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Abstract

A panel of human purified protein derivative of the tubercle ba-
cillus (PPD)-reactive T cell clones was derived by cloning out
of soft agar followed by cultivation on inactivated feeder cells in
the presence of interleukin-2. 1 of 4 clones tested was able to
mediate an increase in monocyte procoagulant activity (PCA) in
response to PPD. All four clones had identical surface marker
phenotypes (T4+, T8-) and proliferated in response to antigen.
The reactive T cell clone possessed no PCAof its own, but upon
being presented with PPD was able to instruct monocytes to
increase their expression of PCA. Antigen presentation could be
performed only by autologous monocytes; allogeneic monocytes
from donors unrelated to the donor of the reactive clone could
not present antigen to cells of the clone in a way that would
initiate the procoagulant response. Cells of the reactive clone
did not mediate increased monocyte PCAin response to Candida,
even though peripheral blood mononuclear cells from the donor
demonstrated increased PCA to both Candida and PPD. Thus,
the PCAresponse to specific antigen can be mediated by a single
clone of cells that shows specificity in the recognition of both
antigen and antigen presenting cell.

Introduction

Humanperipheral blood monocytes have been shown to increase
surface expression of a procoagulant activity (PCA)' upon stim-
ulation with a variety of agents (1). Most described stimuli, such
as bacterial lipopolysaccharide (LPS), are polyclonal activators.
No specific recognition of the stimulus by a distinct reactive
cellular subset is required for the reaction to take place. Cells of
the immune system can also respond to a specific sensitizing
protein antigen by increasing surface expression of PCA (2, 3).
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1. Abbreviations used in this paper: FCS, fetal calf serum; LPS, lipo-
polysaccharide; PBM, peripheral blood mononuclear cells; PCA, pro-
coagulant activity; PPD, purified protein derivative of the tubercle ba-
cillus; [3H]TdR, tritiated thymidine.

This reactivity demonstrates specificity, as protein antigen to
which an individual is not sensitized will not cause that indi-
vidual's peripheral blood mononuclear cells (PBM) to express
increased amounts of PCA (2, 4). The cellular interactions re-
quired for expression of PCAin response to polyclonal activators,
and a specific sensitizing antigen, or alloantigen, appear to be
quite different (4-7). The LPS-driven response requires the
stimulus to interact with T cells, which then instruct monocytes
to synthesize and express increased amounts of PCA. The re-
sponse reaches maximum amplitude in as short as 6 h (5). The
response to specific, complex antigen, however, requires that the
antigen first be processed by the monocyte/macrophage (8). As
might be predicted from analyses of other immune functions,
the antigen-presenting cell presents antigen to immune lym-
phocytes which can then instruct a second population of mono-
cytes to express high levels of PCA(4). These interactions require
between 24 and 48 h to develop maximum amounts of PCA,
and the interactions can be blocked by a monoclonal antibody
that binds the HLA-DR antigen (4). These findings are highly
suggestive of a role for monocyte PCAin the controlled, specific
immune response. To further investigate this and allow studies
of interactions between well-defined cell populations, we ex-
amined a series of purified protein derivative of tubercle bacillus
(PPD)-reactive human T cell clones for their ability to cooperate
with monocytes in the production of monocyte PCA.

