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THE DESTRUCTION OF RED CELLS BY ANTIBODIES IN MAN.
I. OBSERVATIONS ON THE SEQUESTRATION AND LYSIS
OF RED CELLS ALTERED BY IMMUNE MECHANISMS?*
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(From the Thorndike Memorial Laboratory and Second and Fourth (Harvard) Medical
Services, Boston City Hospital, the Department of Medicine, Harvard Medical School,
and the Blood Grouping Laboratory of Boston, Boston, Mass.)

(Submitted for publication May 9, 1957 ; accepted June 25, 1957)

Much of our present knowledge of the pathologic
physiology of the acquired hemolytic anemias origi-
nated from observations of the fate of heterologous
red cells in immunized animals and of the syn-
dromes produced in animals by injections of heter-
ologous anti-red cell sera (1-17). The frank he-
molysins present in anti-red cell sera seemed to
provide a complete explanation for the experi-
mental findings, but it was early stressed by Muir
and M’Nee (6) and by Banti (8) that the hemo-
lytic action of hemolysin-containing sera was
greater in extent and slower in evolution when in-
jected into the intact animal than when added to
red cells in vitro. It was also pointed out by Banti
(8) and by others (12, 14) that anti-red cell sera
produced spherocytosis of red cells in vivo but
failed to do so in witro. In humans it was pro-
posed that spontaneous hemolysins may provoke
the clinical picture of acquired hemolytic anemia
(5,9, 10), particularly when associated with high
titers of cold agglutinins (18, 19). However,
clinical experience with acquired hemolytic anemia
as well as with blood transfusion reactions and
erythroblastosis fetalis has indicated that these
hemolytic syndromes are generally not associated
with hemolysins demonstrable in vitro (20, 21);
and the injection into animals (14, 17, 22) or into
man (23-26) of antibodies which agglutinate but
do not directly hemolyze red cells in vitro may re-
produce the full picture of clinical hemolytic dis-
ease. Indeed, a number of investigators have
observed the formation of intravascular red cell
agglutinates in vivo after injection of heterologous
or homologous immune serum (4, 14, 15, 24, 27).
In many patients suffering from hemolytic reac-
tions, in almost all infants afflicted with erythro-

1 This investigation was supported in part by a grant
from the Helen Hay Whitney Foundation, and by Re-

search Grants RG3507 (C3) and H1227 from the National
Institutes of Health, Public Health Service.

blastosis fetalis, and in most patients with acquired
hemolytic anemia, it is not even possible to demon-
strate “complete” agglutinins. In these conditions
the antibodies (actual or presumed) are agglu-
tinins only in the sense that they “sensitize” red
cells to the agglutinating effect in wvitro of anti-
globulin (Coombs) serum, of sufficient concentra-
tions of plasma proteins or of certain other large
anisometric anionic molecules (28-30). Although
the hemolytic effect of hemolysins i vivo may be
inferred from their manifest effects in wvitro, the
mechanism of the hemolytic action i vivo of ag-
glutinating and of sensitizing antibodies has re-
mained obscure. In the present study, use was
made of the Cr* method for labelling small volumes
of red cells for red cell survival studies (31, 32)
and for determining the sites of red cell seques-
tration in living subjects (33). The subjects on
whom observations were made included normal
adults who had previously suffered accidental iso-
immunization through transfusion or pregnancy.
Some of these findings have been presented in pre-
liminary form elsewhere (34-36).

METHODS

Technigues employing Cr®. Cr™ in the form of
Na,Cr"0, 2 was employed for red cell labelling (31) as
adapted for studies of red cell survival by Ebaugh, Emer-
son, and Ross (32). Volumes of sodium chromate solu-
tion possessing an activity of 100 to 150 microcuries of
Cr® were added to 30 to 40 ml. of freshly-drawn blood
and 12 ml. of ACD solution in sterile 100-ml. siliconized
flasks. Following 45 minutes of gentle continuous agita-
tion of the flasks at room temperature, their contents
were centrifuged in sterile tubes and the supernatant
solutions were removed. The packed cells were washed
once in sterile isotonic saline, prior to their resuspension
in saline to a final volume of about 30 ml. The suspen-
sions were injected in a period of about one minute.

