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ABSTRACT Histamine was detected at levels of 100 ng/106
cells in the metachromatic granules ofthe persisting (P) cell, which
appears in cultures of murine lymphoid or bone marrow cells and
is capable of long-term growth in vitro in the presence of a T cell-
derived growth factor. This factor, which we termed P-cell stimu-
lating factor, was distinct from T-cell growth factor and had an ap-
parent molecular weight of 25,000-30,000. P cells did not origi-
nate from Thy. 1-positive cells nor was the thymus necessary for
the development of their precursors. Moreover, P cells grew di-
rectly from colonies generated in agar cultures of bone marrow
cells, the nature ofthe colonies indicating that P cells shared a com-
mon precursor with hemopoietic cells. Mutant Wi/Wf mice, al-
though deficient in certain mast cells, possessed P-cell precursors.
It is hypothesized that P cells are related to a specialized subset of
mast cells, derived from a bone marrow progenitor but regulated
by activated T cells.

Two classes of cells are characterized by metachromatically
staining cytoplasmic granules containing, among other sub-
stances, histamine. These cells, mast cells and basophils, act as
effector cells in antibody-mediated (1) and T cell-mediated (2)
hypersensitivity reactions. Burnet has suggested that at least
some mast cells are postmitotic derivatives ofT lymphocytes (3,
4), basing this proposal on his observation of the large numbers
ofmast cells in the thymus ofcertain mice (4) and, subsequently,
upon observations including the growth of mast cells in tissue
cultures of thymus cells (5, 6) and the failure of congenitally
athymic (nu/nu) mice to respond to intestinal parasites with a
local mastocytosis (7). Furthermore, it has been claimed that T
cells are the precursors of the mast cells in the gut mucosa (8).

Here we demonstrate that cells that are capable of prolonged
clonal growth in vitro in the presence of a T cell-derived factor
and which we have termed persisting (P) cells (9, 10) contain
histamine localized in large granules that resemble those of mast
cells. These mast cell-like cells are generated from a bone mar-
row-derived progenitor common to other hemopoietic cells and
not from T cells, but are regulated by a T cell-derived factor.

MATERIALS AND METHODS
Cell Culture. P cells were generated by culturing murine

spleen cells, depleted of T cells with a monoclonal anti-Thy. 1
antibody and complement, for 4 weeks at 105 cells per ml in
Dulbecco's modified Eagle's medium supplemented with 2-
mercaptoethanol (50 AiM), asparagine (0. 1 mM), glutamine (2.8
mM), and fetal calf serum (10%, vol/vol), together with me-
dium conditioned by concanavalin A-stimulated spleen cells
(CAS) (3%, vo/vol). For colony growth, medium was supple-

mented with 0.3% Bacto-Agar (Difco) and CAS (10%). Long-
term bone marrow cultures (11) were set up as described (12),
but with fetal calf, not horse, serum.

Preparation and Assay of Growth Factors. CAS was pre-
pared by concentration (lox) of supernatants of 24-hr cultures
of CBA spleen cells (5 X 106/ml) in modified Eagle's medium
supplemented with 2.5 ,ug of concanavalin A per ml (Pharma-
cia). Supernatants of T-cell hybridoma 123 were prepared as
described (13). T-cell growth factor (TCGF) or P-cell stimulating
factor (PSF) was assayed by adding 10 p.l of either concanavalin
A-activated T-cell blasts (2 X 104/ml) or P cells (5 X 103/ml)
to 2-,1u test samples in the wells of a Terasaki plate and scoring
T- or P-cell growth visually at day 3 or 7, respectively.

Histamine Assays. Cells were suspended in 0.1 ml of phos-
phate-buffered saline and boiled for 10 min. Histamine was
isolated and assayed spectrophotofluorometrically (14). The
procedure was highly selective and sensitive for histamine.
Large concentrations of L-histidine, spermidine, serotonin,
carnosine, histidyl-L-histidine, and arginine produced negligi-
ble fluorescence, whereas 1 ng of histamine per ml gave levels
of fluorescence twice that of the blank.

