Previous investigators have reported the
potentiating effect of IdU and its analog 5-
bromodeoxyuridine (BrdU) on viruses
with distinctive modes of replication such
as the induction of type C viruses (/0), X
prophage (11), SV40 (12), and Epstein-
Barr virus (13); potentiation of adenovirus
replication in normally restrictive cell
types (2); and the enhancement of the nor-
mally inefficient multiplication of CMV in
human fibroblasts (/). The previously stud-
ied viruses have been DNA viruses or vi-
ruses with a DNA dependent mode of rep-
lication. Some of the viruses used in our
study contain RNA, and all four viruses
apparently replicate independently of
DNA synthesis and nuclear control (3),
and are considered to multiply in an un-
restricted fashion.

Currently the mechanism (or mecha-
nisms) of IdU enhancement of the repli-
cation of RNA and DNA viruses with a
cytoplasmic mode of synthesis is specula-
tive. The diverse phenotypic changes pro-
duced by IdU, and BrdU (14), favors the
existence of multiple mechanisms of viral
enhancement. The demonstration of virus
susceptibility to IdU potentiation in non-
restrictive cell types also should facili-
tate subsequent investigation of the general
phenomenon of enhancement of viral repli-
cation by this agent, and suggests that the
prior treatment of cells with the haloge-
nated pyrimidines also may be applied to
isolation, identification, and propagation
of viruses.

JoN A. GREEN
SAMUEL BARON
Laboratory of Viral Diseases, National
Institute of Allergy and Infectious
Diseases, Bethesda, Maryland 20014
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Thymus: Central Role in the Inmune System of the Frog

Abstract. In the leopard frog (Rana pipiens), the thymus profoundly influences immu-
nologic development by providing virtually all the progenitor lymphocytic cells for the
bone marrow and other peripheral lymphoid organs. The thymus houses a self-perpetu-
ating population of lymphopoietic cells that originally self-differentiated in that gland.

A widely held view is that the developing
sites of lymphopoiesis in amniote verte-
brates depend on colonization by circulat-
ing stem cells that originate in the yolk-sac
blood islands (/). Lymphocytes of the
thymus are thought to be derived from
blood-borne mesenchymal precursor cells
that enter the avian (or mammalian) thy-
mic rudiment at an early stage of devel-
opment. Likewise, lymphopoietic cells in
the bone marrow apparently trace their
origin to invading lymphoid stem cells de-
rived from the yolk sac. It is difficult to be-
lieve that there can be a fundamental dif-
ference between the origin of lymphocytes
in the amphibian and the chick (or mouse),
but our experiments show persuasively
that the lymphoid cells of both the thymus
and bone marrow in the anuran frog (Rana
pipiens) are not ontogenically derived from
mesenchymal cells of the ventral blood is-
lands (the counterpart of yolk-sac blood is-
lands in amniotes). We established earlier
(2) that thymic lymphocytes of the frog
arise by direct transformation of the epi-
thelial cells in the thymic rudiment itself.
We now reinforce our previous finding
with a new experimental approach and al-
so show that lymphopoietic cells of the
bone marrow, spleen, and kidney are
specifically the progeny of immigrants
from the thymus gland.

Our evidence is based on the interplay of
the thymus and peripheral lymphoid or-
gans in experimentally produced chimeric
frogs. One of the boldest microsurgical
procedures, dating back to the beginnings
of experimental embryology (3), consists
of cutting two embryos in half transversely
and then interchanging the front halves.
Anterior and posterior halves of different
embryos can be united without flaw, and
such a chimeric embryo can develop into a
frog of normal form. Moreover, an em-
bryo of triploid constitution (3n = 39),
produced by pressure shock (4), can be
combined with a diploid embryo (2n = 26).
The use of chromosomally marked em-
bryonic halves permits an analysis of the
extent to which the histogenesis of organs
in each half is influenced by cells migrating
from one half to the other.