Samples of blood were drawn periodically from the

2 “Rachromate” of high specific activity, Abbott Labora-
tories, North Chicago, Illinois.
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subject in each experiment into saline-wetted syringes
and then were divided into two parts. One part, which
was received into a bottle containing dry “balanced”
oxalate, was lysed by repeated freezing and thawing to
provide samples for measuring whole blood radioactivity.
The other part, received into one-tenth of its volume of 3
per cent sodium citrate solution, was centrifuged to pro-
vide plasma for determination of plasma radioactivity.
In each case the plasma was re-centrifuged prior to
sampling. The radioactivity of 3-ml. samples of whole
blood, plasma, urine, and the Cr® standards, was de-
termined in a well-type scintillation counter.

The distribution of radioactivity over the hearts, livers
and spleens of subjects receiving injections of Cr™ was
determined with a directional scintillation counter. The
methods employed and the interpretation of the data ob-
tained with these procedures are described elsewhere
(33).

Techniques employing Fe®. Walsh, Thomas, Chow,
Fluharty, and Finch (37) have observed that human
reticulocytes can incorporate Fe® into hemoglobin in
vitro. Accordingly, blood samples were utilized from
several patients with reticulocyte-rich blood for observa-
tions of Fe®-labelled reticulocyte survival in vivo. A
complex between Fe® and human iron-binding protein
was obtained by slowly adding dilute Fe® Cl, 3 to the
subject’s sterile heparinized plasma in an amount calcu-
lated not to exceed the subject’s plasma iron-binding ca-
pacity. One volume of such Fe®-labelled plasma was then
incubated at 37° C. with one volume of reticulocyte-rich
red cells for from one to two hours in sterile siliconized
flasks. Since separate studies indicated that from 0.5 to
1 microgram of Fe® was taken up by each cubic centi-
meter of reticulocytes under these conditions, the volume
of red cells used was selected to contain between 5 and
10 ml. of reticulocytes in order to provide a suitable
amount of radioactivity. Because at the end of the in-
cubation period most of the Fe® still remained in the
plasma, the labelled red cells were washed in sterile iso-
tonic saline five times prior to their resuspension in saline
at a final volume of 50 ml. They were then injected in-
travenously.¢ In these suspensions over 99 per cent of
the radioactivity was in the red cells; of this, between 50
and 90 per cent, generally about 70 per cent, was incor-
porated into hemoglobin as determined by filter paper
electrophoresis 3 and the remainder was present in the

8 Abbott Laboratories, North Chicago, Illinois.

4In compliance with the definition of tracer doses of
radioactive isotopes in adult man as being that quantity of
radioactive material emitting radiation in an amount less
than a total of 1 rep (38), the maximum dose of Fe® given
should not exceed 0.2 microcuries per kilogram body
weight. In the studies, reported here from 4 to 6 micro-
curies of Fe® were injected.

5 Since serum iron-binding protein and hemoglobin mi-
grate together in the commonly used alkaline barbital
buffer, it is advisable, for the separation of these proteins,
to employ a buffer with a pH intermediate between the
isoelectric points of the proteins. For this purpose a pH
6.4, 0.1 molar phosphate buffer was selected.
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red cell membrane. None of the radioactivity was eluta-
ble from the labelled red cells during incubation in fresh
plasma for 24 hours at 37° C. The techniques of deter-
mining and of presenting data on blood and body surface
radioactivity subsequent to the injection of Fe® were simi-
lar to those employed with Cr™-labelled red cells (33).

Techniques involving antisera and red cell sensitization.
Human antisera were obtained from persons who had
suffered primary isoimmunization against the C or D
antigens of the Rh system as a result of transfusion or
pregnancy. These donors had subsequently been hyperim-
munized by small injections of incompatible red cells.
Serum or plasma drawn from these donors was con-
firmed as sterile by appropriate bacterial culture methods.