RESULTS
Previously we described the P cell as a cell that grew in vitro
for periods exceeding 100 days when spleen, thymus, lymph
node, or bone marrow cells from a variety of mouse strains were
cultured with CAS (9, 10). P cells grew only if CAS were pres-
ent, had a doubling time of approximately 36 hr, and could be
cloned by agar or limit-dilution techniques. The extensive pro-
liferative capacity of P-cell cultures in which all cells had the
typical granulated morphology described below, the observa-
tion of mitoses in granulated cells, and the relatively high clon-
ing efficiency of P cells in liquid or agar (10%) all suggested that
P cells were self-renewing cells. P cells lacked lymphoid mark-
ers, being negative for Ig, Thy. 1, Lyt. 1, and Lyt.2 antigens, and
were nonadherent and nonphagocytic, but had Fc receptors and
H-2 and Ia antigens (9, 10).
A striking feature of P cells was the presence of coarse cy-

toplasmic granules that were water soluble and stained me-
tachromatically with Toluidine blue; these are also character-
istics of mast cell granules, as first described by Ehrlich (15).
Astra blue, which stains mucopolysaccharides and has a specific
affinity for mast cell granules (16, 17), stained the granules in
P cells bright blue (Figs. 3-5).

Abbreviations: CAS, medium conditioned by concanavalin A-stimu-
lated spleen cells; CFU-s, splenic colony-forming unit; CSF, colony-
stimulating factor; P cell, persisting cell; PSF, P-cell stimulating factor;
TCGF, T-cell growth factor.

323

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



324 Cell Biology: Schrader et al.

a .
'% J

b

C

FIG. 1. (a) Fluorescence micrograph of a P cell cytocentrifuged and
stained with o-phthaldialdehyde. (x2300.) (b) Detail of an electron
micrograph of a P cell. (x25,600.)

P Cells Contain Histamine. We detected histamine in P
cells, by using a sensitive and selective method (14), at levels of
24-210 ng/10' cells. The level of histamine measured by this
technique in a population of resident peritoneal cells from
(C57B1/6 x DBA/2)F1 hybrid mice was 330 ng/106 cells, corre-
sponding to a level of7 tug/106 of the mast cells present.

P-Cell Histamine Is Localized Within Granules. The char-
acteristic granules of mast cells and basophils are storage sites
for histamine. To determine whether P-cell granules also con-
tained histamine, we used o-phthaldialdehyde to identify and
localize histamine within P cells by fluorescence (18). As shown
in Fig. la, the P-cell granules fluoresced brightly. Control cells
(T-cell hybridoma 123 and nonmast cells present in resident
peritoneal cell populations) had only a pale blue fluorescence,
whereas mast-cell granules fluoresced bright yellow.

Electron Microscopy. The most prominent features in elec-
tron micrographs ofP cells were the large electron-dense gran-
ules, resembling those ofmast cells (Fig. lb). In some cases, the
electron-dense material appeared to be made up of an aggrega-
tion ofsmaller granules (Fig. lb). Sometimes almost empty vac-
uoles containing only a few of the smaller granules were seen.
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FIG. 2. Gel filtration on Sephadex G-75 of medium conditioned by
concanavalin A-stimulated T-cell hybridoma 123 cells. PSF and TCGF
were assayed as described. The molecular weight markers were bovine
serum albumin (BSA), ovalbumin (Ova), a-chymotrypsinogen (a-
Chym), and ribonuclease (Ribo). e, T cells; x, P cells.

FIG. 3. (a) Cytocentrifuge preparation of P cells grown from bone
marrow that had been treated with anti-Thy.1 monoclonal antibodies
plus complement. (May-Grtinwald-Giemsa stain; x 1200.) (b-d) Cells
from long-term (8-week) cultures of (CBA x BALB/c)F1 hybrid bone
marrow. (b: Astra blue, x 1200; c: May-Gnrnwald-Giemsa stain,
x 1200; d: o-phthaldialdehyde, x 1500.)

