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ABSTRACT T memory cells specifically responsive to
ovalbumin and performing the diverse functions of DNA syn-
thesis, lymphotoxin release, and regulation can be isolated in
enriched numbers in the most buoyant fractions (A+B) of bo-
vine serum albumin gradients on d); 9 after sensitization. At
least 20-30% of these cells are capable of mounting a blasto-

enic response to ovalbumin. A+B cells responding to oval-

umin with DNA synthesis have adherent properties and are
further enriched on passage through glass wool. The subpop-
ulations capable of entering into blastogenesis and DNA syn-
thesis and of lymphotoxin release are unresponsive to T mito-
gens. . ,
A+B cells are capable of either potentiating or suppressin
DNA synthetic responses to both phytohemagglutinin an
antigen when added to 5 X 105 D cells in different propor-
tions. Potentiation or suppression of phytohemagglutinin re-
sponses were observed with 1 X 105 A+B cells, and total sup-
pression was observed with A+B in the range of 4 X 103 to 2
X 104, The response to antigen was sometimes inhibited in
the same cell combinations that gave a potentiated response
to phytohemagglutinin and vice versa. Regulatory cells in
this system were not macrophages since their effect was not
mimicked by addition of peritoneal macrophages, and abla-
tion of macrophages by carrageenan affected neither the po-
tentiation nor suppression.

This study is directed to three lymphocytic functions: the
DNA synthetic response after restimulation, lymphotoxin
production, and nonspecific suppression of the phytohem-
agglutinin (PHA) response by antigen. We have previously
shown that in rats, after footpad injection with ovalbumin
(OA) in complete adjuvant, the DNA synthetic response of
draining lymph node cells on restimulation in vitro with OA
peaks at day 9 (1). A peak in the ability of the same cells to
form lymphotoxin in response to OA also is seen at day 9 (2).
Finally, the nonspecific suppression of PHA responses by an-
tigen (3) observable as early as 6-12 hr after a primary injec-
tion of OA (4) is strongly expressed at 9 days in adjuvant-in-
jected animals and appears to be associated with a popula-
tion of glass-wool-adherent cells (4, 5).

To further study T cell heterogeneity (reviewed in ref. 6),
we have used a combination of techniques based on changes
in cell density and adherence properties, associated with clo-
nal expansion and/or activation during the sensitization pro-
cess, and have isolated a distinct T cell population specifical-
ly responsive to OA and capable of performing the different
functions described above.

Abbreviations: OA, ovalbumin; PHA, phytohemagglutinin; Con A,

concanavalin A; T cell, thymus-derived cell.

* Paper II in the series entitled “Kinetic study of T lymphocytes
after sensitization against soluble antigen.” Paper I is ref. 1.
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MATERIALS AND METHODS

Sensitized Cells. Inbred DA rats (males, 6-8 weeks of
age) received OA (ovalbumin, 5 X crystalline, Nutritional
Biochemicals Corp., Cleveland, Ohio), 100 ug in Freund’s
complete adjuvant delivered by multiple injections in both
hind footpads (1). For kinetic studies, animals to be com-
pared were immunized with a single batch of antigen in
complete Freund’s adjuvant. Inguinal lymph node cells were
washed and counted and their- viability was determined
(>98%) by trypan blue dye exclusion (1).

Separation of OA-Sensitized LNC. 1. Bovine serum albu-
min gradients: LNC were separated on discontinuous gradi-
ents (bovine serum albumin, lot 126, Miles Laboratories,
Kankakee, Ill.) as described (1). Pools of cells harvested from
the density interfaces and related interband regions were
designated A, B, C, and D, beginning with the least dense
band, and P (pellet) (Fig. 1). Viability of cells after washings
was always >95%, excluding P (>85%). Bands A+B were
combined because of low yields.

2. Removal of adherent cells (5): Three milliliters of
warmed cell suspension (1 to 3 X 107) were incubated on a
glass wool column (5) at 37° for 30 min, then eluted with 30
ml of warm medium (nonadherent fraction). Slightly ad-
herent cells were removed by gentle plunging. The wool
was roughly shaken in a siliconized bottle with 50 ml of
warm RPMI to remove moderately adherent cells. It was
then shaken in 50 ml of warm phosphate-buffered saline,
pH 7.0, containing 1 mM EDTA (lot 109B-1190, Sigma
Chemical Co., St. Louis, Mo.), over 15-30 min at 37° to free
firmly adherent cells from the wool. The yield of washed
nonadherent and slightly adherent cells from whole LNC
was 50-70%. Moderately and firmly adherent cells totalled
approximately 10%. Comparable yields from A+B cells
were 26% and 37%, respectively.

