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Tumor cells of hairy cell leukemia express multiple clonally related
immunoglobulin isotypes via RNA splicing

Francesco Forconi, Surinder S. Sahota, Donatella Raspadori, Christopher I. Mockridge, Francesco Lauria, and Freda K. Stevenson

Hairy cell leukemia (HCL) derives from a
mature B cell and expresses markers
associated with activation. Analysis of
immunoglobulin variable region genes
has revealed somatic mutation in most
cases, consistent with an origin from a
cell that has encountered the germinal
center. One unusual feature of hairy cells
(HCs) is the frequent expression of mul-
tiple immunoglobulin heavy chain iso-
types, with dominance of immunoglobu-
lin (19)-G3, but only a single light chain
type. The origin and clonal relationship of
these isotype variants have been unclear.
In order to probe the isotype switching

constant region sequences from 5 cases
of typical HCL, all expressing multiple
surface immunoglobulin isotypes, were
analyzed. Tumor V yDJy-C, sequences
were identified and found to be somati-
cally mutated (range, 1.4% to 6.5%), with
a low level of intraclonal heterogeneity.
Additional immunoglobulin isotypes of
identical V yDJy sequence were also iden-
tified, including IgD (5 of 5), IgG3 (5 of 5),
1gG1 (3 of 5), 1gG2 (2 of 5), IgAl (4 of 5),
and 1gA2 (1 of 5). Derivation of multiple
isotypes from individual cells was demon-
strated by analyzing transcripts in single
sorted cells from one patient, with evi-

in 10 of 10 cells. These findings indicate
that clonally related multiple isotypes co-
exist in single HCs, with individual iso-
types presumably generated via RNA
splicing. Production of IgG3 appears com-
mon, but IgG1, 1gG2, IgA1, and IgA2 also
arise, indicating a continuing influence of
adirected process on the tumor clone. These
HCs appear to be arrested at the point of
isotype switch, where RNA processing may
precede deletional recombination. (Blood.
2001;98:1174-1181)

status of HCL, RNA transcripts of V' yDJy—  dence for coexistence of isotype variants © 2001 by The American Society of Hematology

Introduction

Hairy cell leukemia (HCL) is a relatively rare leukemia of B-cellmore mature B cells, such as multiple myeloma, hayegénes
origin, which derives its name from the characteristic cytoplasmigith mutated but homogeneous sequences, indicative of silencing
projections of the pathognomonic cell. Clinically, HCL is charactelef mutational activity at the postfollicular stage!?
ized by pancytopenia with monocytopenia and splenomegaly. Isotype switching events can clearly take place in the
Hairy cells (HCs) circulate in the blood and infiltrate the bongerminal center environmeft,but normal IgM™ memory cells
marrow. Characteristically, HCs populate the splenic red pulp, anen also exit from this site, circulate in the bloBdind move to
eventually the white pulp atrophies and is replaced, but lymghe marrowt8 In general, B-cell tumors have reflected the known
nodes are generally not involvéddCs express FMC7, a normal sequence of isotype switching events in normal cells and
B-cell activation marker, and commonly expressdhehain of the express IgM(IgD) or, following deletional recombination, a
interleukin-2 receptor CD25. Other important diagnostic markedownstream isotyp®. However, immunophenotypic studies
are CDllc, HC2, B-Ly7, and HML-1 (CD103), the latter 2have indicated dual isotype expression in some B-cell tumors,
recognizing thed7 subunit of the same integrin and being the mostind switching events leading to additional isotypes have been
specific for the diagnosis of HCt4 confirmed by analysis of RNA transcripts in Ct&20 and in

The status of the immunoglobulin genes provides an indicatdiffuse large B-cell lymphoma (DLBCL3! In myeloma, where
of the maturation stage reached by B-cell tunfokgaive B cells the tumor clone has usually undergone isotype switching, and
prior to antigen encounter have unmutated V genes, while B celldhere there is no phenotypic evidence for Igidrecursor cells,
that have entered the site of somatic mutation, generally consideteghscripts of CDR3-( have also been detecté#® Clearly
to be in the germinal center of the lymph node, are likely to hav&-cell tumor clones can include cells at different stages of both
accumulated somatic mutatiohBor B-cell tumors, the mutational somatic mutation and isotype switching.
status can have clinical relevance, as found in chronic lymphocytic Analysis of functionally rearranged,Mgene segments in HCL
leukemia (CLL) where the approximately 50% of cases withas indicated that most sequences contain somatic mutations
unmutated VY, genes have a significantly worse progndsi§he consistent with a cell of origin that has encountered the germinal
majority of B-cell tumors show evidence of somatic mutation, ancenter? The level of mutation in the functional\jenes of 3 cases
those located in germinal center sites commonly continue & HCL appeared low, probably reflecting the generally lower rate
accumulate mutations after transformatfdé However, tumors of of mutation in \{ as compared with ¥.2526 There has been a
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suggestion that a low level of ongoing somatic mutation i€D11c. HCs were identified as high side scatter (SSC) and high forward
occurring in the tumor clone, which could indicate continuingcatter (FSC) PBMCs, CD1€CD11c" (Figure J. Negative control was
influence of the mutatd¥. However, the low level of intraclonal Performed by incubating the cells with appropriate isotype 1gG1- or