The operations were performed under
sterile conditions on 3-mm embryos in the
tail-bud stage of development (5). At this
very early developmental period, 72 hours
after fertilization, the embryo is complete-
ly avascular, and the thymus gland is
wholly undifferentiated, existing only as an

endodermal rudiment in the internal gill
arch region. The operative mortality was
very high, as might be expected from so
delicate a surgical manipulation. When,
however, anterior and posterior embryonic
halves were perfectly aligned (Fig. 1A),
only a seamlike line along the united mar-
gins was subsequently in evidence (Fig.
1B). In later development, frogs of chimer-
ic origin were indistinguishable from nor-
mal (unoperated) frogs in general body
form (Fig. 1C). There were no immuno-
logic incompatibilities between tissues
6).

We were successful in rearing five chi-
meric larvae through the metamorphic cli-
max when endochondral ossification oc-
curs and bone marrow differentiates. Each
of the five chimeric frogs was diploid ante-
riorly and triploid posteriorly. In post-
metamorphic (terrestrial) life, the ploidy of
the cells of the thymus, spleen, kidney, and
bone marrow (of the humerus and femur)
was determined in each chimeric frog. This
was accomplished by making cell suspen-
sions from these organs, staining them for
DNA with the Feulgen reaction, and then
determining the relative absorption of indi-
vidually stained nuclei with a scanning in-
tegrating microdensitometer (type GN-2,
Barr and Stroud) (7). Since the amount of
stain absorbed by any given nucleus is pro-
portional to its DNA content, measure-
ments of the light absorbed by the stain re-
flected the DNA content (that is, ploidy) of
that nucleus. '

Bar diagrams (Fig. 2) show the per-
centages of diploid and triploid cells in the
anteriorly located thymus gland and bone
marrow of the humerus, and the posterior-
ly located spleen, kidney, and bone mar-
row of the femur. Both thymus glands were
almost exclusively diploid; that is, at least
95 percent of the cells of each thymus de-
veloped in accord with the constitutional
disposition of the diploid anterior half of
the embryo. Evidently, thymic lympho-
cytes are derived from indigenous cells of
the embryonic thymus primordium of the
gill arch region. Any contribution of mes-
enchymal cells, or hemocytoblasts, from
the ventral blood islands to the developing
thymus was apparently minimal.

The ventral blood islands of the embryo
are patches of splanchnic mesoderm that
envelop the yolk mass. These vascular
patches occupy the area immediately cau-
dal to the primitive heart and extend pos-
teriorly as far as the cloacal region. Ac-
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cordingly, the ventral blood islands of a
chimeric embryo would be constituted of
both diploid and triploid hemocytoblasts.
If stem cells from the blood islands were to
invade the developing thymus, we should
expect to find a fairly representative popu-
lation of triploid cells in the thymus gland.
This expectation was not realized. To sus-
tain the notion that the ventral blood is-
lands do make a cellular contribution to
the thymus, we would have to postulate a
selective migration of blood-borne mes-
enchymal elements strongly in favor of
diploid cells.

The possibility of selective migration of
blood-island cells is discounted by the
chromosomal makeup of the cells of the
bone marrow and spleen (Fig. 2). Although
the posteriorly located femur and spleen
developed in a constitutional milieu that
was triploid (including the ventral blood is-
lands), the cells of the femoral bone mar-
row and spleen were predominantly dip-
loid. Specifically, 80 percent or more of
the cells in the spleen and bone marrow of
the femur were diploid in constitution.

There is little doubt that the spleen and
bone marrow of the femur are colonized
extensively by diploid cells from the ante-
riorly located thymus (8). The thymus ap-
parently is also the source of the large dip-
loid component in the bone marrow of the
humerus.