Methods

Cell and incubations. Antigens were PPD(National Institute of Allergy
and Infectious Diseases, Bethesda, MD) and Candida Albicans yeast
phase disrupted at 10,000 psi. A panel of PPD-specific T cell clones
derived from peripheral blood lymphocytes of an individual who dem-
onstrated a positive skin test to this antigen were prepared by soft agar
cloning as previously described (9, 10). These cells were selected for
specific proliferative responses to PPD, maintained on irradiated autol-
ogous feeder PBM, and grown in the presence of T cell growth factor (9,
10). Clones were maintained in vitro for up to 3 mobefore use in these
experiments. Commercially available monoclonal antibody reagents to
human lymphocyte surface markers and fluorescence-activated flow cy-
tometry (1 1) (Ortho model 50 flow cytometer, Ortho Pharmaceutical
Corp., Raritan, NJ) demonstrated that all four T cell clones used in these
experiments had uniform characteristics: all demonstrated >98%of cells
positive for OKT3, OKT11, and OKT4; and <1% of cells positive for
OKT8 (Ortho Pharmaceutical Corp.), Bl (Coulter Electronics, Hialeah,
FL), and Leu-M I (Becton-Dickinson & Co., Mountain View, CA). PBM
were prepared by Ficoll-Hypaque centrifugation or fresh heparinized
human peripheral venous blood (5, 6). T cell clones or PBMwere tested
for proliferation in response to specific antigen by uptake of [3H]thymidine
([3H]TdR) (9, 10). Briefly, PBM(2 X 101), T cell clones (1 X 10'), in-
activated (2,500 rad) PBMfeeder cells (I X l05), or indicated combi-
nations were incubated in 0.25-ml roundbottom microtiter wells (Linbro,
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Flow Laboratories, McLean, VA) in RPMI-1640 (Gibco Laboratories,
Grand Island, NY), supplemented with 25 mMHepes (Gibco Labora-
tories), 2 mML-glutamine (Gibco Laboratories), 50 U/ml penicillin, 50
Ag/ml streptomycin, and 15% heat inactivated (560C, 30 min) pooled
human serum. PCAwas determined in a parallel set of cultures no sooner
than 10 d after the addition of irradiated feeder cells, at which time no
feeder cells remained. Cells of individual T cell clones were combined
with autologous monocytes that had been isolated by incubating 5
X 106 PBM/ml RPMI-1640 plus 10% human serum in 35-mm gelatin-
coated plates (12). The cells were incubated for 2 h at 370C, 5% Co2,
nonadherent cells washed off, and monocytes were removed by incubating
at 40C in Puck's Saline A (Gibco Laboratories) without Ca", supple-
mented with 25 mMHepes buffer and I mMEDTA. After further wash-
ing in RPMI-1640, the monocytes (95-98% nonspecific esterase positive
[13]) were used as indicated. For elaboration of PCA, PBM(I X 106),
cloned T cells (5 X IO'), monocytes (I X IO'), or indicated combinations
were incubated 48 h at 370C, 5%CO2in I ml RPMI-1640 supplemented
as above with the exclusion of human serum; 10% heat inactivated fetal
calf serum (FCS) (Sterile Systems, Logan, UT) was used instead. The
cells were then washed with, and resuspended in 0.5 ml serum-free RPMI-
1640 for PCAassay. Viability of monocytes was always >89% at time
of assay.

PCAassay (5, 6). Cell suspension (0.1 ml) and pooled human, platelet-
poor plasma (anticoagulated with final concentration of 0.38% sodium
citrate) (0.1 ml) were combined at 370C. CaCI2 (0.1 ml of 25 mM)was
added and time-to-clot formation measured by fibrometer. Clotting time
in seconds was transformed to milliunits PCAby reference to a standard
curve. Undiluted rabbit brain thromboplastin (American Dade, Miami,
FL) reconstituted as per manufacturer's recommendations was assigned
an activity of 100,000 mU. Tenfold dilutions of this thromboplastin
were assayed for clotting time to generate a standard curve for coagulant
activity that was linear from I to 10,000 mU. Clotting assays on dilutions
of PCA-positive monocytes generated a curve parallel to that obtained
with rabbit brain thromboplastin. PCA is expressed as milliunits (a linear
parameter) for ease of comparison between values. Values given are
mean±SDof 2-4 experiments, each done in duplicate.

