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Abstract

Like B cells, T cells can be immortalized through hybridization with lymphoma cells, a technique that has been particularly
useful in the study of the T cell receptors (TCR) for antigen. In T cell hybridizations, the AKR mouse strain-derived thymus
lymphoma BW5147 is by far the most popular fusion line. However, the full potential of this technology had to await inacti-
vation of the productively rearranged TCR-a and - genes in the lymphoma. BWa-f-, the TCR-gene deficient variant of the
original lymphoma, which has become the fusion line of choice for aff T cells, is now available with numerous modifications,
enabling the investigation of many aspects of TCR-mediated responses and TCR-structure. Unexpectedly, inactivating BW’s
functional TCR-a gene also rendered the lymphoma more permissive for the expression of TCR-y9, facilitating the study of

v0 T cells, their TCRs, and their TCR-mediated reactivity.
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Making B Cells Imnmortal Through
Hybridization

B and T cell antigen receptors (BCR, TCR) are expressed by
individual lymphocytes, selected out of mixed cell popula-
tions to survive and mature in vivo, and potentially respond
as clones to antigenic stimulation (Burnet 1959). The study
of such cells and their antigen receptors in the laboratory
usually requires amplification at the cellular or molecu-
lar levels. Historically, cells were maintained in vitro and
clonally expanded through ever more refined tissue culture
methods, but this remained something of an art, not always
readily achieved. The discovery in the 1970s that certain
properties of normal lymphocytes, including their expressed
antigen receptors and specificities, can be preserved through
hybridization with immortal lymphoma cells, removed much
of this limitation.
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Kohler and Milstein (1975), who were later recognized
for their groundbreaking work with the Nobel Prize in Medi-
cine, reported the first successful hybridizations of B cells
secreting antibodies having the desired specificity (Kohler
and Milstein 1975, 1976). The technique was soon refined
by establishing as fusion partners B cell tumors unable to
produce their own antibodies so that B cell hybridomas gen-
erated with them exclusively produced antibodies derived
from the normal B cell (Kearney et al. 1979; Shulman et al.
1978). The availability of antigen-specific monoclonal anti-
bodies revolutionized biological and medical research and
enabled the development of monoclonal antibody-based
drugs.

T Cell Hybridomas

After the first report describing B cell hybridomas, the
potential of using hybridization in a similar manner for
immortalizing antigen-specific T cells was obvious, and
T cell hybridization was attempted almost immediately.
Among T lymphomas that proved to be suitable for generat-
ing murine T cell hybridomas were the EL-4 line, derived
from a carcinogen-induced lymphoma in a C57BL/6 mouse
(Gorer and Kaliss 1959), the L5178 line that originated from
a leukemic DBA/2 mouse (Kao and Puck 1969), and the
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BW5147 line, which had been derived from a thymus lym-
phoma in an AKR/J mouse by Hyman and Stallings (1974),
and had been rendered drug-sensitive so as to be unable
to survive in hypoxanthine/aminopterin/thymidine (HAT)-
medium. Other T cell tumors were also tested for use in
T cell hybridizations, including several human leukemia-
derived cell lines (Ozaki 1998). However, hybridization of
human T cells did not become a widely used technique, in
part perhaps because normal human T cells can be more
easily cloned and maintained in vitro than mouse T cells.

