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Journal of Clinical Investigation
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Immune Lysis of Normal Human and Paroxysmal Noc-
turnal Hemoglobinuria (PNH) Red Blood Cells. 1.
The Sensitivity of PNH Red Cells to Lysis by
Complement and Specific Antibody *

WENDELL F. Rossk { Anp J. V. Dacie
(From the Department of Haematology, Postgraduate Medical School, London, England)

Ham and Dingle (1) demonstrated for the first
time that the red cells of patients with paroxysmal
nocturnal hemoglobinuria (PNH) are unusually
susceptible to lysis by hetero- and isoantibodies
and complement. These observations have since
been confirmed by many other studies using a va-
riety of antibodies (2). The susceptibility of these
cells to lysis by antibody and complement has been
utilized in the detection of hemolytic antibodies in
human serum (3) and in the analysis of the ki-
netics of hemolysis of human cells by specific anti-
body and complement (4).

The red cells of patients with PNH are also
lysed by fresh normal serum, especially when the
pH is reduced to 6.5 to 7.0 (5, 6). This reaction,
the acidified serum test or Ham’s test, is of major
importance in the diagnosis of the disease. Luysis
by acidified normal serum is abolished when the se-
rum is treated with ammonia or heated to 56° C
for 30 minutes (1, 7), procedures that destroy
components of serum complement (C'). This
strongly suggests that serum complement is im-
portant in bringing about lysis by normal serum
in this test and, by extension, in the vascular sys-
tem during circulation of the cells. Therefore, we
have studied in detail the lysis of normal and PNH
red cells by complement and specific antibody.

To assess differences in the relative sensitivity
of normal and PNH cells to lysis by antibody and
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C', we have modified and adapted the standard
quantitative technique of Mayer for the estimation
of serum complement (8z). In our tests, a fixed
number of the human red cells to be tested were
sensitized with a fixed excess of antibody; they
were then treated with graded amounts of fresh
normal serum containing a known amount of C'.
The amount of lysis was measured, and the
amount of C' needed to lyse half the cells was used
as an index of the relative sensitivity of the cells
to complement lysis.

These studies show that the red cells of patients
with PNH consist of two populations : one popula-
tion is markedly sensitive to complement lysis, re-
quiring about one-twenty-fifth the amount of C
for 50% lysis compared with normal cells; the
other population is usually slightly more sensitive
to complement than normal cells, although excep-
tionally the sensitivity may be normal. The pro-
portion of sensitive cells in the blood varies from
patient to patient. This increased sensitivity ap-
pears to be fundamental to the hemolysis of PNH
cells in vivo during circulation and in vitro by
acidified serum.

Methods

Red cells. The cells from 11 patients with PNH were
used. Short summaries of the clinical and hematological
status of all 11 patients studied are included in Table I.
The diagnosis of PNH in each case was made on the
basis of history, clinical and laboratory examination, and
a positive acidified serum lysis test (Ham’s test), ex-
cept as noted. Blood samples from these patients were
removed aseptically by venesection, defibrinated, and im-
mediately centrifuged in the cold. The serum was re-
moved, and the cells were suspended in sterile Alsever’s
solution made according to Mayer’s formula (80). The
cells were stored at 4° C. When preserved in this fash-
ion, they maintained their initial characteristics for at
least 6 weeks. Red cells from normal control subjects
and from patients suffering from hematological diseases
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TABLE 1
Clinical and laboratory data on patients with PNH*
Clinical condition
Dura-
Hemo- Reticulo- tion of Transfusion Sple-
Patient Age Sex globin cytes illness Presentation Present state requirements nectomy
years 2/100 ml % years
C.T. * 21 M 4.0 16 2% Aplastic anemia Markedly decom- Massive Yes
pensated
K.P. 28 F 5.8 17 1 Hemolytic Decompensated Every month No
anemia hemolytic anemia
C.L. 55 F 11.1 11 3 Hemolytic Compensated None No
anemia hemolytic anemia
B.G. 32 F 7.4 25 13 Aplastic anemia Decompensated Every 4 Yes
months
M.B. 48 F 10.9 2.8 14 Aplastic anemia Compensated None No
H.H. 42 F 5.2 8 3 Hypoplastic Deceased Massive No
anemia, (marrow aplasia)
hemolysis
J.S. 60 M 7.6 13 13 Hemolytic Compensated None No
anemia, hemolytic anemia
hemoglobinuria
S.M. 34 F 11.5 1.0 63 Aplastic anemia Clinically well None Yes
K.H.D. 52 M 3.9 2.7 ] Aplastic anemia Severe anemia Massive No
H.M. 48 F 14.6 2.5 15 Hemoglobinuria Clinically well None No
A.H. 43 M 15.4 1.2 31 Aplastic anemia Well None Yes

(familial)

* These data refer to observations made at the times of the complement lysis studies. PNH = paroxysmal nocturnal hemoglobinuria.

other than PNH were obtained and preserved in the
same way.