A Specific T Cell-Derived Factor Supports P-Cell
Growth. Medium conditioned by concanavalin A-stimulated T-
cell hybridoma 123 supported P-cell growth (9, 10), indicating
that the relevant factor was produced by the T cell. Because
both this T-cell hybridoma-conditioned medium (9) and CAS
contain TCGF (19) and there is a suggestion that mast cells
might arise from T cells, it was important to determine whether
TCGF was the factor required for P-cell growth. Gel filtration
experiments established that the T-cell and P-cell growth-sup-
porting activities were due to different molecules: the apparent
molecular weight ofthe TCGF produced by hybridoma 123 was
35,000-40,000, whereas that of the factor stimulating P-cell
growth (PSF) was 25,000-30,000 (Fig. 2).

P-Cell Precursors Are Not T Cells. Astra blue-positive cells
resembling P cells were not detected in smears of spleen, thy-
mus, or bone marrow cells, all sources of P cells, suggesting that
P cells generated in vitro were derived from a precursor cell.
One possibility was that this precursor was a T cell, but two
pieces of evidence suggested that this was not so. First, P cells
could be grown from spleen or bone marrow cells that had been
treated with anti-Thy. 1 antibody plus complement to remove
T cells (Fig. 3a). Second, P cells could be grown from cultures
of bone marrow from congenitally athymic (nu/nu) mice, show-
ing that the presence of the thymus was not necessary for the
development of P-cell precursors.

Lack of Obligatory Role for T Cells in P-Cell Produc-
tion. Long-term bone marrow cultures (11) contained cells re-
sembling P cells or mast cells; they had cytoplasmic granules
that stained bright blue with Astra blue (Fig. 3b) and darkly
with May-Grunwald-Giemsa stain (Fig. 3c) and fluoresced
bright yellow with o-phthaldialdehyde (Fig. 3d). The frequency
of such cells was about 1%, but rose rapidly when nonadherent
cells from long-term bone marrow cultures were subcultured
with CAS. By 3 weeks, an apparently homogeneous population
of continuously growing P cells had developed. Although long-
term bone marrow cultures contain small numbers of Thy. 1-
positive cells [<1% (9)], there was no deliberate addition of T-
cell mitogens to the system and, thus, we would not expect the
production of PSF. Indeed, medium conditioned by these long-
term bone marrow cultures was not able to support P-cell
growth or survival. Thus, it appears that PSF is not required
for the in vitro survival and production of P cells under all con-
ditions, but acts rather as a regulator of P-cell growth.

Proc. Natl. Acad. Sci. USA 78 (1981)
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FIG. 4. (a and b) Astra blue-positive cells from agar colonies. (c-e)
P cells from cultures derived from three individual agar colonies and
stained with May-Grunwald-Giemsa stain (c and e) or Astra blue (d).

(f) Colony-derived P cell stained by indirect immunofluorescence with
ATH anti-ATL antiserum. (g and i) Smears of cells in two 13-day col-
onies stained with May-Grinwald-Giemsa stain. (h andj) Cells grown
from the corresponding colonies (see g and i) at day 20. (x 1200.)

P Cells Can Be Directly Derived from Myeloid Cell-Con-
taimnog Bone Marrow Colonies in Agar. We, like others (17),
did not detect Astra blue-positive cells in bone marrow. How-
ever, when bone marrow cells were cultured with CAS, P cells
appeared, forming 2% of the population after 4 days and more

than 95% after 3 weeks, although splenic colony-forming units
(CFU-s) (20) persisted for at least 4 weeks. P cells continued to
grow for 3 months or more. To identify the precursor ofthese P
cells and to determine whether this cell also gave rise to other
cell types, we cultured bone marrow cells with CAS in agar so

that cell growth occurred in colonies.
When CBA bone marrow was cultured in agar with CAS, at

day 7 about 60% of the colonies contained granulocytes or mac-

rophages (or both) and up to 40% contained megakaryocytes.
However, many cells, particularly in the largest colonies, were

relatively undifferentiated; possibly these had differentiative
capacities that were not fully expressed under the culture con-

ditions used. At 2 weeks, a high percentage of these colonies (15
out of 25; 40 out of 56) contained cells resembling P cells (Fig. 4
a, b, and g). The granules in these cells stained brightly with
Astra blue (Fig. 4 a, and b), like those of P cells or mast cells.
Although macrophages appeared to be readily distinguishable