In 1977, the first papers appeared demonstrating the
feasibility of generating T cell hybridomas (Goldsby et al.
1977; Hammerling 1977; Kohler et al. 1977). The follow-
ing three years saw reports of several “functional” hybrido-
mas, including those producing what appeared to be specific
immune-suppressive factors (Kapp et al. 1980; Kontiainen
et al. 1978; Taniguchi and Miller 1978; Taussig et al. 1979),
as well as “allogeneic effect factor” (Katz et al. 1980), and a
factor “with helper activity specific to the synthetic polypep-
tide (T,G)-A-L and bears surface determinants of the immu-
noglobulin heavy chain variable region” (Eshar et al. 1980).
The team of Kappler and Marrack, relying on BW5147 cells,
which had emerged as the preferred fusion partner for mouse
T cell hybridization (Eshar et al. 1980; Hammerling 1977;
Kapp et al. 1980; Kontiainen et al. 1978), polyethylene gly-
col as fusogen, and HAT-selection, also reported a T cell
hybridoma during this period (Harwell et al. 1980). This
hybridoma (FS6-14.13), which had been derived from con-
canavalin A (Con A)-stimulated T cells of a B6D2F1 mouse,
produced upon stimulation with Con A a non-specific T cell
growth factor supporting the cytokine-dependent HT-2 cell
line (Watson 1979). The inducible factor was identified as
interleukin (IL)-2 (Harwell et al. 1980).

Although investigations into suppressor factors and
“allogeneic effect factor” eventually were abandoned, T
cell hybridomas became very popular when Kappler et al.
(1981) demonstrated that these hybridomas could, just like
normal T cells, display clonal antigen and MHC specifici-
ties. Desirous to preserve inducible IL-2 production, which
they saw with the Con A-responsive FS6-14.13 cells but not
with BW5147 cells, Kappler et al. (1981) turned FS6-14.13
into a new fusion line. They selected an azaguanine-resist-
ant (HAT-sensitive) variant of their hybridoma, FS6-14.13.
AG?2, and then hybridized it (instead of BW5147) with T cell
blasts from chicken ovalbumin (cOVA)-immunized B10.A
(H-2%) mice. One of the resulting hybrid-hybridomas, AO-40
(A for H-2%* and O for ovalbumin), produced IL-2 in response
to antigen stimulation, cOVA plus irradiated B10.A spleen
cells. Though FS6-14.13.AG2 ultimately proved unneces-
sary, because the BW5147 fusion line itself usually supports
IL-2 production in TCR-bearing hybridomas generated with
it, the AO-40 hybridoma proved interesting. In contrast to
total lymph node T cells from the cOVA-immunized mice,
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which showed a broader reactivity pattern and responded to
chicken, duck and turkey OVA, the AO-40-subclone AO-40
clone was specific for cOVA. Testing the MHC-specificity
of AO-40 with cOVA and irradiated antigen-presenting cells
(APCs) derived from a panel of H-2-congenic and recombi-
nant mice, Kappler et al. (1981) deduced that AO-40 cells
recognized cOVA in the context of the I-region from H-2¥,
and mapped the relevant I region gene(s) to I-A* (B10.A
mice express I-AX, I-BX, 1-J* and I-EX as part of their H-2a
MHC haplotype). With this, they had shown that MHCII-
restricted antigen-specificities of individual T helper cells
could be preserved and defined, with T cell hybridomas.

Still using FS6-14.13 as fusion line, Kappler et al. (1981)
also prepared hybridomas with apo beef cytochrome c/H-
29-specific T cells and mapped the H-2 fine-specificity of
one such hybridoma (DC-1.18.3) to I-AY. Furthermore,
they generated hybridomas with T cells from keyhole lim-
pet hemocyanin (KLH)-immunized DBA/2 mice, and fused
them to azaguanine-selected (HAT-sensitive) AO-40 cells to
produce AODK (D for H-24, K for KLH) hybridomas, which
represented a combination of BW5147 and three normal T
cell parents, and showed that two subclones (AODK-10.4
and AODK-1.16), both of which responded specifically to
KLH in the presence of B10.D2 APCs (H-2%), had different
H-2I region fine-specificities. At that time, the dual speci-
ficity of T cells—for antigen and MHC—was still an open
question. Therefore, Kappler et al. (1981) next endeavored to
generate hybridomas having two functional antigen/I-region
specificities in the same cell. To this end, they fused HAT-
sensitized AO-40.10 cells, themselves already specific for
cOVA/H-2%, to normal T cell blasts of different antigen/H-2
specificities, and tested the resulting hybrids (again a com-
bination of BW5147 and three normal T cell parents) for
their ability to recognize pairs of antigens (cOVA, KLH
or HGG) and H-2 types (H-2?, H-2f or H-29). Individual
hybrids responded to a given antigen only in combination
with H-2 types of the mice originally immunized with this
antigen, an experimental outcome supporting the notion of
dual recognition via a single TCR, and inconsistent with the
current competing models of independent antigen and H-2
recognition by different receptors.

