and non-repetitive portions of the Sy region
respectively (see S$,96 and S, 120 in relation to sites of switch-
recombination within the S, region in Figure 1). S,120, a 120 bp DNA
fragment containing Su tandem repeat motifs revealed a fairly complex
pattern of DNA-protein complexes with crude nuclear extracts from different
cell types (Figure 2A), but a minor, fast gel shift complex designated
NFSK—BI, was only detected in nuclear extracts prepared from pre-B and
immature surface Ig positive B cells. 5,96, a 96 bp fragment derived from
the 5’ non-repetitive portion of Sy, also gave a fairly complex gel shift
pattern, which contained a B cell 'stage specific complex analogous to that
detected with S4120. The Sy 96-B; and Su 120-By complexes co-migrated
implying, along’ with their identical B cell stage specific expression
patterns, that they are generated by the same DNA binding activity (Figure
2B). A reduced amount of 300-18 pre-B cell crude nuclear extract (5.0
instead of 7.549) with the S496 probe only revealed the major ubiquitous
complex unique to Su96 (NFSy-U;) and the B cell specific B; band (Figure
3). The S4-U; band was abolished by an excess of Sy 5° fragment competitor
and only diminished in intensity with other S region competitor DNAs while
all repetitive S region fragments competed well for By binding to $496.
Su5’, Sy3’, S«, % and Sy; sequences were comparabﬁe competitors for B
binding to §u96 wh1?e Sy3 and Syp, DNAs were less efficient (Figure 3). A
DNA fragment originating from the 3’portion of Syy,, which lacks tandem Sy
repeats, did not show significant competition. ﬁgkility shift competition
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Fig. 2. Gel mobility shift assays of %M binding factors with 7.5 4g of crude
nuclear extracts and §, 120 (panel A) or S496 (panel C) DNA probes. DNA-protein
complexes with S496 and sy120 are compared in panel B. The §496 probe is 126 bp
due to 30 bp of pBluescript sequences. B and T are mature B and T lines; E, PC
and Fb are erythroid, plasma cell tumor and fibroblast lines respectively.

Fig.3. §“96 mobility shifts with 5.049 of 300-18 extract and a 200 fold excess of
unlabeled switch region competitor DNAs. Sus’ and Su3' are non-repetitive and
repetitive portions of the S region. 3’Sr2b resides 3’ of the szb 49mer repeats.
The first lane and (-) contain no extract and S DNA competitor respectively.
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assays were performed with 5 4g of 300-18 crude extract and synthetic
oligonucleotides derived from different portions of the S496 probe to
define the molecular requirements for By binding (Figure 4). UL7, only
containing the core of the Uy binding site as revealed by methylation
interference footprinting (Xu et al., 1992; data not shown), was a poor
competitor for U; and By binding. Probes containing additional 3’ (UB30)
and 5’ (YUB65) flanking sequences were better competitors. UBA48,
encompassing the 3’ half of the Sm96 probe, was the most effective
competitor and abolished both By and U; binding at a 5-10 fold molar
excess. Under these binding condifions the single S motif present near the
3’ end of Su96 would appear to be a more effective component of the By
binding site if it does not reside at the very end of the DNA molecule.
Synthetic oligonucleotides containing ,3-4 copies of Sy motifs failed to
compete for SM—BI b1nd1ng even at a 103 fold molar excess while a 30mer Sy
motif oligo compagable in length to UB30 in F1gure 4 did compete for Su-B;
but only at a 10° fold molar excess (Xu et al., 1992; data not shown)
These observations collectively argue that numerous tandem repeats of the
Sm motif (employed in the Sx3’ competition in Figure 3) can be effective
competitors for B; binding while other sequences can substitute for tandem
Su motifs.

Fig. 4. Sy 96 mobility shifts with 300-18 nuclear extract (54g) competed by
synthetic oligonucleotides derived from the Sy96 sequence. The underlined sequence
in the oligonucleotides corresponds to the ubiquitous Wy binding site revealed by
methylation interference footprinting (Xu et al., 1992).

NF§M-BI is Likely Identical to SxBP and BSAP

S«BP, a nuclear factor with the analogous B cell stage specific expression
pattern as NFS,-B; was reported to bind to at least two different sequences
upstream of the Sa switch repeats (Waters et al., 1989). Sequences derived
from other switch regions competed to varying degrees for S«BP binding and
one of these sites was upstream of the S. tandem repeat motifs. In light of
these similarities, we compared the b1nd1ng site specificities of NFSy,-B,
and S«4BP for their respective target sequences. «S-2, an S«BP binding s1te
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oligonucleotide, specifically competed for Su-By binding to Su96 (Figure
5A) and S496 competed for binding of S«-BP to a Tabeled «S-2 site (Xu et
al., 1992; data not shown). NF-SuB;/S«BP appears to preferentially bind to
the oS-2 site under these conditions. SoBP bound with similar specificity
to two different sequences upstream of Sx, ~S-1 and oS-2, which exhibited
about 50% sequence homology (Waters et al., 1989). BSAP, another
mammalian B cell stage specific nuclear factor, was reported to bind to a
conserved sequence motif within sea urchin histone 2A and 2B gene promoters
(Barberis et al., 1990). BSAP 1like S« BP possesses a B cell stage
expression pattern analogous to NF-S« By. Furthermore, mutation of an
invariant C residue in the histone promoter consensus sequence to an A
abrogated BSAP binding and promoter function in mammalian B cell Tlines
(Barberis et al., 1990). In Figure 5, a 25 bp synthetic oligonucleotide
of the H2A-2.2 promoter is a very effective, competitor for By binding to
S#96 while a mutant H2A-2.2 site is a much poorer competitor. Band shifts
with the H2A-2.2 promoter as probe were competed by otS-2 and switch region
DNAs and SuB;/S«BP/BSAP DNA complexes migrated with similar RF values (Xu
et al., 199Z; data not shown). These cross-competition assays indicate
that NF-SyB;, SeBP and BSAP 1ikely represent the same B cell stage specific
DNA binding activity. «S-1, «S-2 and the H2A-2.2 promoter sequences appear
to be stronger binding sites for NF-SuB;/S«BP/BSAP than Sy probes under
these in vitro conditions. A consensus sequence derived from the H2A and
H2B gene promoters bears homology to portions of the &£S-2 and Su96 probes
and a combined consensus sequence of all these binding sites resembles an
Su motif (Figure 6B).

Fig. 5. Cross competition gel retardation assays reveal that NFSu-B,, SxBP and
BSAP likely represent the same DNA binding activities. oAs-2 is a 66bp oligo
containing one S BP binding site (Waters et al., 1989). H2A-2.2 and H2A-2.2M are
25bp oligos corresponding to wild type and mutant BSAP binding sites (Barberis et
al., 1990).

NFSu-B;/S<BP/BSAP Binding Specificity Maybe Modulated by an Inhibitor

The inclusion of protein dissociating agents such as NP-40, urea or
formamide in binding reactions enhanced By specificity for DNA probes
containing switch repeat motifs and abrogated ubiquitous factor complexes
(Xu et al., 1992; Figures 6 and 7). Representative binding reactions
performed with 40% formamide in Figure 6A reveal strong enhancement of NFSy
-B; complex formation on S496 in comparison to H2A-2.2. As expected, the Sy
By and BSAP complexes co-migrate and are each effectively competed by an
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Fig. 6. Panel A: Enhancement of NF-§M81 and BSAP factor binding in the presence
of 40% formamide. Panel B: Comparisons of the SAB1/&LBP/BSAP factor binding
sequences. Large case letters indicate the predominant nucleotides and small case
letters are only observed once. R= purine and N= all nucleotides observed.

Fig. 7. Superose 12 chromatography of heparin (HA) agarose fractionated 300-18
nuclear extract in the absence (A) and presence (B) of 40% formamide. The position
of migration of the %u-B1 complex is indicated relative to other marker
polypeptides.
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excess of the wild type H2A-2.2 promoter (Figure 6A). However, activation
of SyB1/S«BP by protein dissociating agents was only demonstrable with pre-
B and immature B cell Tlines indicating that latent inactive forms of S.B;/
S«BP are not present in fully mature B cells or non-lymphoid cells nor in
cytostolic extracts (Xu et al., 1992; data not shown). NFSu-B; binding
activity was partially purified from 300-18 crude nuclear extract and then
subjected to. superose 12 chromatography in the presence and absence of 40%
formamide (Figure 7). Formamide treatment of the heparin agarose
fractionated extract revealed strong enhancement of B; binding to $496. In
the absence of formamide, the By binding activity migrated in the void
volume of a superose 12 column.” Inclusion of formamide in the column
buffer yielded a By complex of reduced molecular weight. These
observations suggest that the By binding activity normally resides in a
high molecular weight complex which is disrupted by protein denaturants
also causing a concomitant increase in By specificity for a switch repeat
probe.

Relationship of NFSu-B;/S«BP/BSAP to Other S Region DNA Binding Activities
and its Potential Role in Switch-Recombination

Two other S region binding activities have been described but are
unrelated to SuB;/S<BP/BSAP. Another S repeat motif DNA binding activity,
NF-Su ,which appears after mitogen stimulation of splenic lymphocytes
generated a single band shift with a GAGCTGGGGT(GAGCT)3 25 mer and DMS
interference indicated that binding centered on the (G)4 run (Wurff et al.,
1990). However, no data are available on the B cell specificity of NF-Sy .
Nevertheless, SuB;/S«BP only bound to large (>100bp) S motif fragments and
as shown here this binding was enhanced by protein dissociating agents.
LR1, a B cell specific and LPS inducible S region binding activity, was
dependent on phosphorylation for DNA binding (Williams and Maizels, 1991).
However, SuB;/S«BP binding activity was present in primary splenic
lymphocytes without mitogenic stimulation and phosphatase treatments of B
cell nuclear extracts did not inhibit S4B binding (data not shown). LRI
may play a role in the induction of S region accessibility.

We envision several possible functions for SKBI/SxBP/BSAP in class
switching which need not be mutually exclusive. Given the ability of Sy
B1/S«BP to preferentially bind to an essential sequence required for sea
urchin histone promoter function in mammalian B cells, this DNA binding
activity may initially participate in establishing the transcriptional
competence and/or accessibility of the Cy locus for switch-recombination.
The conversion of S«BP/BSAP into the Suéa switch region binding activity
could be regulated by inhibitory factors. In the absence of such
inhibitory factors, SyB; would then facilitate the synapsis or alignment of
distantly separated switch regions prior to their recombination. This
might involve the opening or melting of DNA sequences as a prelude to
strand breakage; and the existence of multiple, adjacent SuB1 binding sites
amongst the tandemly repetitious sequences in S regions may be involved in
its mechanism of action. S,B;/S«BP/BSAP may represent a molecular link
between transcription and Ig gene recombination.
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Introduction

Although multiple myeloma has long been regarded as a malignancy localized to the bone
marrow, recent evidence clearly shows a monoclonal population of B cells in the blood of
patients with myeloma both at diagnosis and during therapy. It is difficult however to
determine whether or not these circulating tumor-related B cells are in fact malignant or if
they are non-malignant relatives of the plasma cells in the bone marrow. Our working
hypothesis predicts that circulating monoclonal B lineage cells are the precursors of the bone
marrow plasma cells and that, contrary to well established dogma, traffic of myeloma cells
travels from the blood to the bone marrow. We predict, and our data support the view, that
B lineage cells localized in the bone marrow are predominantly end stage non-proliferating
cells which have little or no propensity or capability to migrate, whose future options consist
mainly of entry into apoptotic pathways and eventual death. If this view is correct, it predicts
that the malignant stem cell in myeloma may be located outside the bone marrow. If the
circulating monoclonal B lineage cells in blood are in fact malignant cells, then they either
represent the stem cells themselves or are early descendents in the process of trafficking to
the marrow where they will terminally differentiate. Spleen might be considered the most
likely place of origin for myeloma as plasma cells of normal bone marrow originate in the
spleen, migrate as antigen-activated B cells to the bone marrow via the blood and undergo
terminal differentiation to antigen-specific plasma cells (1,2), a pattern remarkably similar to
that of the monoclonal B lineage in myeloma (3). Also consistent with this view is work
indicating that the accumulation of plasma cells in normal bone marrow is the major site of
antibody synthesis in the body, and increases with age (1). In myeloma, analysis of autopsy
material indicated the least mature cells of the malignant lineage were in the spleen whereas
considerably more terminally differentiated B lineage cells were found in blood (Jensen et al,
submitted). This highly speculative hypothesis is a difficult one to test as events in the
spleen would be predicted to occur in the earliest stages of the disease and cells might
become extra-splenic even before diagnosis. Thus the properties and potential of the
circulating blood B lineage cells have become an important target of investigation, and an
even more crucial consideration in the design of new modes of therapy for myeloma
patients.

Monoclonal B Lineage Cells in the Blood of Myeloma Patients

Evidence for Monoclonality

A number of groups have detected monoclonal rearrangements among peripheral blood
mononuclear cells (PBMC) from some but not all myeloma patients (reviewed in 3), and
initially assumed that these were derived from small numbers of plasma cells in blood.
However reports of large numbers (up to 80% of PBMC) of circulating B cells in blood of
myeloma patients, together with monoclonal IgH rearrangements, showed that these derived
from earlier B lineage cells not from circulating plasma cells (3,4). More recent work from
our group indicates that circulating B lineage cells in myeloma express apparently
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monoclonal mRNA encoding either x or A light chains, consistent with both the type of
mRNA expressed by bone marrow plasma cells from the same patient, and with the type of
monoclonal Ig found in serum. Light chain mRNA is not detectable among PBMC B cells
from normal donors probably because normal PBMC include fewer B cells and those that
are present are at a stage of B cell development prior to initiation of Ig secretion. Kappa or
lambda light chain mRNA has been detected among PBMC B cells in 12 of 15 patients
analyzed using Northern blots (Jensen et al, submitted).

B Lineage Cells in Myeloma Represent a Continuously Differentiating Population
Analysis of PBMC from myeloma patients by multiparameter flow cytometry revealed that B
lineage cells in blood are highly heterogeneous, as defined by their expression of CD45
isoforms. Among normal B cells, CD45RA, the high molecular mass CD45 isoform, is
expressed by resting B cells from blood and from solid tissues (5), while CD45R0, the low
molecular mass isoform, is expressed only by activated late stage B cells (6). Upon terminal
B cell differentiation to plasma cells, all CD45 is gradually lost (5). In myeloma PBMC, B
lineage cells are predominantly CD45R0, defining them as late stage B cells, but the
population of blood B cells usually includes B cells expressing only CD45RA, transitional
cells expressing both CD45RA and CD45R0, and late stage B which are CD45R0T. CD45"
plasma cells are found only in the bone marrow except at very late phases of the disease (3).
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Use of a panel of mAbs allows an even finer discrimination of B lineage stages. During B
cell differentiation to plasma cells, signal transduction molecules such as CD45 and CD19
are lost, presumably reflecting the status of plasma cells as an Ig factory, no longer
requiring signal transduction. In contrast, the density of molecules such as CD38, VLA-4,
CD44 and CD56 increases on plasma cells perhaps indicating a need for homotypic adhesion
or for adherence to bone marrow stromal cells. The apparent sequential stages of B lineage
development in the blood and bone marrow of a single patient at diagnosis is shown in
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Figure 1. This figure assumes that B cell differentiation proceeds from smail CD191 B
cells, to larger CD19+ activated cells with enhanced granularity and specialization for Ig
secretion, culminating in further B cell differentiation in the marrow and eventual loss of B
cell antigens as the terminal plasma cell stage is reached. This figure also assumes as a
working hypothesis that cell migration proceeds from the blood to the bone marrow.

If B lineage cells in blood and bone marrow are considered as a sequentially related
continuum, Figure 1 shows the loss of both CD19 and CD45, and the acquisition of CD38
and CD56, as B cells differentiate in the bone marrow. Expression of both CD38 , at high
intensity, and CD56 at somewhat lower intensity, on the large blood B cells suggests they
are already at a very late stage of B development. Other markers which define late stage B
cells, such as CD5, CD10 and CD11b, are found predominantly, and at highest intensity, on
large blood B cells, and are lost as these cells migrate to the bone marrow and terminally
differentiate.

Circulating Monoclonal B Cells Persist Despite Intensive Chemotherapy

Although bone marrow is often heavily depleted of plasma cells during chemotherapy, the
population of blood B cells remains at high levels despite chemotherapy of multiple myeloma
(3,4, Table 1). These apparently chemotherapy-resistant late stage monoclonal B cells
remain phenotypically similar to those detected prior to treatment.

Table 1. Circulating B cells Persist During Chemotherapy

Treatment %CD19™ B cells % of CD19T B cells

that are CD38hi

CD19Sm CDI19Lge
Untreated 28+13 10+9 45+23
VAD 28+14 18+13 53+13
Melp/Pred 31+18 20+12 32421
Off Tr 23149 25+15 58421
Relapse 3510 1715 62+17

Values are the mean + SD. CD38H! includes those B cells (CD19 'F) with an intensity of CD38 staining greater
than channel 516.

The P-glycoprotein Multidrug Transporter is Expressed on Circulating B Cells in
Myeloma

Because the circulating B lineage cells in myeloma are relatively unaffected by
chemotherapy, the expression of p-glycoprotein was examined. P-glycoprotein is a
membrane transport protein that appears to mediate ATP-dependent transport of heterocyclic
drugs and is implicated as a primary mediator of multi-drug resistance in malignant disease
(7,8). It has been detected on plasma cells resident in the bone marrow of myeloma patients
(9,10) and treatment of resistant patients with drug in conjunction with verapamil, known to
block drug efflux in vitro, can enhance drug sensitivity in vivo (11,12). Mab MRK-16
detects the fourth external domain of p-glycoprotein which is specific to the mdrl gene
product (13,14). Table 2 shows that p-glycoprotein is expressed on both small and large B
cells in PBMC of myeloma patients and 1s frequently detected on a subset of circulating B
cells prior to treatment.

Since p-glycoprotein was detectable, often at high intensity, on circulating B cells in newly
diagnosed untreated myeloma patients, both blood and bone marrow cells were compared
from individual patients (Table 3). A variety of patterns were detected, including expression
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of p-glycoprotein on only blood B cells, or on both blood and bone marrow B lineage cells.
Overall, p-glycoprotein was detected on circulating B lineage cells from a large proportion
of myeloma patients, although the amount and intensity of staining varied considerably
(Table 4). However malignancies involving earlier stage B cells such as B chronic
lymphocytic leukemia, or later stages such as plasma cell leukemia, appeared to be negative
further suggesting stage-specific expression of the mdrl-encoded transporter.

Table 2. Expression of P-glycoprotein on Circulating B Lineage Cells in Multiple Myeloma

Proportion of patients with a subset
of MRK-161 CD19% B cells in PBMC

Treatment MRK-16" MRK-1610 MRK-1601
Untreated 1/14 5/14 8/14
VAD-treated 2/11 4/11 5/11
Melp/pred 4/17 4n7 9/17

Off tr 5/14 4/14 5/14
Relapse 4/7 1/7 217

PBMC from patients were stained with CD19 and MRK-16 in double immunofluorescence. Files were gated
to include only CD19 % B cells and histograms of staining by MRK-16 were plotted. In all samples an
identically stained and gated sample was stained with an isotype-matched IgG2a control antibody and the
staining by MRK-16 evaluated in comparison to this control. Low staining was defined as 20-90 channels
above the isotype control staining, and high staining was defined as 100 or greater channels above the control.
In many cases MRK-16 staining was 200-250 channels above the control which is approximately 10 fold
greater intensity.

Table 3. Expression of P-glycoprotein on B Lineage Cells from Blood and Bone Marrow of Untreated
Myeloma Patients

Percent of population expressing MRK-16

Blood Blood Bone Marrow

Patient CD19*Sm CD19tLge CD19%Lge CD19Lge
#1 20 Hi 0 0 0

# - 86 Lo 0 0

#3 56 Hi - 0 0

#4 - 29 Hi 63 Hi -

#5 10 Hi 48 Hi 20 Hi 0

#6 71 Hi 20 Hi 67 Hi 40 Hi

#7 30 Lo 46 Lo 12 Lo -

Expression of MRK-16 on CD19™ B cells or CD19™ plasma cells was as described above. Plasma cells were
defined as CD19™ cells with high side and forward scatter, expressing CD38 and morphologically identified
as plasma cells on cytospins. All patients were untreated.
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Table 4. Proportion of Malignant B Lineage Cells Expressing P-glycoprotein

Disease % CD19 + expressing Intensity of MRK-16

MRK-16 Number of Channels
All Myeloma PBMC (40)
CD19 % Small 24427 94426
CD19% Large 55436 94461
Untreated Myeloma (13)
CD19 " Sm PBMC 35431 118+77
CD19 ¥ Lge PBMC 43+35
Bone marrow 25424 119+80
Plasma cell leukemia (2)
PBMC 0 0
Bone Marrow 0 0
B-CLL (7) PBMC 0 0

Intensity is the number of channels above the staining by the isotype matched control. Values are the

mean + SD. The range of values was from 0-100% for nearly all myeloma groups. The number of patients
analyzed is indicated in brackets. A shift of approximately 80 channels indicates about 3 fold greater staining
than the control, and a shift of 240 channels represents a 10 fold increase.

Functional Activity of P-glycoprotein on Circulating B Cells in Myeloma

To determine if the expression of MRK-16 epitopes on the surface of circulating B cells in
myeloma revealed the presence of functional p-glycoprotein, adriamycin accumulation by B
lineage cells was evaluated in the presence and absence of verapamil (Figure 2). Studies with
cell lines have shown that sensitive cells lines take up adriamycin by diffusion, and lacking
p-glycoprotein, do not pump it out again, whereas drug-resistant lines rapidly pump
adriamycin resulting in virtually no drug accumulation. Since this efflux is inhibited by
verapamil, resistant cells treated with verapamil accumulate drug to the same extent as do
sensitive cells. Figure 2 shows adriamycin accumulation by B cells from an untreated
patient and increased accumulation in samples treated with verapamil indicating functionally
active p-glycoprotein on the surface of these cells. B cells from a second patient also showed
a increase in drug accumulation in the presence of verapamil (Figure 2). For both patients a
proportion of B cells, about 30%, showed reduced adriamycin uptake which was shifted to
high uptake in verapamil-treated samples. This proportion is approximately the same as the
proportion of MRK-167T B cells (Figure 2).

P-glycoprotein is Expressed at High Intensity on Normal B Cells from Blood and
Lymphoid Tissue

Since p-glycoprotein was detectable on PBMC B cells from a large number of patients and
was apparently over-expressed on B cells from untreated patients, its expression was
assessed on normal B cells from blood, bone marrow and spleen (Table 5). B cells in both
blood and spleen expressed a high intensity of MRK-16 reactivity suggesting that
p-glycoprotein plays a significant role in normal B cell function. ATP-dependent transport
pumps have been implicated in antigen processing and association of nominal antigen with
MHC Class I, and these pumps have extensive structural and sequence homology with
p-glycoprotein (15). Thus, it seems possible that p-glycoprotein may also be involved in
antigen presentation by B cells. In contrast to B cells of blood and spleen, B cells of normal
bone marrow do not express appreciable p-glycoprotein.
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Fig. 2. PBMC from patients were incubated in adriamycin with or without verapamil for 3 hours followed by
staining with CD19 to allow identification of B cells, and analysis of drug accumulation by fluorescence flow
cytometry. After gating for CD19 ™ cells, accumulation of drug in B cells was evaluated. The shift in
fluorescence intensity by the main peak for these two patients was equivalent to that seen for a sensitive cell line.
The shift of the shoulder to the left of the main peak to a higher intensity in the sample treated with verapamil
was roughly equivalent to that seen for the intermediate drug-resistant cell lines
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Table 5. Expression of P-glycoprotein on normal B cells

Normal % of CD19" B Cells

Tissue Expressing Intensity
MRK-16 of Staining

PBMC (7) 65130 200 channels

Bone Marrow (5) 8+14 120 *

Spleen (4) 87121 200 "

Values are the mean + SD. Two spleens were from organ transplant donors and 2 were from patients with
ITP. Bone marrow was from hip joints removed during orthopedic surgery. Normal blood was from the Red
Cross Blood Transfusion Service.

Table 6: Expression of MRK-16 is Lost from Stimulated Normal B Cells
but Increases on B Cells from Some Patients

% of CD19+ B cells that are MRK-1+

Donor Time in Culture + PWM

Day 0 Day 3 Day 7
Normal (3) 65430 33146 0
LSM-2 (VAD) 4 0
WGA-10 (IFn) 66 Hi 0
FKN-2 (VAD) 90 Med 15 Lo
ALR-4 (VAD) 92 Hi 53 Lo
AWA-6 (VAD) 88 Med 75 Hi
SSZ-7 (Relapse) 84 Med 67 Hi 59 Med
JIS-6 (Relapse) 88 Hi 59 Hi

Values are the mean + SD. PBMC from patients were cultured with 1/100 PWM for the indicated time period,
harvested and analyzed for surface marker expression on CD19 1 B cells.

The pattern of MRK-16 staining suggested that this transporter might be differentially
expressed during sequential stages of B lymphocyte differentiation and by analogy might
appear only transiently during differentiation of the malignant B lineage in myeloma.
Experiments utilizing both normal and abnormal B cells were designed to explore this
possibility. PBMC B cells were stimulated in culture with pokeweed mitogen (PWM)
followed by analysis at various time points to determine the expression of MRK-16 epitopes
(Table 6). Expression on stimulated normal B cells, and on B cells from some patients,
decreased with time. Expression was not induced on B cells which had been negatlve prior
to culture. However MRK-16 staining increased significantly on MRK-161 B cells from
two patients in relapse, and was maintained for at least 7 days in culture, whereas that on
normal B cells was completely lost by day 7.

Conclusions

Although over-expression of the multi-drug resistant phenotype has been widely viewed as a
stable genetic change, our work analyzing expression of p-glycoprotein on normal and
malignant B cells strongly suggests this represents an inducible transient change. We
speculate that p-glycoprotein is expressed as a B cell differentiation molecule required for a
normal B cell function, with a role in antigen presentation being an obvious candidate given
the sequence homology between p-glycoprotein and a transporter of MHC peptides (15). If
this is true, then expression of high density p-glycoprotein on B cells within a malignant
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lineage might be restricted to only certain stages of the differentiation pathway. In the case
of myeloma, it appears that p-glycoprotein expression predominates on the large B cells
which share properties with activated normal B cells, although expression sometimes occurs
on earlier stage small B cells and on later pre-plasma cells in the bone marrow. It is possible
that expression of p-glycoprotein is actually lost as the malignant cells differentiate to
end-stage plasma cells which might have no neeed for a transporter and thus lose it along
with the documented loss of CD45 and CD19 (3).

An alternative explanation for the expression of p-glycoprotein on earlier stages of the
malignant B lineage involves expression of oncogenes and tumor suppressor genes by these
B cells. Recent work has shown that expression of the H-ras gene product and/or of a
mutant pS3 suppressor gene product (pS3mut) stimulates transcription via the mdrl gene
promoter, while expression of a wild type p53 inhibits ras- or p53mut- stimulated
transcription via the human mdrl gene promoter (16). Since synthesis of mRNA encoding
p53 is induced in activated normal B cells (17), the effects of increased p53 may account for
the loss of p-glycoprotein upon stimulation of normal B cells. One might speculate that for B
lineage cells in myeloma, there is either expression of ras and/or a p53mut, or an absence of
P53 wild type product, which allows or enhances mdrl gene transcription. If these events
were selective to the circulating B lineage cells in myeloma, a reasonable speculation given
their similarity to normal activated B cells, then p-glycoprotein might be transiently
over-expressed only during these developmental stages and lost with further differentiation
which might also turn off ras/p53 activity. Finally, drug treatment itself stimulates
transcription via the mdrl gene promoter (18) which may selectively up-regulate surface
expression of p-glycoprotein on some malignant B lineage cells in vivo.

If expression of p-glycoprotein by B cells is transient, then chemotherapeutic treatment must
be viewed in a new light. It might be expected that all end-stage plasma cells would be
eliminated by drug while earlier progenitor malignant cells, e.g. those B cells in blood,
would be selectively spared. This is consistent with our observation that circulating
monoclonal B cells are spared during aggressive chemotherapy which effectively depletes
bone marrow myeloma cells. It also raises the possibility that cytoreductive treatment prior
to bone marrow transplantation might selectively spare circulating B cells thus compromising
any chances of successful disease eradication. The work presented here suggests that
emphasis should be placed on design of chemotherapeutic strategies which will target the
circulating, perhaps transiently multi-drug resistant, B lineage cells in myeloma patients.
This could involve either use of agents such as cyclosporin or verapamil to block
p-glycoprotein-dependent drug efflux, and/or might involve procedures to “push”
monoclonal B cells located in blood and lymphoid tissues into a drug-sensitive stage of
development immediately prior to treatment. At least for myeloma, multi-drug resistance
does not appear to be a stable heritable change in tumor phenotype but rather a transient
inducible property.
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Introduction

Multiple myeloma is a tumor of the B cell lineage, with characteristic monoclonal end
stage plasma cells in the bone marrow, responsible for producing large quantities of
monoclonal immunoglobulin present in serum, and for triggering osteoclasts to produce
lesions of the bone, %eading to high blood calcium, the possibility of kidney failure, and
severe pathological damage. The proliferative potential of these plasma cells is low, and
they express very few surface molecules involved in locomotion and migration.
Candidates for spreading of the disease are circulating, monoclonal B cells, which have
been reported by us (1,2) and others (3-8). We have described a large subset of circulating
cells belonging to the same clone as the bone marrow plasma cells in myeloma, which
represent late stages of B cell differentiation towards pre-plasma cells, predominantly
expressing the CD45SR0 isoform (1), only found on activated late stage B cells (9). This
subset of monoclonal B cells in the peripheral blood was observed among newly diagnosed
patients, as well as patients undergoing intermittent chemotherapy, or at stable phases of
disease (1), and thus seems unaffected by conventional therapy (see also Pilarski et al, this
issue). In contrast to the bone marrow plasma cells, the blood B cells comprise a
proliferating subpopulation (2). The monoclonal B cells in the blood of myeloma patients
are at a late stage of B cell differentiation, and appear to be continuously progressing
towards the plasma cell stage. Significant numbers of plasma cells, however, are only
found in the bone marrow, except in terminal or highly aggressive myeloma, where they
may be present in the blood as well. These observations suggest that if the blood B cells
are, or include, a precursor population for the bone marrow plasma cells of the same
clonality, the blood B cells must be capable of extravasating and migration to the bone
marrow. It further suggests that in myeloma patients, the blood does not provide the
microenvironmental stimuli to support the terminal differentiation to end stage plasma
cells. The myeloma blood B cells express multiple adhesion molecules, including CD11b,
L-Selectin, CD44, o281, and 2681, in contrast to the plasma cells in the myeloma bone
marrow. This strongly indicates that the circulating subset is indeed potentially more
motile and capable of extravasating and homing to the bone marrow.

