
standard microbiological media. Failure of 
the organism to induce proliferation of 
HRT cells at 27°C was probably due to the 
quiescent nature of HRT cells at this tem- 
perature. Interestingly, fungal growth was 
not markedly inhibited and was indepen- 
dent of HRT proliferation. The ability ofR. 
seeben to induce cellular proliferation ap- 
pears to require close contact with actively 
growing organisms and associated mamma- 
lian cells, as empty sporangial shells or orga- 
nisms that attached but failed to grow did 
not induce this response. When cryopre- 
served R. seeberi were placed in culture, both 
fungal development and HRT proliferation 
were delayed by several days in comparison 
with freshly collected organisms (12). This 
delay appeared to be associated with the lag 
in development that followed recovery from 
-70°C storage conditions. Results from Ta- 
ble 1 suggest that a period of development 
or aging (or both) might be required under 
some circumstances before spores are capa- 
ble of further development. This finding 
may help explain why transmission does not 
occur directly between hosts (1). 

Utilization of an in vitro method that 

supports complete development ofR. seeberi 7. 

may facilitate study of its life cycle and assist 
in development of effective pharmacologic 
agents for treatment of this infection. The 
mechanism by which this organism induces 
cellular proliferation may now be investigat- 
ed. 9 

10 
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Human Monoclonals from Antigen-Specific Selection 
of B Lymphocytes and Transformation by EBV 

Hybridoma technology has made it possible to prepare monoclonal antibodies with the 
use of murine lymphocytes. Attempts to extend this technology to the human level, 
however, have met with difficulties. A method has been developed for making human 
monoclonal antibodies of predetermined specificity. Biotinylated antigens (human 
thyroglobulin or tetanus toxoid) were incubated with human B lymphocytes from 
peripheral blood. The lymphocytes to which the antigens bound were selected by 
fluorescence-activated cell sorting. Positively selected (high fluorescence) and negative- 
ly selected (low fluorescence) cells were then transformed with Epstein-Barr v h s  
(EBV) and grown in microculture wells. All wells from the positively selected fraction 
produced antigen-specific antibody (95 to 1800 nanogram-equivalents per milliliter), 
whereas fewer than 6% of the wells from negatively selected fraction made any 
detectable antibody (less than 10 nanogram-equivalents per milliliter). When the 
positively selected EBV-transformed cells were cultured in limiting dilution, clones 
were obtained that made antigen-specific monoclonal antibodies. By this method, 
monoclonal antibodies to both foreign antigens and autoantigens can be prepared 
from the normal human B-cell repertoire. 

I N 1975 K ~ H L E R  AND MILSTEIN DE- 

scribed a method for making antibodies 
in vitro by fusing spleen cells from 

immunized mice with mouse myeloma cells 
( I  ) . The resulting hybridomas produced 
large quantities of antigen-specific monoclo- 
nal antibodies. This technique has revolu- 
tionized immunology and is widely used. 
Attempts to extend this approach to the 

production of human monoclonal antibod- 
ies, however, have met with difficulty for 
several reasons (2-5): (i) the lack of good 
human cells for hsion partners (that is, 
myeloma cells), (ii) the low frequency of 
fusion events (approximately lo-'), and (iii) 
the relative paucity of circulating B cells 
with given specificity in human subjects 
who cannot be actively immunized with 

certain antigens. These factors reduce the 
probability of obtaining cell lines secreting 
antibodies of predetermined specificity. 

We now describe an alternative approach 
for making human monoclonal antibodies. 
It takes advantage of the fact that receptors 
(that is, immunoglobulin molecules) for 
antigens are expressed on the surface of B 
lymphocytes in the normal B-cell repertoire, 
and, thus, B cells capable of making anti- 
body with a desired specificity can be sepa- 
rated from irrelevant B cells by using the 
antigen in question as a probe. In our 
system, purified antigens are biotinylated 
and incubated with B lymphocytes from 
peripheral blood. The B lymphocytes to 
which the antigens bind are selected by 
fluorescence-activated cell sorting (FACS) . 
The sorted cells are then immortalized by 
infection with Epstein-Barr virus (EBV) and 
propagated in culture. Under these condi- 
tions B cells from normal individuals can be 
used to generate clones secreting human 
monoclonal antibodies of selected antigen 
s~ecificitv. 
I 