Macrophage Purification. “Purified” macrophages were
obtained from peritoneal cells of normal donors as described
(5), and contained >98% macrophages, as judged by neutral
red staining and capacity to phagocytize formalinized sheep
erythrocytes. Viability was >90%.

Cytotoxicity Assay and Selective Removal of T Cells. A
rat T cell-specific antiserum (Black Hooded anti-Lewis thy-
mus), obtained through the kindness of Dr. David Lubaroff
(7), was used with complement to lyse T cells (1).

Lymphocyte Transformation. Cells were cultured in mi-
crotiter plates (8), each well receiving 5 X 10° unfractionat-
ed inguinal LNC, or 5 X 10 viable cells from subpopula-
tions obtained by either density gradient ultracentrifugation
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or glass wool passage in 0.025 ml of RPMI plus penicillin-
streptomycin, 100 units/ml each; 0.025 ml of RPMI plus
24% heat-inactivated normal DA serum; and 0.025 ml of
RPMI containing OA (100 ug/ml), PHA-P (1.1-1.4 ul/ml)
(lot 3110-57), concanavalin A (Con A) (5 ug/ml) (lot 210073)
(mitogens from Difco Laboratories, Inc., Detroit, Mich.), or
medium (control). In some experiments, 1-4% normal mac-
rophages were added to the cultures. Dose-response titra-

" tions were performed for cells of each band with each stimu-
lant to ensure that the responses reported were maximal.
Cultures were incubated for 72 hr and pulsed with [*H]thy-
midine during the final 24 hr. Results are expressed as mean
trichloroacetic acid-precipitable cpm of duplicate experi-

~mental cultures minus background (A cpm). In some experi-

' ments carrageenan (Sea Kem 9 Carrageenan) purified pow-
der (Marine Colloids, Inc., Passaic, N.]J.) was included in cul-
tures at a concentration of 1 mg/ml.

Quantitation of OA-Sensitized Cells. In order to obtain a
morphologic estimate of the numbers of cells undergoing
early blast transformation in response to antigen, cells were
cultured as above with OA, 100 ug/ml, or with PHA, and
harvested at 24 hr. In order to obtain accurate total counts,
care was taken to scrape out each well with a rubber police-
man, and DNase was added to each cell suspension to re-
duce clumping. Smears for differential counting were
stained with methyl green pyronin. Two hundred cells from
each fraction were counted. Only pyroninophilic cells mea-
suring >12 um in diameter were counted as blasts.

Lymphotoxin Assay (2). Viable inguinal LNC (1 X 107)
(sensitized or normal) or subpopulations separated on bovine
serum albumin gradients, together with either 25 ug/ml of
OA or 1.4 ul/ml of PHA, were incubated for 24 hr at 37° in
petri dishes. The cell-free supernatants were added to flasks
containing mouse A9 fibroblast monolayers [A9 is an L-cell
derived murine cell line (9)], prepared 1 day earlier by seed-
ing of 4 X 10 A9 cells in 4 ml of complete medium (mini-
mal Eagle’s medium, 10% fetal calf serum, 1% L-glutamine,
100 units/ml each of penicillin-streptomycin). Alternatively,
the cells to be tested were added with the appropriate stimu-
lant directly to the flasks. At 72 hr dead cells were removed
by gentle washing, and the surviving fibroblasts were then
‘recovered from the flask wall by incubation with 0.25%
viokase (Gibco, Grand Island, N.Y.) (2). These were collect-

Separation of OA and PHA responsive subpopulations on bovine serum albumin (BSA) gradients 9 days after sensitization.

ed and enumerated in a Coulter counter. Cytotoxicity was
calculated as % cytotoxicity = A/B X 100, where A = sur-
viving fibroblasts in the presence of sensitized LNC plus OA
or PHA, and B = surviving fibroblasts in the presence of
normal LNC plus OA or PHA. In some experiments 1-4%
normal macrophages were added to the various cultures.
Dose-response titrations were performed for cells of each
band with each stimulant to ensure that maximal responses

were reported.
RESULTS

Separation of OA-Sensitized Lymphocytes (1). Data re-
ported in detail elsewhere (1, 10) establish that the peak
DNA synthetic response of unfractionated LNC, on restimu-
lation with specific antigen, is at 9-12 days after sensitiza-
tion. After separation maximal response to OA on day 9 is
associated with cells of fraction A+B, although antigen re-
sponsive cells are distributed among all bands. A+B cells
give a minimal response to PHA or Con A. The maximal re-
sponses to these mitogens on any day after sensitization are
always in D and C, respectively (Fig. 1). Addition of 1-4%
purified macrophages to the cultures did not affect the lev-
els of response.