The kidney is an important site of
erythropoiesis in anurans, and erythroid
elements in this organ outnumber lymph-
oid elements by a ratio of at least three to
one (9). It is of particular interest, then,
that the incidence of diploid cells (of
thymus origin) in the kidneys of chimeric
frogs ranged from 16 to 25 percent (Fig.
2). It is likely that the primary contribu-
tion of the ventral blood islands was to
the erythroid population of the kidney (and
other peripheral tissues). Indeed, one of the
first attempts at an experimental analysis
of the blood islands in amphibians was
made by Federici (10), who removed the
primitive blood islands from embryos of
Rana fusca before the circulation of the
blood was established. The larvae which
developed after this operation were found

Fig. 1 (left). Stages of development of a chimeric frog (diploid anteriorly
and triploid posteriorly). (A) One-half hour after operation. Some yolk 4%
cells are unavoidably extruded, but healing is faultless in favorable cases.
(B) Embryonic period. The seamlike line along the united margins is

to be devoid of erythrocytes. The results
were so striking that Goss (/1) repeated
the experiment on embryos of the axolotl
Ambystoma punctatum. After the opera-
tion, the red blood cells of the axolotl were
always reduced in number and sometimes
were entirely absent. These results indicate
that the ventral blood islands of amphibi-
ans contain the specific primordia of red
blood cells. Our study points to the same
conclusion (12). ,
In the early life of mammals, the thymus
is a prominent source of circulating small
lymphocytes. In later development, how-
ever, the bone marrow has been implicated
as the principal contributor of lympho-
cytes or their precursors. One current view
(13) holds that there is an inadequate resi-
dent population of progenitor lymphoid
cells in the mammalian thymus in post-
natal life, and that the postnatal thymus is
continuously replenished by immigrant
stem cells derived from the bone marrow.
Under this view, lymphoid stem cells in the
thymus are ultimately of bone-marrow ori-
gin. However, clear evidence for the ex-
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barely perceptible. (C) Postmetamorphosis. The anterior half was typically derived from an embryo of a nonspotted frog (dominant mutant of the wild-
type leopard-spotted frog) so that an observer would experience no difficulty in distinguishing the two halves of the postmetamorphic chimeric frog.
Fig. 2 (right). Percentages of diploid and triploid cells as determined cytophotometrically in several different tissues of five experimentally produced chi-
meric frogs (A through E). In each chimeric animal, the anteriorly located diploid thymus is the source of the large diploid component of the rear (thigh)
bone and spleen, both of which are located in the posterior triploid half of the chimera.
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haustion and extensive replacement of
thymus stem cells in mammals is wanting
(14). Our position is that the thymus, at
least in the frog, is an organ in which lym-
phopoiesis is genuinely self-sustaining. The
thymus is the stem cell source of the di-
verse populations of peripheral antigen-re-
active lymphocytes (T and B cells). Given
the initially large indigenous population of
stem cells in the developing thymus, there
is no compelling reason to suppose that the
functional thymus loses its reserve of un-
differentiated, or immature, lymphoid
cells. We suggest, therefore, that there is a
self-perpetuating population of lymphoid
stem cells in the intact thymus, and that
such a resident population is neither re-
plenished nor replaced by immigrant stem
cells from the bone marrow. The impor-
tant implication is that normal thymic in-
volution in aging frogs is associated with a
progressive impairment of the capacity to
mount immune responses.
E. PETER VOLPE
JAMES B. TURPEN
Department of Biology, Tulane
University, New Orleans, Louisiana 70118
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Neisseria gonorrhoeae and Neisseria meningitidis:

Extracellular Enzyme Cleaves Human Immunoglobulin A

Abstract. The gonococcus and meningococcus, which infect human mucosal sugfaces,
elaborate a highly specific proteolytic enzyme which cleaves the immunoglobulin A1 sub-
class of the principal mucosal antibody, immunoglobulin A (IgA). The susceptible Pro-
Thr bond lies in a unique region of the IgA heavy chain; the IgA2 subclass, lacking this

peptide bond, is enzyme resistant.