Sterile sheep red blood cells 1 derived from defibrinated
blood suspended in sterile Alsever’s solution were used
after storage for only 1 week. The cells were prepared
for use by washing in barbital (Veronal)-saline buffer
(VSB) (see below) three times. A suspension contain-
ing 10° red cells per ml was made according to Mayer’s
method (8¢). Human red cells were prepared for use
by the same method. However, the standard suspension
used contained 2 X 10® cells per ml. This suspension was
made by diluting 0.5 ml of washed, packed cells in 18 ml
of VSB. The volume of this suspension was then ad-
justed so that a 1 in 25 dilution in 0.04% NH.OH had
an OD of 0.210 at a wavelength of 541 mu, as measured
in a Unicam spectrophotometer.

Red cells were papainized by mixing 0.25 ml of washed,
packed red cells suspended in VSB to a total volume of
1.8 ml with 0.2 ml of a 2% solution of papain. The mix-
ture was incubated 20 minutes at 37° C, and these cells
were washed three times with VSB.

Antibodies. A cold-reactive antibody of anti-I speci-
ficity and very high hemolytic titer was obtained from
a patient suffering from autoimmune hemolytic anemia
of the cold agglutinin antibody type. The serum was
preserved at — 60° C and was heated at 56° C for 30
minutes before use in order to destroy complement ac-
tivity. This serum had very little anticomplementary ac-

1 Staynes Laboratories, High Wycombe, England.

tivity when tested in the sheep red cell-rabbit antiserum
hemolytic system.

Serum containing a typical Donath-Landsteiner anti-
body was obtained from a patient suffering from paroxys-
mal cold hemoglobinuria associated with congenital
syphilis; this antibody was stored and prepared for use
as outlined above.

Serum containing anti-pK as an isoantibody was stored
and prepared for use as outlined.?

Purified O antigen 3 from Shigella shigae, prepared by
the method of Davies, Morgan, and Mosimann (9), was
treated with N/50 NaOH for 18 hours at 37° C and was
attached to red cells by incubating 50 ug in 2 ml with 8
ml of a standard suspension of red cells (see above) at
37° C for 30 minutes.

An antiserum prepared in rabbits to whole sheep red
cells was heated to 56° C for 30 minutes, diluted 1/100,
and stored at —20° C.4

Human complement. Whole human serum was ob-
tained from the blood of normal subjects by defibrination
and centrifugation at 4° C. During use, the serum was

2Kindly provided by the Lister Institute, London,
England.

8 This antigen and the rabbit macroglobulin antibody
to it (partially purified by sucrose gradient ultracentri-
fugation) were kindly supplied by Dr. J. Humphrey of the
National Institute for Medical Research, Mill Hill,
England. . :

4 Obtained from Staynes Laboratories.
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kept at 0° C in a melting ice bath. This serum was
stored in 1- to 2-ml or 10-ml volumes in sealed bottles
at —90° C in a dry ice chest. Once diluted, the unused
serum was discarded. Only sera whose complement titer
was between 34 and 42 C'Hs U as determined with sen-
sitized sheep cells (8) were used. Lysis due to iso-
antibodies was prevented by using serum of the same
ABO group as the cells being tested.

Guinea pig complement. Blood was obtained from
young guinea pigs and allowed to clot at room tempera-
ture for 1 to 2 hours. The serum was removed and
pooled. Naturally occurring antibodies to human or sheep
red cells were removed by reacting 1 part of washed nor-
mal human or sheep red cells with 10 parts of serum at
0° C for 10 minutes. After removal of the cells by cen-
trifugation at 0° C, the guinea pig serum was stored in
1- to 2-ml volumes in sealed bottles at —90° C.

Buffer. An isotonic VSB was used throughout the
experiments unless otherwise stated. This buffer was
made according to Mayer’s formula (8b).

Complement titration. The complement titration of
Mayer and co-workers (8a) using sheep cells and rabbit
antiserum to sheep cells was used for the estimation of
complement in human serum.

Optimal dilution of antibody. The following proce-
dure was used to determine the amount of antibody
which, in the presence of a fixed quantity of C’, will lyse
the greatest number of red cells. Equal volumes of the
standard suspension of cells to be tested and doubling
dilutions of antibody were mixed at 0° C5 or room tem-
perature (about 20° C) for each dilution of antibody be-
ing tested. A set of three tubes was prepared: 1-ml vol-
umes of the mixtures of cells and antibody were pipetted
into tubes labeled 1, 2, and 3 containing 5.5 ml and 6.5 ml
of VSB (at 0° C) and 6.5 ml of 0.04% NH.OH, re-
spectively. One ml of a dilution of normal human serum
(diluted 1 part + 4 parts VSB when normal cells were
used or 1 part + 14 parts VSB when PNH cells were
used) was added to each of the tubes labeled 1. After
mixing, the tubes were kept at 0° C for 12 minutes after
which they were placed at 37° C for 1 hour. After cen-
trifugation, the amount of hemolysis was determined from
the optical density of the supernatant fluid at 541 mu in
a Unicam spectrophotometer. The degree of hemolysis
was determined after correcting for noncomplement lysis
(tube 2) and complement color. The dilution of anti-
body giving the most lysis was ascertained.

Acidified serum lysis test. Lysis of PNH cells in
acidified serum was measured as described by Dacie and
Lewis (10). When large numbers of cells were re-
quired, tenfold increases in volumes were used.