Lymphotoxin Production. Cells in fraction A+B also
showed the capacity to kill virtually all of a target mono-
layer of syngeneic fibroblasts (Table 1). This response was
elicited on stimulation with OA, PHA again proving ineffec-
tive. This effect was shown to be mediated by a supernatant
factor, presumably lymphotoxin (2). Killing in the presence
of PHA was observed with cells of band D which produced
little or no lymphotoxin in response to OA. Band C cells
were cytotoxic with both stimulants, as were unfractionated
LNC. Again, addition of purified macrophages did not af-
fect the levels of responses observed.

Quantitation of OA-Responsive Cells in Fraction A+B
on Day 9. When LNC are separated on bovine serum albu-
min gradients on day 9 after sensitization, 5% of the cells ob-
tained are in fraction A+B, cells of C, D, and the pellet rep-
resenting 32, 29, and 34%, respectively. Whereas only 5% of
the unfractionated LNC stimulated with OA became blasts
within 24 hr, 20% of the cells of A+B responded to OA with
blastogenesis (Fig. 2). If cells measuring >10 um are consid-
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F1G. 2. Enumeration of OA- and PHA-responsive T lympho-
cytes in subpopulations separated on gradients on day 9. Cells (5 X
105) cultured with OA or PHA. Counts at 24 hr after DNase treat-
ment to eliminate clumping. Only pyroninophilic cells >12 um in
diameter were counted as blasts. LNC, lymph node cells.

ered as blasts, approximately 30% of A+B cells entered blas-
togenesis. This represents a 4- to 6-fold enrichment over the
unfractionated LNC population. If any of the OA-sensitized
cells, e.g., those producing lymphotoxin in response to re-
stimulation with antigen, do not become morphological
blasts, the degree of enrichment may be still greater. Of the
unfractionated LNC, 13% responded to PHA with early
blastogenesis. There was virtually no blastogenic response to
PHA by cells of A+B. PHA-responsive cells again were asso-
ciated primarily with fraction D (24%). Band C contained
intermediate numbers of cells responsive to both stimulants.
Further Enrichment of OA-Sensitized T Cells on the
- Basis of Adherence. When A+B cells were passed through
glass wool, virtually all of the cells responding to OA with
DNA synthesis were either firmly or moderately adherent
(Fig. 3). These cells represent 37% of the total placed on the
column; 26% were nonadherent or weakly adherent. Ap-
proximately one-third of the cells were lost during fraction-
ation. Assuming that cell losses were nonselective, this proce-
dure must have resulted in a 3-fold enrichment of OA-re-
sponsive cells so that most of the final cell population (A+B,
adherent) were specifically sensitized cells. The DNA syn-

Table 1. Production of lymphotoxin by different
subpopulations of sensitized lymph node cells in response
to OA and PHA

% Surviving fibroblasts*

Lymph node cells OA PHA
-Sensitized

Unfractionated 6.3 0.5

Band: A+ B 2.5 100.0

C 11.2 6.3

D 91.9 3.4

Pellet 100.0 1.9

Normal
Unfractionated 98.0 0.9

* Counts after 72 hr of culture with 107 sensitized (9 days) or normal
lymph node cells + 105 purified normal macrophages (see Mate-
rials and Methods).
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FIG. 3. Enrichment of OA-sensitized T lymphocytes by suc-
cessive separations on density gradients and glass wool columns.
Cells (5 X 10%) cultured with OA and PHA. m, OA; O, OA after
treatment with T-specific antiserum + C; 24, PHA.

thetic response to OA was ablated by treatment with T spe-
cific antiserum plus C (Fig. 3).