Experiment 1 was designed to investigate 
the binding of biotinylated ligands to B 
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lymphocytes. The B lymphocytes were puri- 
fied from peripheral blood of healthy sub- 
jects (6). Human thyroglobulin (Tg) was 
purified and biotinylated (7). Human B cells 
were incubated with biotinylated Tg, and 
after being washed they were reacted with 
fluorescein isothiocyanate (F1TC)-avidin 
(8). After a further washing, cells were 
analyzed by FACS. Approximately 7% of 
the cells incubated with biotinylated Tg and 
FITC-avidin displayed a higher degree of 
fluorescence than their counterparts incu- 
bated with FITC-avidin only (Fig. 1A). 

We then isolated the lymphocytes that 
bound the biotinylated Tg. Cells were sort- 
ed, and the positive fraction (high fluores- 
cence intensity) and negative fraction (low 
fluorescence intensity) were collected and 
transformed with Epstein-Barr virus (EBV) 
(9) (Fig. 1) .  These cells were then resus- 
pended and distributed at 4000 cells per 
well in a 96-well, U-bottom culture plate 
containing 5 x lo4 irradiated (2500 rads) 
syngeneic human peripheral blood mononu- 
clear cells as a feeder layer. After 18 days of 
incubation, culture fluids were harvested 
and assessed for antibody content. All 48 
wells from the positively sorted fraction 
produced high concentrations of antibody 

Fig. 1. (A) FACS analysis and sorting of human B 
lymphocytes reacting with biotinylated human 
Tg. B lymphocytes were incubated with biotiny- 
lated Tg, washed, and then reacted with FITC- 
avidin or in a parallel procedure reacted with 
FITC-avidin only (8). Cells incubated with FITC- 
avidin only were analyzed first, and their fluores- 
cence profile was obtained. When Tg-reacted B 
cells were applied to the FACS and analyzed, a 
different fluorescent profile was obtained. Chan- 
nel 90 (relative fluorescence intensity) provided a 
threshold above which the number of cells incu- 
bated with biotinylated Tg and FITC-avidin was 
much higher than that of cells incubated with 
FITC-avidin only; this channel was arbitrarily 
chosen as the cut-off point between "negative" 
and "positive" cells. Lymphocytes incubated with 
biotinylated Tg and FITC-avidin were applied to 
the FACS and sorted. About lo6 B cells with hi h B fluorescence intensity (positive) and about 10 B 
cells with low fluorescence intensity (negative) 
were collected in ice-chilled sterile tubes contain- 
ing fetal bovine serum (FBS). After careful wash- 
ings with warm W M I  1640 medium containing 
10% FBS (FBS-WMI), 5 X lo5 cells from either 
fraction were infected with 5 x lo5 transforming 
units of EBV and then distributed in microcul- 
tures. (B) FACS analysis and sorting of human B 
lymphocytes reacting with biotinylated IT. Hu- 
man B lymphocytes were incubated in ice-cold 
BSA-HBSS containin or not containing biotiny- B lated TT (1.8 x 10- M). Both cell samples were 
then treated with FITC-avidin and applied to the 
FACS under conditions similar to those described 
for (A). Channel 90 was again chosen as the cut- 
off point. After sorting, both positive and nega- 
tive fractions were infected with EBV and distrib- 
uted in cultures as described in (A). (C) EBV- 
transformed cells from clone P16 2A1.3 (5.5.1) 
(Table 1) were incubated with biotinylated Tg 

to Tg (95 to 200 ngeqiml) (Fig. 2A). In 
contrast, only 1 of 48 wells from the nega- 
tively sorted fraction produced any detect- 
able antibody (> lo  ngeqiml). Experiments 
with lymphocytes from three other healthy 
donors yielded similar results. All of the 
antibodies that reacted with Tg were of the 
immunoglobulin M (IgM) class (10, 11). 

