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room temperature. For assessment of aggregation and
release reactions, platelets in PRP were counted in
duplicate by the method of Stavem (39) and adjusted
to a final concentration of approximately 500,000
platelets per p1. Platelet aggregation was monitored by
phase-contrast microscopy or examined turbidomet-
rically on a Chrono-log aggregometer (model 300;
Chrono-log Corp., Broomall, Pa.) attached to a Heath
Servo Chart Recorder (model Sr-201-A).
Washed erythrocytes from whole citrated rabbit,

sheep, and human type 0 blood were prepared accord-
ing to the method of Kabat and Mayer (19). For
hemolytic complement determinations, sheep eryth-
rocytes were sensitized with anti-sheep hemolysin as
previously described (33). Sensitized sheep erythro-
cytes coated with C4 (EAC4) were purchased from
Cordis Laboratories, Miami, Fla.

For the preparation of serum, whole blood was
allowed to clot in glass tubes at 37°C for 1 h and at
0°C for 30 min. The clotted blood was then centrifuged
at 550 x g for 20 min and used fresh or after storage
at -800C.

Tuberculin. Lyophilized tuberculin purified pro-
tein derivative (PPD), lots 913920, 911959, and 915414,
was obtained in bulk quantities from Parke-Davis and
Co., Detroit, Mich. Stock solutions of 1 mg/ml were
prepared in saline. For assay of anticomplementary
activity, serial dilutions of tuberculin stock were pre-
pared in Veronal-buffered saline. Aplisol (tuberculin
PPD, Parke-Davis) lot 974777 was obtained as a sterile
solution containing 5 tuberculin units per 0.1 ml and
is clinically equivalent in potency to the standard
PPD-S (World Health Organization International
PPD-Tuberculin Standard). The preparations contain
purified protein fractions isolated from culture filtrates
of human type strains of Mycobacterium tuberculosis
(35). Company specifications indicate that prepara-
tions may vary with respect to contaminating nucleic
acid and carbohydrates.

Hemolytic complement assays. Whole hemolytic
complement was measured by the method of Rapp
and Borsos (33) as modified by Morrison and Kline
(26). Residual hemolytic activity of Cl in tuberculin-
treated serum was assayed hemolytically (30) at 412
nm utilizing an EAC4-stable cellular intermediate,
highly purified C2 (Cordis), and excess ethylenedia-
minetetraacetic acid-chelated guinea pig serum.

Conversion of factor B (C3 proactivator). Fac-
tor B (C3 activator) was detected as a gamma-migrat-
ing protein precipitin arc after immunoelectrophoresis
(11) utilizing monospecific rabbit anti-C3 activator
antiserum (Behring Diagnostics, Summerville, N.J.).
Lipopolysaccharide (LPS), inulin, and zymosan
(Sigma Chemical Co., St. Louis, Mo.) served as posi-
tive controls.
Immune adherence. Immune adherence tests

were performed in microtiter plates (Falcon) essen-
tially as previously described (41). Checkerboard titra-
tions were prepared in which 0.1 ml of a serum solution
(1:5 through 1:80) was mixed with a corresponding set
of 0.1 ml of diluted tuberculin stock. After 20 min at
370C, 0.1 ml of a homologous washed erythrocyte
suspension consisting of 5 x 107 cells per ml was added,
allowed to settle for 2 h, and examined for microscopic
agglutination.

Release of platelet constituents. Platelets were
labeled with tritiated serotonin and rubidium-86 (New
England Nuclear Corp., Boston, Mass.) as described
previously (20, 37). Samples of CPRP containing 109
platelets per ml were incubated with either 0.3 ,uCi of
[3H]serotonin or 25 ACi of 'Rb. The labeled platelets
were centrifuged at 1,800 x g for 15 min and suspended
in native radioactive-free plasma. Tuberculin was
added at a final concentration of 50 pg/ml, and the
amount of radioactivity released in the supernatant
was measured and expressed as the percentage of the
total, i.e., that liberated with Triton X-100. Calcula-
tions were corrected for radioactivity in the superna-
tant of saline controls.

Plasma lactic dehydrogenase levels were deter-
mined colorimetrically in CPRP treated with tuber-
culin by the method of Babson and Phillips (1) em-
ploying a Lac-Dehystrate test system (General Diag-
nostics, Morris Plains, N.J.). Total enzyme activity
was obtained by cell lysis, and the results are expressed
in terms of percentage of enzyme released.