The paper by Kappler et al. (1981) beautifully illustrates
the usefulness of T cell hybridomas for the study of T cell
specificity. Published in 1981, still before any structural
information about the TCR was known, it shaped expecta-
tions about the nature of the molecular interaction between
TCR with both antigen and MHC and thus provided much
needed guidance for the studies that followed.

It soon became clear that the detour via hybridoma-
fusion-lines was not required since hybridomas generated
by direct fusion of BW5147 and normal T cells responded to
antigen plus MHC by producing IL-2 (Kappler et al. 1982;
White et al. 1983). The Kappler and Marrack research group
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continued their work with T cell hybridomas for several pur-
poses: to investigate T cell functions (Roehm et al. 1984),
to generate antibodies specific for the TCR (Haskins et al.
1984; Marrack et al. 1983b; White et al. 1983), and eventu-
ally to isolate (Haskins et al. 1983; Marrack et al. 1983b) and
molecularly characterize the elusive TCR molecule itself
(Kappler et al. 1983a, b; Marrack et al. 1983a). Other uses
for T cell hybridomas soon also became apparent. One of us
(WB) joined the Kappler and Marrack group in 1984, to pre-
pare hybridoma—*"“swarms” generated by a random fusion of
normal T cells from non-immunized mice, so as to analyze
mixed T cell populations at both the clonal and the popula-
tion levels, towards the study of T cell development. Indeed,
hybridomas with normal thymocytes were readily produced,
and an examination of thymocyte hybridomas derived from
fetal thymi at successive ontogenetic stages (fetal liver, thy-
mus el4-17 and adult) revealed a distinct developmental
pattern of TCR-f gene rearrangements, despite considerable
variation between individual thymocytes (Born et al. 1985).
We used the same technique to investigate and compare
TCR-y and even IgH gene rearrangements in developing
thymocytes and established correlations in developmental
timing between the gene rearrangements at these loci (Born
et al. 1986, 1988). However, “randomly” generated hybrido-
mas are not necessarily representative of mixed cell popula-
tions, and what renders a normal T cell or thymocyte to fuse
was not clear then and, to our knowledge, remains unclear to
the present date. Hence, data generated in this way need to
be validated by comparison with normal cells.

TCR-Loss Variants of BW5147

The thymus lymphoma BW5147 (Hyman and Stallings
1974) still was the preferred and most widely used fusion
line for the generation of T cell hybridomas. But after the
TCR was discovered, and the genes that encode it had been
sequenced, it became clear that BW5147 had the qualities
of a Trojan horse. Albeit surface TCR-negative, this lym-
phoma nevertheless did contain its own functionally rear-
ranged TCR-a and -P genes (Chien et al. 1984; Hedrick et al.
1984). While it did not express its TCR due to mutations in
invariant proteins of the CD3 complex, which, as we know
now, are required for TCR assembly and surface expres-
sion (Bolliger and Johansson 1999), intact CD3 genes from
the normal T cell partner in hybridomas generated with
BW5147 could complement this deficiency and support
TCR expression. In fact, T cell hybridomas generated with
BW5147 and a single T cell parent potentially expressed
up to four different TCRs: the heterodimeric TCR derived
from the normal cell partner and that from BW, plus two
possible mixed heterodimers. Although it was improbable
that the (still unknown) antigen specificity of the BW TCR

would obscure selected antigen specificities of the normal
T cells that were hybridized, since TCRs commonly show
a tendency to cross-react on at least some allogeneic MHC
molecules, it seemed quite probable that the lymphoma-
derived TCR could confer a response to an allogeneic MHC-
epitope, and thereby confound the allo-MHC specificity of
the normal T cell partner. Indeed, T cell hybridomas gen-
erated with BW5147 were found to respond at an higher
than expected frequency to cells bearing I-A®, and analysis
of chromosome loss variants of one famous T cell hybri-
doma (DO-11.10), specific for cOVA/I-AY, cOVA/I-A®, and
for I-A® alone, showed that the reactivity of this hybridoma
with I-A®, in fact, depended on the presence of the BW5147-
derived TCR-a chain (Blackman et al. 1986).