Complement sensitivity test. To determine the relative
sensitivity of red cells from various patients to C', we
used the following test, based on the complement titra-
tion described by Mayer (8a). Cells sensitized with a
constant excess of antibody (the dilution of the antibody

5 When antibodies that react at room temperature
(anti-Shigella polysaccharide and iso-anti-pk) were used
for sensitization of the red cells, maintenance and incu-
bation at 0° C were omitted.
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being used that lysed the greatest number of normal cells
under conditions of limited C') (see above) were lysed
by graded amounts of C’ in a given reaction volume at
given reaction times and temperatures. To obtain graded
amounts of C’ without making separate dilutions for each
tube, we added different volumes of a single basic dilution
to each of six tubes containing sensitized cells and suffi-
cient VSB to bring the final total volume to 7.5 ml
The basic dilution was selected to give partial lysis in all
tubes insofar as possible. When normal cells were be-
ing tested, this dilution of serum was usually 1in 3 to 1 in
5. Because of the wide range of sensitivity of the cells
in the blood of all patients with PNH, four groups of six
tubes were used to analyze each sample of cells; the
basic dilutions of C' used for these groups were usually
1in 100, 1 in 33.3, 1 in 10, and 1 in 3.33, respectively.

For each basic dilution of C’ to be tested, 4.5 ml of the
standard suspension of cells in VSB was mixed at 0° C3
with 4.5 ml of antibody in the dilution optimum for nor-
mal cells. One-ml portions were immediately pipetted,
with mixing, into each of six tubes containing, respec-
tively, 4.0, 3.5, 3.0, 2.5, 1.5, and 0.5 ml of ice-cold buffer
in an ice bath. In addition, 1.0 ml was pipetted into 6.5
ml of VSB (cell control) and 1.0 ml into 6.5 ml of 0.04%
NH.OH (100% lysis control). Sufficient complement in
the dilution being tested was pipetted into each of the
six tubes to adjust the final volume to 7.5 ml. The tubes
were incubated for 12 minutes at 0° and then for 60 min-
utes at 37° C. After centrifugation, the optical density
of the supernatant fluid at a wavelength of 541 mu was
determined, and the color due to nonspecific lysis and to
complement was subtracted by use of the appropriate con-
trols. The fraction of cells lysed, y, was determined by
dividing the corrected optical density by the optical den-
sity of the completely lysed sample corrected for non-
specific lysis. The logarithm of y/(1 —y) was plotted
against the logarithm of the number of milliliters of
complement used. For normal cells, the amount of C'
giving 50% lysis was determined from the intercept of
the resultant straight line with y/(1—3) =1.0. The
reciprocal of the dilution of C’' used was divided by the
number of milliliters of this dilution of C' required for
50% lysis to give the complement lysis sensitivity titer
(C'LS H), ie., the dilution of C’, 1 ml of which will
lyse 50% of the cells present. For example, in Figure 1,
the plotted line intersects the 50% lysis point [v/(1—y)
=1] at a complement concentration equivalent to 82 ml
of a 1/100 dilution of whole serum. Hence the comple-
ment lysis sensitivity titer (C'LS Hs) =100/82=1.18 U.

When PNH cells were analyzed by this test, complex
curves resulted which suggested that these cells consist
of two populations that differ in their sensitivity to com-
plement lysis (see Figure 2). To determine by hand cal-
culation the sensitivity titer of each population sepa-
rately, we estimated the proportion of each population
from the inflection point of the curve. The value of
y/(1—19) at that point was converted to the corre-
sponding value of y by the formula:

R 7/¢ )
T+ D/ -7
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This result estimates the proportion of all cells that are
in the sensitive population.

The fraction of the population of sensitive cells lysed by
a given amount of complement was then determined by
application of the following formula (only values between
0 and 1.0 represent lysis of sensitive cells) : ysensttive =
[optical density of supernatantsi mg (correctear ]/ (optical
densitytotar X R), where R = the fraction of all cells in
the sensitive population, and optical densitytotar = optical
density at 541 mu of all cells lysed in 0.04% NH,OH.

The fraction of the insensitive population lysed by a
given concentration of complement was determined by
the following formula: Yinsensicive = [Optical density of
supernatantsa mx — (optical densitytotar X R) ]/ [optical
densityeotar X (1 — R)]. These data were then plotted
separately for sensitive and insensitive cells after applying
the Von Krogh correction. The amount of complement
yielding 50% lysis of each population was then deter-
mined as for normal cells (see above).

Computer analysis of data from PNH patients. The
data derived from the complement lysis sensitivity tests
of the red cells of eight patients with PNH were ana-
lyzed by the IBM 7094 computer, by a general purpose
program (11). The data were fitted by the least squares
method to equations describing a combination of two
gaussian curves and a linear term:

g = Aifi + Aofa + Asy, 1]
A = ﬁz ﬂ e=®=X0Y2002dt, and  [2]
1 v
- —(t— X2)2/20V2
10 = o5 [T d, 3]
10 5
T :
i 1.0 E T
0.l T T 1T T rIrry
10 100

HUMAN COMPLEMENT, 1/100 (ml.)