diversity found and the absence of common base changes am -conjugated monoclonal antibodies. Data acquisition and analysis
different clones have left this question oén were performed by flow cytometry (FACScan) (Becton Dickinson) with

. . . CellQuest software (Becton Dickinson). In all cases 10 000 events were
The most unusual feature of HCs is expression of multipl Q ( )

. s . 0 :?cquired. Expression of antigens was defined from both the percentage of
immunoglobulin isotypes on the tumor cell surface in about 40% @itive cells and the mean fluorescence index (MFI). The MFI represents

cases® A|th0UQh p.referential exprgssion of IgG3 has been docCkhe ratio of sample mean channel to control mean channel; expression was
mentec?® multiple isotype expression on HCs has been reporte@signated positive when the MFI was greater than 1.

previously30-331t was initially suggested that this may be the result
of passively adsorbed polyclonal immunoglobulin, since HCs haléentification and analysis of the tumor-related V.= y,DJ-C,,

avid Fc receptord!-36 but rosetting techniques and the use o&nd VuDJy-Cs isotype transcripts
F(ab)% rgagents have confirmed expression of multiple IMMUNG,15) RNA was isolated by means of RNAzol (Cinna Biotecx Labs,
globulin Isotypes in HCLY . . Houston, TX) from 5x 10° mononuclear cell fractions prepared from
An analysis of the clonal relatedness of the multiple isotypegticoagulated peripheral blood and cryopreserved in 10% DMSO freezing
expressed was made by generating heterohybridomas from HCs{@dium. Reverse transcription to complementary DNA (cDNA) was
fusion to a mouse myeloma cell lifélt was found by Southern carried out with Not I-d(T)g primer and First-Strand cDNA Synthesis Kit
blotting that hybridomas contained the tumoy ¥earrangement, (Amersham Pharmacia Biotech, Uppsala, Sweden) in a final volume of 15
and that individual hybridomas secreted IgM, IgG, or IgApL according to the manufacturer’s protocol. One fifth of the cDNA was
indicating that the tumor clone was undergoing isotype switcFing Subjected to amplification. _ _ o
However, this approach and the possible perturbing effect of Ff)_r identification of tumor W-C, transcripts, a mixture of 5pr|n_1_ers
heterohybridization did not allow further insight into the produc§pe°'f'c for e.aCh of the leader sequences .Owa throu_gh \i7 families
. . . . . . . (Vn leader mix}twas used together with &-Brimer specific for ¢ (C,,16)
.tlon _Of the mgltlple isotypeg? Since Convgntl_onal |s_otype S\_N'tCh Table 1). In all cases, polymerase chain reaction (PCR) was carried outin a
ing involves intrachromosomal recombination, with looping oW 4| volume of 50..L with 20 pmol each primer, 5pmol deoxynucleotide
and deletion of intervening constant-region genes, expression of

multiple isotypes within a tumor clone is exceptional. Either the

clone is heterogeneous, with subsets undergoing a switch to é- Yo
different isotypes, or processing of RNA transcripts to generate g i R2
different isotypes within the same cell is occurriigOur analysis e = 69
of transcripts of 5 cases of HCL in which all cells express multiple 28 T y
immunoglobulin isotypes appears consistent with the latter. ;8_ d21

HY
Patients, materials, and methods o1 @ o
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Patients FSC-Height 34

Peripheral blood mononuclear cells (PBMCs) were obtained from 5
patients with diagnosis of HCL referred to the Division of Hematology in ] ]
Siena, Italy. Three were males and 2 females, with a median age of 55 years@ 3 IgA &4 igD
(range, 30-59 years). Diagnosis was based on immunohistochemical o
examination of bone marrow biopsies and morphological and immunologi-2 © 7
cal findings of the PBMCs.
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Phenotypic analysis =]