Table 1. Generation of cultures of P cells from individual colonies
of bone marrow cells in agar

No. of subcultures with
Agar colonies* P cells at succeeding weeks

Group Day n 3 5 6 7 8 9 10
it 17 20 20 10 3 1 0
2 11 9 9 8 2 1 1
3 9 48 12 4 2 2
4 13 20 3 3 1
5 13 9 5 5 4
6 13 7 5 3
7 13 23 6 6 5

Bone marrow cells (106) from normal CBA mice, mice treated 1 day
before with 5-fluorouracil (5 mg intravenously) (group 5), or normal
(C57B1/6 x DBA/2)F1 hybrid mice (group 7) were cultured in agar
with CAS or supernatant of hybridoma 123 (group 6). Groups of the
indicated numbers (n) of individual colonies were transferred on the
day shown to 0.2-ml liquid cultures. Each week, growing cells were
passaged, smeared, and stained to identify P cells.

tMicrobial contamination in group 1 ended six cultures during week 6
and one culture during week 9.

from these cells (either not staining or having smaller granules
that stained only weakly), it is unwise to identify cells grown in
a polysaccharide matrix ofagar on the basis ofcytoplasmic struc-
tures containing polysaccharides.

Therefore, individual large colonies were transferred to liq-
uid cultures (0.2 ml) containing medium plus CAS. At weekly
intervals, the liquid cultures were assessed for growth and the
cells were passaged in 1- to 10-ml cultures, depending on the
growth rate of individual cultures. The dominant cells in cyto-
centrifuged samples of the growing cultures were P cells. In a
minority ofearly cultures (eight ofthose in groups 4-7, Table 1),
10% or less ofthe cells were polymorphs, but these did not per-
sist beyond 4 weeks. Sometimes early cultures contained, in ad-
dition to P cells, unidentifiable, undifferentiated cells which
did not persist. The P cells derived from bone marrow colonies
had a typical appearance (Fig. 4 c-e), and the granules stained
with Toluidine blue, Astra blue (Fig. 4d), and o-phthaldialde-
hyde. Cells derived from a culture of a CBA bone marrow col-
ony bound ATH anti-ATL antiserum (Fig. 4f), indicating the
presence of Ia antigens, as detected on P cells derived from
spleen.

As shown in Table 1, P cells grew from a significant but vari-
able proportion of the colonies, the variability perhaps reflect-
ing differences in the periods of culture in agar and in the con-
ditioned media used. The P cells derived from agar colonies
showed considerable heterogeneity in their capacity for contin-
ued growth; the total number of P cells produced per colony
ranged from thousands to millions. Only a minority of the cul-
tures grew for more than a month, but three cultures have been
monitored for more than 10 weeks and a fourth culture was lost
through contamination during week 9. Further experience is
needed before a reliable estimate of the self-renewal capacity of
these cultures can be made.