Results

It can be seen from Table I that unfractionated PBMfrom the
individual from which the T cell clones were derived showed a

tenfold increase in PCA when exposed to PPD as compared
with cells that were exposed to medium alone. Similarly, antigen-
exposed PBMshowed a 20-fold increase in [3HJTdR uptake as

compared with medium-exposed controls. Each T cell clone de-
rived from this individual showed impressive proliferation in
response to soluble PPD. Cultures measuring proliferation were

carried out in the presence of irradiated autologous PBMto
serve as antigen-presenting cells. T cell clones cultured with an-

tigen alone in the absence of antigen-presenting cells showed no

[3H]TdR uptake (data reported previously, reference 9).
In parallel cultures, only cells from clone T. 15, cultured in

the presence of autologous monocytes, were able to induce an

increase in monocyte PCA upon exposure to antigen as com-

pared with control cultures (Table I). The PCAwas tissue fac-
torlike in that it required Factors VII and X, but not Factor
VIII, to exert coagulant activity (data not shown). Three other
clones, all of which were able to proliferate in response to PPD,
did not induce significant amounts of monocyte PCA(Table I).
Monocytes alone, with no added lymphocytes, showed a slight
increase in PCAupon the addition of antigen. In all probability,
this was due to the few (2-5% by nonspecific esterase staining)
lymphocytes that remained in the adherent cell population. Cells
from the T cell clones alone consistently demonstrated no de-
tectable PCA. PBMthat were irradiated and kept in culture for
1 wk, as were the irradiated feeder cells, likewise showed no

ability to increase monocyte PCAupon addition of antigen.
We next sought to demonstrate antigen specificity of the

procoagulant response as has been shown for whole peripheral
blood mononuclear cells (2-4). The individual from whomthe

Table I. A HumanPPD-Reactive T Cell Clone Which Mediates the Monocyte
Procoagulant Response and Proliferates Upon Exposure to Sensitizing Antigen

mUPCA/ I05 monocytes cpm[3HJTdR uptake§

Cell population* Control"i PPDI Control" PPD¶

Peripheral blood mononuclear cells 7±1 75±7 1,565±698 31,521±2,478
T.15 + Monocytes** 7±5 74±10 977±134 18,736±2,739
T.8 + Monocytes** <3 7±5 661±574 9,088±765
T.ll + Monocytes** <3 17±14 504±383 39,821±1,808
T.50 + Monocytes** <3 7±2 48±5 59,737±3,600
Monocytes** 7±3 14±7 ND" ND

T. 15, T.8, T. l l, or T.50#f alone <3 <3 ND ND

Irradiated PBM§§and monocytes** 6±2 7±0 ND ND

Irradiated PBM§§ <3 <3 ND ND

No cells1i <3 <3 ND ND

* Indicated cell populations incubated in the presence or absence of PPDand assayed for PCAor proliferation as described in Methods. 1 PBM,
cloned T cells, monocytes (I X 101), or indicated combinations were incubated with or without PPD, then assayed for PCAas in Methods.
§ PBM, T cell clones, inactivated PBMfeeder cells, or indicated combinations were incubated 6 d for PBMand 3 d for T cell clones. [3H]TdR (I
MCi) was assayed as in Methods. Values are mean cpm±SDof quadruplicate samples from a representative experiment performed in parallel with
the same cell populations tested in the PCAassay. 1" Supplemented RPMI without antigen in volume identical to PPDwas added to parallel
cultures. ¶ 10 yg/ml PPDin supplemented RPMI-1640. ** Humanmonocytes (95-98% nonspecific esterase positive) from same donor as T
cell clones, were prepared as in Methods. #f T cells of the indicated clones which had been grown 7 d with inactivated feeder cells (PBM irradi-
ated 2,500 rad) were washed twice, cultured as indicated, and assayed for PCA. §§ Irradiated PBMused as feeder cells for T cell clones (same
donor) incubated in the presence and absence of PPD, and assayed for PCAas above. Medium alone, with no cells, incubated with or without
PPD, and assayed for PCAas above. ¶1 Not done.
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T cell clones had been derived was also known to be sensitive
to Candida. His peripheral blood mononuclear cells responded
to a disrupted Candida antigen preparation (9) as assessed by
both [3HJTdR uptake and monocyte PCA(Table II). However,
clone T. 15 combined with autologous monocytes induced no
increase in monocyte PCAin response to Candida antigen. Par-
allel cultures again showed a vigorous procoagulant response to
the sensitizing antigen, PPD. Likewise, the reactivity of clone
T. 15 as assessed by proliferation showed specificity for PPDwith
only the slightest response to Candida antigen.