RESULTS
Anticomplementary activity of tubercu-

lin. Incubation of tuberculin with normal rabbit,
human, and guinea pig serum for 30 min at 37°C
yielded a marked consumption of hemolytic
complement activity (Fig. 1). Each point repre-
sents the mean of duplicate determinations of
hemolytic activity consumed in sera treated with
a single lot of tuberculin. Significant depression
of hemolytic activity was detectable after incu-
bation with 25 /g. However, much higher con-
centrations were required for reduction of he-
molytic activity in excess of 50%. In comparison
to human and rabbit serum, activity in 1:20
guinea pig serum was only mildly depressed.
The capacity of tuberculin to decomplement

serum was indirectly assessed by measurement
of platelet aggregation. The complement-de-
pendent aggregation response was dose depend-
ent for all tuberculin concentrations ranging
from 10 to 100 jg when measured in a platelet
aggregometer (43). Microscopic examinations re-
vealed that much smaller concentrations (i.e.,
0.5 ug) induced formation of large aggregates
consisting of 20 to 30 platelets. A standard dose
of 5 tuberculin units (Aplisol) containing 0.1 ,tg
of tuberculin (PPDS) produced irreversible ag-
gregation (detectable by aggregometry) of plate-
lets taken from animals rendered tuberculin pos-
itive with complete Freund adjuvant (data not
shown). Platelets in plasma from hypersensitive
animals generally responded to tuberculin con-
centrations diluted lOx below the minimum
threshold required to produce aggregation in
normal CPRP.
Pathway of complement activation. The

consumption and/or conversion of complement
components exclusive to the classical or ACP
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FIG. 2. Consumption of Cl in guinea pig serum by
tuberculin (PPD). Diluted tuberculin stock (0.2 ml)
was added to an equal volume of undiluted guinea
pig serum. Control tubes contained serum and Ver-
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FIG. 1. Consumption of total hemolytic comple-
ment activity by tuberculin (PPD). Diluted tuberculin
stock (0.2 ml) was added to an equal volume of rabbit,
human, and 1:20 guinea pig serum (diluted in Ver-
onal-buffered saline). Control tubes contained serum
and Veronal-buffered saline in equal proportions.
Incubation was carried out for 30 min at 37°C before
determination of residual activity. Figures represent
percentages of control (normal serum plus Veronal-
buffered saline) expressed as the mean of duplicate
determinations.

were measured to establish the pathway of tu-
berculin-complement interactions. Immune
complexes activate the complement sequence
through the classical pathway, resulting in the
consumption of Cl, C4, and C2 (32). Evidence
for activation of the ACP can be obtained by
measuring cleavage of factor B to its active form
B (11).
Cl levels in normal guinea pig sera were sig-

nificantly depressed after incubation with tuber-
culin (Fig. 2). Activation of the classical pathway
occurred at doses beginning at 8 ug/ml. The
reaction was generally dose dependent at con-
centrations above 50 ,ug, with maximum depres-
sion of hemolytic activity (85%) after incubation
with 250 ,ug of tuberculin per ml. In human
serum, excess tuberculin (200 yg/ml) induced
minimal conversion of factor B, whereas known
activators ofthe ACP, including zymosan, inulin,

was carried out for 30 min at 37ru, and the amount
of residual Cl was determined. The graph represents
percentage of control (normal guinea pig serum) ex-
pressed as the mean ofthree separate determinations.

and LPS, all induced significant formation of B
detectable by its greater cathodal electropho-
retic mobility when compared to unaltered fac-
tor B (Fig. 3). The utilization of C1 and the
inability to cleave factor B suggest that tuber-
culin utilizes the classical pathway for initiation
of platelet aggregation. To provide further evi-
dence for this interpretation, platelet aggrega-
tion was studied in PRP obtained from guinea
pigs deficient in the fourth component of com-
plement. Plasma devoid of C4, which allows
utilization of C3 to C9 via the ACP, does not
mediate platelet aggregation by tuberculin.
Immune adherence and species differ-

ence. The experiments described above suggest
a role for tuberculin-reactive natural antibody in
the initiation ofanticomplementary activity. An-
tigen-antibody complexes react with human
erythrocytes and non-primate platelets through
the production of adherence reactions with the
mediation of complement (13, 14, 29, 36, 41).
Immune adherence has also been implicated in
the reaction between rabbit platelets, endotoxin,
and zymosan-bearing C3 (15, 17, 38). Experi-
ments were performed to determine whether the
interaction of tuberculin with primate erythro-
cytes and non-primate platelets conformed to
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TABLE 1. Immune adherence profile