Thus, as with B cells a decade earlier (Kearney et al.
1979; Shulman et al. 1978), a fusion line for T cells incapa-
ble of expressing its own antigen receptor genes was needed.
Such cells were not directly available, and because BW5147
had in the past worked better than other T cell-fusion lines,
attempting to generate a TCR-deficient version of BW5147
seemed reasonable. Unencumbered by experience and thus
perhaps overly optimistic, one of us (WB) thought that this
might be accomplished by random mutagenesis, aided by
the fact that due to allelic exclusion, functionally rearranged
TCR genes are usually present only on one allele, in contrast
to most other genes. Among cloned survivors of high dose
y-irradiation lethal for the majority of BW5147 cells, we
were, in fact, able to isolate two clones, which no longer
expressed Val.1, the Vo gene of the BW TCR. Only one of
these, later simply named BWalpha- (BWa-) (Fig. 1), gave
rise to stable hybridomas. Interestingly, during the test-
hybridizations, we found that BWa-, unlike BW5147, was
permissive for expression not only of the aff TCR but also of
the yd TCR (Born et al. 1987). This lucky break allowed us
to generate with randomly fused day 16 fetal mouse thymo-
cytes a small collection yd TCR* hybridomas, to purify the
vd hetero-dimer of one of them, and to sequence the y and
protein chains (Born et al. 1987). Peptide sequences derived
from the y protein matched those of the earlier described
y genes (Hayday et al. 1985), and the sequences obtained
from the d protein established that the candidate for a “TCR
o-gene”, reported by Chien et al. (1987) earlier the same
year, indeed encoded TCR-8. Thus, as proposed by two
research groups in the year before (Bank et al. 1986; Brenner
et al. 1986), the cell-surface-expressed yd molecule discov-
ered by Brenner, Bank and colleagues indeed represented a
second hetero-dimeric TCR, encoded by genes distinct from
those of the oy TCR (Born et al. 1987).

We then subjected BWa- to irradiation again, and one of
the cloned survivors, later named BWalpha-beta- (BWa-f-
), no longer expressed V1.1, the VP gene of the BW5147
TCR. Southern blots and DNA-sequencing confirmed dele-
tion mutations for both genes (White et al. 1989). The double
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Fig. 1 Relationship between the AKR thymus lymphoma BW5147 and derived cell lines

TCR-loss mutant, BWa-f- (Fig. 1), which finally allowed
the direct generation of T cell hybridomas that exclusively
express the TCR of the normal T cell fusion partner, was
immediately pressed into use by others and us (Happ et al.
1989; O’Brien et al. 1989), well before its formal publi-
cation. The paper by White et al. (1989), which describes
the genesis of BWa- and BWa-f-, also includes molecular
details of the gene-loss mutations, and it provides direct evi-
dence that the expressed TCR-a chain of BW5147 imparts
both I-A® and I-E® allo-specificities on TCRs of which it is
a component.