The sensitization of normal red cells was carried out
by incubating together for one hour at 37° C. a mixture
of one volume of packed type D red cells and two volumes
of an appropriate antiserum diluted with an equal amount
of saline. After incubation the cells were washed twice
prior to injection. Blood from cases of erythroblastosis
fetalis ¢ was obtained in 30-ml. amounts via the umbilical
vein prior to the first transfusion in exchange transfusions.
In all experiments, the labelled, sensitized, washed red
cell suspensions used were examined for hemoglobin and
Cr™ concentrations, for agglutination by Coombs serum
and by polyvinylpyrrolidone (P.V.P.) (30) and for pos-
sible bacterial contamination.

Miscellaneous technigues. Plasma hemoglobin levels
were determined by a photoelectric adaptation of the
benzidine technique (39), using the same specimens em-
ployed for measuring plasma Cr®™ levels. The Coombs
(antiglobulin) test (40) was performed using the tube
technique with potent anti-human serum rabbit serum
prepared as described by Emerson, Franklin, and Lo-
well (41). The technique of the “P.V.P. test” has
been described elsewhere (30). Osmotic (42) and
mechanical (43) fragilities of red cells were determined
in several experiments. The Cr®™ activity of dog tissue
specimens was determined after these tissues had been di-
gested with 10 per cent NaOH and “homogenized” in a
Waring blendor. The total protein concentration of
heparinized dog plasma was measured by the micro-
Kjeldahl method (44) and the albumin concentration by
the dye method (45). Serum bilirubin levels were deter-
mined by the photoelectric method (46, 47) and were re-
corded as the one-minute or prompt direct-reacting bili-
rubin (“direct bilirubin”) and as total bilirubin.

Human subjects. The “normal” human subjects stud-
ied were generally elderly men with minor illnesses, in
whom no diseases of the hematopoietic or reticulo-endo-
thelial systems were believed to be present.

Animal subjects. Adult male mongrel dogs were anes-
thetized with Nembutal® two hours prior to the injection
of autogenous Cr™-labelled red cells and remained un-
conscious until sacrificed. A few minutes prior to sacri-
fice of each animal 50 mg. of heparin was injected intra-
venously. Agglutination of canine red cells in vitro was
produced by exposing the washed labelled red cells to

6 We are indebted to Dr. Jane Desforges for assistance
in procuring several of these specimens.
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trivalent chromium (CrCl,), one of many multivalent
cations which agglutinate the red cells of various species
(48). “Sensitization” of canine red cells to agglutination
by Coombs serum was achieved by incubating specimens
of whole blood with a subagglutinating amount of tri-
valent chromium (CrCl,).? The extent of “sensitization”
was determined with a specially prepared Coombs serum
(anti-dog serum rabbit serum) and with P.V.P. “Spleen

7 The manner in which certain multivalent cations such
as Cr*** “sensitize” red cells to the agglutinating action
of Coombs serum is presented elsewhere (48). These
metals are entirely inactive in this respect when in anionic
complexes such as chromate.
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blood” was. obtained by deeply incising the splenic. pa-
renchyma after clamping the splenic pedicle and rapidly
excising the organ. The efluent blood was allowed to
flow directly into test tubes containing ‘heparin.

RESULTS
Sequestration of red cells altered by antibodies

Agglutinating antibodies. Several observations
were made on the fate of ABO-incompatible nor-
mal red cells in subjects in whom normal agglu-
tinin titers were present and in whom low con-

CrS!-LABELLED TYPE B RED CELLS
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Fi1c. 1. DestructioN oF TYPE B REp CeLLs IN A NorMAL TyPE A REecCIPIENT WHOSE
SeruM CONTAINED ISOAGGLUTININS AND WEAK ISOHEMOLYSINS