The Circulating Monoclonal B Cells in Myeloma Express High Densities of CD11b

Using multi-parameter flow cytometry, it was demonstrated that the large subset of
monoclonal B cells in peripheral blood of myeloma patients express the surface molecule
CD11b. CD11b is a member of the leukocyte integrin family, together with LFA-1 and
P150,95 (10-12), and is involved in leukocyte adherence to endothelium, and
transendothelial migration (13,14). A majority of the B cell population in myeloma blood
expressed CD11b at very Rifgh densities (beyond 10~ on a log scale). Normal blood B cells
do not express CD11b." After in vitro activation of normal PBMC B cells for 3-7 days,
CD11b was expressed at densities comparable to myeloma blood B cells (Fig. 1). This
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suggests that CD11b may be involved in migration and extravasation of normal activated B
cells, as well as their malignant counterparts in myeloma.

Normal Donor I Normal donor O
Day O
0 102 103 Day 3+ PWM
Myeloma patient
Day 7+ PWM
o' 102 103 o' 102 103
fluorescence intensity fluorescence intensity

Fig. 1. Expression of CD11b on normal, activated, and myeloma blood B cells. Two-color
immunofluorescence was used to analyze the CD11b expression on blood B cells. Gating for CD19 (B4) was
used to define the B cell population, and CD11b (Mo-1) expression was evaluated on the B cells.
Fluorescence intensity is on a logarithmic scale, where 100 and beyond is considered high density. Normal
blood B cells were activated in vitro with Pokeweed Mitogen. The expression of CD11b was assessed at day 0,
3, and 7 by two-color immunofluorescence

The CD11b Expression is Higher on Myeloma Blood B Cells than on Bone Marrow
Plasma Cells from the same Patients

Comparing the percentage of CD11b+ B cells in blood and bone marrow from the same
myeloma patients, there is a much higher percentage of CD11b on B cells in peripheral
blood (Fig. 2). Analysis with other markers, including CD45 isoforms CD45RA and
CD45R0, have shown that the B cells in blood are at earlier stages of differentiation than
the bone marrow cells (1). The lower expression of CD11b on the more differentiated
bone marrow cells indicates that this surface molecule is necessary during the migration
from blood to bone marrow, after which it is reduced or lost.
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Table 1. Expression of CD11b on blood and bone marrow B cells in myeloma.

CD11b on CD19+ Bcells Number of patients

Untreated MM 62+47% * 21
Treated MM 75+227% 21
MM bone marrow 33x65% 13

MM: multiple myeloma; CD11b: Mol antibody; CD19: B4 antibody;*Mean* SE.
Two-color immunofluorescence was performed as described in legend to Fig. 1.

The Circulating Monoclonal B Cells in Myeloma Express Multiple Integrins from the g1
Family. .

The g1 integrins belong to a family of heterodimeric molecules which all share a common
B chain (81, CD29), combined with any of the six « chains (al-6, CD49a-f). The
function of these molecules is to integrate the cytoskeletal elements to components of the
extracellular matrix (collagen, laminin, and fibronectin), either as a part of tissue
anchoring or during migration. Normal blood B cells only express 441 (15,16), which has
affinity for the vascular cell adhesion molecule (VCAM), which is induced on endothelial
cells by inflammatory mediators. Thus, the «4p1/VCAM interaction provides a
mechanism for leukocyte/endothelium interaction different from and independent of the
one mediated by g2 integrins (12,15,17,18). The o5 is expressed on early B cells and in
some cases of B cell activation, but not on normal peripheral blood B cells (16,19-21).

The circulating B cells from myeloma patients express high densities of «4, medium
densities of g1, and surprisingly, low but significant amounts of &2, a5, and «6, which are
not expressed on normal blood or tissue B cells. Figure 3 shows a representative example
of expression of @2, a3, o5, and o6 from a myeloma patient. Frequently, only a
subpopulation of the B cells express a given integrin, and the rest of the B cell population
is negative for that particular integrin. The density of @2, a3, a5, and a6, when present, is
relatively low.

10' 102 103 o' 102 103 00 102 103 o' 102 103
fluorescence intensity fluorescence intensity fluorescence intensity fluorescence intensity

Fig. 2. Expression of @2, a3, a5, and a6 on myeloma blood B cells. Two-color immunofluorescence was
used to determine the expression of members of the A1 integrin family on the surface of circulating myeloma B
cells. CD19 (B4) was utilized to define the B cell subset, and the antibody JBS2 (from Dr. J. Wilkins) was used
to define @2 (CD49b), P1B5 (from Dr. E. Wayner) for a3 (CD49c), B1E5 (from Dr. C. Damsky) and JBS5
(from Dr. J. Wilkins) for a5 (CD49¢), and J1B5 (from Dr. C. Damsky) for a6 (CD49f). The dashed lines
represent the isotype control (IgG1 for @2, a3, and a5, and IgG2b for a6) the CD19+ B cell population, and
the solid lines represent the expression of the antibody. Fluorescence intensity is on a logarithmic scale



190
The g1 integrins o281 and o651 are absent from bone marrow plasma cells.

The myeloma bone marrow B lineage cells represent later stages of differentiation,
compared to the circulating B cells from the same patient. The bone marrow B lineage
cells express lower densities of CD19, or no CD19, lower densities of CD45 (1), and have
medium densities of PCA-1 and high density of CD38, indicating their close resemblance
to terminally differentiated plasma cells. In contrast to their blood counterparts, the B
lineage cells in myeloma bone marrow do not express o2, @3, or &5, and very little «6 (Fig.
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The Circulating B cells from Myeloma Express L-Selectin and CD44

The L-selectin mediates binding of circulating lymphocytes to the high endothelial venules
of peripheral lymph nodes (22,23), and is expressed on mature CD20* B cells (24,25).
‘L-selectin is expressed on the myeloma blood B cells at a wide range of densities, from
low to medium-high, whereas it is expressed at low densities, when present on bone
marrow plasma cells.
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The CD44 surface antigen is the human homologue of the mouse Hermes/pgp-1 homing
molecule (12,26-28), and is expressed at high densities on B lineage cells at most stages of
differentiation and activation 529). CD44 is expressed at extremely high densities (beyond
10°) on the myeloma blood B cells, whereas the expression is lower on the bone marrow
plasma cells (100-500 times lower density) (see Table 2).

Both surface molecules are expressed on the myeloma blood B lineage cells, potentially
reinforcing the capability of these cells to interact with endothelial cells.

Table 2. Expression of L-Selectin and CD44 on circulating myeloma B lineage cells.

% of CD19 + B lineage cells in blood:

L-Selectin CD44
MM blood 47+ 9.8 me/hi 82+ 7.1veryhi
MM bone marrow 47%6.510 92 = 2.4 me/hi

Expression of L-selectin was evaluated using the TQ1 antibody (Coulter,
Hialeah FL), and CD44 by the pgp-1 monoclonal antibody (kindly provided by
Dr. 1. Trowbridge). Ten blood samples and 8 bone marrow samples from
myeloma patients were analyzed.

*Mean * SE.

Conclusion

Accumulating evidence points towards the circulating monoclonal B lineage cells in
myeloma as candidates for proliferation and spreading of the disease, in contrast to the
more sessile end stage plasma cells in the bone marrow of the same patients. If this is
correct, the blood B lineage cells, or a subpopulation thereof, must have the capability
both to adhere to endothelium, and to migrate through extracellular matrix.

The circulating monoclonal B lineage cells in myeloma express various surface molecules
involved in adhesion to endothelium and extravasation. The B lineage cells in the blood
express high densities of CD11b, a molecule known to mediate leukocyte adherence to
endothelium, and migration through layers of endothelial cells. A subset of the blood B
cells also express high densities of 441, which binds to the vascular cell adhesion
molecule (VCAM), thus facilitating adhesion to endothelium. Furthermore, the blood B
cells express two other surface antigens mediating binding to specialized endothelial cells,
including L-selectin, expressed at medium to high densities, and CD44, expressed at
extremely high densities.

In addition, the blood B cells in myeloma comprise a subset expressing one or several of
the A1 integrins not normally seen on blood or tissue B lineage cells. Only myeloma blood
B cells express o2 and a6. These o chains are not found on normal resting or activated B
cells. Both o2 and a6 expression has been implicated on circulating tumor cells capable of
metastatic invasion, and not on their non-metastatic counterparts (30-32). The myeloma
blood B cells also express some o5, found on some stages of B cell differentiation, but not
on normal blood B cells. The bone marrow plasma cells, belonging to the same clone, do
not express a2, o3, and almost no a6, although they have variable expression of 5. Thus,
they appear to be cells incompetent to invade the extracellular matrix. The bone marrow
cells express medium to high densities of o4 and g1, which may participate in cell-cell
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interactions within the bone marrow, possibly between the plasma cell precursors and
stromal cells.

Our results are consistent with a working hypothesis that invasive capability in myeloma is
to be found within the abnormal monoclonal B cells in peripheral blood, which alone
among B cells or plasma cells expresses the o2 and «6 integrin receptors necessary for
cellular translocation across the endothelial extracellular matrix, and into extracellular
spaces.
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Circulating Peripheral Blood Plasma Cells
in Multiple Myeloma
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Introduction

The proliferation of an abnormal clone of plasma cells can produce a wide variety of human
diseases such as monoclonal gammopathy of undetermined significance (MGUS), smoldering
multiple myeloma (SMM), active multiple myeloma (MM), amyloidosis, non-Hodgkin’s lymphoma,
WaldenstrOm’s macroglobulinemia, and osteosclerotic myeloma (POEMS syndrome). For the
patient to be optimally managed, the clinician must correctly classify the patient as MGUS, SMM,
active MM, and relapsed MM (RMM). Patients with MGUS have a small population of
monoclonal plasma cells; however, a recent study of 202 patients with MGUS followed for a
median of 22 years found that only 19% (39/202) developed multiple myeloma [4]. Patients with
SMM meet the criteria for MM but have a normal complete blood count and serum chemistries
and can have a prolonged stable course without the need for chemotherapy [5]. Patients with
MM and RMM have active disease and require chemotherapy.

These diseases are considered as a proliferation of bone marrow plasma cells and routine
peripheral blood smears usually fail to detect any circulating malignant plasma cells. The
evidence documenting that some patients with MM have circulating peripheral blood cells that
are part of the malignant clone comes from various studies. Early reports utilizing anti-idiotypic
antibodies have identified B-cells in the blood of patients with MM that have idiotypic
determinants on the cell surface or in the cytoplasm [1,6,8]. Examining cell-surface light chains,
Pettersson et al. found an increased number of circulating blood lymphocytes with the same light
chain isotype as the patient’s monoclonal protein (M-protein) which produced an altered k:i
ratio that had a good correlation with the number of idiotype-bearing cells [8]. Using flow
cytometry, Morgan et al. [7] demonstrated an aneuploid mononuclear cell population in the blood
that had a DNA index similar to that of the marrow plasma cells, suggesting that the circulating
cells were a part of the malignant clone. Clofent et al. [2] demonstrated immunoglobulin gene
rearrangements from peripheral blood cells in patients with documented circulating plasma cells.

Methods

To further evaluate this circulatory phase of myeloma, we studied the blood of patients with
various plasma cell proliferative disorders for the presence of circulating monoclonal plasma cells
using a two-color immunofluorescence bromodeoxyuridine labeling index technique as previously
described [10]. Briefly, 10 mL of peripheral blood is collected into tubes containing lyophilized
bromodeoxyuridine and fluorodeoxyuridine; incubated at 37°C for one hour, centrifuged over
Ficoll-Hypaque, and the mononuclear cell layer isolated. The sample is then depleted of T-cells
with magnetic beads conjugated to antibody to CD2. The B-cell fraction is spun onto cytospin
slides and stained with anti-bromodeoxyuridine monoclonal antibody (BU-1). The slides are then
stained with fluorescein (FITC) labeled goat anti-human x or A monospecific reagent to detect
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cytoplasmic immunoglobulin (cIg) and goat anti-mouse IgG labeled with rhodamine isothiocyanate
(RITC) to detect BU-1 antibody and read with an epi-illumination fluorescence microscope with
FITC and RITC filters. This technique allows identification of monoclonal plasma cells by the
cell morphology and monoclonal cytoplasmic light chain staining. A labeling index (LI), which
indicates the proliferation rate of the cIg+ cells, can also be obtained. Small numbers of plasma
cells can be detected that are not seen on routine Wright-stained peripheral blood smears.

Results

This report summarizes the results obtained from an analysis of the peripheral blood for
circulating plasma cells and their LI. The patients were categorized by review of their clinical and
laboratory features into either an inactive disease (MGUS, SMM) or active disease (new MM or
relapsed MM) group.

Inactive Disease Group

Our initial studies included 29 patients with either MGUS or SMM and examined the LI of the
circulating cells that expressed the same light chain isotype as the patient’s M-protein (Table 1)
[11]. The median peripheral blood LI in this group was low at 0.2%. Four of the 29 patients had
a high LI (20.5%) and circulating monoclonal plasma cells and required institution of
chemotherapy within 6 months. This finding that the presence of circulating proliferating plasma
cells may indicate which patients have active disease when other clinical parameters appear
inactive led to additional studies on 23 patients with inactive disease (Table 2) [3]. We found
median of 0.0 x 10%L circulating plasma cells and all patients had an LI <0.5%.

Table 1: The relationship between the peripheral blood labeling index and disease activity.

Category (N) Labeling Index (%)
Mean Median Range
Inactive Disease (29) 0.25 0.20 0.0 - 1.20
Active Disease (76)
New Myeloma (35) 3.10 0.80 0.0 - 23.50
Relapsed Myeloma (41) 3.40 1.70 0.60 - 15.90

We recently studied the blood of 41 patients who clinically appeared to have SMM and correlated
the results with clinical follow-up for >1 year [9]. The absolute number of peripheral blood
plasma cells (PBPC) x 10%L was calculated and correlated to disease status at 6 and 12 months
after the diagnosis of SMM. The results, which are summarized in Table 3, suggest that the
presence of >3 x 10%/L circulating PBPC indicates that the patient does not have true SMM and
should be followed closely for the development of active myeloma that requires chemotheraphy
In this study, eight of the nine patients having >3 x 10%L PBPC required therapy within 12
months. Conversely, of the 26 patients that remained stable over the following 12 months, of
one had > 3 x 10%L PBPC.
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Table 2: The relationship between the number of circulating plasma cells and disease activity.

Category (N) # Peripheral Blood Plasma Cells
(x 10%L)
Mean Median Range
Inactive Disease (23) 0.6 0.0 0-40
Active Disease (61) 139.6 6.6 0 - 3186.7
New Myeloma (35) 210.5 5.4 0 - 3186.7
Relapsed Myeloma (26) 44.1 11.6 0-3732

Table 3: Correlation of peripheral blood plasma cells and disease progression in smoldering
multiple myeloma.

#PBPC %Patients With
Group N (%) (x10%L) >3x10%L PBPC
Mean Median
All patients 41 (100) 10.2 0.39 22
Prog at 6 mo 9 (22) 40.6 9.2 66
Prog at 12 mo 6 (15) 6.1 0.75 33
Stable (No prog) 26 (63) 0.6 0 4

Abbrev: PBPC, peripheral blood plasma cells; Prog, progression

Active Disease

Cell kinetic studies were conducted on cells from the peripheral blood of 76 patients with active
disease (35 new MM; 41 relapsed MM) (Table 1) [11]. The median LI was 0.8% for the new
MM group and 1.7% for the relapsed MM group. Twenty-two of 35 (63%) new MM patients
had a high LI. When reading the slides, we almost always observed that the cells in S-phase had
the morphology of plasma cells.

Additional studies on 61 patients with active disease revealed the median number of circulating
plasma cells to be 6.6 x 10%L (Table 2) [3]. Within the active group, the median number of
circulating plasma cells for new MM was 5.4 x 10%L compared to 11.6 (p=0.17) for relapsed MM.
Therefore, as the disease progresses, the plasma cells appear in greater numbers in the peripheral
blood.

Serial Studies

We studied the peripheral blood on multiple occasions throughout the disease course of a single
patient and correlated the results with the disease activity (Table 4). When the treatment was
effective, the number of plasma cells in the peripheral blood decreased.
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Table 4: Serial studies of peripheral blood plasma cells in a patient with multiple myeloma.

Time From # Plasma Cells M-Protein

Diagnosis (Mo) Status x10%/L (g/dL) Chemo
0 New Myeloma 6.52 6.0 Mel/Pred
22 Response 0 2.0 Mel/Pred

28 Relapse 1.34 33 Restart
Mel/Pred
33 Stable on Rx 4.68 3.1 Mel/Pred

43 Relapse 6.08 4.7 VBAP

44 Stable on Rx 3.89 42 VBAP

49 Relapsing 4.51 4.8 VBAP

54 Relapsing 825 5.2 VBAP

Abbrev: M-protein, monoclonal protein; Mel/Pred, melphalan and prednisone; Rx, treatmen
VBAP, vincristine, BCNU, doxorubicin, prednisone

Summary

These studies indicate that monoclonal plasma cells can be detected in the peripheral blood of
patients with active myeloma even when they are not detectable by routine WBC differential
performed on Wright-stained blood smears. These cells are usually not present in patients with
MGUS and true SMM. They are detected in approximately 60% of patients with new, action
MM and over 90% of patients with relapsed or refractory MM. If treatment is effective, then
tend to decrease or disappear from the blood.

When immunological, molecular, or cytogenetic studies are performed on peripheral blood cells
from patients with MM, it must be realized that monoclonal plasma cells may be present and then
they can influence the results of these tests. Although monoclonal plasma cells can circulated by
the peripheral blood, it is not yet clear whether this cell represents the myeloma stem cell. Itis
possible that there are precursor cells that do not have plasma cell morphology in the blood cell
marrow that then differentiate into plasma cells. This question can only be answered by fully
depleting the plasma cells and then examining the remaining B-cells with appropriate
immunological and molecular techniques.
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Introduction

Among the unanswered questions in the development of multiple myeloma are the level
of hematopoietic development of the myeloma stem cell,' the tissue site of initiation (bone
marrow? lymph node?)” and the role of IL-6 in myeloma development.*® The
involvement of B lymphocytes in the bone marrow and blood in myeloma has been
suggested initially by identifying B cells displaying concordant isotype and idiotype,”
followed by the demonstration of a circulating clonal B cell population with a concordant
Ju rearrangement.” Abnormal B cells from the marrow of myeloma patients could be
differentiated into the myeloma cells upon stimulation," the first functional demonstration
of B cell involvement. Similarly, blood mononuclear cells from myeloma patients cultured
with IL-3 and IL-6" or co-cultured with autologous bone marrow stromal cells”®
differentiated into plasma cells containing the concordant monotypic immunoglobulin.

In order to identify the involved circulating B cells, the fate of CD19*CD11b* cells, a
potential pre-myeloma cell compartment reported to be abnormally high in numbers in
myeloma patients,” in IL-3+IL-6 cultures of blood mononuclear cells was studied.

Identification of circulating pre-myeloma cells

Mononuclear cells, separated from the blood of myeloma patients by ficoll-hypaque
centrifugation, contained an average of 0.9%+0.25 (median 0.95, range 0.5-1.3)
CD19*CD11b" cells, analyzed by flow cytometry using a FACScan. Following 6-7 days
in culture with a combination of IL-3 and IL-6 (10ng/ml each) at 1x10° cells/ml, the
absolute number of CD19°CD11b* (calculated as FACScan determined proportion x total
cell number) increased by a factor of 8.3+ 11.7 (median 2.9, range 1.4-39.5). These cells
co-expressed CD10. The number of CD10-expressing B cells, also reported to be
associated with myeloma,"™" increased 4.7+2.8 fold (median 3.9, range 1.5-10). This
expansion of the CD19CD11bCD10-expressing cells, determined by three-color flow
cytometry, was accompanied by the appearance of 2.24+1.85x10° plasmacytic cells/ml
(median 2.55x10°, range 0.55-8x10°), comprising 5-80% of the cultures as determined
morphologically. A strong correlation was observed between the proportion of
plasmacytic cells and those of CD19*CD11b* and CD19*CD10* cells (correlation
coefficients r=0.9 and r=0.95, respectively). These results are summarized in Table 1.
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Table 1. Expansion and differentiation of circulating pre-myeloma cells

Percent Percent Percent
Patient CD19+CD11b* CD19+CD10* Plasmacytic Cells

1 1.9 20 5
2 2.5 3.1 9
3 2.6 32 13
4 2.6 3.6 15
5 4.5 4.2 16
6 6.9 44 16
7 7.6 7.6 20
8 9.5 8.1 25
9 10.0 8.7 27
10 13.1 9.7 27
11 435 11.3 42

Myeloma plasma cells are phenotypically distinct among bone marrow cells by their high
levels of CD38 and none to intermediate levels of CD45 expression.*”” Following a week
in IL-3 + IL-6 cultures, the expanded CD19*CD11b* cells, while still expressing high
levels of CD45, expressed mostly CD4SRO with only a few cells CD45RA positive,
indicating progressive maturation.®” In addition, these cells displayed increasing levels
of CD38 expression, changing from low to high. The plasmacytic cells derived in IL-3 +
IL-6 cultures did not contain cytoplasmic immunoglobulins, even when maintained in the
cultures for up to 4 weeks, suggesting that these conditions can not support their complete
differentiation. Still, the observed phenotypic changes combined with the morphological
evidence of plasmacytic differentiation indicated that circulating CD19CD11b-expressing
cells are capable of differentiating into plasma cells.

Further determination of the ability of blood mononuclear cells from myeloma patients
to differentiate into Ig producing plasma cells, was studied using co-cultures with
autologous bone marrow stromal cells.® After 3 weeks in co-culture, differentiation into
concordant, monotypic Ig producing plasma cells was observed in all patients. Similarly,
differentiation into Ig producing myeloma cells was routinely observed when cytokine-
expanded cultures were transferred to co-cultures with autologous bone marrow stromal
cells but not in matching control cytokine cultures nor in cytokine cultures to which
stromal cell spent media was added. The requirement for stromal cells for complete
differentiation to occur suggests that adhesion to stroma has an important role in
myeloma cell development.

Differentiation of CD19*CD11b* cells co-cultured with bone marrow stromal cells was
further studied to demonstrate directly their precursor-result relationship with the
myeloma cells. CD19*CD11b* cells, expanded in cytokine cultures, were sorted onto
stromal cell cultures from opposite-sex, allogeneic, unrelated myeloma patients, and their
differentiation was studied. After 2-3 weeks in culture, plasma cells containing
concordant, monotypic clg and of the patient’s sex, determined by interphase (FISH) or
metaphase cytogenetics, were the prominent component among the non-stromal cells.
These plasma cells adhered tightly to the fibroblastoid stromal cells and forceful agitation
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was required for their removal, underscoring the importance of cell-cell contact for their
development.

Thus, the abnormal B cells in the blood of myeloma patients indeed appear to be
precursors of myeloma plasma cells. The arsenal of adhesion mulecules they display
suggests that they are transitory cells, equipped for extravasation and migration to sites
of final differentiation.” Recently, the presence of expanded pre-switch B cell populations
in the bone marrow of myeloma patients, clonally identical with the myeloma cells, was
reported.” It would appear that the myeloma precursor cells originate in the bone
marrow. From there these progenitors mobilize through the circulation to sites of
antigenic stimulation and back to the bone marrow or, occasionally, to soft tissue sites,
where they undergo final differentiation. Alternatively, the myeloma progenitor cells may
be self-stimulatory, not requiring continuous antigenic stimulation. In this case, the
circulating pre-myeloma cells may represent a metastatic process, through which the
disease is disseminated to distal bone and soft tissue sites.

Role of Interleukin-6

Although IL-6 is believed to play a major role in the development of multiple myeloma,
its sources and its effects on the tumor cells are controversial.*** Expression of the IL-6
and IL-6-receptor (IL-6-R) genes by myeloma cells, sorted on the basis of their
CD38"#CD45 g iemedize and light scatter profiles on a FACStar Plus cell sorter, was
studied by PCR. Total RNA was extracted from 2x10* cells and used for reverse-
transcriptase-PCR amplification. The primers used were purchased from Clonetech. IL-6
mRNA was expressed by myeloma cells from 45% of the patients, IL-6-R by 68%,
including all patients whose myeloma cells expressed IL-6. These results are summarized
in Table 2.

Table 2. Expression of interleukin-6 and its receptor genes by myeloma cells

IL-6! IL-6-R? %*
+ + 45
+ 23

32

+ - 0

' IL-6 transcripts detected.
2 JL-6-R transcripts detected.
3 Percent of samples (n=22).

Whereas TNF-a transcripts were detected in 38% of samples, myeloma cells did not
express the IL-18 gene. In contrast, IL-18 transcripts were detected in all preparations
of simultaneously sorted monocytes and total non-myeloma cells. In mixing experiments,
the presence of even one "contaminating” cell among 2x10* non-expressing cells was
routinely detected. PCR data for myeloma and control cells are summarized in Table 3.
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Table 3. Gene expression by myeloma and control cells

Gene  Myeloma cells Control cells %'

IL-6 + + 45

- + 55

IL-6-R + + 33
+ - 35

- + 32

TNF-« + + 38
+ 57

- - 5

IL-18 - + 100

! Percent of samples (n=22).

The consistent differences in IL-18 expression between myeloma and control cell
preparations, as well as differences in IL-6, IL-6-R and TNF-« expression, attested to the
validity of the PCR data.

Interleukin-6 dependent murine plasmacytoma B9 cells®” were used to determine whether
myeloma cells containing IL-6 transcripts also produce IL-6. Of 6 myeloma cell
preparations studied, only the 3 containing IL-6 mRNA secreted the cytokine. IL-6 was
not secreted by the other samples, nor was it detected in the cell pellets.

While IL-6 expression was always accompanied with IL-6-R expression, myeloma cells
from one third of the patients did not express the receptor, 23% expressed IL-6-R but not
IL-6 and 45% expressed both IL-6 and its receptor. These findings suggest that IL-6
targets pre-myeloma cells and that responsiveness to the cytokine, indicated by the
absence of IL-6-R, is lost with maturation. Such interpretation is compatible with the
observation that purified myeloma cells do not respond to IL-6.” Comparison of PCR
results with myeloma cell expression of CD45 as an indication of cell maturity'™*"
revealed strong correlations between CD45 expression and the expression of IL-6
(r=0.0002) and IL-6-R (p<0.005). The correlation between CD45 and IL-6 expression
was also seen in 4 patients whose myeloma cells consisted of CD45¥"™ as well as
CD45™ ™= subpopulations. In these patients, only the CD45-expressing myeloma cells
expressed the IL-6 gene.

Development of multiple myeloma

On the basis of the observations described, it would appear that a population of
circulating CD19*CD11b*CD45" cells, which can expand and differentiate in vitro into
myeloma plasma cells, leave the circulation and return to the bone marrow or
extramedullary sites and undergo final differentiation. These cells are a transitory
population of tumor cells, circulating on route from lymphatic organs where they
underwent antigen-mediated heavy chain switch, or as part of a metastatic process.
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Fig. 1. Development of multiple myeloma. Transitory, circulating pre-myeloma lymphocytes, originating in
the bone marrow, undergo spontaneous or antigen-mediated immunoglobulin heavy chain switch. they return
to the bone marrow for final differentiation. The antigenic changes delineating the maturation process are
delineated.

Maturation of the pre-myeloma cells involves loss of expression of CD11b, CD19 and
CD45, and increased levels of CD38. These changes are shown schematically in Figure
1. In vivo, these phenotypic changes are seen in patients whose myeloma cells consist of
both CD45 and CD45* cells. While the CD45* myeloma cells also express CD19 and
CD11b, cells expressing lower levels of CD45 also show lower levels of CD19 and CD11b
expression, as well as fewer cells displaying these antigens. The differentiation process
is driven by an autocrine IL-6 loop which is functional only in early myeloma cells. Upon
maturation of the transitory pre-myeloma cells into myeloma plasma cells, IL-6 expression
is turned off, followed by loss of IL-6-R. Heterogeneity in the expression of CD45 by
myeloma cells indicates changes in the maturation level of the cells, probably associated
with disease progression. This would account for the reported association between
elevated serum IL-6 levels and the aggressiveness of myeloma.” The association between
CD45, a protein tyrosine phosphatase involved in receptor-mediated transmembrane
signal transduction®, and IL-6 expression could suggest a role for CD4S in IL-6 receptor
signalling or in induction of IL-6 gene transcription.

Supported in part by Grants CA37161 and CA28771 of the National Institute of Health,
Bethesda, MD.
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In Which Cells Does Neoplastic
Transformation Occur in Myelomatosis?

I. C. M. MACLENNAN

Department of Immunology, University of Birmingham Medical School,
Birmingham B15 2TT, England.