Regulation of the PHA Response by Cells of Fraction
A+B. When 1 X 10° A+B cells, themselves unresponsive to
PHA, were added to 5 X 105 sensitized or normal D band
cells or to normal nonadherent lymph node or spleen cells,
PHA responses by all of these cell types were potentiated 5-
to 10-fold (11). In more recent experiments with these cell
numbers (Fig. 4), potentiation was sometimes observed
(Exps. 1, 2, and 6 in Fig. 4), but occasionally, instead, there
was suppression of the PHA response (Exps. 3-5). When 2 X
10% or 4 X 10® A+B cells were added to 5 X 10° sensitized D
cells, suppression was always observed and was usually total.
When the number of A+B was reduced to 8 X 102 (Exp. 6),
PHA responses returned to the control values or were slight-
ly potentiated. The addition of macrophages (2%—approxi-
mately the proportion present in the unfractionated LNC) to
these cultures did not result in a significant degree of poten-
tiation or suppression. In Exp. 5, the addition of carrageenan
at a concentration capable of completely destroying perito-
neal macrophage monolayers (unpublished data) did not af-
fect the levels of potentiation or suppression observed. When
varying numbers of cells of intermediate density (C-band),
which respond well to PHA, were combined with D-cells,
the cultures gave predictably high responses, showing nei-
ther potentiation nor suppression.

Regulation of the OA Response by Cells of Fraction D.
Cells of fraction D conversely exerted a “regulatory” influ-
ence on the response of sensitized lymphocytes in A+B to
OA (Table 2), expressed either as potentiation (Exps. 2, 4,
and 5) or suppression (Exps. 3 and 6).

DISCUSSION

This study shows that cells specifically responsive to OA and
performing the diverse functions of DNA synthesis, lympho-
toxin release, and regulation of specific and nonspecific re-
sponses are enriched in the most buoyant fraction from bo-
vine serum antigen gradients on day 9 after sensitization (see
also refs. 1 and 10-12). The cells entering DNA synthesis in
response to antigen have adherent properties and are further
enriched on passage through glass wool. At both levels of pu-
rification, these cells are unresponsive to T mitogens. Five
percent of unfractionated LNC form blasts in response to
OA at 9 days. After successive passage through a bovine



Immunology: Durkin et al.

100 ( 1 r

T
LS

75
50

25}
olLem EA

500 -
- 800

IOO( o r

751 - -

100 A+B
500 D

A cpm (10%)

50f - -

25t - -

NI Iy —

500 - 10020 4 A+B 500
- %00 500500500 D - 500

Proc. Nat. Acad. Sci. USA 72 (1975) 5093

R

Mm__

100 A+8 500 - 10020 4 A+B
500 D - 500 $00 500500 O
[ 6 [
_mnm_

" 10020 4 0.8 A+B
500 500 500 500 D

10020 4 A+B 500
500500500 D - 500

Cells in Culture (x1073)

FIG. 4. Helper and suppressor effects of differing numbers of A+B cells added to 5 X 10° D cells on the PHA response in six successive
experiments. In Exp. 5 carrageenan, at a final concentration of 1 mg/ml, was included in cultures.

serum albumin gradient and glass wool, 20-30% of A+B and
well over 50% (probably) of A+B, adherent cells are similar-
ly responsive. Such highly enriched populations are ideal for
precise studies of surface markers, structural and biochemi-
cal peculiarities, and functional or physiologic attributes
(e.g., homing properties), as well as for comparison with cells
specifically sensitized against histocompatibility antigens
(13-16).

The cells of A+B on day 9 are antigen-specific memory
cells. They incorporate thymidine and produce lymphotoxin
only in response to specific antigen and not in response to
PHA. Several lines of evidence suggest that they are T cells
(1). Cells that incorporate thymidine are killed by treatment
with T-specific antiserum plus C (responses of band D to T
mitogens also are ablated). A+B cells are fluorescence nega-
tive when stained for membrane-bound immunoglobulin.
There are no complement receptor lymphocytes in A+B
(unpublished observation). Finally, there are no germinal
centers in the lymph nodes from which these cells are ob-
tained.

The question remains open whether the T cells of A+B
capable of DNA synthesis, lymphotoxin release, and regula-
tion are distinct differentiation states of cells that initially
could respond to T mitogens or subsets with different lin-
eages, as does the question of their identity with each other.
Cells responding to OA with DNA synthesis and cells capa-

ble of acting as suppressors of PHA responses both are ad-
herent to glass wool (4, 5). The adherence properties of A+B
cells producing lymphotoxin are under investigation. In an
earlier study from this laboratory, nonadherent sensitized
LNC taken at 9 days produced lymphotoxin when stimulat-
ed with antigen (17). However, these may have been cells
like those of our denser bands which also contained OA-re-
sponsive cells. Certainly it is clear that the current wide-
spread practice of using nylon columns to obtain purified T
cells (nonadherent) (18) carries the risk that important func-
tional subpopulations like those revealed in the present study
and in others’ studies (ref. 19; Cone, Askenase, and Gershon,
personal communication) may be eliminated.