Specific antigen induction of monocyte PCArequires antigen
presentation by monocytes to lymphocytes (4). This step is absent
in the response to the polyclonal stimulators LPS or immune
complexes (5, 6). Cells from clone T. 15 incubated with PPD,
then washed free of unbound antigen, were unable to induce an
increase in PCA among monocytes to which they were added
(Table III). However, if autologous monocytes were first incu-
bated with soluble PPD, then washed free of unbound protein
and combined with cells of clone T. 15, the cells of clone T. 15
were subsequently able to induce increased PCA in a second
population of autologous monocytes to which they were added.
Cells of T. 15 that were combined with antigen-pulsed monocytes
from another donor were unable to induce increases in PCA
among a population of autologous monocytes to which they
were subsequently added. It was important in these experiments
that the responding monocytes be completely devoid of lym-
phocytes. Otherwise, some of the antigen-presenting monocytes
from the first step of the experiment would be detached from
the plate and transferred with the T. 15 cells to the responding
monocytes. If the responding monocytes had some alloreactive
T cells in their midst, one would be hard pressed to differentiate
alloantigen-induced monocyte PCA (14) from the antigen-in-

Table IL Clone T.15 Mediates Procoagulant Production
Only in Response to Sensitizing Antigen

mUPCA/105 cpm [3HJTdR
Cell population* Antigen monocyte4 uptake§

All PBM 7±2 1,292±612
All PBM Candidal 115±10 43,310± 14,286
All PBM PPD** 75±5 23,121±5,154
All Monocytes + T.15 5±1 1,200±323
All Monocytes + T. 15 Candida 5±0 5,247±1,688
All Monocytes + T. 15 PPD 95±20 47,018±4,175
All Monocytes, 5±2 ND#f
All Monocytes Candida 7±4 ND
All Monocytes PPD 5±2 ND
T.15 <3 674±906
T.15 Candida <3 867±525
T.15 PPD <3 1,782±732

* Cell populations, culture conditions, and assay procedures were as
outlined in Methods.
t Mean±SD two experiments done in duplicate.
§ Mean±SD representative experiment done in triplicate.
11 Individual from whomT. 15 was derived, with skin test positive to
PPDand Candida.
¶ Candida Albicans yeast phase disrupted at 10,000 psi, 1:50 dilution
of stock.
** 10 /Ag/ml PPD.
if Not done.

Table III. Clone T.15 Requires Antigen
Presentation by Autologous Monocytes

mUPCA/105
Cell populations added monocytes cpm [3H]TdR uptake§
to responding
monocytes* Control" PPDV Control" PPDT

No cells <3 4±1 ND ND
T.15 5±2 14±2 133±124 267±58
T.15 + A monocytes** 7±5 81±11 189±137 45,531±952
T.15 + B monocytes1 6±1 5±2 444±84 1,196±345
A monocytes' 7±4 16±3 ND ND
B monocytes*t 6±1 7±3 ND ND