The physiological equivalent to the neoplastic plasma cells
found in patients with myelomatosis

Myelomatosis is strictly a neoplasm of plasma cells in bone
marrow. It does not involve other sites of antibody
production; thus, even when the monoclonal protein produced by
the neoplastic clone is IgAl or IgA2 the neoplastic cells are
not found 1in the 1lamina propria of the gut (Leonard et al
1979) . Importantly the production of an IgM paraprotein by
the neoplastic cells is vanishingly rare, amounting to only
0.2 % of 2011 successive patients admitted to MRC myelomatosis
trials. IgG paraproteins were found in 57.2 % (0.15% with IgG
with a minor IgM paraprotien of the same light chain isotype),
IgA in 27% (0.10% with IgA with a minor IgM paraprotein of the
same 1light chain isotype), IgD in 1.5%, IgE 0.1%. Free light
chains alone were produced by the neoplastic cells of 14% of
patients and 1.8% had no paraprotein. Physiologically in the
established phase of those T cell-dependent antibody responses
where B cells are being activated in the spleen antibody
production takes place in the bone marrow (Benner et al 1981).
This also applies to responses in those lymph nodes which do
not receive lymph from mucosal surfaces. It has been shown in
rodents that the B cells are activated in the follicles of
these secondary lymphoid tissues (Tew et al. 1992) and migrate
via the 1lymph and/or blood to the marrow. Migrant
plasmablasts can be found in the blood of healthy humans.
Analysis of the life-span of bone marrow plasma cells in rats
indicates that IgG-or IgA-secreting plasma cells survive for
about a month (Ho et al 1986). Conversely the IgM-producing
plasma cells in the marrow 1like most plasma cells in the
spleen and 1lymph nodes, irrespective of the class of
immunoglobulin produced, live for only 3 days (Ho et al 1986).
It may be that these IgM-producing cells have been generated
by local activation of B cells at the surface of macrophages
by T cell-independent antigens (Corbel and Melchers 1983).
Normal human bone marrow does not contain obvious secondary
lymphoid tissue so it seems likely that the IgG and IgA plasma
cells in this tissue are also derived from distant secondary
lymphoid tissues. (Studies of plasma cells from the bone
marrow from patients with rheumatoid arthritis as a means for
investigating the physiological equivalent of neoplastic cells
in myelomatosis could be misleading; for the marrow in this
disease contains well-developed secondary lymphoid tissue).

Candidate cells in which neoplastic transformation may occur
in myelomatosis

Neoplastic transformation in many tumours has been shown to
result from a series of genetic alterations. Some occur in
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precursor cells long before the final event takes place which
results in the emergence of an overtly malignant neoplasm.
This 1is well demonstrated in the plasmacytomas which arise in
Balb/c mice if mineral oil is introduced into their peritoneal

cavity. The mice have a genetic susceptibility to develop
these tumours (see the article by Potter et al in this
volume). In addition a translocation between the c-myc gene

and an immunoglobulin gene is required but also is
insufficient to cause plasmacytoma development (Clynes et al
1988) .

Myelomatosis 1is only very rarely found in closely related
individuals (Blattner 1980). There are some variations in the
incidence of myelomatosis in different parts of the world but
these differences are small compared to those found for other
B cell neoplasms including chronic 1lymphocytic leukaemia and
low grade follicular lymphoma. Epidemiological studies have
found increased incidence of the disease among Black people in
the USA (Devesa 1991). Although these effects are of some
importance the evidence for major susceptibility to
myelomatosis being transmitted in the germline is lacking.
Epstein has correctly pointed out that the incidence of
myelodysplasia is more common in myelomatosis than would be
expected by chance (Epstein and Hata 1991). Any genetic
change, however, which is already present before the time of
immunoglobulin 1light chain gene rearrangement (i.e. up to and
including the pre-B cell stage of B lymphopoiesis) can only be
associated with a very low susceptibility of going on to
develop myelomatosis. This can be deduced from the extreme
rarity of biclonal myelomatosis. Only 4 of the 2011 patients
of the MRC series cited above had or developed 2 paraproteins
with different light chain isotypes during the course of their
disease. These were GL with free K, GL with AK, GK with AL
and AK with free L. This finding is difficult to reconcile
with a report that pre B cells with the same heavy chain
variable-region idiotype as that of the neoplastic cells can
be found in the marrow of patients with myelomatosis (Kubagawa
et al 1979).

The next question to consider is whether neoplastic
transformation occurs during the multiple differentiation
stages B cells undergo before becoming an IgG or IgA-producing
bone marrow plasma cell. These differentiation stages are
outlined in the Figure. There 1is lack of information about
whether genetic changes occur in the precursors of migrant

plasmablasts. Memory B cell clones generated in T cell-
dependent antibody responses have been transferred
successively between syngeneic (Askonas et al 1970) or

congenic (Gray et al 1986) rodents and in each recipient
induced by antigen to give rise both to antibody producing
cells and further memory cells. Thus within the context of
the life span of rats and mice apparently normal memory B cell
clones can be sustained indefinitely, provided antigen is
present (Gray and Skarvall 1988). There 1is, therefore,
considerable scope for pre-neoplastic genetic change within
these memory clones. It also follows that memory B cells that
have not undergone such a change but belong to a clone that
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has given rise to neoplastic bone marrow plasma cells may
coexist with the neoplastic cells.

Theoretically neoplastic transformation in secondary
follicular B blasts or germinal centre cells in follicles of
the spleen or peripheral lymph nodes could give rise to the
widespread dispersal of neoplastic plasma cells within the

bone marrow. Phenotypic evidence has been put forward to
suggest that neoplastic plasma cells might be being derived
from germinal centre cells (Warburton et al 1989). At some

stage the precursors of 1long-lived bone marrow plasma cells
have been centroblasts but there is no direct evidence that
neoplastic plasma cell numbers are being maintained by
centroblasts. It seems unlikely that they do, for normal
centroblasts only appear to have the capacity for self renewal
for 3 weeks (Liu et al 1991). Secondary follicular B blasts
unlike centroblasts do have the capacity for long term self-
renewal and the production both of memory B cells and
plasmablasts, provided they are induced to do so by antigen
held on follicular dendritic cells (Liu et al 1991). These
seem to be better candidates for continued production of
neoplastic plasma cells but again there is no direct evidence
to support this conclusion.

Solitary plasmacytomas of the red bone marrow suggest that the
clinical picture of myelomatosis can develop following
neoplastic transformation in a plasma cell or plasmablast
which has already localised in the marrow. By definition
these patients do not have neoplastic cells spread throughout
the marrow at presentation. Consequently it is difficult to
see that the terminal event leading to tumour formation did
occur in a cell which had already arrived in the bone marrow
or in a migrant plasmablast committed to going there. The
majority of these patients, however, go on to develop a
clinical picture identical to myelomatosis (Wiltshaw 1976).
The neoplastic clone at this stage produces the same
monoclonal protein as the cells of the original tumour. This
occurs despite 1local treatment of their plasmacytoma, but
there is sometimes a prolonged delay before secondary
myelomatosis develops. It is conceivable, however, that the
secondary myelomatosis arises not from the original neoplastic
plasma cells but by further genetic change in the memory B
cells of the clone which gave rise to the plasmacytoma.

A number of workers have found lymphoid cells in the marrow
and blood of patients with myelomatosis which can be induced
in vitro to differentiate to become plasmablasts. These cells
appear to belong to the neoplastic clone (see the article by
Pilarsky et al in this volume). The phenotype of these cells
is wunusual and it seems at least possible that they are the
progeny of neoplastic plasmablasts rather than a precursor
which can give rise to, but has never been, a bone marrow
plasmablast. Further work is required to distinguish between
these two possibilities; although in either case the potential
of these cells to form a reservoir of neoplastic cells exists.
Neoplastic cells in the bone marrow of patients with
clinically-defined MGUS (monoclonal gammopathy of uncertain
significance) unlike patients with progressive myelomatosis
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have a minimal proportion of neoplastic cells in active cell
cycle. A similar effect is seen in patients brought into
plateau phase with chemotherapy. (Plateau phase is defined as
a stable clinical and serological state associated with no
more than minimal symptoms which persist despite stopping
chemotherapy) . Although the proportion of neoplastic plasma
cells which are in S phase is markedly lowered in patients in
plateau phase, these patients do not necessarily have greatly
reduced numbers of plasma cells in their marrow. It is not
known to what extent relapse from plateau is associated with
further genetic change and the emergence of more malignant
subclones. If this is the main reason it is equally wunclear
if the cells which undergo the secondary change are the plasma
cells in the marrow or some precursor. The same applies to
relapse occurring in patients who apparently have appeared to
achieve a complete response to chemotherapy. At this time it
seem prudent to keep an open mind on these matters and to
continue to seek ways to test the various possibilities
experimentally.
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Physiological Differentiation Pathways Leading to
the Production of Bone Marrow Plasma cells

{ NEWLY~PRODUCED
‘VIRGIN B CELL
..in marrow _

>+ antigen-specific
deletion
{NEWLY -PRODUCED .
{ VIRGIN B CELL S
«in peripher T

pos1t1ve selection,

antigen-and T-dependent
(partlally antlgen— but not / ' : ; :
proliferation-dependent) / %actlvatlon in T zoned,
/ VIRGIN | &

! RECIRCULATING T ZONE

B CELL . "7\ B BLAST eI
T P By S fSHORT-LIVED)
S {PLASMA c@
" Tiry - >
. /FOLLICULAR
S \_B BfAjI,/
, B 5
/// inal Y Ig V-region-
Jontpaa CENTROBLAS'I_‘) directed
Y centre i.“’“ hypermutation
’ | /CENTROCYTE)
/ + antigen-dependent
S positive selection
// / RECIRCULATING
MEMORY B CELL
W 7 7- - &

\m

differentia-
. ? '/i:'OLLICULAR

tlon 51gnals
n follicle

[MARGINAL ZONE {’
\MEMORY B CELL/™A

activation by T
antlgen on FDC

without germinal 7/~ MIGRANT
centre formation \EE%SMABLAST}
BONE MARROW

\PLASMA CELL}

More detailed dicussion of the evidence for these stages in
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The c-myc proto-oncogene encodes for a 64-66 kd helix-loop-helix nucleophosphoprotein,
which either alone (Prendergast and Ziff, 1991) or even better in association with the Max-
protein (Blackwood and Eisenman, 1991) binds to DNA in a sequence-specific manner. The
protein may participate in pleiotropic functions such as in DNA-synthesis (Studzinski et al.,
1986), transcription of as yet undefined target genes and cell lineage determination (Collum and
Alt, 1990). The physiological role of the gene is ill-defined although it essentially contributes to
the cell cycle transit of human lymphocytes (Heikkila et al., 1987). The gene is highly
expressed in early stages of human myelopoiesis (Kastan et al., 1989), and its inadequate and
high level expression may block the differentiation pathway of murine neoplastic erythropoiesis
(Birrer et al., 1989) and human leukemic myeloblasts (Baer et al., 1992), thus contributing to
the neoplastic transformation. Since the gene is also constitutively overexpressed in many
highly mitotic B- and T-cell tumors (Cory, 1986) it is usually deemed an essential "switcher
molecule”, which in its pathological activation status inhibits terminal differentiation and
maintains deregulated proliferative behavior. Nevertheless, it may also contribute to diverse
biological functions like resistance of Acute Myeloblastic Leukemia cells to chemotherapy
(IlJreisgler et al., 1989) or reversion of the malignant phenotype in reu-transformed cells (Suen et
al., 1991).

More recently evidence has been provided that the ¢c-myc proto-oncogene may also play a role in
very mature and terminally-differentiated B-cell tumors: (1) Siimegi and coworkers (1985) and
Pegoraro et al. (1989) reported on c-myc-amplification and consecutive overexpression of the
specific transcripts in human plasma cell leukemias. (2) Selvanayagam et al. (1988) observed c-
myc mRNA expression in 24% of 40 cases of multiple myeloma with mRNA amounts closely
up to that seen in the overexpressing HL-60-AML cell line. (3) Drexler et al. (1989) were able
to induce c-myc mRNA expression during the phorbol-ester-mediated differentiation pathway
of B-Chronic Lymphocytic Leukemia (CLL) cells in a manner independent of cellular
proliferation. Since these tumor cells are of extremely low proliferative potential their high myc
mRNA expression levels might indicate a biological role of the gene different from that of
driving tumor cells through the cell cycle. These findings are also important because the c-myc
gene might serve as a tool for a better determination of the signal transduction pathway specific
for the neoplastic B-cell maturation program. However, the above-mentioned studies were
hampered by the following disadvantages: (1) The examinations were restricted to the DNA-
and RNA level although the c-MYC protein should act as the biological effector molecule. (2)
Due to the blotting techniques applied these analyses were prone to a biological bias in favor of
patients with advanced stage disease, higher tumor load and with highly infiltrated bone
marrow. (3) These examinations did not allow to definitely attribute c-myc gene expression to
either the normal or the neoplastic cell pool, were confined to rather low numbers of cases and
did not include a broader spectrum of terminally-differentiated B-cell tumors. For these reasons
we were interested in studying the c-myc gene expression in mature B-cell tumors in the
following setting: (1) The analysis was performed in 23 cases of B-CLL and 19 cases of
multiple myeloma on both the mRNA- and the protein level in order to allow a potential insight
into the regulation of the gene. (2) The investigation was carried out on the single cell level
using anti-sense mRNA in situ hybridization and immunocytochemistry. This approach allowed
the attribution of c-myc gene transcripts and the relevant protein to morphologically defined
normal and neoplastic cell types. (3) For a better definition of the clinical role, clinical markers
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of tumor load and parameters for cell cycle kinetics were compared to the c-myc gene
expression.

Materials and Methods

In situ hybridization

In situ hybridization was performed using 35S-labeled anti-sense RNA (8.5x107 cpmy/j1g) which was transcribed
from a 1.5 kb DNA sequence from exon-2 of the c-myc gene inserted into an SP-6 vector system. A nick-
translated plasmid sequence of similar specific activity was used as a control and gave negative results in all
cases. In situ hybridization procedures were performed as recently described in detail (Greil et al., 1989, Greil et
al., 1991).

Immunocytochemistry

Immunocytochemistry was carried out using an indirect immunoperoxidase technique (Greil et al., 1988, Greil et
al., 1992) and using three antibodies (Abs) directed against the following three different epitopes of the c-MYC
protein: Amino acid sequence 43-55: Ab 152, 171-188: Ab 155 (both Abs monoclonal; Microbiological Inc.,
Bethesda, Md); Ab DCP 801 (Cambridge Research Biochemicals) detects a 12 amino acid sequence from the C-
terminus of ¢-MYC. Sampling of cells was representative and both in situ hybridization and immunocyto-
chemistry were highly reproducible as indicated by a median sample/sample and day/day variance of <1% of cells
assigned to the individual grading categories (for detail see Greil et al., 1992).

In situ Semiquantitation

In situ semiquantitation of ¢-myc mRNA and protein amounts was performed using a four stage system (Table I)
which was derived from the following cell systems with well-defined c-myc mRNA amounts per cell. HL-60 (16-
32 fold amplification of the gene; Westin et al., 1982), unstimulated and Phytohaemagglutinin (PHA)-activated
peripheral blood T-cells (10-20 fold increase in c-myc mRNA (Reed et al., 1985) and identical increase in protein
amounts (Greil et al., 1992). The "quantitative” character of this grading system and its high reproducibility were
further confirmed by their excellent correlation with densitometric scans of Western blotting experiments and
results of computer-assisted image analysis of nuclear staining parameters best approximating the absolute
amounts of ¢-MYC per cell.

. Semi itation of c- A - in
Negative + positive ++ positive +++ positive
mRNA S/N* < 2.5 S/N* >2.5 confluence of grains morphological details invisible
to patches beneath cytoplasmic silver grains
Protein Negative individual nucl. confluence of grains > 50% nuclear area positive inde-
grains to patches with <50%  pendent of staining intensity#

nuclear area positive

* S/N: Signal to Noise ratio as determined by counting of grains over cells and areas of maximal background
(Greil et al., 1989).

# Differences in the absolute nuclear size (punz) do not significantly influence the value staining intensity x %
positive nuclear area x nuclear size as determined by computer-assisted image analysis, which confirms the
stability of this evaluation system (Greil et al., 1992).

Results

(1) c-myc mRNA and -Protein Expression

c-myc mRNA expression occurs in 92 % (12/13 cases) of multiple myeloma (Fig. 1a) but only in 1/23 (4.3%)
cases of B-CLL. Expression levels varied substantially both from case to case and in tumor cell subsets within
the same slide. Expression signals ranged between PHA-activated blasts with their 20-40-fold increase over
unstimulated peripheral blood lymphocytes and HL-60 cells with their 16-32 fold amplification of the c-myc
gene (Westin et al., 1982) and their average of 200 mRNA copies/cell (Bakkus et al., 1989) and could definitely
be attributed to the neoplastic clone.
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c-myc mRNA IN NEOPLASIA Figure 1. a: c-myc mRNA expres-

a %% 100 sion as determined in 23 cases of
CLL, 13 cases of myeloma and the

C 80 HL-60 cell line. Results within the

E 60 four semiquantitation categories

(for definition: Greil et al., 1989)

L 40 are shown as box blot model with

L the upper and the lower range of

20 the data and the black horizontal

S line representing the median of the

data. CLL cells usually expressed
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c-myc mRNA IN NORMAL geneous In their amounts of c-myc
expressed per cell, were positive in
HEMATOPOIESIS 92% of cases with mRNA amounts

similar to those of the HL-60 cell
line. b: Bone marrow myelopoie-
sis, as well as the potential precur-

[—1% sor cells of myeloma cells (periphe-

ral blood and bone marrow B-cells)

L) and peripheral blood T cells usually
ﬁ remained negative.

++ ++
EBM MY INBMLY =pPBL B PBL-PHA

(2) ¢-MYC Protein Expression and Comparison with mRNA Analysis

The number of ¢-MYC protein positive cells was usually very similar to or identical with the number of cells
positive on the mRNA level with the exception of three cases where mRNA was apparently not translated into
protein (Table II: cases R 73, R 75; Fig. 2). Detailed semiquantitation of ¢-MYC protein and epitope mapping
by means of three antibodies directed against different epitopes of the c-MYC protein revealed: (i) a good general
concordance of results in the majority of cases with a defined and characteristic ranking in staining intensity
obtained with the three different antibodies (AB 155> AB 152> AB DCP; e.g. cases R 100, R 113). (ii)
Inversion in the usual staining hierarchy in at least 2 cases (Table II; e.g. cases R 112, R 88) where brighter
staining and higher total number of positive cells were obtained with the DCP as compared with the 152 AB.

Table II: Comparison of ¢-myc mRNA and ¢-MYC Oncoprotein Expression in Special Cases

Case % negative cells % + cells % ++ cells %o +++ cells % total cells
mRNA  Protein mRNA  Protein  mRNA Protein mRNA Protein mRNA Protein
R73 0 152 100 60 152 0 40 152 0 0 152 0 100 152 0O
155 100 155 0 155 0 155 0 155 0
DCP 100 DCP 0 DCP 0 DCP 0 DCP O
R 75 0 152 100 100 152 0 0 152 0 0 152 0 100 152 0O
155 100 155 0 155 0 155 0 155 0
DCP 100 DCP 0 DCP 0 DCP 0 DCP O
R 100 0 152 33.3 100 152 333 0 152 33.3 0 152 0 100 152 66.6
155 0 155 0 155 0 155 100 155 100
DCP 100 DCP 0 DCP 0 DCP 0 DCP 0O
R113 157 152 28 78.7 152 46 55 152 26 0 152 0 843 152 172
155 10 155 4 155 64 155 22 155 90
DCP 50 DCP 50 DCP 0 DCP 0 DCP 50
R 112 0 152 8 100 152 42 0 152 50 0 152 0 100 152 92
155 14 155 6 155 60 155 20 155 86
DCP 0 DCP 0 DCP 100 DCP 0 DCP 100
R 88 0 152 28 20 152 39 743 152 33 5.7 152 0 100 152 72
155 43 155 36 155 21 155 0 155 57
DCp 97 DCP 2 DCP 1 DCP 0 DCP 3

These differences reflect true differences in the amounts of different c-MYC protein epitopes present within the
neoplastic cells because (i) of excellent concordance of semiquantitation with results of computer-assisted image
analysis (ii) their correlation with densitometric scans and concurrently performed Western blotting experiments
(Greil et al., 1992) and (iii) their extremely high reproducibility (Greil et al., 1991). In addition, these results
(Table II, Fig. 2) may indicate the presence of posttranscriptional and/or posttranslational regulation of the c-myc
gene in myeloma cells.
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(3) Comparison of c-myc mRNA and -Oncoprotein Expression with Clinical and
Biological Parameters in Myeloma and B-CLL

When the numbers of myc mRNA and MYC protein positive cells were compared with markers of tumor load
(i.e. the number of plasma cells and plasmoblasts in the bone marrow) and the proliferative activity as determined
by the Ki-67 antigen expression, the presence of the 152 ¢c-MYC epitope alone was clearly associated with a
higher tumor load (Table III). The expression of the c-myc oncogene, however, was clearly independent of the
proliferative activity (mean number of Ki-67 positive plasma cells < 1%).

Figure 2: a: c-myc mRNA ex-
pression in myeloma cells. Each
patient is represented by one va-
lue within each of the four semi-
quantitation categories. Extreme
heterogeneity in gene dosage be-
comes apparent. b: Similarly,
four semiquantitation categories
were defined for immuncocyto-
chemical investigation of c-MYC
rotein amounts expressed per
cell ( Table I, Greil et al., 1992).
Generally, a similar total number
of cells positive on the transcript
and on the effector molecule le-
vel and a similar distribution of
c-MYC protein and -mRNA
within the semiquantita-

tion categories became apparent.
However, direct comparison in
individual patients reveals that
the transcript is not translated
into the protein in at least three
patients  (see  boxes for
corresponding cases, and Table
) and that the number of cells
++ and +++ for c-myc mRNA
and protein respectively are not
directly comrelated (r152AB =
0.046, r155AB = 0.46; p = 0.29).
These results may be condidered

indicative for posttranscriptional
regulation of the gene.

Our results indicate differential expression of c-myc mRNA and -protein during the terminal
stages of the malignant B-cell differentiation pathway with c-myc mRNA expression occurring
in up t0 92% (12 out of 13 cases) of patients with myeloma but usually lacking in patients with
CLL (22 out of 23 cases).In situ analysis allowed to definitely attribute: the c-myc mRNA
expression signals to the cells of the neoplastic clone. The interference of c-myc gene
expression with the malignant B-cell differentiation program may be interpreted as follows: (i)
The c-myc gene may be directly involved in the neoplastic B-cell differentiation program. Our
observation of lack of c-myc gene expression in native B-CLL cells is in perfect correlation to
results of others (Drexler et al.,1989; Larsson et al., 1987, 1991). In contrast to our results
downregulation of the c-myc gene expression was reported during cytokine - and growth
factor-stimulated plasma cell differentiation of B-CLL cell lines (Larsson et al., 1991).
However, B-CLL lines which can be maintained in long-term culture represent a rare biologic
selection and it cannot be excluded that the expression of the c-myc gene was more directly a
result of the stimulation of B-CLL cells by cytokine combinations than of the induced
morphological and immunological changes. Furthermore, transition of B-CLL into myeloma
does not occur in vivo, and stability and biologic behavior of plasma cells originating from B-
CLL precursor cells in this in vitro model are undefined.
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:C- in ion Markers of Tymor in Myel
nPlasma cells n Plasmoblasts n Ki-67 positive cells*
N 152 ++,+++.pos. Cells p=0.024 r=0.65 p=0.09 not significant
N 152 pos. Cells p=0.043 r=0.64 - not significant
N mRNA+,+++ pos. Cells p=0240 r=0.16 p=0.19 r=042 not significant

* The number of Ki-67 positive cells defines the percentage of cells at the G1/S phase boundary and was consis-
tantly less than 1%.

(ii) Several findings of our investigation, however, are not only in accordance with a
differentiation-specific expression of the c-myc gene in B-cell neoplasias, but may also explain
the c-myc gene expression as a result of the neoplastic process per se and of the progression of
the disease in the multi-step carcinogenetic process. This view is substantiated by the following
facts: (a) gene expression was undetectable in potential precursor cells of the malignant plasma
cells, namely circulating monoclonal blood and bone marrow B-cells (Fig. 1). (b) A substantial
part of the myeloma cells remained negative in several cases (Fig. 3). If c-myc indeed plays an
essential role during terminal malignant B-cell differentiation, then mature myeloma cells —
indistinguishable from the majority of the cells of the neoplastic clone by morphological and
immunological means — may also develop via a myc-independent pathway. (c) B-CLL cells of a
patient with concomitant myeloma remained negative, although plasma cells clearly expressed
the gene. (d) c-MYC protein expression is undetectable in preneoplastic monoclonal plasma
cells of patients suffering from Monoclonal Gammopathy of Undetermined Significance (Greil
et al., unpublished observation). (e¢) Increased c-MYC protein amounts were associated with
higher tumor load (Table III). Certainly, malignant transformation and neoplastic cell
differentiation are overlapping processes and their regulation may even involve a partly
identical, though differentially-regulated network of genes. A definite conclusion will require
the analysis of in vivo and in vitro models where the differentiation capacity of normal and
neoplastic B cells can be tested. It will also be necessary to investigate the way the c-myc gene
expression and regulation are influenced by sequential activation of oncogenes during well-
defined stages of the multistep carcinogenetic process of plasma cells.

(iii) Although the murine plasmacytoma model is characterized by a translocational activation
of the c-myc gene and/or the depletion of the c-myc plasmacytoma repressor factor (Kakkis et
al., 1989), the expression of the gene in the human analogue is not caused by structural
alterations of the gene (Neri et al., 1989, Greil et al., 1991) and mechanisms of derepression of
the gene have not yet been investigated. Recent examinations of plasmacytoma lines (Hollis et
al., 1988) and Acute Myeloid Leukemias (Baer et al., 1992) have shown pathological mRNA
stabilization and consecutive accumulation of c-myc on the posttranscriptional level in the
presence but also in the absence of 5°or 3 “alterations of the transcript (Baer et al., 1992).
Apparently, such a mechanism could be effective in myeloma and account for some of our data.
Also, alterations in c-MYC protein dimerization partners, or expression of proteins with the
capacity for modifying the DNA binding activity c-MYC (DePinho et al., 1991, Kerkhoff and
Bister, 1991) could not only modify the c-myc effects, thus explaining its independence of
proliferative capacity as observed in our study (Table III). Modifications in the constitution of
the c-MYC protein, however, might also account for altered binding affinities of antibodies
directed against the C-terminus of the protein (i.e DCP) in at least some cases.

(iv) Finally, the question arises whether c-myc gene expression is a central and early point
within the transformation process or a consequence of (a) a debalanced cytokine network or (b)
a result of activation of other oncogenes with a more upstream localization within the signal
transduction pathway. Ad (a): In the murine plasmacytoma model the c-myc gene derangement
is the result of a pathological recombinase event and a very early step in the carcinogenetic
process which is followed by rescue from counterregulatory instabilization of the malignant
clone through apoptosis by means of Interleukin-6 (IL-6)-expression (M. Potter, personal
communication, NIH-Workshop, 1992). Although the expression of ¢-myc in human myeloma
is not due to a structural derangement of the gene on the DNA level (Neri et al., 1989), our
results point to a similar role of c-myc expression in the human model. c-myc overexpression is
toxic for many human cell types (Askew et al., 1992) and rescue from apoptosis might be
induced by both IL-6- and/or bcl-2 overexpression. In this context it is interesting to note that
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bcl-2-overexpression in myeloma cells was recently reported (Pettersson et al., 1992).
However, a debalanced expression of IL-6 — irrespective of its autocrine (Kawano et al., 1988)
or paracrine (Klein et al., 1991) nature — could not only explain upregulation of c-myc e.g. by

means of NFxB-activation (Tanabe et al., 1988, DePinho et al., 1991) but the very same
mechanism may induce the IL-6 gene upregulation, thus contributing to the autocrine model of
IL-6 in myeloma (Kawano et al., 1988). However, direct experimental evidence will have to be
provided for that model. Ad (b): Finally, the question arises whether c-H-ras activation
cooperates with c-myc in the human plasmacytoma model. Both genes cooperate in in vitro
carcinogenesis assays (Birrer et al., 1988) and activation of c-H-ras by critical point mutations
with subsequent overexpression of the protein has been demonstrated in myelomas (Neri et al.,
1989, Tsuchiya et al., 1988). Although c-Hras- and c-myc activation may reflect independent
and different steps of carcinogenesis in the human myeloma system, point-mutated c-H-ras
possibly suffices for stimulating c-myc upregulation in a Proteinkinase-C-dependent manner by
modifying the expression of the c-fos and c-jun gene expression and the constitution of the AP-
I-complex (Stacey e al., 1987) which can bind to relevant motifs of the c-myc gene (DePinho
et al.,1991). In this way, the c-myc gene deregulation — theoretically — could be explained as a
direct consequence of the pathological derangement of the signal transduction pathway. These
models are currently under investigation in our laboratory.
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Introduction

Plasmacytomas differ from B lymphomas in a number of ways: Plasmacytomas have a
distinct plasmacytoid morphology, lack expression of certain B cell markers (e.g., 1a), express
much greater levels of immunoglobulin and interact with epithelial cells in the secretion of IgA.
However, there are few if any, molecular markers unique to plasmacytomas. To characterize
the molecular basis for the differences between plasmacytomas and B lymphomas, we have
constructed a murine plasmacytoma (MPC11) minus highly differentiated B lymphoma
(A20.2]) subtractive cDNA library [1, 2]. This strategy should enrich for two classes of
genes: genes differentially expressed in both normal and malignant plasma cells, and genes
differentially expressed only in malignant plasma cells. As summarized below, we have
identified plasmacytoma specific genes of both types.

Results

We initially used probes from 150 random clones from the subtracted cDNA library to
analyze for mRNA expression on Northern blots. From this analysis, we identified fifty
apparently unrelated genes, each of which expressed mRNAs in both the parental MPC11 and
an unrelated plasmacytoma, but not in the A20 subtractive partner. On initial screening, six of
these fifty genes expressed mRNAs in most plasmacytomas, but in no more than one of seven
other B lymphomas. We summarize our results (Table 1) for four of these genes, as well as
two genes (PC166 and PC315) that are expressed at a higher level in plasmacytomas than in the
A20.2] B lymphoma subtractive partner. Four of the six genes (PC70, PC166, EGP314,
PC315) proved to be markers of the terminal plasma cell stage of normal B lymphocyte

Table 1 Summary of six plasmacytoma specific genes.