Serum species Hemag- Platelet
glutination' aggregation'

Human +
Sheep - -

Rabbit - +
C6D rabbit - +
Guinea pig - +
C4D guinea pig NDc

a Hemagglutination of autologous erythrocytes in
tuberculin-treated serum was recorded as positive
(+) when visible agglutination was detected in the
course of the checkerboard titration.

bPlatelet aggregation was determined by aggre-

gometry or phase-contrast microscopy at intervals up
to 30 min after incubation with tuberculin at concen-

trations ranging from 1 to 500,g.
'ND, Not determined.

E

F

FIG. 3. Immunoelectrophoretic analysis of factor
B conversion. A 0.9-ml sample of human serum was

incubated for 1 h at 37°C with 0.1 ml ofsaline (A and
F) or 0.1 ml of saline containing 200 pg each of
zymosan (B), tuberculin (C), inulin (D), or LPS (E); a

5-ulI sample of each mixture was subjected to electro-
phoresis for 30 min at 30 mA. Antiserum to human
factor B was added to the center troughs and incu-
bated at 37°C overnight. Nonconverted factor B oc-

cupies a position anodal from the well; conversion to
B is indicated by a more cathodal precipitin arc on

the left.

the standard patterns of immune adherence.
Table 1 shows that human erythrocytes agglu-
tinated in homologous serum treated with tu-
berculin, whereas rabbit, sheep, and guinea pig
erythrocytes were unresponsive. Conversely,
normal human platelets in autologous plasma
were unreactive even at tuberculin concentra-
tions ranging as high as 500 ug/ml. With the
exception of sheep platelets, which do not pres-
ent receptors for immune adherence (16), all
other non-primate platelets were responsive.
Initation of platelet lysis by tuberculin.

The aggregation reaction requires complement
components up to C3 but not beyond C5 (Table
1). Platelet aggregation patterns for normal and
C6D rabbits were similar, whereas C4D plasma
was unable to support an aggregation reaction.
The kinetics of aggregation parallel the release
of cytoplasmic lactic dehydrogenase (Fig. 4).
Cytolysis and aggregation were observed within
the first 5 min of the reaction and occurred with
less than 5 ,ug of tuberculin. The lytic reaction

was confirmed by observing the release of exog-

enously supplied 'Rb (Fig. 5). Immunologically
mediated platelet damage is characterized by
increased membrane permeability to potassium,
which can be observed by measuring 'Rb efflux
(37). 'Rb appearing in the supernatant was max-
imum by 30 min after aggregation, whereas lactic
dehydrogenase increased for 60 min. Although
platelet aggregation develops normally in PRP
obtained from C6D rabbits, only normal plasma
supported release of the cytoplasmic markers.
Experiments were performed to determine

whether a selective release (18) could occur in-
dependently of cell lysis. Adherence of platelets
to zymosan, sheep erythrocytes, and insoluble
antigen and antibody that have fixed comple-
ment components to C3 produced both aggre-
gation and release of serotonin, whereas soluble
antigen, antibody, and complement through C3
produced aggregation without release (15, 16).
Figure 6 shows that induction of the release of
tritiated serotonin from rabbit platelets by tu-
berculin requires complement components
through C6. Assessment of the kinetics of the
release reaction indicates that the appearance in
the supernatant of cytoplasmic markers for cell
lysis precedes the release of serotonin. Radioac-
tivity estimations of extracellular [3H]serotonin
and 'Rb efflux indicate a delayed and dimin-
ished response to tuberculin in plasma chelated
with EGTA. This is in accordance with aggre-
gation kinetics of tuberculin-treated platelets in
EGTA-PRP (43).

DISCUSSION
We have previously shown that tuberculin

irreversibly aggregates rabbit platelets by a com-

plement-dependent reaction (43). The present
work demonstrates that aggregation requires
complement components through C3 or C5.