To see if the approach used to obtain B 
human lymphocytes that reacted with Tg 
could be applied to other antigens, we ob- 
tained peripheral blood from healthy donors 
who had not recently received a booster 
dose of tetanus toxoid (TT). The B lympho- 
cytes from these donors were incubated with 
biotinylated TT and subsequently with 
FITC-avidin, and finally applied to FACS. 
Approximately 8% of the cells displayed a 
higher degree of fluorescence than their 
counterparts incubated with FITC-avidin 
only (Fig. 1B). The cells were then sorted, 
and the positive and negative fractions were 
transformed with EBV and distributed in 
culture with feeder layers. After 18 days of 
incubation, the culture fluids were harvested 
and analyzed for antibody to TT. All 45 
wells from the positively sorted fraction 
produced high concentrations of antibody 
to IT (100 to 1800 ngeqiml), whereas only 

Relative fluorescence intensity 

and FITC-avidin or with FITC-avidin only under 
experimental conditions similar to those described 
in (A) and then analyzed by flow cytometry. 

3 of 48 wells from the negatively sorted 
fraction produced any detectable antibody 
(> lo  ngeqiml) (Fig. 2B). All of the anti- 
bodies to IT were of the IgM class (1 0, 11 ). 

To see if antigen-selected, EBV-trans- 
formed cell lines would actually secrete 
monoclonal antibodies, we studied Tg-bind- 
ing B cells in greater detail. Cells from the 
positively selected fraction that had been 
transformed with EBV were cloned in limit- 
ing dilutions at ten, five, two, and one cells 

well in the presence of an allogeneic- 
irradiated feeder layer. Over a period of 4 
months, 14 clones were derived from three 
sequential clonings at different numbers of 
cells per well (Table 1). Cell lines generated 
after three cloning steps produced amounts 
of Tg antibody ranging from 62 to 1200 
ngeqiml. All were IgM antibodies with K 

light chains. The flow cytometry profile of 
one of the expanded cell clones (clone P16 
2A1.3) suggested that virtually all cells 
bound Tg (Fig. lC) ,  compared with the 
initial uncloned cell population (Fig. 1A). 

Positive selection of antigen-specific hu- 
man B lymphocytes has been attempted 
previously by using, in particular, erythro- 
cytes coated with selected molecules (12, 
13). Expansion and cloning of B-lympho- 
cyte cultures by infection with EBV to 
produce human antibodies has also been 
Lsed by us and other investigators with 
variable success (3-5, 14, 15). The studies 
reported here show that antigen-specific 
lymphocytes from human peripheral blood 
can be selected by using the appropriate 
biotinylated ligand, FITC-avidin, and fluo- 
rescence-activated cell sorting. The selected 
B cells can be transformed bv EBV. ex~and-  
ed in culture, and cloned t i  yield celi lines 
secreting monoclonal antibodies of prede- 
termined specificity. This approach sedms to 
be applicable to the selection and irnmortal- 
ization of lymphocytes producing antibod- 
ies to a variety of different antigens. In fact, 
we have recently prepared ~ ~ ~ I t r a n s f o r m e d  
B cells secreting antibodies to insulin and P- 
galactosidase in addition to Tg and IT. One 
other advantage of this procedure is that 
biotinylation of even small peptides does not 
usually interfere with their binding activity, 
given-the relatively small size of ;he biotin 
molecule itself (approximately 341 daltons) . 

In our experiments, the clones producing 
antibodies were stable for a n-mber of 
months. Some clones, however, stopped 
producing antibodies or the antibodies they 
made no longer bound to the relevant anti- 
gens. This change may be due to the unsta- 
ble nature of the transformed cells or to a 
high rate of spontaneous mutation of the 
genes coding for the variable portion (anti- 
gen-binding site) of the antibody molecule. 
Repeated cloning of the cells helped to 
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maintain antigen-specific antibody produc- being constituted by lymphocytes bearing 
tion. and capable of producing IgG, IgA, IgE, or 

Most of the clones produced antibodies of IgD. Clones producing IgG antibodies to 
the IgM class. This is not surprising since Tg, however, were generated from peripher- 
IgM-bearing B cells constitute the majority al blood of patients with Hashimoto's thy- 
(>95%) of the circulating B lymphocytes in roiditis (Table l), and clones producing IgG 
normal subjects, with only a minor fraction antibodies to insulin and ?T were generated 