Neisseria gonorrhoeae and Neisseria
meningitidis are gram-negative diplococci
that are strictly pathogenic for human
beings in whom they cause gonorrhea and
meningitis, respectively. In the initial
stages of infection these microorganisms
colonize mucosal surfaces and penetrate
the epithelial membrane. In human beings
the mucosal surfaces lining the respiratory,
alimentary, and urogenital tracts have an
elaborate immune system characterized by
the secretion of antibody of the immuno-
globulin A (IgA) class (7). Secretory IgA is
synthesized by immunocompetent cells
lying in the lamina propria of the mucosa
beneath the epithelium, and these cells re-
spond with antibody production to many
microbial and macromolecular antigens
present at the mucosal surface (I). The sit-
uation following gonorrheal infection is
somewhat paradoxical, however, for al-
though antigonococcal antibody of the se-
cretory IgA type appears in the urethral
secretions of patients recovering from in-
fection, reinfection with the gonococcus
may occur despite this seemingly adequate
immunologic response (2). We report here
that clinical isolates of N. gonorrhoeae and
four groups of N. meningitidis grown in in
vitro culture elaborate extracellular, highly
specific, proteolytic enzymes that cleave
human serum and secretory IgA to yield
Fca and Faba fragments. This appears to
be the first identification of extracellular
enzymes from the pathogenic Neisseria,
and their specificity for human IgA sug-
gests that they may play a role in neisserial
infections.

Iga

IgA
digest
-GC

Fig. 1. Cleavage of human IgA1 myeloma pro-
tein by immunoglobulin A (IgA) protease from
Neisseria gonorrhoeae (immunoelectropho-
resis). The top well contains the purified, intact
IgA; the bottom well shows the same protein
following exposure to gonococcal enzyme (GC)
for 6 hours at 37°C. The antiserum in the trough
is unabsorbed goat antiserum to human IgA.
The arrow indicates the Fca fragment, which
shows a precipitin reaction of immunologic non-
identity with the other fragment, Faba. The an-
ode is to the right.

Clinical isolates of N. gonorrhoeae (Kel-
logg colony types I, 2, 3, and 4) and N. -
meningitidis (groups A, B, C, and Y) were
examined for enzyme production. The or-
ganisms were inoculated into Difco GC
base supplemented with Isovitalex (BBL,
Cockeysville, Md.) and incubated, with
gentle swirling, for 24 hours at 37°C- under
an atmosphere of expired air introduced by
blowing through a sterile pipette plugged
with cotton. The culture was centrifuged,
the bacterial mass discarded, and proteins
precipitated from the clarified supernatant
by the addition of solid ammonium sulfate
to a final concentration of 60 percent. The
precipitate from 100 ml of supernatant was
resuspended in 4 or 5 ml of phosphate buf-
fer (pH 7.5, 0.05M), dialyzed against the
same buffer, and examined for enzyme ac-
tivity by incubation at 37°C with human
IgA myeloma proteins at a concentration
of 10 mg/ml in phosphate buffer. Serum
IgA protein substrates of both subclasses,
IgAl and IgA2, were isolated from the
plasma of patients with multiple myeloma,
and colostral secretory IgA was isolated
from human milk obtained 1 month post-
partum (3). Proteolytic cleavage of IgA
was detected by cellulose acetate elec-
trophoresis, immunoelectrophoresis in
which rabbit antiserums of known specific-
ity were used, and by disc gel elec-
trophoresis in 5 percent polyacrylamide
gels, pH 9.5; these methods have been de-
scribed previously in detail (4). Bacterial
culture medium that had been incubated
without the addition of bacterial inoculum
was similarly treated to serve as a control.

Culture filtrates of the four colony types
of N. gonorrhoeae and all four groups of
N. meningitidis contained enzyme that
rapidly cleaved all six human myeloma
IgA proteins of the IgA1 subclass to yield
two large fragments; a typical digest exam-
ined by electrophoresis is shown in Fig. 1.
The IgA fragments were identified as Faba
and Fca by criteria previously outlined (4,
5), including electrophoretic mobility, re-
activity with antiserums specific for light
or heavy chains, and approximate molecu-
lar weight as determined by molecular
sieve chromatography. Neither the gono-
coccal nor meningococcal enzymes were
able to cleave any of a group of four hu-
man myeloma proteins of the IgA2 sub-
class. In addition, the enzymes could not
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