F1c. 1. THE LYSIS BY GRADED AMOUNTS OF HUMAN
COMPLEMENT OF NORMAL CELLS SENSITIZED WITH THE
“OPTIMAL” AMOUNT OF ANTI-I ANTIBoDY. The data are
evaluated by the logarithmic transformation of the Von
Krogh equation: y =fraction of cells lysed. The points
represent the mean values of ten tests; the bars delimit
1 SD on each side of the mean.
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F1G. 2. REPRESENTATIVE CURVES ILLUSTRATING THE
LYSIS OF PAROXYSMAL NOCTURNAL HEMOGLOBINURIA
(PNH) RED CELLS BY ANTI-I ANTIBODY AND HUMAN C'.
The complement lysis of the curves of cells of three pa-
tients with clinical disease of different severity is shown.
The initials correspond to those used in Tables I and III.
The lines shown are the least squares lines defined by the
IBM 7094 computer from the experimental points given
in each case.

where y = concentration of complement, X, = the mean of
the distribution for the sensitive population (1), X.= the
mean of the distribution for the insensitive population (2),
o1 and o2 = the standard deviations of populations 1 and 2,
respectively, and A4 and A4; = the relative contributions of
populations 1 and 2 to the sum. The term Asy was in-
troduced to permit the compensation of a slight apparent
constant upward drift of the ordinate when present in the
data. The functions f, and f: are normalized so that

ﬁwfldx =1.

Differential density centrifugation of cells. Cells of
different and known density were obtained by the differ-
ential density centrifugation technique of Danon and Mari-
kovsky (12).6 Mixtures of dimethylphthalate and di-n-
butyl phthalate that had a specific gravity ranging from
1.094 to 1.074 were mixed with cells and centrifuged.
Cells lighter than the immiscible mixture were above it,
those heavier below. By appropriate selection of cells
and mixtures of oil, we obtained red cells with a fairly
narrow range of specific gravity. The sensitivity to com-

6 These separations were kindly performed by Dr. S. M.
Lewis and Miss Margaret Cox.
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plement lysis of each of these fractions was determined
separately.

The four-tube complement lysis sensitivity test (using
the anti-I -antibody). Into four large test tubes labeled
1 through 4 were pipetted, respectively, 1) 5.5 ml VSB,
2) 6.5 ml VSB, 3) 55 ml VSB, and 4) 6.5 ml 0.05%
NH.OH, and the tubes were placed in a melting ice bath.
A standard suspension of red cells was prepared as above
(or alternatively 0.2 ml of washed, packed red cells was
added to 10 ml of VSB), and after cooling in the ice
bath, 2.5 ml was mixed with 2.5 ml anti-I antibody di-
luted 1 part in 40 with cold VSB. One ml of these sen-
sitized cells was pipetted at once into each of the four
tubes. One ml of diluted fresh normal human serum (1
part serum + 9 parts VSB) was immediately pipetted
into the first tube. One ml of whole fresh normal human
serum was pipetted into the third tube. The contents of
the tubes were mixed and incubated at 0° C for 12 min-
utes with occasional mixing to maintain the cells in uni-
form suspension. They were then placed in a 37° C water
bath and incubated for 1 hour. After separating the un-
lysed cells by centrifugation, we estimated the amount of
hemolysis as above. Blanks for correction for color due
to complement were prepared by adding 1.0 ml of whole
serum, respectively, to 6.5 ml of VSB. If excessive he-
molysis (more than 5%) occurred in the second tube or
if no hemolysis occurred in the third tube, the test was
considered invalid. If hemolysis occurred in the first
tube in excess of that in the second tube, a sensitive popu-
lation of cells was present. The net percentage of hemoly-
sis in this tube was calculated; this represented an esti-
mate of the proportion of sensitive cells in the blood
sample.

Results

Determination of the amount of antibody vyield-
g maximal C' activity (optimal dilution of anti-
body). The dilution of antibody yielding maxi-
mal C' activity is given in Table II for several anti-
bodies with normal, papainized normal, and PNH
cells. In the experiments reported below, the op-
timal dilution of each antibody for sensitizing nor-
mal cells was used in sensitizing normal, PNH,
and papainized red cells unless otherwise noted in

TABLE 11

Highest dilution of antibody yielding the greatest amount of
lysis with a given amount of complement (‘‘optimal” dilu-
tion of antibody) determined for normal and PNH cells

Red cells
Papainized
Antibody Normal PNH normal
Anti-I 1/40 1/200-1/600 1/160
Anti-pk (isoantibody) 1/4 1/16
Donath-Landsteiner 1/10 1/80
Shigella-anti-Shigella 1/40
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order to keep in constant excess the amount of
antibody in all tests.

Complement sensitivity of normal red cells. The
lysis of sensitized normal red cells by increments
of complement is illustrated in Figure 1. In most
experiments, a straight line resulted when the
logarithm of y/(1 —y) (where y is the fraction
of cells lysed) was plotted against the logarithm of
complement concentration. Occasionally, the line
curved slightly at high C' concentrations. The
complement lysis sensitivity titers (C'LS H,,)
with human C' and anti-I antibody of ten deter-
minations on the cells of nine normal donors, cal-
culated as above, are shown in Figure 3.

The complement sensitivity of normal red cells
was greater when guinea pig serum was used as a
source of complement (Figure 3). The comple-
ment lysis sensitivity titers, with human C', of
normal cells when the Donath-Landsteiner anti-
body, anti-p® isoantibody, and Shigella passive ly-
sis system were used for sensitization are shown in
Figure 4.