GENE SEQUENCE HOMOLOGY FEATURES

Markers of normal plasma cells

PC70 placcntal alkaline phosphatase also expressed in pre-B lymphoma
PC166 homology to XLR gene X linked; ? no human homologue
EGP314 pan cpithelial glycoprotein 7 adhesion molecule

PC315 no known homologies B cell specific/ IL-6 increascs expression

Markers of malignant plasma cells

PC251 new member of the hematopoietic expressed in all normal tissues
growth factor receptor gene family

PC326 new member of the B-transducin X linked; expressed in testis
repeat "mosaic” protein family dysregulated in somatic cell hybrids
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differentiation. The other two (PC251 and PC326) appear to relate to the neoplastic phenotype
of the plasmacytomas.

Genes that are markers of plasma cells

PC70 encodes a 3.3 kb mRNA that is also expressed in 9 out of 12 plasmacytomas and
in all pre-B lymphomas, but only one of eight B lymphomas [2]. Sequence of a 289 bp
subtractive ¢cDNA revealed that PC70 is mouse placental alkaline phosphatase. Other
investigators have reported that in mitogen-stimulated B lymphocytes, there was an increase in
alkaline phosphatase activity restricted to the activated B cells committed to proliferation [3],
but there are no reports of its expression in earlier stages of B cell differentiation.

PC166 encodes a 2.0 kb mRNA that is expressed at a high level in all plasmacytomas
examined, at a much lower level in 3 out of 8 B lymphomas, and in none of 10 pre-B
lymphomas. It encodes a 226-amino acid protein homologous to xIr-1 (X-linked, Lymphocyte
Regulated)[4] with 26% amino acid identity and 49% similarity over the entire length. Xlr-1 is
an X-linked member of a murine multi-gene family that is expressed as a nuclear protein in the
terminal stages of lymphocyte differentiation. Xlr-2, a highly homologous gene, is expressed
principally in testicular germ cells. PC166 is also X-linked (C. Kozak, unpublished) and it
encodes an mRNA that is most abundant in testis, but is also present at a low level in many
other normal tissues. Like xIr-1 and xIr-2, PC166 does not cross-hybridize to human DNA or
RNA on Southern or Northern blots. Unlike xIr-1 and xIr-2, which are both acidic, PC166 is
quite basic. We propose calling it xIr-3.

EGP314 (identified by subtractive clone 289A) encodes a 1.8 kb mRNA that is
expressed in 15 out of 16 plasmacytomas, at a much lower level in 3 out of 8§ B lymphomas,
and 1 out of 10 pre-B lymphomas [5]. It encodes a 314-amino acid protein that contains a
signal sequence and a hydrophobic transmembrane domain. It is the murine homologue of an
extensively studied human pan-epithelial glycoprotein, EGP. Although previously thought to
be exclusively restricted to epithelial cells, EGP314 is also differentially expressed in B cell
development, with increased levels of expression when splenocytes are stimulated by LPS to
differentiate into mature plasma cells. The function of EGP314 is not known, but it has some
homology to nidogen, a basement membrane adhesion molecule. The co-expression of
EGP314 on plasma cells and the basolateral surface of epithelial cells suggests a role in the
interaction of these two cell types with a common molecule. For example, it could serve to
anchor plasma cells in epithelial tissues or to facilitate the translocation of IgA and secretory
component across epithelial cells.

PC315 encodes mRNA species of 2.1 and 6.2 kb. Sequence analysis of the
corresponding cDNA molecules indicates that these two mRNA species have an identical open
reading frame of 1.3 kb, but differ significantly at their 3' ends as a result of using distinct
polyadenylation signals. The alternatively polyadenylated mRNAs are expressed, in
approximately equal proportions, at a high level in all plasmacytomas and at a much lower level
in some B and pre-B lymphomas. Interestingly, IL-6 induces higher levels of expression of
both mRNA species in an IL-6 dependent plasmacytoma cell line (MH60BSF2). Of normal
murine tissues examined, PC315 1s expressed only in the spleen. Although only the 6.2 kb
form is observed in virgin spleen cells, following a five day stimulation of these spleen cells
with LPS, similar amounts of both mRNAs are observed. To date no significant homologies
have been found at the nucleic acid or protein level between PC315 and sequences in several
databases.

A marker of the malignant plasmacytoma phenotype

PC326 encodes 4.8 and 5.2 kb mRNAGs that encode a 747-amino acid protein with a
highly acidic amino-terminal region containing 7 repeats of a unique, moderately acidic 20-
amino acid sequence that is directly flanked by two extremely acidic sequences; and a carboxy-
terminal region containing one good copy, and two degenerate copies of the repeat found in B3-
transducin [6](Fig. 1). Other proteins that contain this repeat fall into two categories [7].
Category I consists of trimeric G-protein § subunits, whose entire sequence consists of 7-8
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Fig. 1 Diagram of PC326 protein structure.

tandem copies of this repeat. B-transducin, of the photoreceptor G-protein and STE4, of the
yeast pheromone receptor G-protein are examples in this category. Category Il consists of
"mosaic” proteins whose amino terminal half contains either a charged or mixed charged
cluster, and whose carboxyl terminal half contain 5-7 tandem copies of the B-transducin repeat
(Table 2). Many of the proteins in this second category have been shown to localize to the
nucleus and some to regulate transcription. E(spl) may interact synergistically with a helix-
loop-helix E(spl) nuclear protein to inhibit lateral neurogenic differentiation in the developing
Drosophila [8]. TUPI interacts with SSN6, a TPR protein, and acts as a general repressor of
transcription in yeast [9]. It has been postulated that each transducin repeat protein interacts
with a given TPR protein: PRP4-PRP6, CDC20-CDC16, SKI3-MAK11, TUP1-SSN6 [10].
PC326 is the first mammalian gene in this second category, but is unique in having only one
good copy of the transducin repeat.

Table 2 Examples of proteins containing the -transducin repeat.

Category I (trimeric G-protein B subunits)

B-Transducin 48 RRTLRGHLAKIYAMHWATDSKLLVSASQDGKLIVWDSYTTNK 340 aa
Cblp 187 KNNLVGHHGYVNTVTVSPDGSLCASGGKDGIAMLWDLAEGKR 318 aa
STE4 342 TSSSYLDNQGVVSLDFSASGRLMYSCYTDIGCVVWDVLKGEI 423 aa

Category II (charged/mixed charge cluster "mosaic" proteins)

TUP1 469 NESGTGHKDSVYSVVFTRDGQSVVSGSLDRSVKLWNLQNANN 55¢ a
E(spl) 558 VRQFQGHTDGASCIDISPDGSRLWTGGLDNTVRSWDLREGRQ i
CDC4 563 LYILSGHTDRIYSTIYDHERKRCISASMDTTIRIWDLENIWN
Consensus  ..... GHs..A...... p.g..A.sgs.D..A.AWDA. .. ..
PC326 322 EHVFEGHSGCVNTVHFNQHGTLLASGSDDLKVIVWDWLKKRS 74/ aa

s8s YKGHRNNSTVKGVYFYGPRSEFVMSGSGCGHIFIWEKSSCQI
631 QFLEADEGGTINCIDSHPYLPVLASSGLDHEVKIWSPIAEPS

Although PC326 is expressed at a high level (about 30-100 copies of mRNA per cell) in
most plasmacytoma cell lines, it does not appear to be expressed in LPS-induced plasma cells
or any other normal tissue, apart from a very low level in testis (Table 3). The gene has been
localized to the X chromosome (C. Kozak, unpublished). Unlike B-cell-specific genes, it is not
suppressed in somatic cell hybrids between plasmacytomas and T cells or fibroblasts. Of
interest is that the fibroblast hybrids continue to have a malignant phenotype, even though the
rearranged c-myc is not expressed. These features suggests that the expression of PC326 may
relate to the malignant phenotype of the plasmacytoma cell lines. Although there is near
uniform expression of PC326 in pristane-induced plasmacytoma cell lines, when plasmacytoma

Table 3 PC326 and PC251 mRNA cxpression patterns.

PC326 PC251

Plasmacytoma cell lines 13/14 11/12
pre-B/B lymphoma 0/32 0/18
non-B hematopoietic 2/22 0/4
Normal tissues only testis all
Plasmacytoma / T cell hybrids 22 072
BALB/c 373 0N 1/1

Transformed BALB/c 3T3 n.L. 0/2
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Table 4 Expression of PC326 in pristane induced plasmacytomas

Accelerating viral Latency # tumors % PC326
oncogene(s) (days) /lines mRNA +
None - cell lines 14 93

- tumors 215 20 85
v-abl 90 22 67
v-raf 85 2 100
v-H-ras + c-myc 90 2 100
v-raf + c-myc 69 4 25
v-abl + c-myc 35 8 13

tumors are induced with pristane and different accelerating viruses, there is variability in the
expression of PC326 (Table 4). There is a direct correlation between the mean latency with
which the tumors develop and the frequency of PC326 expression; i e., for tumor induction
methods that require longer for tumor development there is a greater likelihood of PC326
expression.

The apparently dysregulated pattern of expression in plasmacytomas and intriguing
sequence homologies suggest that PC326 may contribute to plasmacytomagenesis. Its
expression is more common in plasmacytomas that arise more slowly, suggesting that PC326
expression may be a late event in a multi-step process of neoplastic changes, but one that can be
circumvented when tumor development is accelerated by additional exogenous oncogenic
factors.

A new member of the hematopoietic growth factor receptor gene family

PC251 encodes alternatively polyadenylated mRNAs of 2.7 and 4.4 kb that encode a
439-amino acid protein with a signal peptide and a hydrophobic transmembrane domain. The
protein is most homologous to the IL-5 receptor o chain and has features characteristic of the
hematopoietic growth factor receptor superfamily (Fig.2) [11, 12]. In addition to IL5Ra,
PC251 has significant similarity to IL3Ro and GM-CSF-Ra. All three of these receptors use a
common B chain to constitute a high-affinity receptor. Although the expression of PC251 in
cell lines is restricted to plasmacytomas, we were surprised to find a uniform, similarly low
level of expression (approximately 3-5 copies of each species of mRNA per cell) in all normal
tissues (Table 3). Like B-cell-specific genes (e.g., Ig), it is suppressed in somatic cell hybrids
between plasmacytomas and T cells [13](Table 3). Interestingly, PC251 is expressed in the
A31 BALB/c 3T3 fibroblast cell line, but not in two transformed clones (transformed
respectively with v-mos and K-ras retroviruses).

Since the expression of PC251 appears to be ubiquitous but selectively lost from cells

when they undergo malignant transformation, it may be a suppressor factor receptor for most
cells. Plasmacytomas may be unusual in this context, since PC251 continues to be expressed

Fig. 2 PC251 homology to hematopoictic growth factor receplors
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in these tumors. It is our working hypothesis that PC251 resembles oncostatin-m (OSM) | 14],
which is growth inhibitory to many cells, but is growth stimulatory for plasmacytomas and
Kaposi's sarcoma cells [15, 16]. OSM has been shown to be a member of a cytokine family
that includes IL6, LIF and G-CSF, and to use the LIFRa and IL6 gp130 receptor to constitute
a high affinity receptor.

Summary

We have analyzed a murine plasmacytoma minus highly differentiated B lymphoma
subtractive cDNA library and identified eight genes that are expressed in most plasmacytomas
but at a much lower level, or not at all, in most B lymphomas.

Four of the genes are markers of the terminal differentiation of B lymphocytes into plasma
cells:

« placental alkaline phosphatase, also expressed in pre-B lymphomas

« xIr-3, a new X-linked member of the xIr multi-gene family

» EGP314, a pan-epithelial glycoprotein with sequence features of an adhesion molecule
« PC315, a gene that is up-regulated by IL6, but without obvious sequence homologies.

Two of the genes are not clearly related to normal B cell differentiation, appearing to be
associated with malignant transformation of plasma cells:

* PC326 is a new member of the -transducin mosaic protein gene family. It is an X-linked
gene, expressed at a very low level in testis, but in no other normal tissue, including LPS- or
IL6-induced plasma cells. It has a high level of expression (apparently dysregulated) in most
(>85 %) mineral oil induced plasmacytomas. However the likelihood that PC326 is
expressed decreases as the tumor latency decreases when different retroviral agents are used
to accelerate mineral oil induced plasmacytomagenesis. This suggests that PC326 expression
may be a late event in a multi-step process of tumorigenesis.

« PC251 a new member of the hematopoietic growth factor receptor family, most homologous
to IL5Ra. It is expressed at a uniformly low level in all normal tissues and non-malignant
cell lines; but,with the exception of plasmacytomas, it is not expressed in tumor cell lines.
Like oncostatin-m, it may be the receptor for a cytokine that is growth inhibitory for many
cells, but growth stimulatory for plasmacytomas.
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Introduction

Intraperitoneal plasma cell tumors (PCTs) are induced by pristane
(tetramethylpentadecane), a branched-chain alkane paraffin oil, in
BALB/cAn and other susceptible mouse strains with minimal to mean
latencies of 120 to 210 days respectively (Potter, 1972). PCTs harbor one
of two reciprocal chromosome translocations always involving band D2/3
on chromosome 15 and either the immunoglobulin heavy chain (IgH)
locus on 12 or the kappa light chain locus (IgK) on 6 (Ohno et al., 1979).
Band D2/3 was subsequently found to be the c-myc gene locus and the
activation of this proto-oncogene by such chromosomal rearrangements
has been shown to be a contributing factor for plasmacytomagenesis
(reviewed by Mushinski, 1988; Marcu et al., 1992). Plasmacytomagenesis
was rapidly accelerated (50-120 day mean latencies) upon injection of
oncogene-containing retroviruses (v-abl, myc and raf or myc and ras)
along with pristane (Potter et al.,, 1973; Ohno et al., 1984; Potter et al.,
1987; Clynes et al., 1988; Troppmair et al., 1989) and viruses-containing
an activated myc oncogene induced PCTs without c-myc associated
chromosome translocations (Potter et al., 1987; Clynes et al., 1988;
Troppmair et al., 1989). Recently, a retrovirus harboring v-abl and c-myc
was found to be the most potent oncogene combination inducing PCTs in
100% of adult BALB/c mice with or without a wild type Moloney helper
virus and also in the absence of pristane (Weissinger et al., 1991). These
observations would collectively argue that multiple genetic events in
addition to c-myc activation are required for malignant plasma cell tumor
formation. Indeed, at least three recessive genetic loci are believed to
confer resistance to PCT formation in non-sensitive mouse strains but the
identities of these genes and other dominant acting ones in addition to
myc remain unknown.

Plasma cell tumors have also been known for sometime to express
abundant quantities of intracisternal A-type particles (IAP) budding from
the endoplasmic reticulum (Dalton et al., 1961; Kuff et al., 1972; Kuff and
Lueders 1988). IAPs are defective retrovirus-like particles which are
expressed in a number of murine tumor cells and also in the developing
murine embryo (Kuff et al., 1972; Calarco and Szollose, 1973; Biczysko et
al., 1973; Kuff and Lueders, 1988). The mouse genome harbors several
thousand IAP proviral DNAs including a variety of deleted forms (Lueders
and Kuff, 1977; Ono et al.,, 1980). IAP proviruses exist in two major
classes. Type-l proviruses are the most.abundant variety and type-II
forms are about 2 kb smaller and contain other distinguishing sequences
(Shen-Ong and Cole, 1982). PCTs express abundant quantities of RNAs
derived from type-II IAP proviruses (Cole et al.,, 1982). IAP proviruses
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have been found to act as insertional mutagens in plasma cell tumors
having both negative (Hawley et al., 1982) and positive (Canaani et al.,
1983) effects on the expression of other cellular genes. IAP proviral
insertions within and nearby the c-mos proto-oncogene have been
documented in two plasma cell tumors (Canaani et al., 1983; Cohen et al.,
1983) and also 3' of a translocated c-myc gene (Greenberg et al., 1985).
Though it would be an attractive notion, a more general role for IAPs in
plasmacytomagenesis has not been established.

Here, we report the cloning and partial characterization of a PCT specific
gene (denoted PCS). About 60-70% of PCTs were found to express PCS.
Remarkably, the brain is the normal site of PCS expression; and it
encodes a member of a family of polypeptides containing both
immunoglobulin and fibronectin-like domains, which are known to
promote the growth of neurons '(Jessel, 1988; Furley et al., 1990).

[l
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c-myc) [ Exon 2 1 Exon 3 1
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snannnii]
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FIGURE 1: Composite of homologous regions (inblack) of the amino
acid sequences of c-, 1- and n-myc. Functional domains of the
proteins and the locations of PCR primers are indicated.

PCS was Identified by a PCR Strategy Originally Designed to
Identify Myc-Like Genes

We began this study from the perspective of cloning and characterizing
novel genes which shared some similarities with the c-myc class of helix-
loop-helix proteins. Synthetic oligonucleotides corresponding to two
highly conserved blocks of amino acids within the c-myc third exon
(primers 3 and 6 in Figure 1) were employed in a PCR based cloning
strategy. The 3' primer (#6) was initially used to prepare first strand
cDNA from poly A+ RNA and the ¢cDNA was subsequently amplified with
primers 3 and 6 by PCR. The PCR products were analyzed on a 6%
polyacrylamide gel shown in Figure 2. The band corresponding to c-myc
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is indicated and was confirmed by DNA sequence analysis following
subcloning in pBluescript. Two other major bands smaller than c-myc are
also observed amongst the PCR products. The faster of these later two
bands is about 220 bp in size and appears to be expressed in the three
plasma cell tumors examined (MPC-11, J558 and 7149) and also in
BALB/c liver and spleen. This 220 bp species corresponds to a
ubiquitously expressed mRNA of ~4.0 kb which encodes a polypeptide
with a helix-loop-helix domain (Connelly and Marcu, unpublished results).
In contrast, the upper band of about 240 bp was only amplified from the
plasma cell tumor mRNAs. The latter PCR product was denoted PCS for
plasmacytoma specific and is the subject of this paper. Nucleotide
sequence analysis revealed that PCS

Fig. 2. Analysis of PCR products obtained with c-myc amplimers 3 and 6. The locations of
amplimers 3 and 6 within the c-myc third exon are shown in Figure 1. Duplicate lug
samples of poly A+ RNAs were initially converted into first strand cDNA with AMV reverse
transcriptase and primer #6. PCR was then initiated for 5 cycles at 37°C followed by 50
cycles at 550C with primers 3 and 6 and the resultant amplification products were revealed
by ethidium bromide straining.

contained no homology with c-myc or other helix-loop-helix proteins and
its amplification resulted from a limited amount of homology with the two
PCR amplimers. The PCS PCR product detects a 3.6 kb transcript on
Northern blots of the plasma cell tumor RNAs and was subsequently used
as a probe to clone a near full length clone from an MPC-11 cDNA library.
The 5' end of the MPC-11 PCS cDNA clone contained a 112 bp sequence
which was identical to the 3' portion of a variety of IAP proviral LTRs. As
expected, the 5 end of the PCS clone corresponding to the IAP LTR
sequence was highly repeated in the mouse genome upon Southern blot
analysis (data not shown). The remainder of the PCS cDNA's nucleotide
sequence revealed a unique open reading frame specifying a 1029 amino
acid polypeptide with remarkably strong similarities to a class of proteins



232

normally involved in neuronal development and axon migration (Figure 3);
coupled in_ vitro transcription/translation revealed a PCS encoded
polypeptide with an apparent size of 113 KDa (Connelly et al., manuscript
in preparation). Axonal glycoprotein (TAG-1) (Furley et al., 1990) was
most related to PCS with the two polypeptides displaying almost 50%
identity over their entire length (Figure 3). If conservative amino acid
replacements are considered PCS and TAG-1 are 60-70% homologous.
TAG-1 contains six amino terminal immunoglobulin-like domains and four
carboxy terminal fibronectin-like repeats (Furley et al., 1990). PCS lacks
the first three immunoglobulin-like domains of TAG-1.

Fig. 3. Structural features of an MPC-11 PCS cDNA clone. The location of a 121 bp IAP LTR
sequence, the binding sites of PCR amplimers 3 and 6 and the beginning of the longest open
reading frame (ORF) are all indicated just beneath the PCS restriction map. Portions of the
PCS ORF bearing significant homologies to several conserved polypeptides associated with
neuronal development are indicated. Neuroglian (Bieber et al., 1989), L1 (Moos et al., 1988),
F11 (Brimmendorf et al., 1989), F3 (Gennarini et al., 1989), TAG-1 (Furley et al., 1990).
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Table I. Survey of PCS expression by Northern blotting

Cell Lines Cell Type PCS Expression (kb)
MPC-11 plasma cell tumors ++++(5.0, 3.6, 2.2 kb)
J558 " ++++ (3.6 kb)

7149 " ++++ (3.6 kb)

TEPC 1017 " ++++ (8.3, 5.0, 3.6, 3.0, 1.8 kb)
TEPC 1165 " + 36k

TEPC 1196 " ++ B.6kb)

MOPC 104E " ++++ (8.3, 5.0, 3.6, 2.2 kb)
ABPC 22 " ++ B.6kb)

ABPC 26 " +/- (36Kkb

RIM PC2186 " -

ABPC 4 " =

ABPC 20 " -

ABPC 47 " -

ABPC 105 " -

TEPC 1033 " -

AJ9 mature B -

‘WEHI 231 mature B -

K46 mature B =

NFS1 mature B -

18-81 pre-B -

38B9 pre-B -

300-18 pre-B -

70Z3 pre-B -

FDCP1 myeloid -

HAFTL3g4 myeloid -

J2MY2097 ‘myeloid -

HAFTL1 pro-B -

BW 5147 mature T -

El4 mature T N

M14T pre-T -

MEL embryonal carcinoma -

P19 embryonal carcinoma -

NIH3T3 fibroblast

54C12 A-MuLV transf. fibroblast -

Tissues

Brain ++ (4.0 and 6.0 kb)
Thymus -

Spleen -

Heart -

Lung -

Kidney -

Testes -

Liver -
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Most Murine Plasma Cell Tumors Express PCS but the Brain
Appears to be its Normal Site of Expression

Northern blots of a variety of RNAs derived from cell lines and normal
tissues were probed with a PCS restriction fragment specifying most of its
encoded polypeptide without the 5' IAP sequences. About 30 out of 50
plasma cell tumors examined expressed variable levels of a 3.6 kb PCS
RNA and occasionally other larger and smaller related transcripts (see 15
representative cases in Table I). PCS transcripts were not detected in a
variety of other normal and transformed cell lines corresponding to pro-
B, pre-B, mature B, T, myeloid, erythroid, fibroblast and embryonal
carcinoma and stem cell lines (Table I and data not shown). PCS RNAs
were also undetectable in normal thymus, heart, lung, kidney, testes, liver
and spleen tissues, nor in LPS stimulated splenocytes (Table I and data
not shown). However, two larger PCS RNAs of ~4.0 and ~6.0 kb were
present in brain RNA.

Potential Significance of PCS Expression for
Plasmacytomagenesis

PCS expression in murine plasma cell tumors maybe a consequence of
ectopic gene activation. In the MPC-11 tumor, the PCS gene would
appear to be activated by an IAP LTR which are known to become
transcriptionally active in PCTs (Kuff and Lueders, 1988). Studies in
progress will determine if this was a consequence of IAP proviral
transposition into the PCS gene and if IAPs are involved in PCS expression
in other PCTs. We surmise that the PCS gene is not likely expressed in
normal plasma cell since LPS activated splenocytes were negative for PCS
transcripts (data not shown) but this would also require direct
confirmation. Given the larger sizes of the PCS transcripts in the brain
and the consistent presence of a smaller 3.6 kb RNA in PCTs this would
appear to be a case of abnormal if not ectopic gene expression in the
PCTs. TAG-1, a PCS related glycoprotein, was found to be transiently
expressed on the surface of a subset of neurons in the developing
mammalian nervous system (Furley et al., 1990). TAG-1 is anchored to
neurons via a glycosylphosphatidylinositol {GPI) linkage but also exists as a
peripheral membrane protein which is released from neurons. TAG-1
facilitated the extension of neurites in vitro implying that it may play a
role in axon growth and guidance in vivo (Furley et al., 1990). TAG-1 was
suggested to promote the growth of commissural axons by homophilic
interactions amongst its GPI-linked forms or by heterophilic binding to
integrins or other axonal receptors. It will be interesting to determine
whether the very related polypeptide encoded by the PCS gene also
possesses similar properties. A function for PCS in plasmacytomagenesis
remains unknown at present, but one can envision provocative roles in
the progressive phases of this B cell malignancy. Ectopic PCS expression
may contribute to abnormal B cell growth in vivo by enhancing their
metastatic potential. Experiments designed to directly assess the effects
of enforced PCS expression in normal B cells or in PCS negative B cell
lines will hopefully speak to this important issue.
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It has been well established by several groups that IL-6 is overproduced in patients
with Multiple Myeloma (MM) and that this cytokine is an essential growth factor of
myeloma cells both in vitro and in vivo (1-5). Most investigators also agree now that
IL-6 is produced mainly by bone-marrow stromal cells (1,6). The aim of this report
was to summarize our recent results concerning the mechanisms of IL-6 production
control by the bone-marrow environment and the different means of neutralizing 1L-6
activity in vitro and in vivo.

Myeloma Cells Produce IL-1B In Vivo

Several investigators have shown that populations enriched in myeloma cells
produce IL-1f8 (7,8). However, as stromal cells adhere to myeloma cells, it is difficult
to be absolutely certain that the latter really produce IL-18 in these studies.
Moreover, purification of myeloma cells requires in-vitro manipulations which may
lead to activation of IL-18 gene transcription in vitro. To determine whether
myeloma cells produce IL-18 in vivo or not, we performed in situ hybridization on
freshly explanted myeloma cells. Strong IL-18 gene expression was found in the
bone-marrow plasma cells of the eight patients studied (unpublished observations).

Interestingly, no IL-1B gene expression was noted in the circulating myeloma cells
of patients with plasma-cell leukemia or in 10 human myeloma cell lines. This

suggests that IL-18 production by myeloma cells is not due to constitutive activation

of the IL-1p gene but to activation of the myeloma cells trapped in the bone-marrow
environment.

Adhesion And Activation Antigens On Myeloma Cells

As shown in Figure 1, myeloma cells express a set of adhesion molecules
enabling them to be trapped by the bone-marrow environment (unpublished
observations). Myeloma cells express ICAM-1 antigen (Ag) but not its ligand the
LFA-1 Ag. They bear the NCAM homotypic adhesion molecule, unlike normal
plasma cells. Myeloma cells also express several adhesins such, particularly those
adhering to fibronectin molecules (VLA-4 and VLA-5). Myeloma cells express TP44
Ag which binds to hyaluronidate and the epithelial membrane antigen (EMA).
Concerning activation antigens, myeloma cells have a high density of CD28 Ag but
also a low density of CD28-ligand (B7 Ag). Most myeloma cell lines fail to express
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CD40 Ag but express CD30 Ag (Ki-1 Ag) which belongs to a large family of
activation antigens including nerve growth factor receptor, TNF receptors, the
CD40 Ag, Fas Ag, ...etc (9). The role of these various antigens in the reciprocal
activation of myeloma cells and their bone-marrow environment is not presently
known.

Interleukin-1

Differentiated
Plasmacytic
cells

N- CAM cp2s

I1CAM1

RS

Bone- marrow
Environment

Klein 92-17 ’

Interleukin-6 IL-6-dependent
Myeloma cell lines

Figure 1. Adhesion antigens on myeloma cells

IL-1 Receptor Antagonist (IL-1RA) And Other Anti-Inflammatory Agents
Inhibit IL-6 Production By The Myelomatous Tumoral Environment

IL-6 production was measured in 5-day cultures of bone-marrow cells of 14 patients
with MM (unpublished observations). As shown in Figure 2, addition of 100 ng/mi
of IL-1RA resulted in a 70% decrease of IL-6 production. The inhibitory effect was
reversed by adding an excess of riL-1f8. Increasing IL-1RA concentrations up to 500
ng/ml resulted in almost complete inhibition of IL-6 production in these cultures.
Recently, IL-1-induced production of IL-6 in monocytes was shown to be mediated
by the PGE-2 synthesis (Lucien Aarden, oral communication). In agreement with
these results, we found that the IL-6 production was inhibited 60% by
indomethacin and that this inhibition could be reversed by adding synthetic PGE-2.
Interleukin-4, a potent anti-inflammatory cytokine (10), also caused 60% inhibition of
endogenous IL-6 production. Finally, dexamethasone inhibited IL-6 production by
80%, which is in agreement with the known repression of IL-6 promoter by the
glucocorticoid receptor (11). The previously recognized strong efficacy of
dexamethasone in treating patients with MM could be partly due to its strong ability
to inhibit IL-6 production.
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Thus, a variety of means of inhibiting IL-6 production in MM patients is now
available. The use of these anti-IL-6 therapies should be of major interest since
recent studies have shown that most newly diagnosed patients producing high
levels of IL-6 in vivo failed to respond to conventional treatments (12-14). However,
one critical question is whether IL-6 can be durably neutralized in vivo. IL-6 has
many functions, some of which could be essential in vivo.
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Figure 2. Inhibition of IL-6 production by various agents

Treatment Of MM Patients With Anti-1L-6 Monoclonal Antibodies

Nine patients were treated with anti-IL-6 monoclonal antibodies (mab), including
one for two months (5). There was no occurrence of major adverse effects, except
for partial thrombopenia; a reduction of several toxicities related to overproduction
of IL-6 in vivo (fever, hypercalcemia, acute phase proteins, complement
component); 3) and blockage of malignant plasmablastic proliferation in 5 out of the
9 patients. A critical point was whether anti-IL-6 mab had been injected in sufficient
amounts to block IL-6 bioactivity in vivo.

Inhibition Of C Reactive Protein (CRP) Production By Anti-IL-6
Treatment

IL-6 is a major inducer of acute phase protein production in human hepatocytes. In
particular, we previously reported complete inhibition of CRP production in vivo in a
patient treated for 2 months with anti - IL-6 mab (5). Such complete inhibition of
CRP production was found in 3 out of 6 patients treated with anti-IL-6 mabs for more
than one week (Figure 3). However, in the other 3 patients, CRP inhibition was only
partial and was associated with a lack of response to treatment (unpublished



240

observations). In these 3 patients, other cytokines may have stimulated CRP
production and myeloma-cell growth or the anti-IL-6 mab may not have been
injected in sufficient amounts to neutralize IL-6 in vivo. It is noteworthy that two other
cytokines (leukemia inhibitory factor/HILDA and oncostatin M) are potent inducers of
acute phase proteins which share the same transducer receptor chain with IL-6
(15).