Given that more than 90% of the colonies at day 7 contain
cells classifiable as granulocytes, macrophages, or megakary-
ocytes, these results suggest that the P cells were generated
from a cell with the capacity to produce other cell types. In four
ofthe groups shown in Table 1 (groups 4-7), only halfofthe col-
ony was transferred to a secondary culture; the other half was
cytocentrifuged and stained with May-Grunwald-Giemsa
stain. In a large proportion of these day 13 colonies (47%, 78%,
100%, and 90% in groups 4-7; Table 1), 50-O00% of the cells
resembled P cells (Fig. 4g); the remainder were blasts or im-
mature myeloid cells. The other colonies contained megakary-
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Table 2. Cultures derived from single agar colonies may contain
both P cells and CFU-s

Cell Mean CFU-s/mouse
Exp.* Day dose Controlst Injected

1 38 5 x 104 0 5.5,0.6,3.7,0
2 17 103-104 0.14 1, 2, 0.5, 1.5, 1, 0, 1
2 31 103-104 2, 0, 1.5, 0.5, 0

* Cells from selected rapidly growing cultures containing 5 x 104-5
x 105 cells were injected at the indicated day into two to four lethally
irradiated (850 rad) syngeneic mice and CFU-s were counted at day
9. Four cultures were tested in Exp. 1, and a total of 12 in two groups
in Exp. 2.

t Background colonies were determined in four and seven control, un-
injected, irradiated mice in Exps. 1 and 2, respectively.

ocytes or, rarely, macrophages, and these did not appear to gen-
erate growing cells in the secondary cultures. Polymorphs were
detected at day 21 among P cells in eight of the cultures in
groups 5 and 6 (Fig. 4j). The multipotential nature of some of
the colony-forming cells that ultimately gave rise to P cells was
most strikingly shown in experiments in which we injected cells
from the most rapidly growing cultures into irradiated mice and
detected a low frequency (0. 1-1/103 cells) of CFU-s (Table 2).

Relationship ofP Cells to Mast Cells. The extensive self-re-
newal capacity ofthe P cell suggested that it might be a precur-
sor of mast cells. In this respect, the W mutation is of interest
because W/WV mice are grossly deficient in mast cells, a defi-
ciency that can be rectified by a bone marrow graft (21). Other
hematological defects in W/W mice seem to reflect deficiencies
in stem cells (22) or in a Thy. 1-positive cell (23), and the lack of
mast cells in the W/WV mouse may reflect a deficiency in either
a precursor cell or a regulatory molecule. We did not detect
mast cells in the peritoneal cavity or mesentery of (C57B1/6 X
DBA/2)F1 hybrid WfiWf mice. However, typical P cells, with
the characteristic in vitro growth properties, histamine content,
and cytological features, were generated from Wf/Wf spleen or
bone marrow (Fig. 5). The normal kinetics of appearance of P
cells in Wf/Wf bone marrow cultures suggested that there was
no quantitative deficiency in P-cell precursors in Wf/Wf bone
marrow, as is the case with committed granulocyte/macro-

phage progenitor cells (24). Furthermore, Wf/WfT cells were
able to generate PSF. It is possible that Wf/Wf mice have a
qualitative or quantitative defect in P-cell precursors that was
not apparent in our experiments; alternatively, the P cell may
not be directly related to those mast cells absent in wf/Wf
mice.

DISCUSSION
Histamine. The amounts of histamine in P cells were 100

ng/106 cells and were less than those estimated for peritoneal
mast cells (7 jLg/106 cells). This difference is consistent with the
difference in the number of granules in P cells and peritoneal
mast cells. There is, however, considerable heterogeneity in the
degree of granulation in cultures of P cells, and even in cloned
lines a significant proportion of P cells contain so many granules
that they closely resemble mast cells. The presence of feeder
layers (7) and activated T cells (6) appears to increase the his-
tamine content of cultured mast cells.
The important feature of P cells is that they appear to store

histamine in specialized granules that have the same affinity for
dyes such as Toluidine blue or Astra blue as have the granules
of mast cells or basophils. Presumably, the granules contain
similar acid mucopolysaccharides. Various cells may make, but
not store, histamine (25). The bone marrow has very high levels
of the histamine-generating enzyme histidine decarboxylase
(25). Cytochemical studies suggest that histamine occurs in im-
mature granulocytic cells in normal bone marrow and in mature
granulocytes in chronic myeloid leukemia (26). However, de-
finitive conclusions about the presence of histamine in a given
cell require the purification of that cell and the isolation and
quantitation of histamine by a specific assay, as reported here
for the P cell. It is possible that histamine-storing cells such as
P cells may have some role in growth regulation inasmuch as
CFU-s (27) and some T cells have histamine receptors (28, 29).
PSF and Regulation of P Cells. We have shown that the T