Sensitivity to complement lysis of red cells in
hematological diseases other than PNH. The C'
lysis sensitivity titers (with normal human C" and
anti-I antibody) of red cells of patients with a
variety of diseases other than PNH are shown in
Figure 3. Values significantly greater than nor-
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mal were observed only with cells from patients
with aplastic anemia.

Sensitivity to complement lysis of PNH cells.
Hemolysis of PNH cells by increasing amounts of
C’ does not occur as a simple function of the con-
centration of C' as with normal cells. In every
instance (except patient A.H., considered to have
undergone complete remission of the disease) (13,
14), when the logarithm of y/(1 — y) was plotted
against the logarithm of C' concentration, there
appeared to be two connected, nearly parallel
straight-line portions of the curve (Figure 2).
This is interpreted to mean that PNH cells con-
sist of two populations of cells, one of which is
lysed by very small amounts of C', the other re-
quiring more C’ for lysis. The data obtained from
hemolysis of PNH cells were analyzed by two
“methods: 7) The “hand calculation” method,
which involved an analysis using the Von Krogh
transformation (see above), and 2) the computer
method in which an IBM computer was used to
fit the data to a curve describing the sum of two
curves of normal distribution. The Von Krogh
transformation is an empirical equation that ap-
proximately describes the middle range of the
curve of normal distribution but deviates markedly

at extremes from the mean. When an attempt
was made by the computer to fit the data from
lysis of PNH cells to an equation derived from the
Von Krogh equation, significant systematic devi-
ations of the data points from the least squares
line were noted. Since no such deviations were
seen when the equation involving the integral form
of the gaussian equation of normal distribution
was used to analyze the data, this probably repre-
sents a more precise mathematical treatment of
the data.

The complement lysis sensitivity titers as deter-
mined both by hand calculation and by computer
analysis (when done) of the cells of 11 patients
with PNH are presented in Table ITI. Lysis was
brought about in all cases by anti-I antibody and
human complement. Examples of the curves ob-
tained with the cells of three patients are shown
in Figure 2; the correspondence between the least
squares line as determined by the computer and
the observed values is good. There is good cor-
relation between the results of hand calculation
and computer analysis in determining the sensi-
tivity titer of the sensitive population, but the cor-
relation between hand-calculated values and com-
puter-obtained values is not as good for deter-
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minations of the sensitivity titer of the insensitive
population. In all cases, the values obtained by
computer analysis were higher than those obtained
by hand calculation. There is a consistent small
underestimation of the proportion of cells that is
sensitive when the hand calculation method is used
as compared to the computer method. These find-
ings indicate that the analysis of the data obtained
from complement lysis sensitivity tests on PNH
cells by computer is useful and precise but that
simpler hand calculation methods yield comparable
results that are more easily obtained.

The complement sensitivity of the sensitive pop-
ulation of PNH cells was the same when the cells
were sensitized with antibody diluted 1/40 as
when diluted 1/200 (the optimum for PNH cells).

The above data were derived from patients be-
fore transfusion. The presence of transfused cells
in PNH patients may be detected by the comple-
ment lysis sensitivity test, as illustrated in Figure
5. The effect of papainization in increasing the
sensitivity to lysis of these three populations is
illustrated in the same Figure.

The complement lysis sensitivity titers of PNH
cells with guinea pig serum (with anti-I antibody)
and iso-anti-p* or the Donath-Landsteiner anti-
body and the passive lysis system with Shigella
polysaccharide and rabbit antibody (all with hu-
man complement) are summarized in Figures 3

WENDELL F. ROSSE AND ]J. V. DACIE

and 4. There was evidence of two populations of
cells in each instance.

Complement lysis sensitivity related to cell age.
To show that differences in sensitivity between the
two populations of PNH cells are not a reflection
of the age of the cells, we separated cells of specific
densities by means of mixtures of di-n-butyl
phthalate and dimethyl phthalate according to the
method of Danon and Marikovsky (12). The
complement lysis sensitivity of each fraction was
then tested. When PNH cells were used, the two
populations were found in all fractions. The
largest proportion of sensitive cells was found in
the least dense (youngest) fraction, and the sensi-
tivity of this population increased with density
(Table IV). When normal cells were separated
and tested in the same manner, it was found that,
although the sensitivity to complement lysis in-
creased slightly with age, only a single population
was present in each of the fractions (Table IV).

Relation of complement lysis sensitivity to lysis
in acidified normal serum (Haw's test). In Ta-
ble ITI, the proportion of sensitive cells deter-
mined by analysis of the complement lysis sensi-
tivity curves is compared with the results of the
acidified serum lysis test on the same PNH blood.
In some cases the proportion of abnormal cells as
determined by inflection point analysis is similar
to the amount of hemolysis observed by treat-

TABLE I
Summary of complement lysis sensitivity analysis of the red cells of patients with PNH

Proportion of cells in sensitive

Complement lysis sensitivity titer population
Sensitive cells Insensitive cells By comple-
By inflec- By com- ment lysis
Hand cal- Computer Hand cal- Computer tion point puter sensitivity % lysis in
Patient culation analysis culation analysis analysis analysis test (4-tube) acidified serum
C’LS Hso U* % % %