Virtually all of the red cell Cr™ activity disappeared from the recipient’s circulation
within two minutes after injection of these incompatible red cells, with the prompt ap-
pearance of high levels of Cr™ (and of hemoglobin) in the plasma. _Approximately 25
per cent of the injected Cr™ appeared in the urine within 24 hours of the injection. That
radioactivity not present in red cells, plasma, or urine was presumably in “tissue.” The
“organ” distribution of tissue Cr™ is depicted in the lower portion of this figure, where
the prompt and comparatively high radioactivity of the liver is apparent.
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F16. 2. CoMPARISON OF THE PATTERN OF DESTRUCTION OF NORMAL RED CELLS BY ISOAGGLUTININS AND BY
ISOHEMOLYSINS

a. Type B red cells (left above) injected into a normal type A subject with a 1: 64 titer of anti-B agglutinin, but
without anti-B hemolysin demonstrable in vitro, were removed rapidly (half-disappearance time: 4 minutes), with
the appearance of immediate but relatively low levels of Cr™ and of hemoglobin in the plasma. There was a heavy
Cr® accumulation by the liver. After 60 minutes the relative radioactivity values were: liver/precordium, 7.13;
spleen/precordium, 1.86. After 18 hours when the plasma radioactivity had declined to low levels the liver/precordium
ratio was unchanged.

b. The injection of type A red cells (right above) into a normal type B subject with a 1:256 titer of anti-B agglu-
tinin, whose undiluted fresh serum caused 2 plus hemolysis of type B red cells in vitro, produced immediate disappear-
ance of 90 per cent of the injected Cr®-labelled red cells from the blood stream, and comparatively high levels of Cr*
and of hemoglobin in the plasma. In this subject hepatic radioactivity was less striking and slower to appear. After
60 minutes the relative radioactivity values were: liver/precordium, 1.72; spleen/precordium, 1.02. After 18 hours,
when plasma radioactivity had declined to low levels, the liver/precordium ratio was 2.94.

The Crbi-labelled red cells

centrations of isohemolysins were demonstrable
in vitro.® A representative observation is por-

8 In evaluating the activity in vitro of isohemolysins or
other antibodies it is important to employ the same ratio
of serum to cells which is to be studied in vivo. In nor-
mal subjects complete hemolysis often occurred only when
this ratio was greater than 500:1 (the ratios achieved in
vivo averaged about 200: 1), whereas none occurred at
ratios of less than 100:1 or 200:1. Presumably a criti-
cal concentration of hemolysin must be absorbed on each
cell, and a zone of “antigen excess” may obscirre results
derived from conventional #n vitro serum-cell ratios of
100: 1 or less.

trayed in Figure 1.
are seen largely to disappear from the circulation
within two minutes of the injection, in association
with the abrupt appearance of high levels of radio-
activity over the patient’s liver, but not over the
spleen, thorax, or lumbosacral areas. This ap-
pearance of high hepatic Cr®! levels occurred
considerably faster than when Cr®!-labelled hemo-
globin was injected intravenously (33). Immedi-
ately after injection of the labelled ABO-incom-
patible cells, both Cr® and hemoglobin appeared
in the patient’s plasma, reached maximum values
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HEMOGLOBIN

The points on each curve represent the average of data obtained from several subjects. The
observed plasma hemoglobin values were corrected for pre-injection levels. Injection of 2.8 Gm.
of hemoglobin in solution into each of three subjects produced no hemoglobinuria or hemo-
siderinuria; following a mixing period of 15 minutes, the plasma hemoglobin levels diminished
exponentially with a half-disappearance time of about 100 minutes. Injection of ABO-incom-
patible red cells containing a similar amount of hemoglobin into seven normal subjects, two of
whom had no demonstrable hemolysins against the injected red cells, caused less hemoglobinemia.
Following a longer mixing period of about 35 minutes, the plasma hemoglobin levels also de-
clined exponentially, with a half-disappearance time of about 90 minutes. Injection of com-
parable amounts of type D red cells into three subjects previously immunized against the D
factor and possessing high titers of incomplete anti-D antibodies produced much smaller and
more gradual rises in plasma hemoglobin levels (see Figure 12 for the results in individual
patients).