Partial Reduction of CRP
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Figure 3. Inhibition of CRP production by anti-IL-6 treatments

Anti-IL -6 Treatment InducesHigh Amounts Of Circulating IL-6 In The
Form Of Immune Complexes. Measurement Of Overall IL-6 Production
In Vivo and Prediction Of Anti-IL-6 Treatment Efficacy
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Figure 4. B9-stimulating activity after gel filtration of patient serum in acidic or non-
acidic conditions

After discontinuation of anti-IL-6 mab injections, most patients treated with anti-IL-6
mab showed a marked rise in serum activity stimulating the growth of the B9
hybridoma (5). Chromatographies on protein A Sepharose and anti-murine Ig
Sepharose demonstrated that this activity was bound to anti-IL-6 mab (unpublished
results). As shown in Figure 4, this activity was recovered at a peak of 180 kDa MW
after gel filtration. After treatment at acid pH, it eluted at a peak of 25 kDa MW and
was then neutralized by different anti-IL-6 mab. Thus, anti-IL-6 mab, by preventing
IL-6 binding to its high affinity receptor and renal elimination, induces high
amounts of circulating IL-6 in the form of monomeric immune complexes. The
accumulation kinetics of these IL-6/anti-IL-6 mab complexes and of free mab at the
beginning of anti-IL-6 treatment demonstrated that these immune complexes have
the same half-life as free mab (3,5 days), which is in agreement with previous
observations about the elimination kinetics of multimeric immune complexes (16).

IL-6 Accumulation In The Form Of Circulating Monomeric Immune
Complexes Enables Estimation Of Daily Overall IL-6 Production In
Patients Treated With Anti-IL-6 mab In Vivo

As overall in vivo cytokine production has never been estimated in animals or
humans, we developed a mathematical model to estimate this factor in our patients
treated with anti-IL-6 mab (unpublished observations). The model assumes that (i)
the half-life of monomeric immune complexes in vivo is similar to that of free mab
(this is verified) and (ii) that there is no other IL-6 elimination route than by immune
complexes. The 2 major routes of cytokine elimination are by cell consumption and
renal elimination (17).

Half-life of monomeric
immune complexes =
half-life of free antibodies
=4 days

Daily production of IL-6
15 ug to 70 ug per day

1 /

>— >_ >_ >— IL-6-bound mab/Free mab
5_ ->_ =1/100 TO 1/1000

T or— |
>_ Pheripheral blood
>=>— ; >
ANTI-IL-6 C
10 mg-40 mg per
day Simulations correlate

with inhibition of CRP in vivo
Figure 5. Accumulation of IL-6 in the form of circulating monomeric

immune complexes during treatment with anti-IL.-6 antibodies

The second assumption is likely in the case of complete CRP inhibition. In the case
of partial inhibition, the mathematical model gave only a lower limit of overall in vivo
overall IL-6 production. For the six patients studied, estimations of overall IL-6

production ranged from 5 pg/day to > 200 ug/day.
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Determination Of The Amounts Of Circulating IL-6/anti-IL-6 Complexes ls
Predictive Of Anti-IL-6 Treatment Efficacy

Determination of the ratio of IL-6-bound mab to free mab made it possible to
simulate the ability of anti-IL-6 mab to inhibit IL-6 binding to its high affinity receptor.
For the four patients studied, this ratio ranged from 1:100 to 1:1000 (Figure 5).
Simulations of mab ability to inhibit IL-6 binding to its high affinity receptor indicated
that, at a ratio of IL-6-bound mab to free mab of 1:1000, the mab concentration
reached in vivo was just sufficient to inhibit IL-6 activity. At higher ratios (1:100), anti-
IL-6 mab was unlikely to prevent IL-6 binding to cell surface receptors. Interestingly,
these simulations fit well with the CRP inhibitions observed in vivo.

In patients with a measured ratio of IL-6-bound mab to free mab of 1:1000, CRP
was undetectable and a significant anti-tumoral effect was found, whereas in
patients with a ratio of 1:100, CRP production was only partially blocked.

Thus, the partial neutralization of CRP observed in three patients, in association
together with a lack of clear anti-tumoral effect (Figure 3) was probably due to an
excessively high production of IL-6 in vivo that could not be neutralized by anti-IL-6
mab.

How Should Be Carried Out Future Treatments With Anti-IL-6
Antibodies?

The circulation of high amounts of IL-6 in the form of monomeric and stable immune
complexes is a major limitation of anti-IL-6 treatments using a single antibody. It is
likely that circulation mobilizes high levels of IL-6 close to tumor subclones that are
hypersensitive to IL-6. As indicated above, anti-IL-6 mab concentration, reached in
vivo in the best cases, was just sufficient to neutralize IL-6 activity. This might
explain why, in a patient, tumor cell proliferation was not more inhibited after 2
months of treatment whereas CRP production was still undetectable (5).
Improvement of these treatments with anti-1IL-6 mab will be to reduce the half-life of
IL-6/anti - IL-6 mab complexes. Previous studies in the literature using stabilized
hapten/anti-hapten complexes indicated a considerable reduction in the half-life of
polymeric as compared to monomeric immune complexes. Thus, it is essential to
determine in an animal model whether this is also true for polymeric IL-6/anti-IL-6
complexes. The concept in this paper should be generalizable to a treatment
design with anti-cytokine molecules whose target cytokine is known to circulate in a
monomer form.

Conclusion

There are now many clinically available molecules that can be used to inhibit IL-6 in
vivo in MM patients: IL-1 receptor antagonist, IL-4, non-steroid anti-inflammatory
agents, corticosteroids, and anti-IL-6 antibodies. Other molecules could become
clinically available such as mutated IL-6 or anti-IL-6 receptor antibodies. As MM
patients with high in vivo IL-6 production have been shown to respond poorly to
the usual treatments or to autologous bone-marrow transplantation, these anti-IL-6
therapies could be very useful either alone or in combination with chemotherapy.
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Pathophysiology of Human Multiple Myeloma
— Recent Advances and Future Directions

B. BARLOGIE

Division of Hematology-Oncology and Arkansas Cancer Research Center,
University of Arkansas for Medical Sciences, Little Rock, Arkansas

Fundamental research in human myeloma (MM) has addressed the tumor cell hierarchy, [1]
growth regulation by normal host cells [2] and a plethora of cytokines, [3] specific disease
manifestations resulting directly from tumor growth or indirectly by way of tumor or normal
cell secretory products, [4] and the area of genetic abnormalities [5] with the consequences
of oncogene activation and tumor suppressor gene inactivation [6] (see Fig. 1).

Tumor Cell Hierarchy

Consensus exists that the prevalent plasma cell phenotype is maintained by a more immature
precursor compartment at the pre-B or even more primitive hemopoietic stem cell stage.
[1,7,8] The origin of tumor stem cells from bone marrow, lymph nodes [9] or even spleen
has become a subject of debate. [10] Circulating monoclonal tumor cells exist in the
peripheral blood, [11,12,13,14] but conclusive evidence as to the pre-myeloma cell nature of
cells expressing CD11b, CD45RA/RO and possibly MDR-1 is still lacking.

Future investigations should emphasize genetic and clonality studies of tumor cells with a
discrete phenotype along with in vitro response to proliferative and differentiative stimuli.

Cytokine Network

Controversy continues regarding autocrine and paracrine growth loops especially involving
the IL-6 molecule. [15,16,17] While several investigators were able to confirm proliferative
responses in vitro upon IL-6 exposure of advanced disease with intrinsically high proliferative
activity, [18] others were unable to observe tumor cell doubling or enhanced DNA synthesis
upon exposure to IL-6. (S.M. Hsu, unpublished observations). Autologous bone marrow
stromal cell layers, on the other hand, have proven effective for the growth and expansion of
clonal B cells and terminal plasma cell differentiation from peripheral blood mononuclear
cells. [2] Current research in several laboratories emphasizes the response of phenotypically
discrete blood and bone marrow tumor cells to defined stromal cell populations and to
recombinant cytokines alone or in combination. The demonstration of IL-6 transcripts and
protein supports the original observation by the Kishimoto group of an IL-6 autocrine loop,
[17] although its role in tumor cell self-renewal and/or differentiation has yet to be further
investigated.

Apoptosis can be induced by dexamethasone in ARP-1 cells (a recently established human
MM cell line), [19] probably as a result of down-regulation of endogenous IL-6 production,
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Fig. 1

a)

b)

<)

Biology of Multiple Myeloma

Tumor cell hierarchy:

An exceedingly small tumor cell renewal compartment of undetermined phenotype gives rise to the
prevalent myeloma plasma cell compartment at the terminal stage of B cell differentiation, exhibiting
monoclonal cytoplasmic immunoglobulin and low proliferative activity (median plasma cell labelling
index, 1%).

Oncogenes and tumor suppressor genes:

C-myc RNA is overexpressed in about 25% of myeloma cases, with high myc protein expression
present in about 80%. N-ras is mutated in one-third of cases; p21 (H-ras protein) is strongly expressed
in about 75% of patients. As in normal plasma cells, BCL-2 protein is expressed by the majority of
myeloma cells of most patients. Monosomy 13 is frequently observed cytogenetically and some
investigators have observed mutation of the retinoblastoma gene located on chromosome 13.

Cytokines in myeloma growth and differentiation:

IL-6 purportedly the major myeloma growth factor through autocrine and paracrine growth loops. It
is not clear whether IL-6 may also induce tumor cell differentiation to the plasma cell stage. Bone
marrow stromal cells, monocytes and T cells provide additional stimulatory molecules such as IL-1-8,
M-CSF, IL-3, IL-5, GM-CSF and G-CSF which exert growth stimulation directly and/or indirectly
through an IL-6 mechanism. The major growth-inhibitory signal is provided by interferon-gamma. The
therapeutic activity of dexamethasone may involve inhibition of IL-6 production by normal accessory
cells and myeloma cells, leading to tumor cell apoptosis, which can be prevented in vitro by addition
of IL-6. For further details, see text.
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which can be prevented by co-incubation with IL-6 (J Epstein, unpublished observations).
Thus, in the absence of enhanced tumor cell proliferation upon IL-6 exposure of ARP-1 cells,
this cytokine may have an important role in maintaining myeloma cell survival.Several other
cytokines exert, under special in vitro conditions, stimulation of tumor cell DNA synthesis
(IL-3, IL-1, GM-CSF, G-CSF) partly mediated through IL-6; growth inhibition is observed
with interferon (IFN), especially IFN-gamma and high doses of IFN-a. [3] Several of the
clinical manifestations of MM can be traced to excessive elaboration of cytokines by tumor
and host cells, the genetic basis of which however remains to be clarified. [4]

Genetic Alterations

Cytogenetic studes have been difficult to perform because of the low tumor mitotic yield
associaed with low proportion of myeloma plasma cells engaged in DNA synthesis (median,
1%). [20,21] The use of fluorescently labelled chromosome-specific DNA probes permits
the detection of both numeric and structural aberrations in interphase cells. [22]

Karyotypic abnormalities, present in about 30% of subjects evaluated, are very complex in
marked contrast to often single structural or numeric aberrations in other malignancies of the
hemopoietic system. [23,24,25] This is not surprising when one considers the long latency
phase of 15 to 20 years observed among survivors of the atomic bomb who develop MM. [26]
Myelomagenesis is probably different in the typically elderly population (> 60 years) and in
the rare younger patient under age 40.

Recent cytogenetic studies in newly diagnosed patients showed co-segregation of certain
abnormalities such as monosomies 13 and 16, in addition to partial or complete deletions of
chromosome 17p (the site of the p-53 tumor suppressor gene). [27] Lymphoma-like
translocations have been observed in MM, e.g. t(8;14), t(14;18) and t(11;14). However,
these account for only about 5% of cytogenetic aberrations and are infrequently associated
with the expected oncogene rearrangements such as myc, bcl-2 and bcl-1, respectively.
[6,28,29] High myc RNA message has been reported in one-quarter of MM patients, [28]
and myc protein is detectable in about 90% using immunocytochemistry with monoclonal
antibody 154. [30] Correlations with proliferative activity were not observed. The
mechanism of myc activation in MM remains obscure, although more recent studies have
demonstrated a higher incidence of rearrangements and abnormal RNA transcripts (R Hoover,
unpublished observations). One-third of cases display mutated N-ras, [31] and about 80%
have elevated levels of p21 (H-ras product). [32] The bcl-2 gene product is present in almost
all cases examined and may, like in CLL, provide for tumor cell longevity. [33,34] The
presence of monosomy 13 and of deletions of 17p [27] have stimulated research into
abnormalities of Rb and p53 tumor suppressor genes, respectively.

At present, abnormalities in MM growth control and disease manifestations have not yet been
traced to specific genetic events. Given the consistent involvement of c-myc and ras
oncogenes as well as high levels of bcl-2, the consequences of these molecular abnormalities
for the expression and production of cytokines and their receptors should prove fruitful.
Interactions should be examined between the expression of c-myc, ras, and bcl-2 and the
constitutive production of cytokines including IL-6, which in turn may modulate the
expression and function of oncogenes and suppressor genes. The high frequency of DNA
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aberrations detectable by flow cytometry, also among subjects with benign monoclonal
gammopathy (BMG), suggests that cytogenetic studies in BMG should be especially
informative for early genetic events. [35]

Lessons from the Clinic

Comparative research of B cell malignancies presenting with distinctly different tumor
phenotypes should be rewarding. Thus, parallels and differences in tumor genetics and
cytokine growth mechanisms have been reported for MM and CLL (Table). [26] Similar
considerations apply to MM and immunoblastic lymphoma, a phenotype acquired frequently
during the terminal stage of plasma cell myeloma. [36]

Different clinical presentations of plasma cell dyscrasias hold important clues to the
understanding of the pathophysiology. [37] This applies especially to the syndrome of
monoclonal gammopathy of undetermined significance (MGUS) or BMG with an annual
progression to overt MM of about 1%, or to solitary plasmacytoma (SP) of bone or soft tissue
which can be cured in 30 to 50%. Hence, lack of progression of MGUS or failure to develop
systemic disease after SP should provide crucial insight into both tumor-intrinsic features and
defects in immunosurveillance associated with the development of overt MM.

The secrets of tumor biology and pathophysiology can also be unveiled from therapeutic
investigations. Thus, the potential for high doses of glucocorticoids to induce remissions in
about one-half of subjects with overt MM [38] provides for unique opportunities in studying
possible alterations of gene expression, especially concerning the production of cytokines and
their receptors. [39,40] The prevention of DEX-induced tumor cell apoptosis by IL-6 in vitro
may represent a novel mechanisms of resistance in vivo.[19] Furthermore, escape from
glucocorticoid-inducible downregulation of tumor growth genes may unravel the molecular
mechanisms associated with disease progression.

The potential of intensive alkylating agent and radiation therapy to induce durable complete
remissions with reconstitution of normal T and B cell functions offers opportunities for
investigating biological features permissive of cure. [41,42] Comparative studies of
autologous bone marrow versus peripheral blood stem cells can contribute to an understanding
of the relevance of circulating tumor cells in MM. Switches in immunoglobulin heavy and
light chains have been observed in 15 to 20% of patients following intensive cytotoxic therapy
both with autologous and allogeneic transplants; the underlying mechanism is yet to be
elucidated. [43] Disease recurrence especially from complete remission, obtained in up to
50% of patients receiving intensive therapy with hemopoietic stem cell support, provides the
unique opportunity for studying the molecular and biological events associated with disease
progression.
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SUMMARY

Mouse plasmacytomas (MPC) carry one of three reciprocal translocations that
juxtapose c-myc to one of the three immunoglobulin (Ig) loci. Here we describe an
exceptional MPC, induced by pristane oil and Abelson (A-MuLV) virus. It does not carry
any of the three c-myc/Ig translocations, but contains a previously unknown reciprocal
T(6;12) translocation affecting the bands known to carry the IgK (6C/1) and N-myc (12B)
loci, respectively. Northern blot analysis showed high N-myc but no c-myc expression.
This is consistent with the constitutive activation of N-myc by a juxtaposition of the IgK
and N-myc loci. Reciprocal translocation in B-cell derived tumors are believed to involve
the Ig loci by the action of some enzyme that participates in the physiological rearrangement
of the Ig loci. Only transcriptionally active chromatin regions are accessible to such
recombinases (Alt et al. 1987). N-myc is not expressed in B-cells, but it is transcriptionally
active during the early pro- and pre-B cell stage, whereafter it and the surrounding
chromatin region becomes inactive (Smith et al. 1992). It is therefore most likely that the
N-myc/Kappa translocation has arisen at an early stage of B-cell differentiation.  This
would imply that the myc/Ig translocations do not block B-cell differentiation. They also
reaffirm the functional equivalence of N- and c-myc in relation to B-cell carcinogenesis, as
shown by our previous work on tumor induction in N-myc transgenic mice (Wang et al.
1992).

INTRODUCTION

Intraabdominal injection of pristane oil can induce MPCs in BALB/c mice after
latency periods of 180 to 360 days. The infection of pristane-primed BALB/c mice with
Abelson virus can shorten the latency period to 35 to 70 days after the virus (Potter et al.
1973).
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Similarly to rat immunocytomas (RIC) and human Burkitt lymphoma (BL) MPCs
carry one of the three translocation that juxtapose the c-myc gene to one of the three Ig loci.
This brings c-myc under the control of the linked Ig locus, leading to the constitutive
activation of the gene.

More than 85 % of the pristane induced plasmacytomas (TEPCs) were found to
contain the typical T(12;15) translocation, generated by the breakage of chromosome 15,
5' of the c-myc gene or within its first intron.  As a result, the distal segment of
chromosome 15 is juxtaposed to IgH sequences, in a head to head orientation. In the
variant T(6;15) translocation, the kappa constant region is transposed to the tail end of the
pvt-1 locus, located ca. 100-300 kb downstream of the c-myc, as a rule. Recently, we
have identified the previously MPC-missing lambda/myc T(15;16) translocation that has a
similar geometry.

Facsimile experiments with Emu-c-myc transgenic mice have proven that the IgH-
enhancer-activated myc gene can generate B- and pre-B-cell lymphomas (Adams et al.
1985, Harris et al. 1988). We have found that Abelson virus or pristane + Abelson virus
treatment of Emu-c-myc mice triggers the development of plasmacytomas in approximately
42 % of the mice. Another 58 % develop B and pre-B lymphomas (Sugiyama et al.
1990). In another type of facsimile experiment, retrovirally activated avian v-myc
constructs were introduced into pristane treated BALB/c mice. This has led to the
appearence of translocation-free plasmacytomas after a short latency period (Potter et al.
1987). The fact that the translocation related Ig/myc juxtaposition is obviated by the
introduction of constitutively activated myc constructs is consistent with the tumorigenic
role of the translocation.

All MPC, BL and RIC associated translocations so far investigated were found to
have displaced c-myc, to the exclusion of all other oncogenes, including other members of
the c-myc family. Since the c-myc carrying chromosome can break at many different sites
(upstreams or downstreams of the gene, outside the gene or within the first intron), and
since no homologous recombination is involved, it was assumed that chromosome breaks at
random. Tumorigenic translocations are generated, according to this hypothesis, by the
accidental joining of intact myc coding exons and constitutively active Ig sequences
(Calame et al. 1982, Klein & Klein. 1985). Our recent studies on Emu-N-myc transgenic
mice (Wang et al. 1992) have shown that activated c- and N-myc can perform the same
carcinogenic function within the B-cell series.  The lack of N-myc involvement in the
Ig/myc translocations was therefore probably due to the inactivity of N-myc and the
surrounding chromatin region in B-cells (Smith et al. 1992). This should be in line with
Alt's postulate that only transcriptionally active genes are available to normal and, by
inference, pathological recombinase action.

In this paper, we describe an exceptional pristane + Abelson virus induced MPC
that did not contain any of the three c-myc/Ig translocations. Instead, it carried a novel
T(6;12)(C1;B) translocation. The breakpoints corresponded to the localization of the
kappa and N-myc genes, respectively (Swan et al. 1979, Klett et al. 1991). The tumor
expressed high levels of N-, but no c-myc, suggesting that it has arisen by N-myc/kappa
juxtaposition.
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MATERIAL AND METHODS

MICE. MPCs were induced in (C4.12xCB-20)F; hybrids, derived from the
crossing of BALB/c4.12 and CB-20, a BALB/c congenic stocks. The BALB/c4.12 subline
was established in our department by introducing the Robertsonian 4.12 (Rb4.12)
chromosome from the Wild 'Alp' Rb(4.12)9Bnr after repeated backcrosses (N:10) into the
BALB/cAnPt strain. The mice were bred and housed in our department under
conventional conditions.

PLASMACYTOMA INDUCTION. One of the experimental groups was treated
twice with 0.5 ml of pristane at 2 months intervals, followed by infection with helper free
A-MuLV 2 - 3 weeks after the second injection of pristane, administered in the form of 0.5
ml (2 x 105 ffu/ml) of filtered supernatant obtained from the psi-2pAB4 cell line as
described by Sugiyama et al. (1989).

PLASMACYTOMA DIAGNOSIS. One of the 21 mice that have developed MPC
in a total group of 54 as signaled by the appearence of ascites, was punctured with a 25-
gauge needle attached to a 2-ml syringe. Several drops of fluid were collected and diluted
with buffer salt solution (BSS) containing 5% fetal calf serum (FCS). Cytosmears were
stained with May-Griinwald-Giemsa. MPC was diagnosed according to the criteria
described by Silva et al. (1991). It was further confirmed by transplanting the cells into
pristane treated syngeneic mice, followed by the confirmation of the histopathological
diagnosis. Metaphase plates were prepared from the ascites of the tumor bearing mice. G-
banded chromosomes were identified by the criteria of the Committee on Standardized
Genetic Nomenclature for mice (1972). The supernatants of short term (24 hrs) cultured
cells were assayed for immunoglobulins by the Outcherlony method.

SOUTHERN AND NORTHERN BLOTTING. Ascites cells and tumor tissue
from primary tumors, were used to prepare high molecular weight DNA and total RNA
according to methods described by Sambrook et al. (1989). Southern blotting was
performed as described by Pear et al. (1988). Liver and spleen of an untreated BALB/c
mouse, TEPC-HI-24, a cell line established from a pristane induced plasmacytoma, Eu-
mycKBC-3, an Eu-myc spontaneous lymphoma that developed in a (Eu-c-myc X AKR)
mouse (BC-3) were used as control. Samples of 10 ug of total RNA were separated on
1.2% agarose-formaldehyde gels and transferred to Hybond-N membranes (Amersham).
Hybridization was performed by using the following 32p 1abelled probes: -) Pmc-myc 54
contains a 2.2 kb c-myc cDNA fragment (Stanton et al. 1983), -) the N-myc cDNA probe
kindly provided by Dr C Cepko (Harvard University), contains part of murine N-myc exon
1, exon 2 and exon 3, -) PMN-7 is a Smal/BamHI genomic fragment begining upstream
of exon I and extending 150 bp into this exon (DePinho et al. 1986), -) K2abl, a Bglil
fragment spanning nucleotides 2546-3991 of the Abelson proviral genome which was a kind
gift from Dr A. Srinivasan (Reddy et al. 1983), -) the murine alpha-actin probe is a 0,9 kb
PstI cDNA fragment (Minty et al. 1981).
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RESULTS

MPC-DEVELOPMENT. One of the tumors, ABPC(C4.12xCB20)132 (hereafter
referred as ABPC-132) originated in a male 110 days after the first pristane injection and
29 days after A-MuLV infection.

CYTOGENETIC ANALYSIS. ABPC-132 did not contain any of the known
translocations. It carried a novel translocation instead, generated by the reciprocal
exchange of one chromosome 6 with the short arm of the Rb4.12.  The segment of
chromosome 6 between 6C2 and 6D was deleted and the segment distal to 6D was attached
to chr 12. Chromosome 12 was severed at band B, leading to the juxtaposition of the
distal segment to 6C1 (Fig 1). In addition to the translocation, all metaphase plates
contained an extra copy of chromosome 11. There were no other regular chromosome
anomalies and no noticeable changes at the usual c-myc/Ig translocation breakpoints.

Fig. 1. Selected G-Banded chromosomes involved in the reciprocal T(6;12)(C1;B)
translocation.

IMMUNOGLOBULIN SECRETION. ABPC-132 did not secrete any detectable
immunoglobulins.
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MOLECULAR ANALYSIS. The total RNA of ABPC-132 and controls were
Northern blotted onto nitrocellulose filters that were hybridized with a c-myc probe. The
filters were autoradiographed. ~ABPC-132 showed no c-myc expression (Fig. 2a). The
filter was stripped and rehybridized with the N-myc probe. ~ABPC-132 showed a high
level of N-myc expression (Fig 2b), while liver, spleen, TEPC-Hi-24 and Eu-mycKBC-3
were negative. Hybridization with an alpha-Actin probe confirmed that similar amounts of
RNA were loaded in the blots (Fig 2c).  Southern blot analysis (DNA) showed that
ABPC-132 but not TEPC-Hi-24 contained integrated v-abl, detected by the K2abl probe
(data not shown).

Fig. 2. Northern blot hybridization of RNA from ABPC-132 and control samples.
(For details see the text).
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DISCUSSION

The 6C1 and 12B breakpoints in ABPC-132 correspond to the localization of
Igkappa and N-myc, respectively. This, together with the fact that the tumor expresses N-
myc at a high level, but no c-myc, indicates that the translocation has brought the N-myc
gene under the influence of the constitutively active light chain gene.

Activation of c-myc by chromosomal translocation or gene amplification has been
found in numerous human and animals tumors. N- and L-myc, the two other best known
members of the myc family (Reviewed by Zimmerman and Alt 1990) were less frequently
activated in tumors, and then always by amplification, not by translocation. N-myc
activation has been largely restricted to tumors of neuroendocrine and embryonic origin like
primarily neuroblastoma and Wilms' tumour (Kohl et al. 1983, Lee et al. 1984). N-, L-
and c-myc were alternatingly amplified in the highly invasive variant forms of small cell
lung carcinoma (Nau et al. 1985).

Translocations in B- and T-cell derived tumors preferentially affect the
physiologically rearranging Ig and TCR loci, respectively. The breakpoint corresponds to
the target sites of the normal recombinases.  Only transcriptionally active genes are
accessible to recombinase action during physiological immunoglobulin rearrangement (Alt
et al. 1987). The c-myc/Ig translocations appear in MPC, BL and RIC, after a long
preneoplastic history that involves chronically stimulated cell division in the target cell at
risk.  This, together with the lack of clustered breakpoints or fragile sites on the myc
chromosome suggests that the chromosome breaks accidentally, at random locations.
Conceivably, the recombinases involved in an Ig-gene rearrangement that take place in
parallel with the chronically stimulated cell division may join the wrong chromosome pieces
together. The fact that only c-myc has been involved in the several hundred translocations
so far studied in MPC, RIC and BL, respectively, suggests that constitutive activation of c-
myc is particularly suitable to drive the continuous division of B-cells. Other oncogenes
that may become involved in similar translocations may be less suitable to transform B-cells
or, alternatively, may require additional specific changes for their tumorigenic effect. Two
rare events are not likely to coincide in the same cell. The exclusive involvement of c-
myc, to the exclussion of other members of the myc family, may either mean that N-myc is
less competent to stimulate continuous cell division of B-cells or, alternatively, that the c-
but not the N-myc chromatin is open at the appropiate time. Available evidence supports
the second possibility. Emu-N-myc mice are equally prone to develop B-cell tumors as
their c-myc transgenic counterparts (Dildrop et al. 1989, Rosenbaum et al. 1989).
Constitutively activated N-myc is thus equally competent to trigger the development of B-
cell neoplasia as c-myc .

Both the N- and the c-myc containing chromatin regions, are active in early pre-B-
cells, but the N-myc chromatin becomes inactive in mature B-cells (Zimmerman et al.
1986, Smith et al. 1992). This suggests that the N-myc/Kappa juxtaposition in ABPC-132
has taken place at the pre-B stage, at a time when both genes were open for transcription.
If so, the constitutive activation of N-myc has not interfered with plasma cell
differentiation.  This is in line with our earlier findings (Altiok et al. 1989), showing that
the IgH switch -mu region is particularly translocation prone in pro-B cells but that such
translocations do not prevent the cell from turning into sterile "activated immunoblast”.
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The fact that plasmacytomas can be induced in both Emu-c-myc and Emu-N-myc transgenic
mice were the c- or the N-myc gene is turned on constitutively in all pro- and pre-B cells
also shows that activated myc does not interfere with plasmacytic differentiation.

In typical IgH/myc translocation carrying MPCs, a switch region, most frequently
Salphas Serves as the most common myc receptor site. This has led to the assumption that
a class switching enzyme may be responsible for the translocations (Calame et al. 1982,
Klein & Klein 1985). Class switching occurs in mature B, not in pre-B cells. Therefore,
it may be reasonable to assume that the typical translocations that involve a switch region,
occur in B- and not in pre-B cells.

Rearrangement of heavy and light chains is believed to take place in Abelson virus
transformed pre-B cells in a sequential, ordered fashion. Pre-B cells must express a
complex of surface mu and certain pre-B associated light chain precursors, in order to
develop further. Using targeted gene deletion, Rajewsky's group has shown (Kitamura et
al. 1991, Gu et al. 1991) that pre-B cells that cannot express surface mu, are eliminated,
probably by a scavenging mechanism. It has been suggested that surface -mu must be
expressed on pre-B cells in order to trigger light chain assembly. At least one third of all
kappa rearrangements are non-functional (Coleclough et al. 1981). Non-functionally
rearranged pre-B cells are presumably eliminated by scavenging and/or as a consequence of
positive clonal selection (Osmond et al. 1991). This may include light chain/myc
translocation carrying pre-B cells that produce no functional immunoglobulin.
Conceivably, v-abl, known to immortalize pre-B cells, may protect them from elimination.
This is consistent with our earlier finding that the relative frequency of variant (light
chain/myc) to typical (heavy chain/myc) translocations shifts from 1:9 in pristane oil
induced, to 1:1 in pristane + Abelson virus induced plasmacytomas. The "risk" of an
early N-myc/kappa translocation could be readily accomodated in the same scenario.
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Introduction

The three types of human light-chain-associated disease—"myeloma kidney"
disease (myeloma [cast] nephropathy), light-chain deposition disease, and AL
amyloidosis—are characterized by renal and systemic deposition of monoclonal light
chains, i.e., Bence Jones proteins, as casts, linear precipitates, or fibrils, respectively [1].
These light-chain deposits ultimately result in the impairment of kidney (and other
organ) function and account for much of the morbidity and mortality in patients with
these disorders [2]. The fact that, clinically and experimentally [1], tubular casts,
basement membrane deposits, amyloid formation, and other physiological aberrations
are not an invariant accompaniment of Bence Jones proteinuria or are #of necessarily
related to the amount of monoclonal light chain synthesized or excreted implies that, in
addition to host or exogenous factors (e.g., dehydration, hypercalcemia, sepsis,
nephrotoxic antibiotics, etc.), certain light chains are "malignant" while others are
"benign" [3].