E

Leukemic cells were obtained following Lymphoprep (Nycomed Pharma, o
Oslo, Norway) gradient separation from peripheral blood of HCL patients. 400 o7 102 1
Immunophenotypic studies were carried out on either fresh or previously FL1-Height
cryopreserved leukemic cells, since antigenic expression was not modified
by cryopreservation in dimethyl sulfoxide (DMSO) and thawing. Before
incubating cells with conjugated monoclonal antibody, mononuclear cells
were incubated in RPMI medium with 10% fetal calf serum at 37°C in 5%
CO, overnight to remove polyclonal immunoglobulin absorbed to the » &3
class-specific Fc receptors, and then separated again to remove dead ceﬁso ]
Immunophenotypic analysis was performed with direct immunofluores-> © 7
cence technique by dual- or triple-color staining with a large panel of
monoclonal antibodies, including anti-CD19, anti-CD11c, anti-CD20,
anti-CD23, anti-CD25, anti-CD27, and anti-CD38 (Becton Dickinson, San <
Diego, CA); anti-CD103, anti-FMC7, aniiA light chains (Dako, Glostrup,
Denmark); and anti-Smlg [surface membrane Ig], anti-lgA, anti-IgD,
anti-lgG, and anti-IlgM (Caltag Laboratories, Burlingame, CA). In particuEigure 1. Immunophenotypic analysis of isotype proteins on HCs. HCs were

. . P identified in the R1 region as CD11c* (FL2) and CD19" (FL3) and gated in R2. Cells
lar, expression of immunoglobulin i n HCs w rform Sf"
ar, expression o unoglobu sotypes o Cs was performed t|5 R1 and R2 were then analyzed for the surface expression of IgM, IgD, 1gG, and IgA

3-color sta_ining by means of ﬂ_uorescein isothiocya_na_lte (FITC)_ConjUgat\%% FITC(FL1)-conjugated F(ab’), monoclonal antibody specific to each class. This
F(ab), anti-lgG, anti-igM, anti-IgD, anti-IgA; peridinin chlorophyll pfo  example represents patient 163. The unfilled curves in the histogram plots represent
tein (PerCP)-conjugated anti-CD19; and phycoerythrin-conjugated antie isotype control.
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Table 1. Oligonucleotide heavy-chain primers

BLOOD, 15 AUGUST 2001 - VOLUME 98, NUMBER 4

Primers Location* Orientation Sequence (5'-3")
Cy-specific
C,16 rCul (120-115) Antisense TTG GGG CGG ATG CAC T
Csl 3Cul (173-164) Antisense TTC TCT GGG GCT GTG TC
C,FF1 yCuxl (192-184) Antisense GGT CAC CAC GCT GCT GAG GGA GTA GA
C,FF1 aCypl (187-179) Antisense CGT GGT GTA CAG GTC CCC GGA GGC A
Cu4 aCpl (125-118) Antisense GCT CAG CGG GAA GAC CTT GGG GCT
Vy (patient)-specific
163-CDR3 V1-02 (92-99) Sense GTG CGT CGC TCC CAT ATG ATT ACA
163-CDR1 V1-02 (27-35) Sense CAC CTT CAC CGG CTA CTA TAT GCA
103-CDR3 V4-31 (92-100) Sense TGT GCG AGA GAT TTT ACC CTT CCG A
103-CDR1 V4-34 (32-37) Sense GGT GGT TAC TAC TGG AGC TGG G
83-CDR3 V3-23 (92-99) Sense TGT GCG AAA GAT TGG GCT GGG GA
83-CDR1 V3-23 (26-34) Sense GGA TTC ACC TTT AGC AGC TAT GCC A
42-CDR3 V3-33 (90-99) Sense CTA CTG TGC GAG AGA TAT GGG GCT A
42-CDR1 V3-33 (24-31) Sense GCG TCT GGA TTC CCC TTC AGT GA
93-CDR3 V3-23 (91-99) Sense TAT TGT GCG AGA GAT CAA CAC AGT A
93-CDR1 V3-23 (27-34) Sense TTC ATC TTC AGT ACC TAT GGC ATG
B-actin RNA
5" H-BA Exon 2 Sense TGA TAT CGC CGC GCT CGT
3'H-BA Exon 4 Antisense CTC GGC CGT GGT GGT GAA

*Parentheses represent codons aligned by the primers. Numbering is according to criteria defined by Chothia et al.6*

triphosphates (dNTPs), and 2.5 U Taq DNA polymerase with reactian C,-specific 3-primers. After the CDR3—constant region products were

buffer (Qiagen, Crawley, United Kingdom). Amplification consisted of amdentified by PCR, cloning, and sequencing, then clonal CDR1-specific

initial denaturation step of 5 minutes at 94°C, followed by 30 cycles &'-primers were designed and used with the same(G,FF1) or C