cell-derived PSF has an apparent molecular weight of
25,000-30,000 and is distinct from TCGF (Fig. 2). PSF has
been completely separated from TCGF by hydrophobic chro-
matography (not shown). With regard to the relationship of PSF
to the T cell-derived CSFs (30), at least one T cell-derived CSF
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FIG. 5. (a-c) P cells, derived from Wf/Wf mice, stained with May-Grunwald-Giemsa stain (a), Astra blue (b), and Toluidine blue (c). (d) P cells
from control cultures of wild-type bone marrow stained with May-Grunwald-Giemsa stain. (x850.)
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does not affect P cells inasmuch as another T-cell hybridoma,
T19. 1, produces a granulocyte/macrophage CSF but not PSF.
Two non-T cell-derived CSFs, from mouse lung (30) or L cells
(31), had no effect on P cells (ref. 32 and unpublished
observations).
The presence of PSF was not obligatory for the production

of histamine-storing cells; they were generated in the absence
of PSF in long-term bone marrow cultures (Fig. 3 b-d) al-
though, when cells from these long-term cultures were cultured
with PSF, P-cell numbers rapidly increased. This situation, in
which the T cell-derived PSF regulates but is apparently not
essential for the production of P cells, parallels obsorvations on
erythrocyte and eosinophil production. Although regulated by
T cell-dependent CSFs, erythrocyte and eosinophil production
occurs at normal basal levels in congenitally athymic (nu/nu)
mice (24, 30).

Origin of P Cells and Their Relationship to Mast Cells. P
cells were not derived from thymus-processed Thy. 1-positive
cells (Fig. 3a), but could be generated from bone marrow pre-
cursors that, at least in some cases, were able to give rise also
to polymorphs (Fig. 4j) and CFU-s (Table 2). Although periph-
eral to this report, the prolonged culture of the progeny of a
single pluripotential stem cell, including CFU-s, is a significant
technical advance and will be fully documented elsewhere.

Both biochemically and structurally, the P cell seems likely
to be related to the mast cell, although it is important to note
that mast cells are heterogeneous; for example, mast cells in
connective tissue or serosa differ from those in gut mucosa (4,
33). Several groups have described the growth in cultures of
cells from thymus or lymph nodes; these cellscontain histamine
(5, 6), have metachromatic granules (5, 6) and IgE receptors
(6), and degranulate with agents such as compound 48/80 (5,
6). It is likely that these cells are identical to P cells, and that
their growth has been stimulated by the release of PSF from
Tcells in the cultures. Electron micrographs of thymus-derived
mast cells (5) show granules identical to those in Fig. 2. It has
been reported that T cells in the gut mucosa have mast cell-like
granules and can mature to mast cells (8), but it is intriguing to
speculate that these granulated "lymphocytes" are instead rel-
atives of the P cell. Interestingly, we have found granulated gut
lymphocytes in Wf/Wf mutant mice.
The observation that Wf/Wfmice have both P-cell precursors

(Fig. 5) and T cells capable of producing PSF weighs against
the notion that P cells are the precursors of the skin and gut mast
cells reported to be lacking in W/W mice (21). However, it will
be important to determine whether W/W mice also fail to re-
spond with an intestinal mastocytosis when challenged with an
appropriate parasite. At present, it seems that P cells are related
to at least those members -of Burnet's MCI categoryof mast cell
(4) that have been derived from lymphoid tissues in vitro (5, 6);
they are possibly also related to those mast cells involved in the
T cell-dependent responses to intestinal parasites. Certainly,
data on the P cell point to the existence of a widely distributed
pool of precursors of histamine-storing cells, the expansion and
differentiation of which is regulated by activated T cells.
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