Despite our increased understanding of the structural properties of light chains,
as well as the genes and regulating elements that control light-chain synthesis, we have
as yet limited knowledge concerning the molecular properties of light chains or of the
host factors that facilitate the pathological deposition of these proteins. Such
information will provide for the clinician new insight into the pathogenesis of the light-
chain-associated renal and systemic diseases and the ability to design more effective
methods to diagnose, treat, and, ultimately, prevent these disorders. Several types of
in vitro and in vivo models have been developed that have provided a means to assess
the potential nephrotoxicity of Bence Jones proteins [4-8]. We have used one such in
vivo model, first described in 1976 by Koss, Pirani, and Osserman [4], in which mice
were injected intraperitoneally (i.p.) with Bence Jones proteins and the presence or
absence of human light-chain deposits in mouse organs determined by conventional
microscopic and immunohistochemical analyses. Our studies have demonstrated that
such proteins can be deposited in the form of intraluminal casts, crystals, basement
membrane precipitates, or fibrils [8,9]. The clinical relevance of this iz vivo model was
evidenced by the demonstration that a) the lesions induced experimentally were
comparable to those found in the patients from whom the injected Bence Jones proteins
were obtained and b) through the use of the experimental mouse model, it was possible
to differentiate "nephrotoxic" from "non-nephrotoxic" Bence Jones proteins [8].

The current report updates our recent experience with this model that has
provided new information on the pathogenesis and treatment of the human light-chain-
associated diseases.
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Results

Using previously described experimental conditions [8], 6-week-old, 15- to 20-g
C3H/HelJ mice were injected with up to 300 mg of purified human Bence Jones protein
and sacrificed 48 hours later. Tissue was examined by light microscopy after routine
histochemical staining; immunohistochemical analyses were performed using anti-human
k- or A-chain-specific antisera. Among the 43 different proteins studied to date (23 «,
20 N), 27 were deposited predominately as tubular casts, basement membrane
precipitates, or crystals in the mouse kidneys; no light-chain deposits were detected in
the other 16. In 18 cases where human tissue was available for analysis, the clinical and
experimental findings were comparable in 14. Further, 22 of 27 proteins obtained from
patients with abnormally high serum creatinine concentrations (= 168 wmol/liter) were
deposited in the mouse kidneys, in contrast to the deposition of only 6 of 16 proteins
from patients with a serum creatinine of <168 (Table 1).

Table 1.  Nephrotoxicity of urinary Bence Jones proteins from 43 patients with
multiple myeloma or AL amyloidosis

Serum creatinine Number of Light-chain deposits?
level patients

(umol/liter) Absent Present
<168 16 10 60
=168 27 5 22¢

2Denotes deposits detected experimentally in mice.
bBasement membrane deposits (4); casts (2).
“Basement membrane deposits (6); casts (13); crystals (3).

Two of the three types of human light-chain-associated disease—light-chain
deposition disease and AL amyloidosis—are characterized by systemic as well as renal
light-chain deposits [1]. However, in the third and most common form of this disease,
myeloma (cast) nephropathy, it has not as yet been established if the precipitation of
Bence Jones protein is limited to the renal tubules or also occurs systemically. To
address this question, we have begun to analyze, using immunohistochemical methods,
liver, spleen, and heart tissue from mice injected with human cast-forming Bence Jones
proteins. Our preliminary results indicate that one such protein was not only deposited
in renal tubular lumens but was also found in the membranes of myocardial cells (Fig.
1). In contrast, no systemic human light-chain deposits were found in a mouse injected
with a Bence Jones protein that failed to form renal casts.

It is not as yet known if the entire light polypeptide chain is required for light-chain
deposition. Because certain properties of intact Bence Jones proteins (i.e., their
characteristic behavior upon heating) are expressed by the isolated variable domain
(VL) but not by the constant domain (Cp ) [10], we tested if V}, or Cj fragments
prepared from a nephrotoxic light chain could also induce tubular casts. A mouse was
injected with a cast-producing Bence Jones protein, while two other animals received
equimolar amounts of either V1 or C fragments prepared by pepsin digestion of the
same protein [10]. Similar results were obtained when the V7 fragment as well as the
intact light chain were injected; i.e., there was extensive formation of tubular casts (Fig.
2A). In contrast, injection of the Cy fragment or of comparable amounts of the V1 or
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Fig. 1. Systemic deposition of a "cast-forming" Bence Jones protein. Mice were injected with a human
x Bence Jones protein and sacrificed after 48 hours. (Upper) H&E-stained section of mouse kidney
revealed the presence of renal tubular casts that were shown immunohistochemically to be composed of
the injected human light chain. (Lower) Immunohistochemical demonstration of human light-chain
deposition in myocardial cell membranes; primary antiserum, anti-human «-chain (X250).

C{, components prepared from a "non-nephrotoxic” Bence Jones protein did not result
in tubular casts.

The mouse model was also utilized to study various host factors that have been
attributed to potentiate or ameliorate renal dysfunction in patients with Bence Jones
proteinuria—e.g., dehydration and hydration, respectively. For the dehydration
experiments, two animals were water deprived for a 48-hour period after injection of 50
or 100 mg of Bence Jones protein. Another mouse was dehydrated for 48 hours but was
not injected with protein, and a fourth mouse was permitted water ad libitum and
received 150 mg of protein. Under these conditions, tubular casts were induced only in
the dehydrated, protein-injected mice (Fig. 2B). The extent of cast formation in the
dehydrated animal that received as little as 50 mg of the Bence Jones protein was
comparable to that found in other experiments when non-dehydrated mice were injected
with 300 mg of the protein.

For the hydration experiments, pairs of mice were permitted water ad libitum and
injected with 300 mg of the same Bence Jones protein used in the dehydration study.
One member of each pair received additional fluids administered parenterally every 8
hours via 2-ml i.p. injections of a physiological buffer solution beginning 12 hours before
the protein injection and continuing twice daily until the time of sacrifice. As a control,
the second member received no supplemental fluids. In contrast to the control mice,
no tubular casts occurred in animals that received the parenteral hydration (Fig. 2C).

To determine if experimentally-induced cast nephropathy persisted during the life
span of the mouse or eventually disappeared, we injected the nephrotoxic Bence Jones
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Fig. 2. (A) Molecular localization to the Vy of Bence Jones protein nephrotoxicity. Tubular casts
occurred in a mouse injected with (eft) 200 mg of a "nephrotoxic” Bence Jones protein, (middle) 100 mg
of its pepsin-derived Vy_ or (right) Cy_fragment. (B) Potentiation of cast formation by dehydration. (Left)
No tubular casts occurred in a mouse permitted water ad libitum and injected with 150 mg of a
"nephrotoxic” Bence Jones protein. (Right) Extensive cast deposition in a mouse dehydrated and injected
with 50 mg of the same protein. (C) Reversal of cast formation by hydration. (Left) Tubular casts
occurred in a mouse injected with 300 mg of a "nephrotoxic” Bence Jones protein and sacrificed 1 week
later. (Right) No casts were evident when a mouse received supplemental parenteral hydration beginning
72 hours after protein injection. (D) Resolution of cast nephropathy. (Left) Cast deposition in renal
tubules of a mouse injected with a "nephrotoxic" Bence Jones protein and sacrificed 72 hours later.
(Middle) Fragmentation of casts in a mouse injected with the same protein and sacrificed 2 weeks later.
(Right) Resolution of cast nephropathy after 6 weeks (X250).
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protein into each of five mice and sacrificed one animal 72 hours and 1, 2, 3, and 6
weeks later. Extensive tubular casts were present at 72 hours and were undiminished
after 1 week. By 2 weeks, the casts appeared smaller and fragmented, and by 3 weeks,
they were even less evident. By 6 weeks, virtually no casts were present (Fig. 2D).

The intraluminal proteinaceous casts characteristic of myeloma "kidney" disease
contain, in addition to Bence Jones protein, the Tamm-Horsfall glycoprotein [11].
Experimentally, it has been shown that Bence Jones proteins that form casts in vivo co-
aggregate in vitro with human Tamm-Horsfall glycoprotein and that, under appropriate
physiological conditions, this interaction is responsible for pathologic cast formation [11].
Further, suppression of Tamm-Horsfall protein synthesis and/or alteration of its
carbohydrate moiety by colchicine can prevent cast formation in virro [12]. To
determine if colchicine administration would also inhibit the in vivo development of
casts, a mouse was given 0.2 ug/mg body weight doses of the drug i.p. twice daily for 2
days prior to Bence Jones protein injection, the day of injection, and for an additional
2 days. A second mouse received protein but no colchicine. In contrast to the control
animal, where tubular casts were readily evident, no intratubular pathology was apparent
in the colchicine-treated mouse (Fig. 3).

Fig. 3. Effect of colchicine on experimental induction of myeloma (cast) nephropathy. (Left) Renal
tubular casts in the kidney of a mouse (control)injected with a "nephrotoxic" Bence Jones protein. (Right)
No tubular casts occurred in a mouse injected with the same protein and treated with colchicine (0.2
wng/mg body weight) twice daily for 5 days (X100).

Another presumably host-related factor was the observation that, in certain cases,
the injection of human Bence Jones protein into the mouse resulted in unilateral renal
tubular cast formation. This phenomenon, as noted previously in murine Bence Jones
protein-producing plasma cell neoplasms [13], was not limited to the left or right kidney.

Discussion

We have shown that under defined conditions, the injection of human Bence Jones
proteins into mice can result in the pathological deposition of these proteins in a
manner comparable to that found in the human light-chain-associated diseases, myeloma
(cast) nephropathy, light-chain deposition disease, or AL amyloidosis. Further, we have
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found the experimental mouse model useful in the differentiation of "nephrotoxic" from
"non-nephrotoxic" light chains.

That the deposition of Bence Jones proteins as tubular casts is not limited to the
kidney was evidenced in the mouse model. The extent and pathophysiological
significance of systemic light-chain deposits by cast-forming Bence Jones proteins remain
to be established.

The molecular factors responsible for deposition of monoclonal light chains as casts,
crystals, precipitates, or fibrils (or the total lack of deposition of these proteins) are as
yet unknown. However, our comparative studies with the intact light chain vs. V1 and
Cy, fragments indicate that, at least for cast formation, the V1 portion of the molecule
is responsible for such pathology.

Host factors that contribute to the renal disease found in patients with multiple
myeloma and Bence Jones proteinuria [1] were also studied in the mouse model. In
particular, the effect of fluid restriction or supplementation on myeloma (cast)
nephropathy was evaluated. When mice were dehydrated, there was a marked increase
in cast formation, even when "sub-toxic" doses of protein were injected. Conversely,
vigorous hydration prevented or lessened the deposition of Bence Jones protein. The
fact that light-chain-induced pathology was found to be reversible over time has
therapeutic implications; namely, improvement in renal function may occur in patients
whose Bence Jones protein synthesis is suppressed or abolished by chemotherapy.
Additionally, our experiments showing that colchicine treatment inhibited the pathologic
deposition of Bence Jones proteins as casts provided further evidence to support the
role of another host factor—the Tamm-Horsfall protein—in myeloma (cast)
nephropathy and offers a new therapeutic modality.

With regard to exogenous factors, it has been presumed that patients with Bence
Jones proteinuria develop acute renal failure after intravenous pyelography (IVP) as a
result of sudden precipitation of protein within the renal tubules {1]. We have utilized
the mouse model to determine if this event is a consequence of the injected
radiocontrast medium or is due to the dehydration that results from the preparation
required for this diagnostic procedure—e.g., the mandated fluid restriction or the fluid
loss that results from laxative-induced diarrhea. Our preliminary studies in the mouse
indicate that dehydration and not the injected contrast medium is responsible for the
nephropathy.

In summary, the in vivo mouse model has provided us a means to identify
monoclonal light chains of pathological import and to investigate protein and host
factors that contribute to the pathogenesis of these diseases. This information has
prognostic and therapeutic importance; the knowledge gained will ultimately reduce the
morbidity and mortality of patients with light-chain-associated diseases.
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Introduction

Chronic lymphocytic leukemia of CD5+ B cells is clinically a heterogeneous disease [1]. This
heterogeneity is also easily demonstrable in vitro [2]. In the vast majority of the cases B-CLL is
a malignancy of CD5+ B cells with a very low capacity for proliferation in peripheral blood and
with a phenotype resembling that of virgin [2] and mantle zone memory [3] B cells. In some
cases the stage of differentiation is more advanced, as reflected by the capacity of the leukemic
cells to secrete immunoglobulin [Ig]. In other rare cases Ig production may be very low and
undetectable by immunofluorescence. The possibility that B-CLL might be a disease of
differentiating leukemic B cells has not been extensively studied, but our own unpublished
observations suggest that the stage of differentiation of the B-CLL cells may be different in
peripheral lymphoid organs and in the bone marrow of the patient than in the peripheral blood,
and the capacity for proliferation seems often to be about a 10-fold higher in these tissues.

B-CLL cells were for long assumed to to be irreversibly blocked at a particular stage of the B
cell differentiation lineage. In 1974 Fu and collaborators [4] succeeded in inducing DNA
synthesis and plasmacytoid differentiation in B-CLL cells from patients with a monoclonal
serum IgM in vitro using pokeweed mitogen and allogeneic T cells as stimulatory agents. It was
not, however, until phorbol myristic acetate (PMA) was used as a stimulus that a large fraction
(50-60%) of "common" B-CLL clones could be induced to lymphoblastoid-plasmacytoid
differentiation in vitro [5].

Studies in several laboratories during the last decade, employing PMA, Staphylococcus Aureus

Cowan I (SAC) or anti-p antibodies to deliver pre-activation signal(s) and thioredoxin (Trx) and
some cytokines as co-stimulatory agents, have now clearly demonstrated that a large fraction of
B-CLL clones are inducible to DNA synthesis and differentiation in vitro [reviewed in 2]. The
dissection of the regulation of growth and differentiation of B-CLL cells have generated many,
sometimes contradictory, results. One may, however, conclude that IL-2 is a powerful growth
and differentiation-inducing cytokine for most B-CLL clones provided that they respond to any
of the pre-activating agents. IL-4, on the other hand, is stimulatory or inhibitory depending on

the type of pre-activating agent and the type of co-stimulatory signals. Interferon-o. and

interferon-y, like PMA, may activate B-CLL cells to become Ig secretory in the absence of
concomitant proliferation. In other cases various degrees of proliferation are simultaneously
induced. It is thus clear that B-CLL cells are by no means autonomous but can be regulated by
several members of the cytokine network, particularly by T cell derived lymphokines and by
cell-cell contacts.

The complexity of the regulation of proliferation/differentiation in B-CLL cells has further been
underlined by the recent findings that B-CLL cells may produce several cytokines and express
cytokine receptors spontaneously or after induction to proliferation and/or differentiation in
vitro. Due to the problem of biological heterogeneity among the studied B-CLL clones, their
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contamination by various amounts of non-B-CLL cells and some variations in the experimental
setups the published data on the profile of cytokine production and cytokine receptor expression

in B-CLL may not always be reliable. However, B-CLL cells seem to be able to produce IL-1-ct,
IL1-B, IL-6, TGF-B, TNF—a and TNF-B and release the soluble form of CD23 and TNF-aR.
Only TNF-o, TGF-B and IL-1B were consistently found [6-14]. Receptors for IL-2 [15-16],

TNF-o [17-18] and IL-6 [19-20] have also been reported. Taken together these findings suggest
that B-CLL cells may interact with other cells in their microenvironment by paracrine cytokine
interaction, and that some cytokines may function as constitutively produced, or inducible
autocrine growth-and differentiation factors.

In this study we have used a well characterized clone of primary B-CLL cells, designated 1-83
[2, 16, 21], to examine two cytokines, TNF—o and IL-6, which seem to be controversial with
respect to their role in the proliferation/differentiation control of B-CLL cells. The expression of
these cytokines and their receptors in I-83 cells, resting or stimulated by PMA, SAC, IL-2, IL-4
and Trx and combinations thereof, were analyzed at the mRNA and protein level. Furthermore
the effect of exogeneous cytokines were examined, as was the effect of antibodies against the
cytokines and their corresponding receptors. The results suggest that TNF—a may function as a
paracrine and perhaps also as an autocrine regulator of proliferation/differentiation, while IL-6,
which also can be produced by I-83 cells, appears not to affect growth or differentiation of this
B-CLL clone [22, Carlsson M, unpublished results].

TNF-o is a growth and differentiation factor for I-83 B-CLL cells

The stock of I-83 cells, isolated by leukapheresis, was kept in liquid nitrogen [16]. The I-83
clone has been extensively characterized with respect to phenotype and has been found to
contain 2.4% contaminating T cells and monocytes [2, 21]. The use of this clone allows repeated
experiments with minimal inter-experimental variation. The various protocols that can be used
to stimulate the I-83 cells to proliferation with minimal differentiation, to proliferation with
concomitant differentiation and to differentiation only are depicted in Fig. 1.

Spontaneous and IL-2 enhanced synthesis and secretion of TNF-o.
As studied by ELISA in supernatants from control cells and from cells stimulated for 6 days

according to some of the different protocols, no TNF-o was found in untreated or SAC activated

cells. The combination of PMA or SAC and IL-2+Trx, however, induced TNF-o secretion
(0.11-0.19 ng/ml). Small amounts were found in cultures stimulated with PMA or IL-2 only

(0.03-0.04 ng/ml). TNF-o secretion thus occurred in I-83 cells stimulated to proliferation and
differentiation but IL-4, which strongly enhanced both growth and Ig secretion [22], did not

further increase TNF-a secretion in the IL-2 stimulated PMA pre-activated cells.

Immunocytochemistry performed to detect TNF-o production at the single cell level essentially

confirmed the ELISA results. In untreated cells the staining with the anti-TNF-o antibodies was
very weak but specific in approximately 90% of the cells, demonstrating that resting I-83 cells

indeed may constitutively produce TNF-a., although not secreting the factor in amounts

detectable with the ELISA. Increased amounts of TNF-o. was found after pre-activation of the
cells by PMA or SAC followed by co-stimulation by IL-2+Trx.
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Figure 1. Protocols for the induction of activation followed by differentiation, or proliferation
with and without concomitant differentiation

Northern blot analyses of total mRNA prepared from untreated and induced cells demonstrated a

low level of TNF-oe mRNA in the non-stimulated cells, confirming the immunocytochemical
findings, and a 10-fold increase at day 6 after induction by SAC+IL-2+Trx. This increase was
inhibited by IL-4, thus in agreement with the ELISA data.

TNF-o receptor (TNF—oR) expression and turn-over in resting, activated and
proliferating/differentiating 1-83 cells

The expression of receptors for TNF-o0 was assayed by a 1251.1abelled TNF-o, binding assay
[22]. No receptors could be demonstrated on untreated cells. After stimulation with the
SAC+Trx+IL-2 and the PMA+Trx+IL-4 protocols protocol TNF-o receptors were detectable.
As calculated from Scatchard plots the receptor density in SAC stimulated cells was 330
receptors/cells with a dissociation constant of 71 pM. The corresponding values for cells
stimulated according to the PMA protocol were 880 and 84, respectively.

An assay for TNF-a binding protein was used to study the turn-over of TNF-aR. Receptor turn-
over was found after pre-activation by PMA alone, PMA+Trx and PMA+IL-2. SAC activation,

although stimulating the expression of TNF-aR, did not increase TNF-oR turn-over.

TNF-a is a potent inducer of growth and differentiation of pre-activated I-83 cells

TNF-o. was found to increase the 3H—incorporation of PMA+Trx stimulated cells in a dose-
dependent manner (maximal stimulation at concentrations >50 ng/ml). The stimulation of
PMA+Trx induced cells was of the same magnitude as that induced by IL-2. TNF-a alone did
not affect proliferation but minimally, and Ig secretion was not induced.

When TNF-o was added to I-83 cells, pre-activated by PMA in combination with Trx and IL-2

or IL-4 it was found to slightly enhance the proliferation/differentiation induced by these
stimulation protocols.
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TNF-«. also stimulated DNA synthesis of SAC pre-activated cells, alone or in combination with
Trx and IL-2. The enhancement of the IL-2 stimulation was restricted to an increase of DNA
synthesis while the Ig secretion was unaffected.

Antibodies against TNF—o. and TNF-aR do not inhibit growth and differentiation of I-83
cells

1-83 cells were stimulated by the various induction protocols, together with antibodies against
TNF-o and/or TNF-0R, to examine the presence of a possible autocrine TNF-a loop. Such an

autocrine TNF-a stimulatory mechanism for B cells has been suggested previously [7] and by
the present findings that the induced growth and differentiation of the I-83 cells is enhanced by

exogeneous TNF-o, that TNF-o secretion is detectable during the induced

proliferation/differentiation and that TNF-aR expression and turn-over increase during this
process.

Neutralizing rabbit anti-human TNF-o was obtained from Genzyme and as a kind gift from Dr.
I. Olsson, Lund, Sweden. Mouse monoclonal anti-human TNF-o antibodies were kindly

provided by Dr G. Adolf, Boeringer-Ingelheim, Vienna. A rabbit antiserum against the TNF-oR

was a gift from Dr. Olsson.
Cells were induced by the stimulation protocols leading to maximal DNA synthesis in the

presence of various concentrations of anti-TNF-o. antibodies. In no case did the antibodies block
the DNA synthesis induced by PMA+Trx+IL-4, PMA+Trx and SAC+Trx+IL-2. In control
experiments the enhancing effect on the DNA synthesis in PMA+Trx stimulated cells by

exogeneous TNF-o could be abrogated by neutralizing antibodies. Attempts to block the
induced proliferation/differentiation by the anti-TNF-oR antibodies also failed.

IL-6 is produced by I-83 B-CLL cells but seems not to be a growth and
differentiation factor for these cells

1-83 cells were examined for their capacity to produce IL-6 and to express IL-6R in vitro.
Furthermore, as an additional test for the possible involvement of IL-6 in the regulation of
growth and differentiation of I-83 cells, attempts were made to block the induced activation and
proliferation/differentiation by anti-IL-6 and anti-IL-6R antibodies.

Spontaneous and induced synthesis and secretion of IL-6 in the I-83 B-CLL clone

1-83 cells, stimulated to growth and/or differentiation by the various protocols, were examined
for IL-6 production by an ELISA and immunocytochemistry. Uninduced cells were essentially
negative by immunocytochemistry, and no IL-6 was detectable in the supernatant. In the
majority of the PMA activated cells, and in cells activated by SAC and co-stimulated by
Trx+IL-2, a faint staining was found. However, stimulation by PMA+Trx+IL-4 led to a strong
staining of the I-83 cells. That IL-4 is a strong inducer of IL-6 in the I-83 cells was supported by
the finding that IL-6 was demonstrable by ELISA in the supernatant in cultures stimulated by
PMA+Trx+IL-4 and PMA+ IL-4 but not by the other protocols of induction tested.

IL-6 does not induce growth/differentiation in resting or pre-activated I-83 cells alone or in
combination with IL-2 and IL-4

The effect of IL-6 alone on unstimulated I-83 cells and on cells induced to proliferation
and/differentiation according to Fig. 1 was tested in short and long term assays with negative
results. Neither the 3H—thymidine uptake and Ig secretion, nor the morphology, were altered in
IL-6 stimulated cultures.
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I-83 cells do not express IL-6R spontaneously or after induction to
proliferation/differentiation, and anti-IL-6 and anti-IL-6R antibodies do not affect induced
proliferation/differentiation

To examine whether the insensitivity to IL-6 might be the result of an autocrine IL-6 loop as has
been suggested for the human U-266-1970 cell line [23] the I-83 cells were examined for IL-6R
expression, and the effect of anti-IL-6 and anti-IL-6R antibodies was analyzed.

The expression of IL-6R on I-83 cells, uninduced or stimulated according to the protocol most
efficiently inducing IL-6 production (PMA+Trx+IL-4), was examined by an 1251-labelled IL-6
binding assay as described [23]. No receptors were detectable, neither in the control nor in the
cultures induced to proliferation/differentiation.

The polyclonal anti-IL-6 and monoclonal anti-IL-6R antibodies (PM1), kindly donated by Dr. T.
Kishimoto, Osaka, Japan, did not affect the proliferation and/or differentiation induced by the
various protocols of induction.

Discussion and conclusions

TNF-o has previously been shown to be produced by normal B cells [24, 25] and has been
proposed to function as an autocrine growth-and differentiation factor for such cells [26]. In

some B-cell malignancies, e.g. B-CLL and hairy cell leukemia, production of TNF-o and
expression of TNF-aR have been described [7-9, 13, 27 -30], and it has been suggested that

TNF-o may represent an autocrine growth factor in these malignancies [7]. However, the results
from studies on B-CLL in vitro concerning the growth promoting effects of exogeneously added

TNF-a are somewhat conflicting [7, 8, 27], as are the published data on the effect on anti-TNF-

o and anti-TNF-oR antibodies in blocking experiments [8, 29].
This study clearly shows that resting B-CLL cells, as exemplified by the well characterized I-83

clone, indeed may synthesize TNF-o and express receptors for this cytokine. Secretion of TNF-
o occurs, however, only after activation of the cells. The most powerful inducers of TNF-o
secretion in vitro were PMA or SAC+ Trx+IL-2. That IL-2 is a potent inducer of TNF-o has
recently been shown for, activated normal B cells [26]. Exogeneous TNF-o. also seemed to

induce moderate TNF-o secretion, suggesting the excistance of an autoregulatory mechanism in
the 1-83 cells as has been reported for other B-CLL clones [7].

We also show that TNF-aRs are present on I-83 B-CLL cells and that they are inducible by the
stimulation protocols using PMA and SAC as pre-activating agents and Trx+IL-2, or Trx+IL-4
as co-stimulatory factors.The number of receptors and the dissociation constant are in good
agreement with what has been published for B-CLL cells [27, 28]

Exogeneous TNF-a induced strong proliferation of PMA and SAC activated I-83 cells. Previous
studies have shown extensive heterogeneity among B-CLL clones with respect to a mitogenic

response to TNF-o. In the studies by Cordingly et al [7] and Digel et al [27] the vast majority of
the studied cases responded while in the study by Foa et al [8] only rare B-CLL clones were

stimulated by TNF-o..
The facts that the I-83 cells inducibly expressed secretory TNF-a and TNF-aR and responded to
TNF-a by proliferation suggest that TNF-a may function as an autocrine growth factor for

activated B-CLL cells. In vivo such a stimulation of TNF-oe and TNF-oR production may take
place as a result of an activation by the immune system, e.g by bacterial infections. However, we

have not been able to prove that TNF-o is autostimulatory in I-83 cells since all attempts to
against the TNF-oR have failed.
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Future experiments will therefore have to be performed to prove or disprove the existance of an
autocrine TNF-a loop in B-CLL.

The findings, a) that IL-6 is inducible to secretion in I-83 cells by the protocol most efficiently
stimulating growth and Ig secretion, b) that IL-6R seems not to be expressed and c) that anti-IL-
6 and anti-IL-6R antibodies do not affect induced growth/differentiation, suggest that IL-6 in
this B-CLL clone is produced as a paracrine cytokine, which in vivo may function in the
communication between the B-CLL cells and accessory cells, e.g. T cells in the bone marrow
and peripheral lymphoid organs. This is in contrast to what has been shown for normal B cells in
vitro. For such cells IL-6 has been found to increase Ig secretion but not proliferation [31, 32]
perhaps by an autocrine mechanism, at least in B cells actiated by SAC+IL-2 to Ig secretion
[31]. Our results also contrast to the finding of both a growth and differentiation stimulatory
effect by IL-6 in Epstein-Barr virus immortalized B cells [33]. Similar observations of no or
minimal effects of exogeneous IL-6 on B-CLL clones have previously been reported [34-36],
However, regarding IL-6 production and IL-6R expression in B-CLL cells the data are
conflicting [6, 10, 14, 20, 26]. It is therefore possible that B-CLL clones in fact are
heterogeneous with respect to the biological effects of IL-6, perhaps depending on the stage of B
cell differentiation they represent or on possible differences in the suggested, malignancy-
associated defect in the signal transduction [34].
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B-chronic lymphocytic leukemia (B-CLL) is a human B-cell malignancy
characterized by the relentless accumulation of long-lived mature B cells that have
two distinctive features. First, more than 99% of the circulating malignant
lymphocytes are in the Go phase of the cell cycle (Andreeff et al. 1980; Carlsson
et al. 1988). Second, B-CLL cells express the CD5 surface molecule (Caligaris-
Cappio and Janossy 1985). Crucial to our understanding of the development and
natural history of the disease is to define which is the cellular origin of B-CLL
and which mechanisms favour the progressive accumulation of malignant resting
CD5+ B cells. The phenotype of B-CLL cells (Caligaris-Cappio and Janossy
1985, Freedman and Nadler 1990; Schena et al. 1992) suggests a similarity with
mature B lymphocytes that are found in the mantle zone of secondary follicles
and lends credit to the hypothesis that the normal counterpart of B-CLL may be a
long-lived, recirculating subpopulation of mantle zone B cells (Galton and
MacLennan 1982). As, in adult lymphoid tissues, CD5+ B lymphocytes are
located within the mantle zone of secondary follicles (Kipps et al. 1991) itis not
unreasonable, though still unproven, to suggest that the CD5+ B cell population
might be the actual normal counterpart of B-CLL.

In recent years, several functional features of CD5+ malignant, CD5+ normal
and B mantle cells have been comparatively studied (the data are summarized in
Table 1). In the present work we have investigated the expression and the
significance of BCL-2 in B-CLL cells.