of about 40 per cent of the injected Cr** and hemo-
globin within five or six minutes, and gradually
diminished thereafter over a period of several
hours. A fairly prominent excretion of Cr®! was
found in the urine but hemoglobinuria was not
detected. Observations were made on the fate of
ABO-incompatible red cells injected into two sub-
jects having normal isoagglutinin titers but in

whom no isohemolysins were demonstrable in
vitro at any serum-to-cell ratio despite the addition
of fresh complement. In these subjects the Cr®!
and hemoglobin contents of the circulating plasma
rose immediately to approximately 10 per cent of
the amounts injected and did not thereafter exceed
this comparatively low level (Figure 2a). As
compared to the first group of subjects, the labelled
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red cells disappeared somewhat more slowly (half-
survival time of four minutes and five minutes)
and this was accompanied by marked and rapid
accumulations of radioactivity in the livers of these
subjects. Again, radioactivity over the spleen was
relatively low, and there was no evidence of Cr®
accumulation in the lungs or lumbosacral area.
Finally, in studies of subjects in whom high con-
centrations of isohemolysins were demonstrable,
hemoglobinemia following the injection of incom-
patible red cells was pronounced, was abrupt in
onset, and reached maximum levels within less
than 60 seconds (Figure 2b). In each of two
observations in such subjects over 90 per cent of
the hemoglobin contained in the injected red cells
could be accounted for in the circulating plasma.
On the other hand, the hepatic accumulation of
Cr®! was slower and much less striking.

In Figure 3 are compared the average plasma
hemoglobin levels resulting from the injection of
comparable amounts of hemoglobin in the form of
hemoglobin solution in three normal subjects and
in the form of ABO-incompatible red cells in seven
subjects including those with and without de-
monstrable hemolysins. These two curves can be
seen to differ in that only a portion of the hemo-
globin derived from ABO-incompatible red cells
was released into the circulation (average: 42 per
cent) and that there was a more prolonged hemo-
globin “mixing” period after the injection of in-
compatible red cells than was the case when hemo-
globin solution was directly injected. '

Observations in human subjects of the rate of
removal of red cells agglutinated in vitro by ABO-
incompatible serum prior to their injection were
largely frustrated because antibodies on weakly-
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agglutinated cells tended to wash off during their
preparation, and because strongly agglutinated
cells were felt to constitute an embolic hazard.
However, such studies were carried out on two
normal type B subjects whose red cells were la-
belled with Cr®!, washed in saline, and then moder-
ately (“2 plus”) agglutinated by exposure to
anti-B serum. In the first of these studies 26 per
cent of the injected red cells were almost immedi-
ately removed from the blood stream, with the
appearance within 25 minutes of 6 per cent of the
injected Cr®! in the recipient’s plasma. The radio-
activity of the liver at this time was 2.25 times
that of the precordium, while the splenic radioac-
tivity remained low. During the next two hours
circulating red cell radioactivity increased to about
93 per cent of that injected and then slowly de-
clined in a normal fashion thereafter. With the in-
crease in the Cr5' activity of the circulating red
cells, the hepatic radioactivity declined to 1.50 that
of the precordium. The injection into a second
normal type B subject of autogenous red cells
moderately (“2 plus”) agglutinated in vitro with
serum containing anti-B led to no appreciable
sequestration or destruction of these cells.

The fate in the dog of autogenous red cells,
moderately-heavily (“3 plus”) agglutinated by
CrCl; is presented in Table I. Here is depicted a
marked retention of such red cells by the animal’s
lungs, with some uptake by the liver, and very
little by the spleen.

Non-agglutinating (“incomplete”) antibodies.
Four subjects with high titers of incomplete anti-D
antibody were injected with Cr®-labelled type D
red cells. Type D red cells exposed to the sera
of these subjects were sensitized to the antiglobu-

TABLE I

Organ distribution in two dogs of Cr® derived from autogenous red cells previously labelled with
Na,Cr¥'0, and exposed to a multivalent metallic cation

Red cell suspension
Agglutina- Distribution of Cr# 2 hours after injection, %

tion in Coombs
Dog saline test Method of preparation Blood Liver  Spleen Lung Kidney Total
S-2 3+ 0* Red cells in saline 2.6 8.2 0.3 60.2 0.1 714

+
Cl‘Cl;