94°C for 1 minute, 56°C for 1 minute, and 72°C for 1 minute, with a fina{C,FF1) primers to confirm the presence of the alternative transcripts and to

extension step of 5 minutes at 72°C. In order to prevent contamination, thistain extended \¥DJy—constant sequence. This strategy also allowed

previously described general procedure were followed, including a conte@mparison of the pattern of mutation among different isotypes in the

for each PCR with no added template to check for any contamffi&mir  tumor. The positioning of the constant-region primers facilitated discrimina-

the identification of \-Cs transcript, the same conditions were used withion among different subclasses in the PCR product and could provide an

either a 5-primer specific for the tumor-related,\leader sequence or &V analysis of G and G, subclasses present within the tumor clone. Table 1

leader mix and 3primer specific for §(Cs1) (Table 1). describes primer sequences and location. In all cases, conventional PCRs,
Amplified products were run on 1.5% to 2% agarose gel and purifiegithout the need of nested or seminested PCRs, were performed as

with the Gene Clean Il kit (Bio 101, Vista, CA). DNA was ligated intodescribed above, by means of 30 cycles with 65°C annealing temperature.

pPGEM-T vector (Promega, Southampton, United Kingdom). Cloning wasmplified products were then cloned, sequenced, and analyzed.

performed withEscherichia colistrain IM109 (Promega), and sequencing

was performed with the Big Dye sequencing reaction kit, a GeneAmp 9600

PCR system, and an ABI Prism 377 DNA sequencer (PerkinElmetnalysis of tumor-derived transcripts in HCL single cells

W_arrlngton, United Klngdom).‘ M13 fomarq and reverse primers or Sp aterial from patient 103 was available for further analysis. Leukemic cells
primer was used to sequence in both directions. The data were analyze

i e preincubated, and labeled with CD11c. HCs were identified as high
means of 1l\2;1cVector 4.5.3 software and aligned to Entrez and V-BA C, high FSC PBMCs, and CDT1and sorted on a Becton Dickinson
databaseé_.’ . FACS Vantage instrument equipped with an automated cell-deposition unit

Analyss of V*.’ gene usage_ and mutaFlon pattern Was_ performed ecton Dickinson). Sorting of single events had previously been confirmed
previously describeét Alternative transcripts were considered tumo

r . : S "
. by separation of 2.4a.m Nile Red beads (Becton Dickinson). In addition,
derived when they shared the same CDR3 sequence of the tusbdp\C, Y . P R . ( ) .
. . . *  sorting and V gene analysis of normal CD1B cells were found to give
transcript. Intraclonal heterogeneity was assessed in the cloned products

and was distinguished from Taq infidelity by an increased frequency single, unrelated sequences (C.I.M., unpublished data, September 2000).

S : ] -
compared with Taq error rate and by the finding of the same mutations%ngle Ieukemlc.cells vyere sorted into 02—".“‘ PCR tubgs contalnlng_'l..o

™ of 1 X Superscript Il First-Strand Buffer (Gibco BRL, Life Technologies,
more than one clone and/or in different PCRs.

Qiagen Taq polymerase error rate was assessed by means of'? (lesley, United Kingdom). Sorted cells were snap-frozen on dry ice and

following strategy. A pair of primers, 5-BA and 3H-BA, specific for stored at—80°C. Reverse transcription to cDNA was carried out in a final
human@-actin we.re designed (Tabk’e 1) to amplify a b:':md of 568 ba volume of 25pL with random hexamers and Superscript || RNase H
pairs (bps). We used cDNA from patient 103 with PCR condition everse Transcriptase according to the manufacturer’s instructions

identical to those used for the amplification of IgM transcripts. Thzel?r?gia;:';i laM. 10D. and 1aG transcripts were identified from sinale
amplified band of the right size was cut, purified, and cloned as gM, 1gb, 9 P 9

. . . -cells by means of a seminested PCR approach, while IgA transcripts were
described above. Twelve clones were then sequenced in both dIreCtIOd’]S o ) )
. , ; identified by means of a nested PCR (Figure 2). In the first round, 3
by means of either M13 and B-BA or 3'H-BA primers. The error rate DNA lified b f\ lead . d "
was calculated asVy(x 1000) / (568% n)] X 1073 bp~! wherev is the ¢ was amplified by means of 3 leader primer and a respective

number of observed nucleotide variations from the germline sequen%%\'\lmsue_tahm {16, CS]].’ CYfFl or ?FFl fpgg:gr' ;n't:all\APCRGV;?CS: f(f)r ‘tOD
andn is the number of clones sequenced. cycles with an annealing temperature o (for IgM) or (for gD,

1gG, and IgA).