A particularly interesting finding in the present study was
the occurrence of potentiation and suppression of DNA syn-
thetic responses to both PHA and antigen when cells of the
subpopulation in A+B interacted in different proportions
with those in D (see also ref. 12). In some of our earlier ex-
periments, potentiation was seen with A+B cells and sup-
pression with cells of C (11). It appears probable from the
present data that these results simply reflect the use of dif-
ferent numbers or possibly proportions of active cells. Sup-
pression of PHA responses was effected when A+B cells
were added to D cells in small aliquots and changed into po-
tentiation when the proportion was increased. This finding
resembles that of Haskill and Axelrad, who showed that

Table 2. Evidence of regulation in DNA synthetic responses of cell mixtures to antigen (OA)

[*H] Thymidine incorporation (Acpm)

Before mixing Expected Actual values % Expected

additive 1x 10° A+B additive

Exp. no.* 1x 10° A+B 5% 10° D values plus 5 x 105 D values
1 1,700 1,700 3,400 3,200 94
2 1,900 2,800 4,700 8,700 185
3 3,800 13,200 17,000 2,600 15
4 3,800 200 4,000 10,200 255
5t 3,500 200 3,700 6,500 177
6 50,000 400 50,400 No response 0

* Same experiments as in Fig. 4.

+In Exp. 5, carrageenan, at a final concentration of 1 mg/ml, was included in cultures.
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large cells from spleens of mice primed with sheep erythro-
cytes suppress the plaque-forming cell responses of small
lymphocytes when added in small aliquots but fail to do so
in larger numbers (20). Kontiainen and Feldman (21) have
similarly found carrier-specific suppression with numbers of
keyhole limpet hemocyanin-primed cells as low as 1 X 10%
in a system which tests helper activity as the target of sup-
pression. Larger numbers of primed cells gave less suppres-
sion. The mixture of A+B cells in the range of 4 X 10° to 2
X 10 added to 5 X 10° D approximates the concentration of
these cells in whole sensitized lymph node, and the resulting
suppressed condition probably is physiologically significant.
The potentiation observed with 1 X 10° A+B cells is more
likely to represent an unphysiologic situation.

The mechanisms involved in the observed potentiation
and suppression are probably complex. Cells like those used
in the present study, if triggered either with antigen or
PHA, release several mediators capable of enhancing and in-
hibiting DNA synthesis (22, 23). Cells in A+B possess surface
receptors for PHA (Cone, Durkin, and Waksman, prelimi-
nary observations), and there are antigen-reactive cells in D.
Thus the simplest possibility is direct triggering of mediator
release by the stimulant, the observed result depending on
the number of cells responding and the relative amounts of
different mediators. It is equally possible, however, that
there are feedback effects (24, 25). Striking examples of such
effects involving interaction of immune and normal T cells
and resulting in suppression are provided by recent studies
of Gershon et al. (26), Calkins et al. (27), and Eardley and
Gershon (28). The complexity of the interactions taking
place in our system is underscored by the demonstration that
the response to antigen was sometimes inhibited in the same
cell combinations that gave a potentiated response to PHA
and vice versa. It is clear that both normal and immune T
cells are involved in the regulatory function.

The cells incriminated as suppressors in different systems
do not conform to a single description. Suppression is seen
with unstimulated rat spleen (5) and thoracic duct (29) cells.
After a large systemic dose of antigen, suppressor activity is
increased in the spleen and is demonstrable in the lymph
node as well (4). Both the unstimulated splenic suppressor
cell and the antigen-stimulated suppressor cell share with
the sensitized T cell the property of adherence to glass wool
(5, 6, 11). These are not macrophages, since their effect is
not mimicked by addition of normal peritoneal macrophag-
es or macrophages from rats given a large dose of antigen to
the system (4, 5, and present study), nor does ablation of
macrophages by carrageenan affect either the potentiation
or suppression. Presumably both effects represent direct
lymphocytic functions. The possibility of feedback effects
between different types of cells implies that different cells
will be described as helpers or suppressors depending upon
how one looks at them.
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