A

B

C

D
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FIG. 4. Platelet aggregation and release of lactic dehydrogenase by tuberculin. Increasing concentrations
ofPPD in a total volume of 0.3 ml were added to 2.7 ml of PRP, mixed, and incubated in a rotating shaker
bath at 37°C. Platelet aggregation (O to ++++) was determined byphase-contrast microscopy. Enzyme release
is expressed as a percentage of the total activity appearing in the supernatant after sedimentation of the
platelets.
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FIG. 5. Complement dependence of tuberculin-me-
diated lactic dehydrogenase and 'Rb release from
rabbit platelets. Tuberculin at a final concentration
of 50 pg/ml was added to preparations of citrated,
EGTA-treated, and C6D plasma containing either
normal platelets or cells radiolabeled with 'Rb, and
thepercentages oftotal releasable counts and enzyme
were determined with time. Symbols: (0) 'Rb re-

leased in CPRP; (0) enzyme released in CPRP; (A)
'Rb released in EGTA-PRP; and (U) 'Rb and en-

zyme released in C6D-CPRP.

Plasma obtained from rabbits genetically defi-
cient in the sixth component of complement
supports aggregation, the onset being similar to
responses in control groups. Our data provide
evidence implicating C3b in the reaction be-
tween platelets and tuberculin. Nascent C3b is
endowed with a labile binding site, which is

0

TIME, minutes

FIG. 6. Complement requirements for serotonin re-

lease by tuberculin. Rabbit platelets labeled with
[3H]serotonin were suspended in citrated, EGTA-
treated, and citrated C6D plasma. Tuberculin was

added at a final concentration of 50 pg/ml, and the
percentage and time course ofreleased [3H]serotonin
were determined. Symbols: (0) released in CPRP;
(A) released in EGTA-PRP; and (O) released in
C6D-CPRP.

activated through cleavage of native C3 by C3
convertase of the classical pathway or ACP (28).
By virtue of the site, C3b can bind nonspecifi-
cally to a wide variety of particulate or colloidal
substances, including zymosan, immune aggre-
gates, and particulate polysaccharides. C3b
bound to such material exhibits the ability to
attach to receptors on primate erythrocytes and
non-primate platelets to produce hemaggluti-

+
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nation and clumping, respectively (29). Turk
(41) presented evidence that soluble antigens
and immune complexes also participate in such
reactions. Repeated experiments have demon-
strated that the interaction of tuberculin with
primate erythrocytes and non-primate platelets
conforms to the standard patterns of immune
adherence (Table 1) and indicate that the basic
mechanism for aggregation probably relies upon
the generation by tuberculin of C3b, which
reacts with immune adherence receptors on
platelets and erythrocytes. Studies with C6D
rabbits demonstrate that the reaction develops
independently of cell lysis.
Tuberculin was shown to depress complement

levels in human, guinea pig, and rabbit serum
(Fig. 1). Evidence in support of classical pathway
activation is provided by observations of guinea
pig Cl consumption and absence of significant
conversion of factor B to B in human sera.
However, immunoelectrophoretic studies (Fig.
3) did not provide conclusive evidence regarding
the possibility of minimal conversion. The re-
sults of our studies with C4D guinea pigs would
tend to support the idea that tuberculin acti-
vates exclusively the classical pathway of com-
plement. However, rabbit platelets suspended in
plasma chelated with EGTA exhibit a delayed
and diminished aggregation (43) and lytic (Fig.
5) response to tuberculin. EGTA sustains acti-
vation of the ACP in providing appreciable con-
centrations of ionized magnesium, while sup-
pressing the classical complement system by
binding calcium (8). However, EGTA chelation
may not approximate conditions in plasma ob-
tained from C4D animals. For example, it ap-
pears from the data of Des Prez et al. (6) that
Escherichia coli and zymosan, two activators of
the ACP, initiate some consumption of C2 in
EGTA serum. Additionally, they determined
that the dissociation of Cl into its subcompo-
nents, as determined by immunoelectrophoresis,
was less in EGTA serum than ethylenediamine-
tetraacetic acid-treated serum. It is possible that
tuberculin initiates sluggish activation of the
ACP, which may require additional early C com-
ponents to furnish C3b for amplification as de-
scribed by Nicholson et al. (31). Nevertheless,
the results of this study show that tuberculin
consumes complement predominantly if not ex-
clusively by the classical sequence.