For secondary PCR, 8L of the first PCR DNA product was amplified
by means of the internal 103-CDR1 primer with individualG, primers.
After identification of a patient’s tumor-related variable heavy chairfor the identification of IgA transcripts, the internal4Cprimer was used
CDR3-specific 5primers were designed and used together with either C(Table 1). PCR conditions were maintained as in the first round. Amplified

Identification of V. 3DJy-C,/C, isotype transcripts
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A s - 3 Table 3. Immunoglobulin isotype protein expression in hairy cell leukemia
[[Lenter ] rwma [cor | rwe [coma | ewes | coma | rwna Cul
Istround  — = : Expression, % (MFI), by patient no.*
14 Cplh, CB1 or CrFF1
2o ronend . - Ig 42 83 93 103 163
103-COR1 Cplé, CBI or CyFFI
IgM 59 (4.1) 21 (16.2) 61 (8.4) 94 (9.1) 87 (8)
B ° ¥ IgD 93 (12) 60 (6.4) 70 (16) 98 (39) 95 (55)
g e (oot [ooe ] ewm Joom | e Joma ] ewm || oo IgG 59 (3.0) 28 (22.1) 40 (8.3) 90 (4.1) 99 (10.7)
o CeEl IgA NEG NEG NEG 85 (1.9) 94 (8.6)
2nd round .
109.C0e o Ig indicates immunoglobulin; MFI, mean fluorescence index; NEG, negative.
Figure 2. Strategy for the identification of IgM, IgD, 1gG, and IgA transcripts *Percentage of positive cells and mean fluorescence index (in parentheses) for

from single HCs. Ten single tumor cells (FSC/SSCM/CD11c*) from patient 103  each isotype were determined on the CD19/CD11c hairy cells.

were sorted on a FACS Vantage, and cDNA was prepared by means of random

hexamers. A seminested (A, for IgM, IgD, IgG) or a nested (B, for IgA) PCR approach

was used to identify each specific isotype transcript from individual HCs. Arrows  primers. The identification of tumor-derived;\genes was based

indicate chatign of the primers used. Sequeﬁme ar.1d codon Ilqcation for gach primer  on a common CDR3 signature sequence among multiple clones
e e e, fom each patient amplifiec cDNA. Table 4 shows the number of
constant region. tumor-derived clones identified and the total number of clones

sequenced for the IgM transcript. Sequences not related to the

tumor clone differed individually and were most likely to derive
DNA products‘ of the expected _sige were excised from agarose 984%m normal B cells. The \ gene used by each tumor, together
purified, and directly sequenced bidirectionally by means of PCR prime(Si+ qeviation in homology from the germline counterpart, is also
shown in Table 4. The deduced amino acid sequences are shown in
Figure 3. Nucleotide sequences have been deposited in the
Results GenBank database (accession numbers: AF302819, AF302820,
AF302821, AF302822, AF302823).

Vy gene segments were derived from.3¢4 in 2 cases, and
V3.03 V431, and Vi.g in the other 3 cases. CDR3 length varied
Table 2 summarizes the clinical and immunophenotypic charactéiem 12 to 19 codons (mean, 16 codons)4d was used in 3
istics of the 5 HCL patients who entered this study. Phenotypi@ses, while J6b and 32 were used in the remaining 2 cases.
analysis of PBMCs confirmed diagnosis of HCL since all casesccording to the rule proposed by Corbett et*alD gene
were CD19, CD20", CD25", FMC7", CD103", CD1llc", segment could be assigned with confidence in 3 cases (patients
CD79b", with strong expression of Smlg and negative expressidi63, 42, and 93), In patient 83, CDR3 alignment did not reach
of CD23. The leukemic population, identified as CDA®D103" the interval of confidence, while in patient 103 the D segment
cells, represented 20% to 77% of PBMCs. It is noteworthy thatas not identified. All tumor-related,{genes revealed nucleo
no cases expressed CD38 or the memory B-cell marker D27. tide substitutions with the percentage of homology ranging from

To determine the surface expression of immunoglobulin is®3.2% to 98.6%.
types on the neoplastic cells of our patients, we used FITC-
conjugated F(al), isotype-specific monoclonal antibodies (Figurdntraclonal heterogeneity

1 illustrates patient 163 as an example). As described in Table 3, all . . .
) . In all our 5 cases, intraclonal heterogeneity exceeding Taq error
patients expressed IgM, IgD, and IgG at varying levels. IgA w