Derivatives of BWa-f3-

By the end of 1989, BWa-f- had become the T cell fusion
line of choice, similarly to the Ig-deficient B cell fusion lines
a decade earlier. Still, inherent properties of this cell line
and its parent, BW5147, both of which express CD4 but
not CD8, imposed certain limitations on T cell hybridiza-
tion. For example, hybridomas generated with BWa-p- or
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BW5147 rarely express CD8, and if so, only transiently,
which could impair the functionality of CD8-dependent T
cells, limiting its use to CD4* MHCII-restricted and non-
conventional af T cells as well as a majority of yd T cells.
Carbone et al. (1988b) found that BW5147 actively sup-
presses CD8 expression in T cell hybridomas by re-methyl-
ating the CD8 gene locus, which is de-methylated in CD8*
T cells, on the chromosomes of the normal T cell partners.
Because CD4" murine T cells also contain de-methylated
CD8 genes (Carbone et al. 1988a), perhaps the thymus lym-
phoma BW5147 represents a stage in thymocyte maturation
prior to “double positive” thymocytes. To address this limi-
tation, Burgert et al. (1989) transfected a CD8a cDNA con-
struct into the BWa-f- fusion line. Fortunately, the BWa-p-
cells proved incapable of suppressing CD8a when expressed
from this construct, and the transfected cells expressed
CD8a on their surface. One high-level CD8a-expressing
clone, referred to in their paper as BWLyt2-4, proved to
be a suitable fusion line (Fig. 1), capable of supporting the
generation of CD8 + MHClI-restricted T cell hybridomas
(Burgert et al. 1989).
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Upon stimulation via the TCR, hybridomas generated
with BW5147 or BWa-- tend to produce IL-2 (as well as
other factors), and this feature can be used to measure aver-
age antigen responses of these cells using cytokine ELISA
or more indirect biological assays. However, these assays
are not suitable for the detection of antigen responses by
individual cells. Therefore, Sanderson and Shastri (1994)
established a single cell reporter assay based on the obser-
vation that the nuclear factor of activated T cells (NFAT)
enhancer element of the IL.-2 gene can regulate expression of
the Escherichia coli lacZ reporter gene in activated T cells.
To introduce this feature into T cell hybridomas, they then
transfected BWa-B- and BWa-p-CD8at (BWLyt2-4) cells
with an inducible NFAT-lacZ gene construct to generate two
new fusion partners (Fig. 1), referred to in their paper as
BWZ.36 (i.e. BWa-p-NFAT-lacZ) and BWZ.36 CD8a (i.e.
BWa-B-CD8a*NFAT-lacZ) (Sanderson and Shastri 1994).
They found that measuring ligand-induced T cell activation
by the lacZ assay was simpler, faster and cheaper by com-
parison with conventional IL-2 assays. More importantly,
with the lacZ-based IL-2-reporter lines, they were able to
detect activation of individual hybridoma cells (Sanderson
and Shastri 1994). Taking advantage of this feature, we fur-
ther explored a previously observed characteristic of Y6 T
cell hybridomas, which responded to peptide antigens in the
absence of APCs (O’Brien et al. 1992), unlike peptide-spe-
cific af T cells. Using an insulin-peptide-specific y6 T cell
hybridoma generated with the IL-2 reporter fusion line, we
observed that isolated single cells responded to the insulin
peptide, indicating that no cell—cell interactions are required
in this response (Zhang et al. 2010). In this regard, the yd
TCR-dependent response to the insulin peptide resembles B
cell-reactivity more than conventional T cell-reactivity. A B
cell-like mode of antigen recognition for yd T cells had been
already proposed by Rock et al. (1994), based on a structural
analysis and comparison of yd and af TCRs, and BCRs.

The IL-2 reporting T cell fusion lines established by
Sanderson and Shastri (1994) require for the detection of
lacZ activity a histochemistry that kills the responding cells.
Activated labeled cells can be analyzed in bulk using a col-
orimetric assay, or individually by microscopy. However,
to keep responding cells alive for further study, a different
reporting system was needed. Consequently, a new fusion
partner was derived from BWa-f-, carrying four copies of
the minimal human IL-2 promoter, each containing three
NFAT-binding sites inserted upstream of the EGFP cod-
ing sequence (BW NFAT-EGFP) (Kisielow et al. 2011; van
Essen et al. 2009) (Fig. 1). This fusion line is able to confer
green fluorescence to hybridomas activated via the TCR.
Using the “green” fusion line, Kisielow et al. (2011) then
generated hybridomas with thymocytes that had been acti-
vated with plate-bound anti-CD3e and anti-CD28 monoclo-
nal antibodies, and cultured in the presence of mouse IL-2,