S+4 0 2+ Red cells in serum 62.9 7.8 259 0.3 0.1 97.0

+
CrCl,

* That is, the intensity of agglutination was not augmented by an antiserum developed against dog serum in rabbits.
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CrSI-LABELLED TYPE D RED CELLS
SUBJECT: D-NEGATIVE NORMAL WITH CIRCULATING
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F16. 4. DestructioN OF CR®™-LABELLED TyPE D REp CELLS IN AN OTHERWISE
NorMAL D-NEeGATIvE Susjectr WHoSE SeErRUM CONTAINED INCOMPLETE ANTI-D

ANTIBODIES

Following intravenous injection, half the red cell Cr™ activity disappeared from
the patient’s peripheral blood in 21 minutes, while plasma Cr™ levels climbed to a maxi-
mum level of only 4.5 per cent of the injected dose about one hour after injection. A
moderate accumulation of Cr™ in the subject’s spleen, and a slightly smaller accumula-
tion by the liver, occurred simultaneously with the disappearance of red cell Cr™.

lin reaction but were not agglutinated by resus-
pension in undehydrated native plasma. A repre-
sentative study is portrayed in Figure 4, in which
is seen the rapid removal of Cr5!-labelled red cells
from the circulation. The half-survival time of
type D red cells in these hyperimmunized subjects
ranged from 8 to 24 minutes, and averaged 14 min-
utes. In these studies an associated moderate up-
take of Cr® by the spleen and, to a lesser extent,
by the liver was observed. Little or no Cr® or
hemoglobin appeared in the plasma when the in-

jected red cells contained about 1 Gm. of hemo-
globin, and both levels were low even when the
hemoglobin content exceeded 6 Gm.® and when

the quantity of red cells destroyed within the first

9 The injection of approximately 10 ml. of type D red
cells into these subjects uniformly produced moderate to
severe febrile reactions analogous to those produced by
the injection of bacterial pyrogens. This also occurred
when similar amounts of previously-sensitized red cells
were given to normal subjects. The mechanisms of this
reaction and of the associated leukopenia are now under
study (49).
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10 minutes exceeded that of the ABO incom-
patibility studies described above. When these
four subjects received injections of type D red
cells containing 3.3 = 0.5 Gm. of hemoglobin, the
maximum levels of Cr®! and of hemoglobin in the
plasma were attained about one hour after injec-
tion, at which time only about 5 per cent of the in-
jected hemoglobin was present in the circulating
plasma.

When the recipient’s serum contained aggluti-
nating as well as incomplete anti-C antibodies
(Figure 5), the sequence of events was quite simi-
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lar to that of recipients with only incomplete anti-
bodies (Figure 4), except that red cell sequestra-
tion was somewhat more rapid and hepatic radio-
activity was more pronounced. Again, plasma
hemoglobin and Cr®® levels increased slowly to
reach maximum levels about one hour after the
injection. .
Additional studies were made on the destruc-
tion of Cr®-labelled D-positive normal red cells
which had been sensitized #n vitro with incomplete
anti-D antibodies prior to their reinjection into the
donor or into an ABO-compatible normal subject.

CrSI-LABELLED TYPE C RED CELLS
SUBJECTs C-NEGATIVE NORMAL WITH CIRCULATING
COMPLETE AND INCOMPLETE ANTI=-C ANTIBODIES
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F16. 5. DEestrucTION OF TYPE C RED CELLS IN AN OTHERWISE NORMAL C-NEGA-
TIVE SUBJECT WHOSE SERUM CONTAINED BorH COMPLETE AND INCOMPLETE ANTI-C

ANTIBODIES

Following their intravenous injection half of these red cells were removed from
the blood stream within eight or nine minutes, with the plasma Cr™ reaching a
maximum value of only 6 per cent of the injected dose about one hour later. The
liver and spleen were about equally active in sequestering these red cells.
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When the successive procedures of CrSi-labelling, minutes in seven subjects). A representative
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Cr9'-LABELLED AUTOGENOUS TYPE D RED CELLS
SENSITIZED IN VITRO WITH ANTI-D SERUM
SUBJECT: NORMAL

//f__—___________ﬂssut
S 7

- /7

e /

2 /

&

3

o

(™S

o RED CELLS
[

k4

w

o

[ 4

[™]

o

PLASMA
n _A URINE

" 0

ul

°

0] ——e—— SPLEEN

.