) h ; .8x 1073 bpfl) was observed. The general level of intraclonal
40, 0,
expressed in 2 cases (patients 103 and 163) in 94% and 85% Ofv ﬁ tion was low, ranging fr 1.2 10°3 (patient 163) t

tumor population, respectively. In patients 83 and 93, we could Nt 103 bp- (patient 103) with a median of 2 10-3 bp-* in

detect the clear presence of the IgA protein although asmallshlftt?Ie IgM transcripts analyzed, and it is difficult to assess the

the sample peak as compared with the isotype control peak was .~ X . .
observed. Only patient 42 was phenotypically completely negaﬁ\%;nlflcance of this level. However, the reality of mutations was
) sgpported by the presence of repeats among different PCRs. In fact,

Immunophenotype and immunoglobulin isotype
surface expression

for IgA. Although the level of expression of each isotype appear% . . 0
. I S ere was clear evidence of repeated identical intraclonal changes
different within some of the cases, there was no indication g

! . . . . common to at least 2 different isotype transcripts in all cases: in
separate populations expressing different immunoglobulin classes. .. : : . " .
particular, identical nucleotide variations were seen in tumor-
derived IgM and IgD clones in patient 163; in IgM and IgG in
patient 103; in IgD, IgG, and IgA in patient 42; and in all isotypes
Preparations of cDNA from all 5 patients were amplified, clonedin patients 83 and 92. Figure 4 illustrates intraclonal heterogeneity

and sequenced initially by means of g Veader mix and ¢ in patient 83 as an example.

Analysis of tumor-derived V. genes

Table 2. Clinical and immunophenotypic characteristics of patients with hairy cell leukemia

Patient No. Age/gender Therapy* CD19t Smlg K/IN CDl11c CD103 CD20 CD25 FMC7 CD798
42 57/M No 28 25 N 21 20 16 28 21 27
83 30/F No 63 86 K 63 77 76 77 67 87
93 55/M IFN-a 63 74 N 63 63 76 63 79 79
103 59/M No 65 67 N 65 65 65 68 68 68
163 45/F No 45 56 K 44 37 56 54 38 43

Smlg indicates surface membrane Ig; IFN, interferon.
*Treatment at the time when material was obtained for phenotypic and molecular immunoglobulin studies.
TPercentage of positive cells in the mononuclear cell fraction.
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Table 4. Vy gene analysis in hairy cell leukemia population analysis, irrespective of isotype. All cells expressed the
Tumor-derived IgG3 transcript. In one cell, IgM, D, G3, and A transcripts could be
Patient clones per total identified. Seven out of 10 cells expressed at least 3 different
no. Ig no. clones Vy Homology, %* Ju D

isotypes (3 IgM/IgD/IgG3; 4 1gD/IgG3/1gA), and the remaining 2

2 M 8710 333 93.5 4 613 co|ls expressed 2 different isotypes (1 IgD/IgG3; 1 IgG3/IgA).
83 M 818 3-23 97.6 4 221
93 M 718 3-33 96.9 6b  4-11t
4-041
103 M 1011 4-31 98.6 2 — ) .
163 M 11/12 1-02 98.2 a 316 Discussion
Ig indicates immunoglobulin. HCL appears to be derived from a mature B cell, and the presence

*Homology to the closest germline Vi gene segment. . . . . ..
tCase 93 CDR3 tumor sequence was aligned to 2 different D-gene segments of of somatic mutations in Ngenes confirms that the cell of orgin