Complement-mediated platelet aggregation is
probably initiated by immune complexes con-
sisting of tuberculin and immunoglobulins ac-
quired via immunization with cross-reactive an-
tigens. Mycobacterium possesses antigen com-
ponents in common with many taxonomically
unrelated bacteria (25). Complement consump-

tion by tuberculin might also occur by direct
proteolytic cleavage of C components. For ex-
ample, LPS from Salmonella minnesota (26)
and the lipid A region (22) are able to initiate
classical pathway activation by enzymatic cleav-
age Cls. We were unable to detect precipitating
antibody in normal animals by immunodiffusion,
and tuberculin skin tests were uniformly nega-
tive for immediate or delayed hypersensitivity
reactions. However, Bardana et al. (3), employ-
ing highly sensitive radioimmunoassay, detected
antibodies with the capacity to bind mycobac-
terial components in sera obtained from normal
infants and adults as well as from tuberculous
subjects. In this regard, we noted that platelets
derived from rabbits rendered hypersensitive
with Freund complete adjuvant exhibited a 10-
fold increase in sensitivity to tuberculin. In sev-
eral instances, platelet aggregation in immune
plasma could be detected after incubation with
doses as low as 0.01 jig of tuberculin. The fact
that biologically relevant concentrations of tu-
berculin can consume complement and initiate
platelet aggregation indicates that these inter-
actions are not artifactual.
That the reaction between tuberculin and

platelets is lytic was shown by observing the
release of the cytoplasmic enzyme lactic dehy-
drogenase (Fig. 4) and efflux of 'Rb (Fig. 5).
The latter has been shown to be a convenient
substitute for potassium and a sensitive index of
membrane function (37). Adherence of cells to
particles that are activating complement may
allow transfer of terminal components to the cell
surface and lead to cytolysis (10, 21). Evidence
in support of this hypothesis was provided by
Henson (15), who demonstrated adherence of
platelets to immune complexes and zymosan
without lysis when C6-deficient plasma was
used. Tuberculin was similarly unable to induce
lactic dehydrogenase release in PRP derived
from animals homozygous for C6 deficiency. Ac-
tivation of terminal complement components by
tuberculin bound to platelets may also provide
for indirect lysis, in which the later-acting com-
plement components (C5 to C9) attack the sur-
face of the platelet and cause lysis with subse-
quent liberation of internal constituents.
The requirement for C6 and terminal comple-

ment components indicates that platelet release
of serotonin is caused by platelet lysis. This is
also supported kinetically, since platelets relin-
quish appreciable amounts of cytoplasmic con-
stituents prior to releasing serotonin, a biogenic
amine concentrated in storage organelles in
platelets referred to as dense bodies (42). Mor-
rison et al. (27) similarly noted that polysaccha-
ride-rich LPS preparations did not release
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[3H]serotonin from rabbit platelets when C6-
deficient plasma was substituted for normal
plasma. Immune adherence of platelets to larger
particles, such as erythrocytes and zymosan that
had fixed complement components through C3,
induces an active nonlytic secretion of platelet
granule constituents, including serotonin, hista-
mine, and adenine nucleotides (15, 16). Tuber-
culin can induce a nonlytic aggregation reaction,
but requires terminal components of comple-
ment for release of granule contents. These find-
ings are consistent with reactions of soluble an-
tigen and antibody in CPRP. In the presence of
complement components up to C3, soluble im-
mune complexes induce aggregation without re-
lease (15).
The activity of the tuberculin preparations

does not appear to be attributable to contami-
nating LPS. Rabbit platelets in citrated plasma,
when incubated with endotoxin for 2 h, show
minimal aggregation (5). Des Prez et al. (7)
consistently observed a lag period of 30 to 60
min between addition of endotoxin to rabbit
PRP and the occurrence of platelet aggregation
and release of serotonin. We confirmed these
observations by employing different commercial
preparations of LPS (unpublished data). Tuber-
culin preparations induce platelet aggregation
within a 1- to 2-min period and are active at
concentrations well below the threshold re-
quired for endotoxin-aggregating activity. In
contrast to tuberculin, LPS exhibits significant
conversion of factor B and appears to utilize the
alternative pathway for complement-dependent
rabbit platelet lysis (9, 26, 27).

Tuberculoproteins are nontoxic and are
thought to participate in the tuberculous process
predominantly through cellular hypersensitivity
involving bystander cell injury (4). The genera-
tion of biologically active complement compo-
nents in vivo would not be expected to occur
until the onset of delayed type hypersensitivity,
at which time there is a release of tuberculin-
like products from dead or dying bacteria. Some
of the pathological manifestations attributable
to delayed reactions could reflect concurrent or
superimposing events associated with comple-
ment activation.
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