and were able to measure by flow cytometry responses of
these hybridomas to different stimuli, by determining the
percentage of GFP* “green” cells. In a further modifica-
tion, BWa-p- was transduced with an NFAT-slow fluores-
cent timer (sFT) construct (Fig. 1) (Kisielow et al. 2019).
Over time, the inducible sFT reporter protein changes its
fluorescence from blue to red, a feature that allows for dis-
tinguishing NFAT activation events based on the timing of
their occurrence (Kisielow et al. 2019; Subach et al. 2009).

All of these BWa-f- derived fusion lines are eminently
suitable for the study of T cell hybridomas and their TCR-
dependent responses, but due to the inherent CD3-deficiency
of BW5147, they do not serve for investigations using trans-
fected or transduced TCR-constructs. Initially, this problem
had been addressed by selecting TCR-loss variants of T cell
hybridomas with BW5147 that could then be used to express
and study extraneous TCR constructs. Thus, Letourneur
and Malissen (1989) were able to isolate a TCR-a and
-p-deficient variant of the hybridoma DO-11.10.7, 58a-
B-, which they then used to express other TCRs. Interest-
ingly, in their characterization of the TCR-loss variant
58a-P-, the same group also detected a BW5147-derived
non-functional TCR-a gene, which is still present in BWa-
- but cannot give rise to a surface-expressed TCR-a pro-
tein. 58a-P- also supports the expression of the Yo TCR (Fu
et al. 1994). A second hybridoma-derived TCR-loss variant,
5KC-73.8.20a-p- (White et al. 1993), has also been used for
the expression and study of aff and yd TCRs (Zhang et al.
2010), and finally, a TCR-p gene-deficient subclone of the
T cell hybridoma DS23.27, clone DS23.27.4G.4 (4G4), like
BWa-B- generated by radiation mutagenesis, and initially
used for studying of the influence of TCR-f on allo-reac-
tivity (DiGiusto and Palmer 1994), is now available. All of
these (BW-derived) TCR-deficient hybridomas served their
purpose well but they came with “baggage”: Their additional
chromosomes, which can account for genetic instability with
hybridomas, also may cause instability in gene-transfected/
transduced cell lines. In addition, these cells express MHC
molecules from genetically different parents, which adds
some complexity. This problem has been solved by directly
transducing BWa-f- with a multi-cistronic retroviral vector
encoding all murine CD3 subunits plus GFP (Fig. 1) (Dunst
et al. 2020; Holst et al. 2008). This manipulation created a
more stable BW5147-derived cell line with the ability to
functionally express extraneous TCRs. Dually transduced
BWa-- cells expressing both the slow fluorescent timer and
CD3 (BW-sFT-CD3) (Fig. 1) were recently used success-
fully to solve the long-standing problem of “spontaneous”
reactivity in hybridomas expressing TCR-Vy1 and a limited
set of TCR-V&s (Happ et al. 1989; O’Brien et al. 1989).
Here, Dunst et al. (2020) found that cells transduced with the
relevant TCR genes actually respond to negatively charged
surfaces present in tissue culture vessels. Their observation
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fits perfectly with observations of broad reactivity of cer-
tain YO T cells with multiple unrelated poly-anionic ligands
(Born et al. 1999, 2013), and a concept of non-conventional
binding interactions between these ligands and TCR-Vy1™*
v TCRs (Born et al. 2013; Dunst et al. 2020).

Conclusion

The story of BW5147, an AKR mouse strain-derived thymus
lymphoma, which became—mainly in the form of its TCR-
gene-deficient derivative, BWa-f-, the most widely used
tumor cell partner for the generation of T cell hybridomas,
has been ripe with fascinating discoveries and the occasional
pitfalls. Most likely, the story is not over yet as new modifi-
cations of this fusion-line continue to increase experimental
options and potential applications.
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