the D4 family with a significant but identical level of confidence. has encountered a site where mutation is activated. The clear
evidence for intraclonal variation also indicates that mutation
continued at a low level after transformation, consistent with a
possible influence of activated T cells and anti¢feithe most
After identification of the ViDJy-C,, transcripts, we soughtADJy- distinctive feature of approximately 40% of cases of HCL, and of
Cs, VuD3-C,, and WDJ-C, tumor-derived transcripts, with all our randomly selected cases, is the expression of multiple
results shown in Table 5. For all patients, we found transcripts fsnmunoglobulin isotypes, apparently by the majority of cells in the
IgD, and full VyDJ4-Cs—derived sequences had a mutationatlone. In normal B cells, isotype switching generally occurs by
pattern identical to the clonal IgM transcript. Tumor-derivedecombination between donor and acceptor switch (S) sites located
VuDJs-C, clonal sequences were also identified in 5 of 5 patient§; of each constant-region geffe® with consequent looping out
with IgG3 transcripts in all patients, IgG1in 3 of 5, and IgG2in 2 oéind deletion of the intervening Cgenes. The outcome of this
5. In terms of frequency within the 1gG class, 1gG3 appearedkletional mechanism is that a B cell will usually express only a
predominant (Table 5) in all patients except for patient 93, whesingle isotype. The exceptions are IgM and IgD, which are
IgG1 and IgG2 were most evident. IgA-derived clonal sequencesmmonly coexpressed owing to the lack of a conventional S
were detected in 4 of 5 patients, with predominance of IgAgite#9-50 Expression of IgM and IgD relies on differential splicing
(Table 5). of the long RNA transcript?>! Since this will have the same
Full-length V4DJ, sequences linked to,Cand G from all Vv,DJ, upstream sequence, the mutational patterns in IgM and IgD
patients had mutational patterns identical to the tumor-relatetlould be identical.
VuDJ-C,, sequences, with no significant further accumulation of The deletional model, however, has to accommodate observa-
mutations; this is consistent with the silencing of somatic mutatiaibns that normal B cells in the mouse can express IgM together
at the IgM stage. An example (patient 83) is shown in Figure 4yith downstream isotypes, and that mouse B cells expressing IgM
where itis clear that, in spite of some intraclonal heterogeneity, thad 1gG1 contain nuclear RNAs that have both &nd C1
sites and level of mutational change are similar in all isotypes.  sequence® Similar results were obtained for cells coexpressing
Expression of immunoglobulin protein generally correlategym and 1gG3, which had pre-messenger RNA (mRNA) tran-
with detection of transcripts. All cases expressed both the messaggpts containing both £and G35° The likely mechanism for
and the protein for IgM, 19D, and IgG isotypes. However, for I94y,a| expression in this case therefore involves RNA processing,
there was some disparity. This was most evident in patients 42 a@¢her than translation of long-livedDJ,-C,, MRNA 53
163. In patient 421 transcript was detected bqt no IgA protein  \ost studies of human B cells have centered on Burkitt
was detecf[able at the cell §l_Jr_face: the reason is uncleqr but ny phoma cell lines, where isotype switching appears to occur
reflect a dlf'ferencg in sensitivity of the 2 assays. In p_atlent 16 ainly by deletional recombination, with 75% of cases deletipg C
although IgA protein was clearly expressed, no transcript could B& ot allelic chromosoméé. Normal Epstein-Barr virus—
detected: this is likely to be due to primer design. transformed B cells show a similar tendency to undergo switching
on both alleles, often to the same constant re§igAHowever, the
switching process on the nonproductive allele can also be surpris-
Table 6 summarizes the results obtained from 10 individual HGggly variable, with complex deletions and duplications obsefied.
PCR controls without template were negative in all cases, exclugthe cases of HCLs that express a single downstream isotype,
ing possibility of contamination. All individual cells were tumor-most appear to have undergone this process, often on both &fieles.
derived and, apart from 2 nonidentical base changes in 2 separatéAnalysis of the switching process in spontaneous human B-cell
cells, probably due to Tagq infidelity, shared an identical pattern tdmors that synthesize both IgM and a downstream isotype has
Vy mutation to the tumor sequence, previously identified by wholeeen more limited. One difficulty is that such tumors, although

Transcripts for alternative isotypes

Multiple tumor-derived transcripts in single HCs

|
JH ab
WGQGTLVTVSS

v3-33
42

JH 4b
WGQGTLVTVSS

v3-23
83

JH 6b
v3-33 R WGQGTTVIVSS
93 I-- T VD-----y--- DQHSNYDGA ------- —-ommomo o

Figure 3. Deduced amino acid sequences of tumor-
V4-31 QVOLQESGPGLVKPSQTLSLTCTVSGGSIS SGGYYWS WIRQHPGKGLEWIG YIY YSGSTYYNPSLKS RVTISVDTSKNQFSLKLSSVIAADTAVYYCAR FDL  WGRGTLVIVSS
103 w

-------------------------------------- S Y YT T T I enerrinvrene o e derived V -C,, transcripts from patients with HCL.
K ab Dashes indicate homology; upper case, replacement

KFQG RVIMIRDISISTAYMELSRL YCAR YFDY WGQGTLVTVSS

.......................... Re-sosoeeeeeoo-Io-o oS LRYDYIMRNVRHMTE ----  ----------- MUtations; lower case, silent mutations.