* Indicated cell populations prepared as in Methods. T.15 at 5 X 105/ml, mono-
cytes at l X 105/ml.
t Wells of 24-well polystyrene plates containing monocyte suspensions from do-
nors A or B (see below), or medium alone, were "pulsed" with PPDor medium,
and incubated for 4 h at 370C, 5%CO2. The cells or plates were washed two
times with the same medium, and either T.15 cells or no cells were added in I
ml RPMI-l0% FCS for a further 14-h incubation. The nonadherent cells (<5%
nonspecific esterase positive) were recovered, washed twice, and added to one
times 105 monocytes (>99% nonspecific esterase positive) from donor A for an
additional 24 h. The responding monocytes were then assayed for PCAas in Ta-
ble I. Results are mean±SDof four experiments using three different "donor B"
monocytes.
§ Indicated cell population incubated 72 h in 96-well roundbottom plates at
370C, 5%CO2 in RPMI-1640,L 15% human serum. The "monocyte" popula-
tion for the proliferation experiment represents irradiated (2,500 rad) PBMfrom
the indicated donor. Since this part of the experiment was a measure of prolifer-
ation of the T. 15 clone in the context of antigen presentation, no "responding
monocyte" population was needed.
11 RPMI-1640 + 10% human serum.
I 10 pg/mI PPD.
* Monocytes from same donor as clone T. 15.
14 Monocytes from donor other than, and unrelated to, the source of clone
T.15.

duced PCAmediated by clone T. 15. With monocyte populations
>99% nonspecific esterase positive, we were able to show a spe-
cific PDD-induced effect that was dependent upon antigen pre-
sentation by autologous monocytes. This indicates that the trig-
gering of clone T. 15 by PPDto a procoagulant inductive state
requires the simultaneous recognition of surface antigens on au-
tologous monocytes. Presumably these antigens are one part of
the HLA system, since helper and cytotoxic T cell responses to
PPD involve simultaneous recognition of HLA determinants
(15-17).

Discussion

Clonality for the clones used here was never documented by
subcloning (18). However, two lines of evidence suggest that the
cells of T. 15 as well as the other T cell clones were each derived
from a single T cell. First, individual colonies were plucked from
soft agar cultures and thereafter expanded in the generation of
these clones. The clones were maintained in T cell growth factor,
a process that activates and expands many cell types, including
those bearing the OKT8 marker, those bearing the T4 marker,
and some cells that lack mature T cell markers (19, 20). However,
use of commercially available monoclonal antibody reagents to
human lymphocyte surface markers and fluorescence-activated
flow cytometry (11), demonstrated that all four T cell clones
used in these experiments had uniform characteristics: all were
>98% positive for OKT3, OKTI 1, and OKT4, and <1%positive
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for OKT8, OKB1, or Leu-M 1. Had these initial colonies been
derived from a mixed population of cells, one would expect
cellular heterogeneity with some cells expressing the OKT8
marker, as well as some cells without any mature T cell markers.
The data are therefore consistent with clonality.

Only clone T. 15, but not clones T.8, T. 1 1, or T.50, mediated
the monocyte procoagulant response to PPD, in spite of identical
surface marker phenotypes and uniform patterns of proliferative
responses to PPDpresented by autologous monocytes. It is pos-
sible that clones T.8, T. 1 1, or T.50 at one time had the capability
of inducing monocyte PCAin response to specific antigen, but
lost this function with in vitro cultivation. It seems possible,
however, that only a distinct subset of T cells that are able to
proliferate in response to a given antigen may mediate the de-
velopment of monocyte PCAin response to that antigen. There
may be distinct helper cell subtypes that respond to the same
antigen, yet mediate separate helper cell interactions with dif-
ferent "effector" cells (i.e., cytotoxic T cells, NK cells, B cells,
and monocytes). Responding monocytes required contact with
cells of clone T. 15 to develop PCA. Wewere unable to dem-
onstrate a soluble product of clone T. 15 that could induce
monocyte PCA (data not shown). Perhaps other T cell clones
that were not screened are able to secrete such factors into the
medium. Aside from PCA and proliferation, other helper cell
functions were not tested for in these clones.

The demonstration that monocyte PCAcan be induced by
a single T cell-derived clone in response to the specific sensitizing
antigen speaks for a role of monocyte PCA in the immune re-
sponse. These cellular reagents will make it possible to accurately
describe the cellular events and interactions that are necessary
in this particular effector mechanism of the immune response.
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