Table 1. comparative features of B-CLL, CD5+ normal B and B mantle zone cells.

B-CLL CDS5+ normal B B mantle zone
CDS capping * yes no -
slg capping b yes yes yes
CDS5 modulation® no yes --
Adhesive properties® yes no no
F-actin organization® podosomes submembranous submembranous
Na*/H" antiporter low high intermediate

activity d

a: Bergui et al. 1989; b: Antin et al. 1986; c: Marchisio et al. 1988; d: Ghigo et al. 1991.
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The rationale for studying BCL-2 in B-CLL

The BCL-2 gene codes for a 25 kD protein (Tsujimoto and Croce 1986, Chen-
Levy et al. 1989) that is located mainly at the inner mitochondrial membrane and
blocks programmed cell death (apoptosis: Hockenbery et al. 1990). The gene is
translocated into the heavy chain immunoglobulin (Ig) locus in a high proportion
of human follicular lymphomas (Tsujimoto et al. 1984, Bakhshi et al. 1985,
Cleary et al. 1985) resulting in a high constitutive expression of BCL-2 mRNA
and protein (Chen-Levy et al. 1989, Graninger et al. 1987, Seto et al. 1988).

The rationale for studying BCL-2 in B-CLL cells is at least threefold. First,
transgenic mice that possess the BCL-2-Ig fusion product observed in the
chromosomal breakpoint of human follicular lymphomas develop an expanded
compartment of mature B cells that are 99% in the G0 phase of the cell cycle

(McDonnell et al. 1989). Also, in the transgenic mouse model, BCL-2 influence
the generation and maintenance of G0 B memory cells (Nunez et al. 1991). These
observations document that the BCL-2-Ig transgene is able to confer a survival
advantage to mature resting B cells and lead to their selective expansion. Finally,
the gene is translocated into the light chain Ig loci in few (< 5 %) cases of B-CLL
(Adachi et al. 1990; Raghobier et al. 1991).

Expression of Bcl-2 in B-CLL Cells

In a series of 18 consecutive B-CLL cases studied, we have observed, in
accordance with literature data (Pezzella et al. 1990, Zutter et al. 1991), a high
expression of BCL-2 mRNA and protein, irrespective of the clinical stage of the
patients. Further, we have recently (Schena et al. 1992) shown that the levels of
BCL-2 mRNA and protein expressed by malignant CD5+ B-CLL cells are
comparable to those observed in cells of the Karpas 422 cell line (Dyer et al.
1990) that contains a translocated BCL-2 gene. On the contrary, BCL-2 mRNA
levels are undetectable by conventional Northern Blotting in normal CD5+ B cells
from cord blood.

One possible interpretation of these data is to suggest that malignant B-CLL cells
may be unable to switch off the BCL-2 expression and hypothesize that BCL-2
protein may confer to B-CLL cells the survival advantage that favours their
relentless accumulation. As the overexpression of BCL-2 blocks apoptosis in
murine FL5.12 pro-B-lymphocytes (Hockenbery et al. 1990), it is tempting to
speculate that a similar effect may be operating in B-CLL cells as well. Still, we
have shown that, in two selected clones of B-CLL, the expression of BCL-2 is
not constitutive, but can be consistently downregulated by mitogenic stimulation
(Schena et al. 1992). Thus, the expression of BCL-2 in B-CLL cells appears to
mirror the modifications that occur in normal B cells (Schena et al. 1992), where
resting mantle zone B cells are BCL-2 negative and activated proliferating
germinal center B cells are BCL-2 positive. Therefore, the expression of BCL-2
in resting and activated B-CLL cells may simply reflect the normal B cell
population from which B-CLL has arisen. Recent data (Schena et al. 1992) link
BCL-2 expression with mantle zone normal B cells and show that normal CD5+
B cells are BCL-2 negative. However, the CD5+ B cells studied (Schena et al.
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1992) have been obtained from cord blood and have an activated phenotype: B
cells activated within germinal centers downregulate BCL-2 (Pezzella et al 1990;
Zutter et al. 1991; Schena et al. 1992). Thus, CD5+ normal B cells from adult
lymphoid organs are also to be studied in order to evaluate whether the BCL-2
negativity merely reflects the activation of B cells or whether instead it is a feature
consistently associated with the CDS+ normal B cell phenotype. If the latter
hypothesis holds true, the BCL-2 positivity of B-CLL cells might be a
malignancy-associated property.

The Mechanisms Controlling the Overexpression of Bcl-2
in B-CLL Cells

We have asked which mechanisms control the overexpression of BCL-2 in B-
CLL cells. To this end, DNA was extracted from Ficoll-Hypaque separated cells
obtained from 16 B-CLL cases in different stages of their diseases (Rai et al.

1975) and analyzed in Southern Blotting. Two different BCL-2 probes were
used: a 2.8 Kb EcoRI-HindIII genomic fragment corresponding to the major
breakpoint region (MBR) in the untranslated 3' end of the BCL-2 gene and a 1.6
kb EcoRI-EcoRI fragment corresponding to the 5’ end breakpoint region (kind
gifts of Dr. C. Croce, Jefferson University, Philadelphia, PA). None of the
cases showed BCL-2 rearrangement within the MBR and the 5 end breakpoint
region. Thus, in agreement with recently reported data (Raghobier et al. 1991)
and in contrast with follicular lymphomas (Tsujimoto et al. 1984, Bakhshi et al.

1985, Cleary et al. 1985), the level of BCL-2 expression in B-CLL does not
usually reflect a rearrangement of BCL-2 gene, which appears to be a rare event
in CLL cells.

We have then explored the possibility that the overexpression of BCL-2 in B-
CLL cells might depend upon a higher stability of BCL-2 mRNA leading to its
prolonged half-life. B-CLL cells from 4 different cases as well as Nalm-6 cells
which overexpress BCL-2 without having the t(14;18) translocation and normal
B cells purified from the mantle zone of tonsil follicles (Schena et al. 1992) were
cultured in presence of 10 ug/ml actinomycin D (Seto et al. 1988). The cells
were harvested at 0, 2, 3, 4, 6, 8 h, RNA was extracted and 10 ug total RNA
were hybridized with the MBR probe. The half life of BCL-2 mRNA was 2 and
half h in B-CLL, in Nalm-6 cells (Fig. 1) as well as in normal B cells (data not
shown).

These data rule out two classical reasons underlying the overexpression of a gene
in malignant cells. The possibility remains that point mutations (Tanaka et al.,
1992) in the promoter region may explain the overexpression. To this end, we
are now screening PCR amplified fragments with Denaturing Gradient Gel
Electrophoresis and Single Strand Conformation Polimorphism.
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Fig. 1: BCL-2 mRNA half life in B-CLL and Nalm-6 cells.
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Fig. 2: B-CLL cells cultured for 4 days in presence of 12.5 uM sense (S) and antisense (AS)
BCL-2 oligodeoxynucleotides. AS, but not S, nor cells grown in medium only (control: C)
show a partial internucleosomal DNA cleavage.
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Has BCL-2 overexpression a role in the natural history
of B-CLL ?

As discussed above, it is by no means clear whether BCL-2 overexpression in B-
CLL cells has any specific role in the progressive accumulation of the GO cells or
whether it merely reflects a feature of B-CLL normal counterpart. The role of
BCL-2 as a survival oncogene (Hockenbery et al. 1990) and the observation that
BCL-2 negative germinal center B cells, rescued from apoptosis, upregulate
BCL-2 expression (Liu et al. 1992) lead to suggest that BCL-2 expression might
save B-CLL cells from undergoing apoptosis. BCL-2 positive B-CLL cells
would thus become long-lived elements “immortalized” in the G0 phase of the
cell cycle and progressively accumulate.

In order to understand whether BCL-2 is actually involved in preventing
apoptosis of B-CLL cells, malignant peripheral blood B lymphocytes from 4
different patients were separated on Ficoll-Hypaque gradient and cultured in

serum-free RPMI-1640 at the concentration of 2 x 106 cells/ml for 6 days.
Eighteen nucleotide phosphorotioate BCL-2 sense and antisense
oligodeoxynucleotides complementary to the translation-initiation site of human
BCL-2 were added at the concentration of 12.5 and 25 uM with the aim of
downregulating BCL-2 expression. Cells were harvested at 24, 48, 72, 96 h and
after 6 days of culture. DNA was extracted and electrophoresed on 2% agarose
gel: the gels were photographed under UV light to evaluate the internucleosomal
DNA cleavage as an indicator of apoptosis. The concentration of 25 uM
oligonucleotydies was toxic for > 50% cells after 4 days of culture. On the
contrary, with the 12.5 uM antisense BCL-2 oligodeoxynucleotide concentration,
a proportion of cells underwent apoptosis (Fig. 2) in one case: the percentage of
cells undergoing apoptosis was about 30% of the total cell population exposed to
the antisense oligo. This observation suggests that indeed BCL-2 may be
involved in preventing apoptosis in malignant B-CLL cells. However, they also
indicate that the regulation of cell death and cell survival in B-CLL cells is a
complex phaenomenon which may not be uniquely due the overexpression of
BCL-2.
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The bcl-2 oncogene is normally transiently expressed both in lymphoid
and myeloid cells as well as in various epithelia (Hockenbery et al. 1991). It
may have a function in the transition of dividing (precursor) cells to mitotically
inactive and relatively longliving daughter cells (Vaux et al., 1988, Nunez et al.
1991). The protein acts through protection against programmed cell death
(apoptosis). Deregulation by the t(14;18) translocation in lymphoid malignancies
induces inappropriate cell survival and serves as one of the steps towards a
fully malignant behaviour.

The bcl-2 gene encodes two proteins, bel-2¢ and bel-28. The bel-2«
protein consists of 239 aminoacids (26kD) and is most abundantly present in
lymphoid cells. The bcl-28 protein consists of 205 aminoacids (22 kD). The two
forms are identical except for their carboxy terminus (Tsujimoto and Croce,
1986). Protein structure analysis suggests that the bcl-2a protein has a
hydrophobic carboxy-terminal membrane-spanning motif and a hydrophilic
domain extending only at the cytoplasmic surface (Chen-Levy et al. 1989;
Tsujimoto et al. 1987).

Membrane separation techniques and immuno-precipitation have been
used by several groups to study the detailed localization of the protein within
the cell. A relation to mitochondrial inner membranes was found by
Hockenbery et al., while others demonstrated bcl-2a protein in the separated
membrane fractions containing nuclear envelope, plasma membrane and
endoplasmic reticulum of t(14;18) translocated cells (Tsujimoto et al. 1987;
Chen-Levy et al. 1989; Hockenbery et al. 1990).

We used both pre- and postembedding immuno-electronmicroscopy
on normal blood peripheral lymphocytes, CLL-cells and on a lymphoid cell-line
with a t(14;18) translocation (DoHH2, Kluin-Nelemans, 1991) to study
subceliular distribution of the protein.



288
pre-embedding

® 2% paraformaldehyde-lysine-periodate (PLP), 1 h, 4°C

@ pelleted, 10% gelatin, post-fixation in PLP (ON)

® snap-freezing, 7um frozen sections

® 2-step immunoperoxidase: anti-bcl-2, peroxidase conjugate,
diaminobenzidine (positive control CD45)

® postfixation in OsO4

® embedding in in EPON 812, ultrathin sectioning

® analysis of serial utrathin sections by reflection-contrast light
microscopy and EM

post-embedding

® 2% paraformaldehyde-lysise-periodate (PLP), 1 h, 4°C

@ pelleted, 10% gelatin, post-fixation in PLP (ON)

® 2.3M sucrose/PBS

® snap-freezing, 60 nm frozen sections

® 3-step immunogold labeling: anti-bcl-2, rabbit-anti-mouse,
goat-anti-rabbit, 15nm gold

e methylcellulose and urany! acetate

® EM analysis and counting of particles

With reflection-contrast light microscopy on the same preparations as
used for pre-embedding EM-studies, we could confirm the patchy
intracytoplasmic immunoreactivity in all tree types of lymphoid cells studied.
Immuno-electron-microscopy both with pre- and post-embedding labelling
technigues showed immunoreactivity on the circumference of the mitochondria,
on the nuclear envelope and also on the cell membrane. There was no
significant staining of the mitochondrial cristae and matrix. There was no
essential difference in staining pattern between normal peripheral blood
lymphocytes on one hand and CLL-cells and DoHH2-cells with a known high
expression of bcl-2 on the other hand. In CLL, additional staining of
endoplasmic reticulum and intra-cytoplasmic vesicles was seen, which was
interpreted as intracellular processing of the protein and reflecting the high
protein expression.

Using pre-embedding staining, bcl-2 showed a non-homogeneous,
patchy, staining of the mitochondrial outer structures, suggestive of association
with contact zones. These are highly stable areas in which the mitochondrial
outer and inner membrane closely approximate and are involved in the
transport of precursors from the cytosol into the mitochondrial matrix (Schleyer
and Neupert 1985; Pain et al. 1988).
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Membrane spanning proteins, containing receptor-like extra-
mitochondrial domains and membrane-embedded domains have been identified
in yeast and Neurospora crassa (Hawlitschek et al. 1988; Murakami et al. 1990;
Pfanner et al. 1991). Sequence comparison of bcl-2a aminoacid sequences and
a putative Yeast mitochondrial import receptor and phosphate carrier (mir-1)
(Pain et al. 1988, Murakami et al. 1990)showed an overall homology. In contrast
to mir-1, a phosphate carrier motif was lacking.

Table 1 Quantitation of immunogold-staining in 17 peripheral blood
lymphocytes

relative surface absolute number relative staining/
of particles relative surface area
mitochondria 4.2% 196 3.13 (32.0%)
nucleus 50.6% 663 0.88 (9.0%)
nuclear envelope  3.9% 206 3.56 (36.4%)
cytoplasm 35.9% 295 0.55 ( 5.6%)
cell membrane 5.4% 132 1.65 (16.8%)

In 17 lymphocytes, relative surfaces of the cell membrane, cytoplasm, mitochondria, nuclear
membrane and nucleus were assessed by point-hit counting. Gold particles were attributed to
these areas with the same hit-margin as the cross sections in point-hit counting.

These data suggest that bcl-2 may belong to a group of proteins
involved in import of precursors across membranes. Association of bcl-2 to
mitochondrial contact sites could also very well explain the association of bcl-
2a immunoreactivity with mitochondrial inner membrane fractions in membrane
separation experiments (Hockenbery et al. 1990), since these sites are highly
stable and remain associated with inner membrane after shearing off of the
outer membranes (Schleyer and Neupert, 1985).
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Fig.1.
pre-embedding DAB /bcl-2-staining of mitochondria and nuclear membranes of
blood peripheral lymphocytes.

A: reflection-contrast light microscopy of an ultrathin section of a cryostat-
preparation of peripheral blood lymphocytes shows bright, intra-cytoplasmic,
non-homogeneous bcl-2 staining as visualized by DAB-complexes. No intra-
nuclear staining is seen.

B: immuno-electron-microscopy on a sequential section of the same sample
as A showing patchy localization of bcl-2 along the nuclear envelope as well
as on the outer circumference of mitichondria (original magnification 26000x)

post-embedding immunogold/bcl-2-staining of mitochondria and nuclear
membranes of blood peripheral lymphocytes.

C: bcl-2 distribution as visualized by immuno-gold labeling shows essentially
the same distribution as seen with the DAB-technique. Preferential staining
along the mitochondrial outer circumference is seen as well as staining along
the nuclear envelope. (original magnification 22000x).

D: immuno-electron-microscopy as in C: immuno-gold-complexes may be
associated with nuclear pores. (original magnification 26000x)
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Fig.2. AALIGN-protein analyis of human bcl-2 (upper panel) and the putative
Yeast mitochondrial import receptor and phosphate carrier mir-1 (lower panel).

sequence against which the bcl-2 antibody used was raised.
— — — phosphate carrier motif in mir-1

hydrophobic membrane embedded domain in bcl-2
i full aminoacid homology

conserved /similar aminoacid residues
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Introduction

Previously, we have shown that pim-1 transgenic mice are predisposed to
lymphomagenesis. Although the spontaneous tumor incidence in pim-1
transgenic mice is extremely low, tumor induction by carcinogens (Breuer
et al., 1989; 1991) or murine leukemia virus infection (van Lohuizen et al.,
1989) showed a dramatic acceleration of disease in the transgenic mice as
compared to nontransgenic littermates. Either the proto-oncogenes c-myc
or N-myc were found to be activated in the MuLV-induced T-cell ymphomas
in pim-1 transgenic mice, whereas activation of myc by proviral insertion
was only found in a fraction of the lymphomas induced in nontransgenic
littermates. This suggested that pim-1 and myc were efficient collaborators
in MuLV-induced T-cell lymphomas. Support for the strong synergistic
interaction between pim-1 and myc came also from MulLV-induced tumor
acceleration studies in Ex-myc transgenic mice. Here activation of the pim-1
proto-oncogene was frequently found in pre-B cell lymphomas (van
Lohuizen et al., 1991). This was further substantiated in crossbreeding
experiments without the use of any tumor-accelerating agent: double
transgenic mice carrying both an activated pim-1 and c-myc oncogene died
in utero from lymphoblastic leukemia (Verbeek et al., 1991). The phenotype
of crosses between pim-1 and either N-myc or L-myc was somewhat less
severe, in agreement with the reduced oncogenicity of the myc oncogenes
in the order c-myc > N-myc >L-myc as was observed in cell culture
(Méréy et al., 1991). Transplantation of leukemic cells from double
transgenic embryos carrying the pim-1 and c-myc oncogenes indicated that
additional events were involved in the progression of these tumors to full
malignancy. MulLV infection of Ex-myc and Eu-pim-1 transgenic mice has
uncovered a number of new genes that collaborate with myc and pim-1 in
transformation. These encompass bmi-1, pal-1 (van Lohuizen et al., 1991)
and others which are currently being identified (Jonkers & Berns,
unpublished results). However, other oncogenes that can contribute to
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these tumor types, such as myb, abl, and bcl-2 appeared not to be
involved. We were particularly intrigued by the lack of involvement of bcl-2,
which was previously shown to collaborate with c-myc in vitro (Vaux et al.,
1988) and in vivo. Evidence for collaboration between c-myc and bcl-2 in
vivo came from the presence of c-myc rearrangements in immunoblastic
lymphomas that spontaneously developed in bcl-2-1g mice (McDonnell et al.,
1991). Additional support came from crossbreeding of Ex-myc and Ep-bcl-
2: A high incidence of primitive lymphoid tumors was found in double
transgenic mice (Strasser et al., 1990). Here we report on the interaction of
pim-1 and _bcl-2 in crosses between pim-1 and bcl-2 transgenic mice and
on the MuLV-induced tumorigenesis in these mice.

Crossbreeding of E.-pim-1 and bcl-2-lg Transgenic Mice.

Both Ex-pim-1 and bcl-2-Ig transgenic mice have been shown to exhibit a
very low tumor incidence. Mice overexpressing these oncogenes show only
minor (pim-1) or moderate (bcl-2) changes in their hematopoietic
compartment. Whereas Ep-pim-1 transgenic mice exhibit a somewhat
enlarged spleen with normal ratios of T- and B-cells, bcl-2-lg transgenic
mice show an increased number of B-cells, probably as the result of the
increased lifespan of cells overexpressing the bcl-2 oncogene and
contributing to the prolonged memory seen in these mice (McDonnell et al.,
1989; Nuriez et al., 1991; Strasser et al., 1991). Ex-pim-1 transgenic mice
show a low incidence of T-cell ymphomas; bcl-2-1g transgenic mice tend to
develop B-cell malignancies. The differences in the target cell population for
transformation in Ep-pim-1 and bcl-2-Ig transgenic mice is not a reflection
of the expression patterns of these transgenes. The Ex-pim-1 transgene is
expressed in both the T-cell, the B-cell, and the myeloid lineage, whereas
the Eu-bcl-2 transgene is expressed in the B-cell compartment and, to a
somewhat lesser extent, in T-cells.

The tumor incidences of Ex-pim-1 and bcl-2-lg single and double transgenic
mice are depicted in figure 1. Co-expression of pim-1 and bcl-2 strongly
accelerated tumorigenesis in these mice. However, the long and variable
latency period (average 30 weeks) indicated that additional events were
required for tumorigenesis. To determine what tumor types were induced
FACS analyses were performed on fresh tumor cells with a number of T-
and B-cell-specific cell surface markers. In addition, we determined the
rearrangement status of the T-cell receptor g-chain gene, the 4
immunoglobulin heavy chain gene and the « immunoglobulin light chain
gene. The results of this analysis are depicted in table 1.

In double transgenic mice a variety of tumors were observed, ranging from
pro-B cell types (B220+;CD4+) to mature slg-positive immunoblasts. A
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Fig. 1. Lymphoma incidence in offspring from matings between heterozygous Ep-pim-1
and bcl-2-1g transgenic mice. n indicates the number of mice monitored for each
group.

significant fraction of the tumors constituted T-cell lymphomas expressing
the T-cell receptor complex at their cell surface. Apparently, the combination
of bcl-2 and pim-1 can affect many different cell types. In view of the specific
immortalizing properties assigned to bcl-2 this indicates that pim-1 can
contribute to the transformation of cells of very different stages of lymphoid
differentiation. The occurrence of tumors with early lymphoid markers is in
agreement with the notion that pim-1 knock-out mice appear to have
undergone a size reduction in this compartment as measured by colony
assays in vitro using IL-7 or IL-7 + SCF (Domen, in preparation), whereas
pim-1 transgenic mice show an expansion of that same early compartment.

MulLV infection of E.-pim-1 and Bcl-2-1g Transgenic Mice

Offspring from matings between heterozygous Ep-pim-1 and bcl-2-Ig
transgenic mice were infected with MuLV and monitored for their tumor
incidence and tumor type. The results of infection of Eu-pim-1 transgenic
mice have been reported previously. The tumors in these mice, which are
found 7-8 weeks after infection with MuLV, constitute CD4+CD8+ double
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Table 1. Lymphomas in Ex-pim-1 and bcl-2-lg double transgenic mice

Mice Surface marker Gene configuration® Cell type
No. % expression TCRB; plg; klg
11 55 B220; slg; la G; R; R B-cell
5 25 TCRa;CD3,CD4/CD8  R; G/R% G T-cell
2 10 Mixed® R; R; R B-and T-cell
2 10 B220; CD4 G; G; G non-B, non-T-cell

@G, germline configuration; R, rearranged.

In 3 mice ulg rearrangements were observed.
“Mice developed mixed lymphomas: 30-50% of cells expressed B220; slg and 30-50% of
cells expressed CD3; TCRag.

or CD4+ or CD8+ single positive cells, in which either c-myc or N-myc is
activated by proviral insertion. Remarkably, MuLV-induced tumorigenesis in
bcl-2-1g transgenic mice did not significantly differ from the tumor incidence
observed in control nontransgenic littermates (see figure 2), suggesting that
the overexpression of bcl-2 is not an important predisposing factor for
MuLV-induced disease. At present, it is unclear why we see a rather strong
synergism between bcl-2 and pim-1 in crossbreeding experiments, whereas
such synergism is not apparent in MulLV-induced disease. This was
corroborated by the coincidence of the tumor latency curves of MulLV-
infected Ep-pim-1 and Eu-pim-1/bcl-2-Ig transgenic mice. Tumors were
exclusively of T-cell origin as is the case for pim-1 transgenic mice. The vast
majority showed expression of CD3 and CD4, whereas the remainder
showed expression of CD3 and CD4 + CD8. This was surprising in view of
earlier observations in Ex-pim-1 trangenic mice in which a preponderance
for immature T cell tumors was found. At present, it is unclear whether this
is caused by the co-expression of bcl-2 and pim-1 or due to the mixed
genetic background of the transgenic mice (C3H, C57BI/6, CBA). One
intriguing possibility is that pim-1/bcl-2 positive T-cells in which myc is
activated by proviral insertion (see below) become refractory to negative
selection in the thymus resulting in tumors of predominantly T-helper origin.
Superantigen stimulation of the CD4+ cells could add to their selective
outgrowth. This mechanism of action would predict that the Vg repertoire in
the tumors is skewed to a subset which is normally deleted by negative
selection. Therefore 13 tumors were screened for the expression of Vg chain
genes. A variety of different TCR Vg chain genes were found to be
expressed, indicating that selective outgrowth of cells carrying only a small
subset of Vg chain genes had not occurred.

Common proviral insertion sites that were found to be occupied in tumors
of pim-1/bcl-2 double transgenic mice were N-myc, c-myc, and pal-1, the
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Fig. 2. Lymphoma incidence after MuLV infection of offspring from heterozygous Epu-pim-1
and bcl-2-lg matings. n indicates the number of mice monitored for each group.

same loci that were preferentially found in MuLV-induced T-cell ymphomas
in Ex-pim-1 transgenic mice. Remarkably, the majority of tumors showed the
activation of N-myc rather than c-myc. Whether this relates to the subtype
of tumors found in these mice or to other factors is at present unknown.

With respect to tumorigenesis in mice overexpressing the pim-1 and bcl-2
oncogene it is worth noting that in addition to the earlier reported synergism
between pim-1 and myc we here observe collaboration between pim-1 and
bcl-2 as well. This indicates that pim-1 overexpression can enhance or
complement both the effects of oncogenes promoting cell proliferation (myc)
and cell survival (bcl-2). This places pim-1 in an intriguing "intermediate”
position with respect to the pathways in which myc and bcl-2 act. We are
currently determining the effects of co-expression of pim-1 and bcl-2 on the
longevity of lymphoid cells under various conditions in vivo and in vitro.
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Introduction

Follicular lymphoma is one of the most common hematopoietic malignancies in the western
world. Most (70-80%) of these tumors exhibit a characteristic t(14;18) chromosome
translocation caused by recombination of the’bcl-2 gene into the immunoglobulin (Ig) heavy
chain locus [1-3]. The coding portion of bcl-2 remains unchanged but its regulation is
presumably perturbed because of the influence of immunoglobulin regulatory sequences. The
bcl-2 gene encodes a 26 kD non-glycosylated cytoplasmic protein [4, 5] which associates with
membranes via its hydrophobic C-terminus [6]. It has been variously reported to be associated
with the plasma membrane and perinuclear endoplasmic reticulum [5] and with the inner
membrane of the mitochondrion [7]. The first clue to the unusual function of bcl-2 was the
discovery that enforcing its expression in factor dependent cell lines enabled them to survive in
the absence of growth factor [8]. This observation raised the possibility that the normal role of
bcl-2 is to govern the life and death of lymphocytes during the generation and function of the
immune system. Transgenic mice have been developed to test this hypothesis and to evaluate
the oncogenic potential of bcl-2 [9-13].

bcl-2 Transgene Promotes Survival of B and T Lymphoid Cells in vitro

Lymphoid cells expressing a bcl-2 transgene exhibited a prolonged lifespan in vitro in simple
tissue culture medium [9-13]. All differentiation stages analyzed have displayed this property:
pre-B, virgin B, mature B, activated B and plasma cells; all four major types of thymocytes
(CD4-8-, CD4*8*, CD4+8-, CD4-8*); and resting and activated peripheral T cells (CD4+8- and
CD4-8%). Significantly, the surviving cells were all small, having retreated to the Gg cell cycle
state, but they could be stimulated to proliferate again by treatment with mitogens or antigens
[12]. As well as enduring factor-deprived medium, thymocytes from bcl-2 transgenic mice
were more resistant in vitro to a wide range of cytotoxic agents: glucocorticoids, y-radiation,
phorbol ester, ionomycin, anti-CD3 antibody and sodium azide [12]. Most of these treatments
are known to induce apoptoptic cell death, but sodium azide induces necrosis. bcl-2 is not the
antidote to all forms of cell death, however, since the T cells remained sensitive to killing by
antibody plus complement and by cytotoxic T cells [12].

Because they are so robust, bcl-2-expressing lymphoid cells should prove ideal for in vitro
studies of lymphoid differentiation and signaling, a property which we are currently exploiting.
The resistance of immature Eu-bcl-2 thymocytes to death induced by engagement of the T cell
receptor (TCR) complex, for example, has enabled us to purify the minor subset of CD4+8+
thymocytes which express high levels of CD3/TCR and to demonstrate that these cells give rise
to both CD4+8- and CD4-8+ mature cells upon intrathymic transplantation, but only to CD4-8+
cells in culture (Petrie et al., submitted).

Current Topics in Microbiology and Immunology, Vol. 182
© Springer-Verlag Berlin - Heidelberg 1992
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bcl-2 Transgene Perturbs B but not T Lymphoid Homeostasis in vivo

Expression of the bcl-2 transgene in B lymphoid cells in vivo markedly perturbed homeostasis
in this cellular compartment [9-11, 14]. The mice accumulated a 3- to 5-fold excess of small
non-cycling conventional (IgM+, IgD™, class II MHC*) B cells in all organs where B cells are
normally found (peripheral blood, spleen, bone marrow and lymph nodes). After 6 to 8
weeks, however, there was essentially no further expansion, suggesting that the rate of B cell
production might decrease with age. The number of Ig-secreting cells was also markedly
elevated in bcl-2 mice and there was an associated increase in the level of polyclonal Ig in the
serum. Injection of antigen provoked an amplified and greatly prolonged humoral immune
response, presumably because of the increased longevity of Ig-secreting cells [11, 15].

Expression of the bcl-2 transgene in the T lymphoid compartment conferred significant
resistance in vivo to treatment with y-radiation, dexamethasone and anti-CD3 antibody [12,
13]. Furthermore, the enhanced and sustained response of peripheral T cells to superantigen
[12] suggested that activated T cells had am enhanced lifespan. Surprisingly, however,
homeostasis was not perturbed [12, 13]. Both the number and relative proportions of the major
thymic and peripheral T cell subsets remained normal through at least the first year of life of the
transgenic animals. Furthermore, self-reactive T cells were still eliminated, even though they
appeared to persist somewhat longer than usual in the thymus [12]. These observations indicate
that negative selection in the thymus is not induced merely by premature activation of the TCR
complex but probably involves an additional apoptosis-inducing pathway for which bcl-2
expression is an insufficient antidote.

bcl-2 Transgene Induces a Strain-dependent Autoimmune Disease

Our transgenic mice often developed a fatal autoimmune disease resembling human systemic
lupus erythematosus. It was characterised by immune complex glomerulonephritis and high
levels of anti-nuclear antibodies [11]. The autoimmunity occurred in all lines whose B cells
expressed the bcl-2 transgene but not in those expressing the transgene only in T cells
(Table 1).