Fig. 2. Detection of Tg- or TT- 200 Tg binding 2000 
[ A  r B 

TT binding 
bindine antibodies in fluids 
from kcrocultures containing - 4' 
selected B lymphocytes infected 
with EBV. Enzyme-linked im- 160 - 
munosorbent assay (ELISA) 
was used for the titration of 
human antibodies to Tg (A) 2 
and TT (B). Polystyrene plates $ 120 
(Immunlon 11, Dynatech, - - nF 
McLean, VA) were coated with 
purified Tg (5 ~ g l m l )  or 'IT (1 5 

T 
O 80 - ~*.g/ml) in the presence of 0. VM g 

carbonate buffer, pH 9.5, dur- $ 
ing a 24-hour incubation period 
at-QC. Plates were stoied at 
-20°C until used. Culture flu- 
ids were incubated in appropri- 
ate antigen-coated plates for 2 
hours at room temperature. Af- o 
ter the plates were washed with P o s i t i v e l y  Negat ive ly  Pos i t ive ly  Negat ive ly  
PBS, Tween-20 (0.05%), aftini- selected selected selected selected 
ty-purified peroxidase-conju- Cells 
gated goat F(abf), fragment to human immunoglobulin was added and allowed to react for 2 hours at 
room temperature. After the plates were again washed, bound enzyme-linked probes were detected by 
using o-phenylenediamine (OPD) and H202 as a substrate. The enzymatic reaction was stopped by 
adding H2SO4 at the appropriate time. Reference binding curves for Tg-binding antibodies and TT- 
binding antibodies were constructed by using human antibodies to Tg and TT derived from Ig fractions 
from patients with Hashimoto's disease and subjects previously vaccinated with 'IT, respectively. The 
specific antibody had been estimated in a precipitation curve with [IZ5I]Tg or [Iz5I]TT labeled by 
chloramine T. Dots represent the concentration of Tg- or 'IT- binding antibodies expressed in 
nanogram-equivalents per milliliter in each of the microculture wells. In both the Tg and T T  binding 
assays, the lower limit of "lineary' detectability was 10 ngeqlml. 

Table 1. Human monoclonal antibodies produced by sequentially cloned B lymphocytes that had been 
positively selected for binding to biotinylated Tg and transformed by EBV. 

Number of 
cells per well in Heavy- Light- Tg-binding 

Clones seauential cloning steos* chain chain activiw 

*Cells per well at which fewer than 20% of the wells contained growin cells Cells were cloned se uentiallv three 
times by limiting dilutions. :Amount of antibodv to Tg roducecfover'a 4-week period in Ae last iloning 
step, $Characterization of antibodies produced by clones ~ $ 3 . 7 ,  P32.10, a P33.15 is included for comparison. 
These clones were derived from two patients with Hashirnoto's disease. 

from peripheral blood of patients with type 
I (insulin-deficient) diabetes and subjects 
recently immunized with ?T, respectively 
(1 6). Thus, the IgM-producing clones from 
nonimmunized subiects seem to remesent 
silent, most likely virgin, B cells present in 
the normal repertoire that can be activated 
in vitro by EBV. In contrast, the IgG- 
producing B cells from patients with auto- 
immune thyroiditis or the IgG-producing B 
cells from subjects recently vaccinated with 
TT probably represent actively secreting 
IgG B cells, memory B cells present in the 
peripheral circulation, or both. 

w e  have shown that a high percentage of 
lymphocytes in the B repertoire of unimmu- 
nized subjects are capable of malung anti- 
bodies that bind to s;lf or nonself antieens. " 
This result may be explained by two facts: 
(i) the relatively large size of the antigens 
used (Tg, 640,000 daltons; IT, 120,000 
da1tons)means that there are a number of 
epitopes on each molecule to which lympho- 
cytes from the B-cell repertoire may react; 
and (ii) it is becoming increasingly clear that 
a single antibody molecule may react with 
more than one epitope, but with different 
affinities (2, 17). Thus, in the selection 
procedure, some lymphocytes might have 
bound the biotinylated antigens at relatively 
low affinity and, in fact,- have a higher 
affinity for other antigens (1 1) .  