C.T. 27 31 5.0 9.3 81 90 86
K.P. 24 24 2.3 3.8 50 45 33
C.L. 28 31 3.8 46 49 46 25
B.G. 27 28 2.9 4.8 42 45 44 42
M.B. 27 28 1.8 1.9 37 39 37 14
H.H. 47 48 2.7 2.8 27 27 22
J.S. 29 31 1.8 2.7 23 23 18.3
S.M. 32 35 2.2 2.5 6.2 10 3.0
K.H.D 40 2.8 5.2 5.4 0
H.M. 20 1.2 3.5 3.5 0
A.H. t 1.3 t
Mean 30.1 31.9 2.5 4.0
SD 7.9 7.2 1.1 2.5

* C'LS Hyo = the dilution of C’, 1 ml of which will lyse 509, of the cells present.
1 No sensitive cells present; the acidified serum test has been negative since 1949 (13).
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TABLE IV
Summary of complement sensitivity titrations of cells of graded density

- Sensi- Insen- % Sen-
% Reticulo- tive sitive sitive
Cells Fraction Density cytes cells cells cells
C'LS Hw U
PNH 1 1.074 36 28 3.4 70.0
2 1.074-1.082 7.2 35 3.4 50.0
3 1.082-1.086 4.6 40 4.3 38.4
4 1.086 1.8 42 5.4 35.7
Normal 1 1.090 6.0 h 1.1
2 1.090-1.094 0.02 1.2
3 1.094 0.01 1.3

ment of the cells with acidified serum. This sug-
gests that it is the sensitive cells that are lysed by
this procedure. This is, in fact, only partially true
as is shown by the analysis of the sensitivity to C’'
lysis of PNH cells before and after lysis by acidi-

10

y/ -y

Lol It L1l

100

HUMAN COMPLEMENT /100 (ml.)

F16. 5. THE rvsis BY HUMAN C’ AND ANTI-I ANTI-
BODY OF THE CELLS OF A PATIENT WITH PNH wHO HAD

BEEN TRANSFUSED, ILLUSTRATING THE PRESENCE OF THREE

DISTINCT POPULATIONS. @, cells sensitized with anti-I
antibody and lysed by human C’; O, papainized cells sen-
sitized with anti-I antibody and lysed by human C’;
M, cells sensitized with anti-I antibody and lysed by
guinea pig C'.

fied serum (Table V). There is a marked reduc-
tion in the proportion of sensitive cells after this
treatment, but a portion of this population remains.
There is a reduction in the mean sensitivity of this
sensitive population, and in one instance, in the
sensitivity of the insensitive cells as well. This
suggests that a majority of the cells lysed by acidi-
fied serum are of the sensitive population, but this
medium does not lyse all such cells and probably
lyses some insensitive cells.

The four-tube complement lysis senmsitivity test.
The results of the use of the four-tube complement
lysis sensitivity test, a simplified version of the
complete complement lysis sensitivity test, ih the
analysis of PNH cells are shown in Table III.
No positive results have been found in testing the
cells of 10 normal donors or of 12 patients with
hematological disease other than PNH. The sen-
sitive population was easily demonstrated in those
patients with PNH in which the acidified serum
test was negative. There is good correlation be-
tween the results of this test and the more compli-
cated inflection point analysis. The finding that
a passive lysis system such as the Shigella-anti-
Shigella system gives the same results in the com-

TABLE V

Complement sensitivity titers (anti-I, human C') of PNH
cells before and after acidified serum lysis

Complement sensi- .
tivity titer

Sensitive Insensitive % of sensi-
Patient cells cells tive cells
C'LS Hso U
B.G. Before 27 2.9 42
After 24 1.3 7.6
H.H. Before 47 2.7 27
After 24 2.8 40
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plement lysis sensitivity test as iso- and autoanti-
bodies would indicate that easily available mater-
ials could be used for the four-tube C’ lysis sensi-
tivity test.

Discussion

Differences in the sensitivity of human red cells
to complement lysis have been previously de-
scribed. Ham and Dingle in 1939 recognized that
PNH cells are lysed more easily by hetero- and
isoantibodies than normal cells, i.e., PNH cells
are lysed at higher dilutions of antibody when the
amount of complement is constant (1). Red cells
treated with trypsin, papain, ficin, or other pro-
teolytic enzymes are also more sensitive than
normal cells to complement lysis (15). More re-
cently, Dacie, Lewis, and Tills (16) showed that
the red cells of patients with a variety of hemato-
logical diseases are lysed more readily by anti-I
antibody in the presence of large amounts of C’
than normal cells, although considerably less read-
ily than the cells of most patients with PNH, par-
ticularly when the antiserum is diluted.

The techniques used in the present studies per-
mit the extension, confirmation, and quantitation
of these observations. The complement lysis sen-
sitivity test, as used here, does not distinguish be-
tween sensitivity to complement and sensitivity to
antibody, but rather measures the sensitivity of the
cells to the whole series of reactions between anti-
gen, antibody, and complement components. Some
of the reasons for the variation among different
types of cells in sensitivity to complement lysis
delineated in the present paper will be discussed
in full in the second paper of this series (17).