vi-0z QoL TFT GY YMH WVRQ)
163 eeeemmmooommmoeeieoooooooos el el el

g
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Cage 83

ARABAGAD GAD

1gAl

T STS I T STIrY
HHH MMEMAMEK MMHMAMAE HEM

Van

ST v e e
T

e

MMM MK AEE M MEHMAKAE HEK

1963

T T e
PR P
T

Figure 4. Analysis of V y—constant region transcripts from case 83. Alignment is made to the closest germline gene segments V3,3 and Jy 4b (bold characters). By means
of leader (for IgM and IgD) or Vi primers (for IgA and IgG), together with constant region primers for p, 8, -y, and «, transcripts for IgM, IgD, 19G2, IgG1, IgA1, and IgG3 were
identified. All isotype transcripts share an identical mutational grade of homology to the germline sequence. Identical intraclonal variations, like GG — AA substitution (amino
acid G — N) in codon 55 or C — G in codon 101, are seen in different isotype transcripts. Letters and numbers above germline sequence indicate amino acid sequence and
codon numbers. The number of identical clones are indicated. Sequence identity is shown by dots; mutations are shown by mismatch characters.

clonally related, may be arrested at different points of differentiactivity at the IgM and IgG stagé8.Cases with identical muta-
tion. This was evident in our study of a subset of lymphoplasmacienal patterns were not assessed, since material for single-cell
toid leukemia, where the tumor clone can express and secrete Ighhlysis would be required. In our cases of DLBCL, clonally
and IgG2° Analysis of \j; gene sequences in these cases revealeslated isotype-switch variants again showed distinct mutational
clonal relatedness between the isotypes. However somatic mygatterns, with clustering into an IgMD/IgG3 set or an IgG1%et.
tional patterns differed in 2 of 5 patients, clearly showing that thévidence for existence of subpopulations in at least some tumors
tumor population was heterogeneous, with a divergent mutatiowehs therefore clear.

The cases of HCL we have studied show no evidence for the

Table 5. Constant-region transcripts in hairy cell leukemia existence of subpopulations, either phenotypically or in somatic

Patient no. lgM 9P 196 loA Table 6. Alternative isotype transcripts in single hairy cells from patient 103
42 +(8) +(8) V3 + (12) al +(10) ooy gM 19D 196 1A
vl +(4)

v2 + (1) A2 + + +

83 +® + (10) v3 + (20) al+ (@) A3 + +
93 + () +(2) ¥3 + (3) al+ (15 A4 + + +
vl + (11) w2+ A8 + + +

¥2 + (10) A6 + + + +

103 + (10) +(6) v3 + (27) ol +@6) A7 + + +

163 + @1 +(8) v3 + (28) ND A8 + + +
v+ (D) A9 + + +

A10 + + +
The numbers in parentheses are the number of clones identified for each class  A12 + +

(C,. and Cs) or subclass (C, and C,,). For C, and C,, the number of clones represents
the sum of CDR3-Cy and CDR1-Cy sequences obtained for each subclass. + indicates that isotype transcripts were detected; a blank cell indicates that
lg indicates immunoglobulin; ND, not detected. isotype transcripts were not detected.
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mutational pattern; this suggests that most cells were synthedizad abnormalities in the;dC,, intronic regior#® similar to those

ing multiple isotypes. However, because suitable material wadentified previously by Laffan and Luzzatt® The abnormati
available for one case, we were able to take the investigatities arose from the presence of an inverteg-oGntaining
further by analyzing events in single cells. The finding that 9 afequence 5to a normal G3 sequence, presumed to result from
10 cells contained coexisting transcripts of preswitched (IgMin attempt to undergo deletional isotype switéH.that kind of

IgD) and postswitched (IgG/IgA) immunoglobulins allowed ugprocess is occurring in our cases, it must be confined to the
to conclude that individual cells were able to synthesizeonfunctional allele.

multiple isotypes. It excluded the alternative possibility that It has been suggested that the stage of RNA processing may be
subpopulations were present, each having undergone deletiopassed through by normal B cells, and that trans-spliced chimeric
switch events to different isotypes. It is also in complete accogkrm line transcripts may serve as “bridging templates” for normal
with the phenotypic data. Strikingly, in one cell, IgM, IgD, IgG,immunoglobulin class-switching recombinati#hlt is possible

and IgA isotypes were detected. In all cases, transcripts wehat this subset of HCL is arrested at a stage in which isotype
derived from the same \DJ, recombination and are thereforeswitching is being attempted. The potentially functional transcripts
from the functionally re-arranged allele. The most likelythat we have identified from MDJ,—constant region sequences
explanation is that, as for the mouse B cells studied previoushppear in the main to produce immunoglobulin protein. Events in
the cells are processing long nuclear RNA transcrippd. At  the tumor cells of HCL appear to support the concept that multiple
present, it is not known whether this involves tiisor thetrans  isotype-switch variants are first generated by RNA processing. If
allele. Previous analysis of constant-region genes in casessof HCL may provide a useful model to probe these events and to

HCL expressing multiple isotypes had shown that 2 of 3 casé@s/estigate the reason for arrest.
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