The success in making monoclonal anti- 
bodies in mice by hybriaoma technology is 
largely due to the lack of any restriction in 
repeated immunization of animals and the 
ease in obtaining spleen cells. Actively im- 
munizing humans with certain antigens is 
often impossible, as is obtaining human 
spleen cells. Our studies suggest that antigen 
selection and transformation of lymphocytes 
from the normal B-cell repertoire may be an 
alternative way of preparing antibody-pro- 
ducing clones to desired antigens without in 
vivo active immunization. In the case of 
immunized subiects or ~atients with auto- 
immune disease, antigen-specific selection 
and transformation of B lymphocytes with 
EBV might be useful in generating anti- 
body-secreting clones from cells involved in 
the ongoing in vivo immune process. 
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Synchronized Rearrangement of T-cell y and P 
Chain Genes in Fetal Thymocyte Development 

Kinetics of mouse T-cell y gene rearrangements in ontogeny were determined as an 
approach to understanding the possible role of these genes in the development of fetal 
thymocytes. Two of these genes (Cyl and Cy2) rearranged rapidly during days 14 to 
17 of the gestational period in BALBIc mice. Moreover, these rearrangements seemed 
to be tightly synchronized with rearrangements of T-cell receptor f3 chain genes in the 
same cells. It is suggested that the early transcriptional activity of y genes, which 
precedes that of P chain genes, may not reflect the functional activation of these genes. 
Nevertheless, productive and therefore potentially functional y gene rearrangements 
precede surface expression of T-cell receptors in the thymus by 2 to 3 days, which is 
compatible with a role for y gene products in thymocyte development prior to antigen- 
specific stages. 

W HEN A'ITEMPTS WERE BEING 

made to clone the genes of the a 
and @ chains of T-cell receptors 

for antigen, a third, structurally similar 
group of genes was found and designated y 
(1, 2). The organization of these y genes in 
variable (V), joining (J), and constant (C) 
segments placed them within the immuno- 
globulin-like superfamily of cell-surface re- 
ceptor genes. Beyond this, T-cell specific 
rearrangement and expression and high con- 
centrations of y messenger RNA (mRNA) 
in fetal thymus populations at days 14 and 
15 suggested a role for these genes early in 
T-cell development (1, 3-5). At least in 
humans, the protein chains encoded by y 
genes have now been found (6, 7), but their 
possible functions have remained uncertain. 

To help clarif) this issue we have analyzed 

the developmental period in which y genes 
rearrange to form the complete VJC-struc- 
tures that are necessary for function. This 
study was carried out with a large panel of 
mouse fetal thymus hybridomas made by 
fusing thymocytes from fetal mice of differ- 
ent ages to the AKR thymoma, BW5147. 
These hybridomas appear to be repre- 
sentative of the thymocyte populations from 
which they were prepared because, for ex- 
ample, the occurrence of @ gene rearrange- 
ments in the hybridomas correlates well 
with the kinetics of these events in unfrac- 
tionated thymocytes (8, 9). The studies we 
report here allowed us to establish the point 
in fetal life at which y protein might begin 
to function and to correlate this time with 
other events in T-cell differentiation, in par- 
ticular @ chain gene rearrangements (10) 

and intrathymic expression of the a/@ het- 
erodimeric receptor for antigen (11). 

There are at least three highly homolo- 
gous y constant regions in the mouse 
genome (12), located on chromosome 13 
(13). A fourth Cy gene with little homology 
to the others has recently been found (14). 
We have analyzed rearrangements associated 
with the two functional genes of the three 
Cy genes that were first described by Hay- 
day e t  ad. (12). These Cy segments have been 
found on three restriction fragments after 
digestion of germline DNA with the restric- 
tion enzymeEco RI, and have been named 
correspondingly Cy 10.5, Cy 13.4 and Cy 
7.5. In the meantime, a more simple nomen- 
clature has been used by ~everal-~rou~s,  in 
which the four known y constant regions 
have been ' assigned arbitrary numbers. In 
this report we have followed the terminolo- 
gy used recently by Iwamoto e t  al. (14): 
Cy 10.5 = Cyl, Cy 3.4 = Cy2, Cy 7.5 
= Cy3, a nonfunctional gene, and the new y 
constant region = Cy4. - 

Consistent with previous studies we 
found that Cyl and Cy2 were frequently 
rearranged in our hybridomas. However, 
somewhat surprisingly in the view of previ- 
ous examinations of y mRNA levels in early 
fetal thymocytes, we found rearrangements 
involving Cyl and Cy2 to be tightly syn- 
chronized with T-cell receptor @ chain gene 
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