From these studies, it is apparent that normal
cells consist of a single population of cells with re-
spect to their sensitivity to C' lysis. In most cases,
the plot of the logarithm of C’' concentration
against the logarithm of y/(1 — y) was a straight
line ; however, in some instances, there was slight
curvature in the line at higher concentrations of
complement, suggesting that either some of the
cells were not equally sensitized or that high con-
centrations of serum had an inhibitory effect on
the action of complement. The latter possibility is
consonant with the fact that there is a known nat-
urally occurring inhibitor of the first component of
complement (C’l) in normal serum (18). Fur-
ther, when these normal cells were papainized,
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when guinea pig serum was used as a source of
C', or when the Donath-Landsteiner antibody was
used for sensitization, less serum was required for
lysis, and curvature of the line did not occur.

In their studies of the lysis of cells of patients
with a variety of hematological disorders by anti-I
cold agglutinin, Dacie and his colleagues (16)
found that the cells of patients with leukemia,
aplastic anemia, and megaloblastic anemia are
lysed, in the presence of excess complement, by
smaller concentrations of antibody than are re-
quired to lyse normal cells. When a small number
of patients with these diseases were investigated by
the present technique, a single population of cells
was seen in each sample, and a somewhat wider
than normal variation in the complement sensi-
tivity titers was noted. However, only with the
cells of patients with aplastic anemia who had not
been transfused was the complement sensitivity
titer consistently higher than normal, and in some
cases it equaled or exceeded the sensitivity of the
insensitive population of PNH cells. This find-
ing is of particular interest, since aplastic anemia
and PNH are apparently related; that is, a cer-
tain number of patients with PNH appear initially
to have typical aplastic anemia, and the abnormal-
ity specific for PNH as estimated by the acidified
serum lysis test becomes manifest only after a pe-
riod of time (14, 19-22).

In this regard, mention should be made of one
patient, K.H.D,, in the present series of PNH pa-
tients. He presented with a clinical syndrome
typical of aplastic anemia and required repeated
transfusions. The routine acidified serum lysis
test was negative, and the urinary sediment con-
tained no hemosiderin. However, on detailed
analysis of his cells with the complement lysis
sensitivity titration, a small proportion of his cells
was found to be abnormally sensitive to lysis by
C', and the diagnosis of PNH was made. The
routine acidified serum lysis test later became
clearly positive. Further studies over a period of
time in this and similar patients, as well as in a
larger group of patients with hematological dis-
ease, are currently in progress.

The present studies amply confirm that the cells
in patients with paroxysmal nocturnal hemoglobi-
nuria are more sensitive to the effects of antibody
and complement than normal human cells. This is
seen when the amount of antibody is limiting as in
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the determination of the optimal antibody concen-
tration but more markedly when the antibody is in
excess and the amount of complement is limiting
as in the complement lysis sensitivity test. Under
these conditions two populations of cells are
clearly shown, one of which requires about one-
twenty-fifth, the other about one-half the amount
of complement for lysis of 50% of the cells as
normal cells.

The finding of two such discrete populations of
cells in PNH explains the previously noted wide
variability of the cells of patients with the disease.
It has been suggested that some of the cells in
PNH blood might be normal from the fact that
there is a residuum of cells that resists lysis in the
acidified serum test even if the cells are exposed
to successive samples of acidified serum (22).
Also, complex red cell survival curves have been
repeatedly noted with PNH cells both with Ashby
differential agglutination and radioisotope tech-
niques (23, 24). However, it was not known
whether this variability in the rate of destruction
in vivo and the insensitivity of some of the cells
to acidified serum lysis i vitro was a reflection of
a single population of cells with a wide distribution
in the severity of the abnormality or of two popu-
lations of cells. It is quite apparent from our
studies that the cells are of two populations. Each
population appears to have a narrow range of sen-
sitivity to complement lysis.

Further, these studies indicate that the “insen-
sitive” cells are usually not, in fact, normal but
are also somewhat more sensitive than normal cells
to complement lysis. This means that PNH can-
not simply be regarded as a mosaic of abnormal
cells proliferating along with normal cells but, in
most cases, as a mosaic of two abnormal types of
cells. The distinctness of the sensitive population
and the similarity in the complement lysis sensi-
tivity titers of sensitive cells from different pa-
tients suggest that the abnormality characteristic
of PNH is either present or absent in a given cell
and that the result of the presence of the abnor-
mality is always the same, i.e., a marked increase
in the sensitivity of that cell to the effects of
complement.

Differences in the sensitivity of cells to comple-
ment lysis is a characteristic of the cells themselves
rather than a peculiarity of specific antibodies or
complements.

With normal cells there is rela-
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tively little difference in the amount of complement
needed to lyse the same percentage of cells sensi-
tized with several antibody systems, including the
Shigella passive lysis system. With PNH cells
two populations were evident regardless of the
antibody used, and the amount of human comple-
ment needed for 50% lysis was similar for all anti-
bodies tested. These findings suggest that the
antibody plays only a minor role in determining
the differences in sensitivity of PNH and normal
cells and, as will be shown in a subsequent paper
(17), the increased sensitivity to complement lysis
depends mainly upon increased efficiency of com-
plement, independent of antibody.