Table 1. Autoimmune disease in Ep-bcl-2 mice

Autoimmune disease?

Transgenic strain Transgene Frequency Latency
expression

bcl-2-25 T 0/98 (0%) -

bel-2-36 T&B 4/33 (12%) 44 wk (25 to 45 wk)

bel-2-15 T&B 24/111 (22%) 40 wk (16 to 52 wk)

bel-2-22 B 51/108 (47%) 29 wk (11 to 50 wk)

bel-2-22 x CSTBL/6 (N1) 0/10b

bel-2-22 x CSTBL/6 (N2) 0/13

aMice were monitored up to 12 months of age. Autoimmune disease was diagnosed in sick mice by the grossly
abnormal appearance of the kidneys at autopsy and by histological detection of severe glomerulonephritis as
previously described [11].

YOne mouse in this group was found dead at 47 wk and could not be autopsied informatively.
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The long-lived B cells and plasma cells presumably included those with anti-self reactivity,
causing autoreactive antibodies to accumulate to pathologic concentrations. Perturbation of
deletion mechanisms that normally operate in germinal centres may have increased the
frequency of self-reactive clones. In view of these results, it was puzzling that the bcl-2 mice
generated by Korsmeyer and his colleagues [9] were not reported to exhibit this phenotype.
Although the structure of the transgenes used by the two laboratories differed significantly, it
was also possible that the discrepancy was due to differences in genetic background; our mice
were C57BL/6 x SJL whereas those generated by McDonnell et al. were C57BL/6 x C3H. To
test this possibility, strain 22, which has an incidence of terminal kidney failure of about 50%
by 12 months of age on the C57BL/6 x SJL background, was serially bred with C57BL/6
mice. Already, in the first two generations of the backcross, a dramatic reduction in the
incidence of the autoimmune disease has become apparent (Table 1). Of 23 mice followed for
11-12 months, only one died of suspected glomerulonephritis. Thus the SJL background
apparently provides a genetic environment that fosters the onset of the autoimmune disease.

Lymphomagenic Potential of bcl-2

Studies of large cohorts of several independent lines of bcl-2 transgenic mice have revealed that
bcl-2 can facilitate the spontaneous transformation of B lymphoid cells but displays very little
(if any) lymphomagenic potential for T cells (Strasser et al., manuscript submitted). The
principal types of B lineage tumors observed were plasmacytomas secreting clonal
immunoglobulin and novel lymphomas exhibiting a phenotype consistent with an origin early
in B lymphoid differentiation. Both types of tumors were of low incidence and developed only
after long latent periods, indicating that bcl-2 expression was not sufficient for transformation
and that somatic mutation must have played an important role. Rearrangement of the myc gene
was common in the plasmacytomas, implying a synergistic role for myc and bcl-2 in their
etiology, but was not detected in the lymphomas. These results argue that translocation of bcl-2
is insufficient for the development of malignancy, a conclusion consistent with the finding that
alow level of bcl-2 translocation can be detected even in non-lymphomatous, immunologically
stimulated germinal follicles [16].

The synergistic potential of myc and bcl-2 was confirmed by crossing bcl-2 transgenic mice
with Ep-myc transgenic mice. Mice expressing both transgenes rapidly succumbed to tumors
with a cell surface phenotype and gene expression pattern which suggested that they derived
from a primitive stem or progenitor cell [17]. These tumor cells were readily transplantable but
did not survive in vitro in medium supplemented with any of a wide variety of hematopoietic
growth factors. Like very immature hematopoietic cells, however, they were able to grow for a
limited period as 'cobblestone' colonies in layers of certain stromal cells. Since the cloned
tumor cells can be forced to differentiate down both lymphoid and macrophage pathways, they
resemble the B/myeloid progenitor cells recently identified in normal mice [18].

In conclusion, bcl-2 is a novel oncogene which promotes cell survival rather than proliferation.
Its role in follicular lymphoma is apparently to enable an affected clone to resist apoptosis in the
germinal center. The extended lifespan of the cells increases their probability of acquiring other
more frankly oncogenic mutations. Significantly, germinal center cells are uniquely exposed to
mutagenic processes. They accumulate multiple point mutations within the variable region of
the assembled immunoglobulin heavy chain gene and undergo DNA deletion to switch
expression to different heavy chain isotypes. We hypothesise that expression of the enzymes
involved in these processes also promotes oncogenic mutations. It is pertinent in this regard
that progression of certain follicular lymphomas to a highly aggressive phenotype has been
correlated with acquisition of a myc/IgH (8;14) translocation [19, 201, a recombination event
believed to represent aberrant Ig gene recombination.
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Introduction

B-chronic lymphocytic leukemia (B-CLL) is a disease manifested by the
proliferation and accumulation of a clone(s) of medium-sized lymphocytes with
mature-appearing chromatin and a characteristic surface immunophenotype.
Monoclonality is usually evidenced by the presence of a single heavy and light chain
immunoglobulin and or a rearranged Ig gene(s). The surface fluorescence intensity
(FI) of membrane Ig is markedly diminished and ineffective rearrangements are
common. Typically patients fifty years of age or older present with a stable,
asymtomatic blood and marrow monoclonal B lymphocytosis. Blood lymphocytes
may show considerable cytological or morphological variation between patients and
within patients.

During the past several years we have conducted experiments on B-CLL
lymphocytes directed at defining the B-CLL lymphocyte surface immunophenotype
(1-8). We now present additional flow cytometric data based on three (1 color), four
(2 color) and five (3 color) parameter studies as well as cell cycle evaluations.
Cluster analysis of individual clones and image cytometry (ICM) has also been
applied in selected cases. Clinical histories, blood films, marrow studies and
cytogenetics were reviewed when available. Normal whole blood (WB), hypaque
ficoll (HF) peripheral blood lymphocytes (PBL) and E rosette depleted (ENEG)
preparations were used as controls. These experiments were carried out with the
intent to further our understanding of the molecular lesion(s) underlying B-CLL.

Materials and Methods

WB, HF, and ENEG preparations from normal donors and WB and HF preparations
from patients with B-CLL were prepared using established methods. Commercially
available reagents were used for the majority of experiments. An EPICS V flow
cytometer was used initially and a FACScan has been used for all subsequent work.
Data display and analysis of forward scatter (FSC), side scatter (SSC) and log
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fluorescence (FL1, FL2, FL3) were carried out using software provided by the
manufacturers and some locally developed software (FDAPLOT, CAP). Data
exchange was accomplished using Internet and some samples were shipped via
overnight mail. A Macintosh Ilcx and the software program Image 1.43 (W.
Rasband, NIH) was used for image cytometry (ICM).

Results and Discussion

Initially, a panel of reagents (data not shown) was used to
immunophenotype 40 normal individuals and 21 patients with B-CLL. In these
studies, FSC was approximately twice as large for B-CLL lymphocytes when
compared to normal PBLs while there was no difference in SCC. Single parameter
histograms for H and L chain Ig expression from several B-CLL patients
demonstrated low FI for IgM and IgD. K-S analysis for clonal excess was best
demonstrated with heterologous antisera rather than murine monoclonal antibodies.
Class II expression is markedly increased, CD20 is characteristically reduced and
CD19 expression is similar to normal PBLs. The significance of the various patterns
seen for CD5, CD19-21, CD25, and TQ1/Leu 8 expression is unknown; however, it
does suggest considerable heterogeneity.

Two color studies were initiated with approximately 30 B-CLL patients using
a panel of paired, directly conjugated reagents. Gating reagents (CD45, CD14) were
evaluated on WB and HF B-CLL preparations. Our data demonstrate that WB lysis
was equivalent or superior to HF. In addition, the FI of B-CLL CD45 expression
appears to be lower than normal PBLs in the majority of examples examined and may
be bimodal when mixed with normal cells. Figure 1 is a selected summary of CD20
CDS5 two parameter contour plots of B-CLL patients. The presence of the clone, any
remaining normal CD5 T cells, and the double negatives cells are demonstrated as
well as the low FI of CD20. The composite display clearly shows that each B-CLL
clone has a characteristic and unique coexpression of FI for CD20 and CD5. This can
be visualized in Figure 2 which presents a synopsis of several experiments evaluating
the presence of the CD5, CD20 B cell subpopulation. The figure demonstrates a
normal child, a normal adult and a B cell enriched (ENEG) fraction from a normal
adult contrasted with two patients with B-CLL. One of the patients was restudied at a
six month interval. The initial stage may be the development of a B cell
lymphocytosis followed by a CDS5 B cell expansion and the final step being the clonal
expansion of a lymphocyte characterized by low CD20 FI. The ENEG equivalent
stage may occur early and is generally not seen. And there appears to be an
intermediate stage between the ENEG equivalent stage and the fully developed clone
as evidenced by epidemiological studies (Marti, personal observation). Both
treatment and terminal transformation appear to modify this pattern and CDS5 negative
B-CLL would follow a different pattern.

A combination of CD19, CD5 and CD10 expression were then evaluated
(Figure 3) as part of a panel to differentiate acute leukemia (ALL) from B-CLL. An
unexpected finding of these experiments was the finding that some clones express
low density CD10 . In this three color analysis, the larger cells tended to be CD10
positive. Our previous experience suggested that an occasional patient's lymphocytes
expressed this antigen in low density which is now confirmed by these more
extensive studies In a related experiment, we have determined cell cycle parameters
in several patients and confirmed the well known observation of "deep" GO/G1 cells
in B-CLL. In an additional experiment, cell cycle analysis was carried out in a single
patient, the proband of three generations of familial B-CLL. CD20 was used to mark
the clone and CD20 negative cells (remaining normal T cells) served as an internal
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Figure 1. Selected two parameter fluorescent contour plots of CD20 (FL1, B1) and
CD5 (FL2,Leu 1) expression. The upperrow (under B1/Leul label) contains normal
donors while all of the remaining panels are of B-CLL patients. There is also a
comparison of whole blood (WB) and hypaque ficoll (HF).
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Figure 2. Synopsis of CD20 and CD5 expression. The top row is for three patients
with B-CLL (monoclonal B lymphocytosis) with increasing size of the clone from left
toright. The bottom row shows the same lymphocyte subsets in a child (left) and an
adult (right). Enriched B lymphocytes (ENEG) are shown in the bottom middle
panel.
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control. There were no difference in GO/G1, S or G2/M cells for either population.
However, fractionation of the cells by size indicated a significant number of S phase
cells in the large cell fraction. The B cell origin of these cells needs to be confirmed.

Further evaluation of the B-CLL clone was undertaken using a cluster analysis
program (CAP, N plots, L. Barden, NIH) to dissect the isolated clone using the four
parameter, two color CD5, CD20 data and the five parameter, three color CD19, CD
5, CD10 data. An example of this analysis is shown for a single patient in Fig 4.
These data demonstrate a mathematical description of the long-suspected
morphological and immunophenotypic heterogeneity of these clones as well as the
distribution of the individual parameters and their relationship to one another. How
does one interpret these findings? The variation of FSC compared to SSC is a good
starting point. In fact it has been suggested that neither the linear nor log SSC signal
is ideal, but rather that a polynomial transformation of the SSC signal leads to better
resolution of lymphocyte subsets (9). The variation in FSC is striking and appears to
correlate with CD20 FI. The FCM multiparameter image is a single snapshot at a
given point is time. However, it is the sum analysis of all that has occurred or
happened to the clone to date. Blood cells that have been just added or have remained
and accumulated since the initial event of neoplastic transformation are contained in
the analysis gate.

In a final experiment we have begun to use ICM to analyze the polymorphic
appearance of B-CLL lymphocytes as seen on routine blood films. After digitization,
each cell was numbered, pseudo colored and a threshold was set. Measurements
consisted of nuclear perimeter, nuclear area, length of major and minor axes and
mean optical density per individual cell. Figure 5 is representative of this approach
applied to cell density. Assuming that these four cells all belong to the same clone
and that all the artifacts of staining can be negated or neglected, there is a gradient in
mean nuclear optical density that is inversely related to size. As the chromatin
becomes more condensed (packaged, compacted), the nuclear size becomes smaller.
Of further interest, the chromatin texture is related to both the nuclear size and mean
optical density, i.e., greatest in the largest cell and the least in smallest cell. This is
illustrated by the irregular pattern of density observed for the cells with mean nuclear
optical densities of 182 and 214 compared to the cell with a mean nuclear density of
244,

Conclusions

WB lysis is adequate for the analysis of B-CLL lymphocytes. Light scatter patterns
are usually complex for B-CLL lymphocytes but need to be further evaluated using
cell sorting. In addition, the multiple scatter populations are associated with
decreased expression of CD20 FI. A composite analysis of CDS5, CD20 distributions
suggests at least three steps in the development of B-CLL. An initial monoclonal B
lymphocytosis develops which expands into a CD5 monoclonal B lymphocytosis with
a progressive decrease in CD20 FI. Coexpression of the common CLL antigen
(cCLLa) at the monoclonal B lymphocytosis stage is the earliest known marker of B
cell neoplastic transformation (see references in [6, 8]). The large cells in this clone
are CD10 positive and in the S phase of cell cycle. Cluster analysis suggests further
heterogeneity not only between patients but within individual patients. The nuclear
optical density of the B-CLL lymphocyte increases as the cell size gets smaller.
Peripheral blood as the final compartment in B-CLL may show synchronous waves or
a continuous addition of cells that are heterogeneous in many patients. Depending at
which time point the B-CLL clone is sampled, based on the presence or absence of
therapy and or terminal transformation, together with which lymphocyte sub
population is transformed, all determine what flow and image cytometry sees.
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Figure 5. Summary of isometric displays of optical density and corresponding gray
level image of four selected lymphocytes from a single patient with B-CLL. The three
digit number is the mean optical density of the nuclear area measured.
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Continued analysis and dissection of the peripheral blood compartment should yield
further information about the natural history and the underlying molecular lesion(s) of
this common lymphoproliferative disorder in older Western people.
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Introduction

The p53 gene is a nuclear phosphoprotein that can function as a tumor suppressor gene
(Michalovitz et al. 1991). Frequent mutations of the p53 gene have been detected in several
types of solid tumors including breast (Mackay et al. 1988), colon (Vogelstein et al. 1989), lung
(Yokota et al. 1987), liver carcinoma (Hsu et al. 1991), astrocytoma (Fults et al. 1992), and
gliomas (Frankel et al. 1992). In the majority of these tumors with p53 mutations, allelic loss of
one copy of human chromosome 17p, the site of the p53 gene has been demonstrated. Such
allelic deletion has often been shown to be associated with point mutation on the remaining allele
of the p53 gene (for review see Levine et al. 1991). For hematologic malignancies, several
reports have demonstrated structural alterations and point mutations of the p53 gene in blast crisis
of chronic myelogenous leukemia (CML) (Feinstein et al. 1991) and in acute myeloid leukemia
(AML) (Fenaux et al. 1991). In the case of T- and B-cell lymphoid malignancies, a high
incidence of p53 mutation was found to be associated with Burkitt lymphoma, B-cell chronic
lymphocytic leukemia (B-CLL) but not in other B-cell (Gaidano et al. 1991) or T-cell
malignancies (Jonveaux et al. 1991). We have studied the role of the p53 gene in murine
lymphoid tumors (Brathwaite et al. 1992) as well as some human astrocytomas (Frankel et al.
1992 and Lang et al. 1992). We describe in this report the analysis of p53 mutations in 92
patients diagnosed with B-cell CLL. We also compared the frequency of point mutations with
that of the loss of heterozygosity for chromosome 17p in the same group of patients.

Frequency of p53 Mutations in B-CLL

p53 mutations in B-CLL patients were detected by single strand conformation polymorphism
(SSCP) analysis, of polymerase chain reaction (PCR) products. Primer pairs for exons 4-9 were
used to amplify p53 coding sequence using genomic DNA derived from CD5+ B cells separated
from peripheral blood leukocytes. The PCR reaction mixture and the amplification conditions
have been described in detail elsewhere (Frankel et al. 1992). The PCR products were
electrophoresed through 8% polyacrylamide gels under non-denaturing conditions. Of the 92 B-
CLL patients that we studied for p53 mutations, mutations were detected by SSCP analysis in 12
cases for an overall frequency of 13%. Similarly a frequency of 14% was
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obtained in a smaller survey of 40 B-CLL cases by Gaidano et al. (1991). The mutations were
identified in exons 4 through 8 of the p53 gene. No mutations were detected in exon 9. One
patient had two mutations, one in exon 5 and one in exon 8 of the p53 gene. Although the p53
mutations in B-CLL patients occurred within the evolutionary conserved regions of the p53 gene,
the frequency of mutations was relatively low (13%) as compared to other types of B-cell
malignancies e.g. 33% of Burkitt's lymphoma and >50% of acute lymphoblastic leukemia
(ALL) (Gaidano et al. 1991).

Confirmation of p53 Mutations by direct PCR-DNA
Sequencing Analysis

Mutations in the 12 CLL cases with mobility shifts in PCR-SSCP analysis were confirmed by
DNA sequencing. The direct genomic sequencing of double stranded PCR fragments was
performed according to the protocol as described previously (Frankel et al. 1992). We found a
perfect concordance between positive samples detected by SSCP and the presence of nucleotide
base changes by PCR DNA sequencing analysis. Fig. 1 shows representative DNA sequences
of p53 mutations occurring in codons 47, 241 and 249. Table 1 summarizes the p53 mutations
that have been confirmed in 9 of 12 B-CLL samples to date by DNA sequence analysis. Nine of
10 mutations that have been analyzed were missense mutations resulting in an amino acid
substitution. One sample (#55) contained an in frame deletion of 3 base pairs. The majority of
mutations (67%, 6 of 9) were transitions occurring at CpG dinucleotides either C to T or G to A.
The remaining 33% (3 of 9) of mutations were transversions (G to C, A to C,and A to T). The
mutations detected in the p53 gene were not clustered in a specific codon or exon but were
distributed over the regions of the p53 gene which are most highly conserved.

Fig. 1. DNA sequence analysis of p53 mutations detected in B-CLL cases. Representative DNA sequences
are shown for codons 47, 241 and 249. Arrows indicate the position of the nucleotide change (Normal/Mutated)
that result in an amino acid change.



Table 1. Summary of p53 Mutations in B-CLL Patients

Sample Exon Codon Mutation Amino Acid
2 7 241 TCC-TIC SER to PHE

3 5 168 CAC-CCC HIS to PRO

9 5 177 CCC-CIC PRO to LEU
41 4 47 CCG-ICG PRO to SER
54 6 209 AGA-ACA ARG to THR

55 6 209 Deleted

318 4 47 CCG-ITCG PRO to SER
325 7 249 AGG-TGG ARG to TRP
407 5 177 CCC-CIC PRO to LEU
8 273 CGT-CAT ARG to HIS

DNAs (100ng) were screened for mutations in exons 4-9 of the pS3 gene using PCR-
P53 mutations that were detected were confirmed by direct
sequencing of PCR (500ng) amplified DNA.

SSCP analysis.

RFLP Analysis To Assess 17p Loss of Heterozygosity

315

Loss of heterozygosity for chromosome 17p is one of the most frequent genetic alterations
involved in the progression of human malignancies (Levine et al. 1991). To examine the allelic
constitution of 17p in B-CLL patients, restriction fragment length polymorphism (RPLP)
analysis was performed. Representative DNAs from patients known to be positive or negative
for p53 mutations were digested to completion with Hinfl enzyme, separated on 1.2% agarose
gels and hybridized sequentially to two highly polymorphic variable tandem repeat probes from
chromosome 17p (pYNZ22 and p144D6) as previously reported (Frankel et al. 1992). The
results of such an analysis are presented in Fig. 2. Probe pYNZ22 detects two chromosome 17
alleles in all patients except lane 6. The filter was stripped and rehybridized to the second probe,
pl44D6. Again the patient in lane 6 was scored with only one chromosome 17 allele. Of 92

patients assessed for loss of heterozygosity for 17p, 85 patients (>90%) showed no loss.

Fig. 2. RFLP analysis of p53 alleles. DNAs were digested with Hinf I and probed sequentially with two
highly polymorphic probes for 17p. All patients, except in lane 6, demonstrated two 17p alleles with one or both

probes.
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Correlation Between Loss of Heterozygosity and p53 Mutation

Loss of heterozygosity on chromosome 17p and p53 mutation show a linked temporal
association in many human malignancies (Fenaux et al. 1991, Fults et al. 1992, Mackay et al.
1988, Vogelstein et al. 1989). To determine whether the p53 point mutations in B-CLL patients
occurred together with chromosome 17p allelic deletion, we compared the p53 mutation
frequency with the loss of heterozygosity for 17p. The results are shown in Table 2. A total of
12 patients out of 92 contained mutations in the p53 gene and 25% (3 of 12) also demonstrated
loss of heterozygosity for chromosome 17p. The frequency of p53 mutations was increased to
>40% (3 of 7) in those patients with only one 17p allele. Taken together these findings indicate
that although the loss of heterozygosity for 17p overall in B-CLL patients is infrequent, a higher
frequency is observed in those patients with p53 point mutations.

Table 2. Comparison of LOH of 17p with Frequency of p53 mutations in B-CLL

No. of 17p No. of samples No. with p53 Frequency
alleles analyzed mutations
2 85 9 10.5%
1 7 3 43%

DNAs (5 pg) were digested with Hinf I, separated on 1.2% agarose gels and filters
were hybridized sequentially with two highly polymorphic probes from chromosome
17p to determine loss of heterozygosity (LOH).

Concluding Remarks

P53 mutations have been identified in 13% of (12 of 92) B-CLL patients. The pattern of
mutations observed is similar to that found in other malignancies. Point mutations occurred
randomly within the evolutionary conserved regions, exons 4-8, of the p53 gene. None were
detected in exon 9. The majority of mutations were transitions occurring at CpG dinucleotides,
where most of the p53 gene mutations in other human cancers are also observed (Levine et al.
1991). Loss of heterozygosity for chromosome 17p was observed with increased frequency
(43%) in patients with p53 mutations but is low compared to other malignancies such as colon
cancer (Vogelstein et al. 1989). The role of p53 mutations in the biology of B-CLL disease and
in tumor progression remains to be determined.
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Burkitt’s Lymphoma Cells Frequently Carry
Monoallelic DJ Rearrangements

K. BHATIA, M. GUTIERREZ and |. T. MAGRATH

Pediatric Branch, National Cancer Institute, NIH

Introduction

In Burkitt’s lymphoma, c-myc is most frequently translocated from chromosome
8 (q34) to the immunoglobulin heavy chain region on chromosome 14 (q32) where its
expression is deregulated by virtue of its juxtaposition to enhancer sequences [1].
Because of the frequent location of the chromosomal breakpoint in DNA regions which
are normally involved in the physiological recombination of immunoglobulin genes, it
has been hypothesized that the immunoglobulin recombinases normally responsible
for the creation of a functional immunoglobulin gene may mediate these translocations
[2]. Ithas also been proposed that switch recombinases could mediate a proportion
of translocations - presumably, those, or a fraction of those in which the breakpoint is
within a switch region [3].

Since the heavy and light chain immunoglobulin rearrangements occur in a
strictly hierarchical order [4], examination of the configuration of these loci provides a
potential means of identifying the point in B cell differentiation at which the
translocations of Burkitt’s lymphoma occur. The first event in immunoglobulin gene
rearrangement is the joining of a D region to a J region [4]. Atleast in murine B cell
[5], D-T joining has been shown to occur on both alleles simultaneously; subsequently,
an entire variable region is assembled on one allele by the juxtaposition of a V region
to the joined D-J segment [4]. Burkitt’s lymphomas essentially always synthesize
immunoglobulin (IgM in the vast majority of cases) [6], indicating that one allele must
have been productively rearranged.

It is clear from these considerations that in Burkitt’s lymphoma both
immunoglobulin alleles would be expected to be rearranged at the J,; region - one
productively (VDIJ juxtaposition), and the other because of prior D-J joining, prior
unsuccessful  VDJ joining and/or as a result of an 8;14 translocation.

Surprisingly, in characterizing breakpoint locations in 56 Burkitt’s lymphomas
(mostly biopsy specimens) by Southern blot analysis, we found a number of tumors
(25 of 35 informative cases) in which the J region of one allele remained ina germline
configuration. Such tumors had only a single rearranged band in addition to the
germline band, excluding the possibility that the germline band was due to normal cells
present in the tumor sample. In the present report we describe our findings in this
regard, and discuss their implications.
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Results

Ig producing human B cells have D-J rearrangements on both alleles

Since previous data demonstrating the concurrent rearrangement of D-J on both
alleles is derived from studies using murine cells [5], we wished to confirm that this is
also the case in human cells. We analyzed 19 mature B cell lines (EBV transformed
peripheral lymphoblastoid cell lines) and all of them showed two rearranged bands in
the EcoRI and HindIlIdigests hybridized with the J; probe.

Ig producing Burkitt’s lymphoma cells frequently have an unrearranged D-J
segment on one allele

Fifty-six BLs (fig. 1) were subjected to similar analysis to determine the status
of the J region on both alleles. In 9 tumors we observed only a single rearranged
band along witha germline band in EcoRI digests probed withJ,. This germline band
was of equal or greater intensity than the rearranged band. The presence of a
germline D-J region in each of these cases was confirmed in HindIII digests. Bglll
digests were performed in 5 of these tumors and confirmed the germline/single
rearranged band pattern in4. The fifthtumor had an extra rearranged band which was
probably due to a mutation that created an additional BglII site. In 46 tumors with
more than one rearranged band in EcoRI digests, further analysis with HindIII revealed
a single rearranged band and a germline band in 15 additional tumors. Twelve of
these were examined with Bgllland 9 had a single rearranged band and a germline
band; the remaining 3 were considered uninterpretable. These 9 tumors and the 3 not
tested with BglIl were interpreted as having germline D-J configuration on the
translocated allele, and a translocation breakpoint within EcoRI but outside HindIII
(and, of course, Bglll), thus accounting for the additional rearranged band in the
EcoRI digest.

In the remaining 31 tumors, more than a single rearranged band was observed
with both EcoRI and HindIII. In 4 of them BglIl digest revealed only a single
rearranged band, indicating a germline configuration of the J region and a breakpoint
outside Bgllland within the HindIIIfragment. Inten tumors with a Su breakpoint, i.e.,
in which no rearranged bands in EcoRI or HindIII digests could be ascribed to a
breakpoint, the presence of two rearranged bands in EcoRI and HindIII digests
(confirmed in Bglll digests in 2 cases) suggests that the physiological joining of D to
a J region occurred on both alleles. In all other tumors (17), we were unable to
determine whether the tumor cells contained a germline allele because at least two
rearranged bands were present in all three restriction digests. These tumors either
had breakpoints within the BglIl fragment, in which case a germline allele could have
been masked, and/or a physiological rearrangement on both alleles.

In total, in 25 of the 35 informative tumors (72 %) Southern blot analysis indicated
the presence of a germline D-J segment. Because 20 tumors were uninformative,
between 25/55 (45%) and 45/55 (83%) of tumors in this series had a monoallelic DJ
recombination. It is highly probable that VDJ recombination is essential to the
production of large amounts of IgM so that breakpoints beween V and Cp probably
cause lack of expression. In fact, in many tumors our analysis has confirmed that the
translocation is on the germline allele. In addition, in all tumors, it was shown that
switch sequences comigrated withJ sequences inat least one of the alleles (assumed
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to be the productive allele). It appears highly likely, therefore, that the translocated
allele is always, or nearly always, that which contains the germline D-J segment.

Discussion

While it has previously been suggested that the chromosomal translocations in
Burkitt’s lymphoma occur close to the time of immunoglobulin rearrangement (during
VDJ or class switching) [2,3], the possibility that the translocation occurs before DJ
joining has not been considered. Itis still, therefore, generally assumed that the J
region of the immunoglobulin heavy chain will always be rearranged in these tumors
because D-J joining occur on both alleles simultaneously. In addition, the breakpoint
on chromosome 14 in the 8;14 chromosomal translocation is sometimes in or close
to either the J, region or switch-u region. Our finding that a high proportion of
Burkitt’s lymphomas carry a germline D-J segment on one allele is, therefore,
surprising. Strong evidence for the presence of a germline D-J region in the tumor
cells themselves was provided by the finding that in many tumors only one rearranged
band was observed with at least two restriction enzymes (in some cases with three).
Moreover, we found a germline D-J region in one of our cell lines that has been in
continuous culture for many years, excluding the possibility that contaminating normal
cells account for the finding.

Our findings with respect to the frequency of germline D-J segments in Burkitt’s
lymphoma differ markedly from those of published reports of other B lineage
neoplasms, e.g., precursor B cell leukemia and other non-Hodgkin’s lymphomas [7,8].
Even in acute precursor B cell leukemia [8], when there are other grounds for believing
that the malignant clone arises in close proximity to Ig gene rearrangement, D-J
regions examined by Southern blotting are nearly always both rearranged (rarely, both
are germline) further confirming that DJ joining is usually bi-allelic,and emphasizing the
uniqueness  of Burkitt’s lymphoma. Indeed, even in mouse plasmacytomas DIJ
rearrangement appears to be biallelic [9].

Our observations have a number of implications. Firstly, they strongly suggest
that in the majority of Burkitt’s lymphomas, the chromosomal translocation takes place
before D-J joining has occurred on the allele in which the translocation occurs. Ifwe
accept the notion that D-J joining, in at least the vast majority of B cells, takes place
simultaneously on both alleles, we must further conclude that the 8;14 translocation in
Burkitt’s lymphoma usually occurs before the initiation of immunoglobulin gene
rearrangement, i.e.,in a pro-B cell. As a corollary to this observation, we must also
conclude that the translocation often prevents the D-J region on the same
chromosome from undergoing subsequent rearrangement. This would clearly have to
be the case when the breakpoint is between D and J, since these two segments would
be on separate chromosomes. In tumors in which at least one J region remains on
the same chromosome as D, D-J joining is at least physically possible. In such cases,
D-J joining could sometimes occur after the translocations. If this is the case,
translocations prior to D-J rearrang<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>