The sensitive population of cells is a distinguish-
ing characteristic of PNH. To date, no human
red cells in normal conditions or in any other dis-
ease state have been found that are as sensitive to
the effects of immune reactions. It is logical to
suggest, therefore, that this sensitivity plays a role
in the pathogenesis of the disease. Clinically, the
severity of the hemolysis appears to be related,
probably to a great extent, to the proportion and
sensitivity of the sensitive cells. Obviously, fac-
tors in the serum environment of the patients may
also affect the clinical state as is evidenced by the
occurrence of sudden crises of hemolysis in most
patients at some time in the course of their dis-
ease. Further, the clinical impact of the disease
may depend upon factors other than intravascular
hemolysis, such as the effects of erythrocytic
hypoplasia, leukopenia, thrombocytopenia, or in-
travascular clotting.

The complement-sensitive cells survive in the
circulation a shorter length of time than the in-
sensitive cells. This is seen from the fact that the
proportion of sensitive cells is greater in the least
dense (youngest) group of cells. Kan and Gard-
ner have shown that PNH reticulocytes, a popula-
tion relatively rich in sensitive cells, do not sur-
vive as long as reticulocytes from patients with
pernicious anemia who are given cyanocobalamine
(25). Recent studies using glycine-2-%*C as a
label have shown directly that the population sen-
sitive to complement is destroyed within 20 days
whereas the insensitive population survives more
nearly normally (26). This is in accord with evi-
dence from the *:Cr studies in PNH if the bi-
phasic curve is, in fact, due to the presence of two
populations (24).
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The nature of the plasma factors responsible
for the intravascular hemolysis of the PNH cells
or for the in vitro lysis by acidified serum or for
both has been the subject of prolonged contro-
versy (7, 27, 28). Regardless of the factors re-
sponsible for the initiation of the immune reaction
(naturally occurring antibodies, properdin, fluid-
phase immune reactions, or whatever), it is now
quite -evident that the factor ultimately responsible
for the destruction of cells in the acidified serum
test is complement. In the third paper of this
series (29), it is shown that the membrane defects
responsible for lysis of PNH cells treated with
acidified serum appear to be the same as those in
cells treated with specific antibody and comple-
ment. Further, the nature of the sensitizing agent
or agents, be they specific antibodies, cross-reacting
antibodies, normal y-globulin, or heterologous
antigen-antibody reactions, is of relatively little
importance whether at the cell surface or possibly
in the fluid phase. The important difference be-
tween PNH cells and normal cells is the difference
in sensitivity to lysis by C’' (17).

We propose, therefore, that both normal and
PNH cells may react with factors in normal
plasma that may result in the fixation of very small
but probably equal amounts of complement or com-
plement components (1, 17). In the case of nor-
mal cells, this is insufficient to bring about lysis.
However, in the case of the sensitive PNH cells,
even these small amounts of complement or com-
plement components are sufficient to cause the in-
travascular hemolysis of the cell because of its re-
markably increased sensitivity to immune lysis.

It appears likely, therefore, that the apparent
uniquely increased sensitivity of PNH cells to ly-
sis by antibody and C’ is fundamental to the patho-
genesis of the disease. ’

Summary

1. The sensitivity to immune lysis of normal
human red cells and red cells from a variety of
disease states, especially paroxysmal nocturnal
hemoglobinuria (PNH), has been estimated by a
quantitative technique adapted from the standard
assay for serum complement. This method de-
pends’upon the estimation of the amount of com-
plement required to lyse a given number of red
cells sensitized by specific antibody.
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2. Relatively large amounts of fresh serum are
needed to lyse normal cells and the cells of pa-
tients with a variety of hematologic diseases. The
cells of patients with aplastic anemia are somewhat
more sensitive to complement lysis than normal,
i.e., they require somewhat less serum for lysis.

3. The cells of patients with paroxysmal noc-
turnal hemoglobinuria are markedly sensitive to
lysis by complement and antibody. In the blood
of each of ten patients, two populations of red cells
were found, one of which (the “sensitive” popula-
tion) required about one-twenty-fifth as much
complement as normal cells for lysis of an equal
proportion of the cells. The difference in sensi- -
tivity of the sensitive population is seen with a
variety of antibodies and with both human and
guinea pig complement. The other population
‘(the “insensitive” population) required a mean of

"one-half as much C' as normal cells for lysis.

When PNH cells are fractionated according to
density, sensitive cells are present in all fractions
and in the highest proportion in the least dense
(youngest) cells.

4. The proportion of sensitive and insensitive
cells could be estimated from the data, and this
proportion was found to vary from patient to pa-
tient. There is a rough correlation between the
proportion and sensitivity of the sensitive popula-
tion of cells and the severity of the hemolytic
process.

5. The acidified serum lysis (Ham’s) test was
found to lyse largely the sensitive population of
cells. However, some cells in this population were
not lysed, and some cells in the insensitive popula-
tion were lysed by acidified serum. In two pa-
tients, a sensitive population of cells was present
that was not detected by the acidified serum lysis
test. A simplified version of the complement lysis
sensitivity test is described that is more accurate
than Ham’s test in the detection and quantita-
tion of the proportion of cells in the sensitive popu-
lation.

6. These findings indicate that the sensitivity of
the cells in PNH to complement lysis is funda-
mental to the pathogenesis of the disease. We sug-
gest that as red cells, both normal and PNH, cir-
culate, small amounts of complement are fixed to
them by factors present in normal serum, Because
of the marked sensitivity of the sensitive popula-
tion of PNH cells to complement lysis, they are
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destroyed intravascularly by complement, whereas
normal cells, being much Iess sensitive, are not.
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