.

.

1198 o o —0 LIVER

ol v .

o 4 s 1”2 1 20 2¢

HOURS

F1c. 6. DEsTRUCTION IN A TyPE D NorRMAL SusjeEcT oF AUuToGENOUS RED CELLS PREVI-
oUSLY SENSITIZED In Vitro WitH INcoMPLETE ANTI-D ANTIBODY

These red cells were strongly agglutinated by Coombs serum and by P.V.P. but
showed no agglutination when suspended in normal serum. Their osmotic and mechani-
cal fragilities were normal. Following their intravenous injection, there was a rapid
exponential decline in red cell Cr® activity, indicating a half-survival time of 30 minutes,
with very little Cr* (or hemoglobin) appearing in the plasma, and then only after a delay.
Very little Cr™ appeared in the urine. Reflecting the disappearance of red cell Cr®, an
inversely proportional build-up of radioactivity appeared in the spleen area. Little, if
any, accumulation of Cr™ occurred in the subject’s liver. In similar studies of six other
normal subjects, the ratio of spleen to precordial Cr® activity three to four hours after
injection ranged from 4 to 14. Most of these values exceed those which follow the injec-
tion of Cr™-labelled type D red cells into immunized D-negative subjects. (See Figure 4.)

exposure to- anti-serum, and saline washing were
performed with D-negative red cells their subse-
quent survival in vivo was not affected. When,
however, D-positive red cells were incubated with
potent incomplete anti-serum, half of the injected
sensitized cells were removed from the subjects’
circulation in from 18 to 40 minutes (average, 26

study is depicted in Figure 6, revealing the rela-
tively rapid disappearance of labelled red cells
associated with only slight increases of Cr®! and
of hemoglobin in the plasma. Very little Cr® ap-
peared in the urine. During the first 15 or 20 min-
utes after the injection of the sensitized but origi-
nally unagglutinated red cells, small numbers of
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red cell agglutinates and chains were frequently
visible in the recipient’s peripheral blood. These
could be most readily visualized by diluting the
blood 200-fold in saline and examining the freely-
moving cell suspension microscopically under a
cover-slip with the “high dry” lens. Character-
istic of, and concomitant with, the red cell destruc-
tion was a heavy build-up of Cr5! by the spleen,
with little, if any, evidence of Cr®' accumulation
by the liver. In three ABO-compatible, unimmu-
nized D-negative subjects, D-positive red cells
previously sensitized with potent anti-D serum
were similarly sequestered in the spleen. With
very potent sera (in terms of the P.V.P. test) the
red cell disappearance rate was exponential. Less
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potent sera produced slower, diminishing rates of
red cell destruction, in which various proportions
of the sensitized red cells survived normally after
an initial phase of rapid sequestration. That the
red cell survival pattern was characteristic of the
serum employed is evident in Figure 7, where re-
peated study of the survival of Cr®-labelled cells
sensitized #n vitro provided reproducible results
when the same serum and subject were used. As
seen in Figure 7, this attempt at desensitization by
repeated infusions of anti-D sensitized red cells did
not alter the rate at which these cells were subse-
quently destroyed. These experiments with a
homologous antibody failed to demonstrate the de-
velopment of a protective “anti-antibody” mecha-

orSI-LABELLED AUTOGENOUS TYPE D RED CELLS SENSITIZED IN VITRO WITH ANTI-D SERUM
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Fic. 7. Necative ErFect UpoN THEIR SUBSEQUENT RATE OF DESTRUCTION OF REPEATED
InyecTIONS INTO NorMAL TyPE D SusjecTs oF AutoGENous REp CeLLs PReviousLy SENSI-
T1ZED In Vitro WitH INCOMPLETE ANTI-D SERUM

Samples of red cells of each of three subjects were sensitized i vitro with two volumes of the
same antiserum and injected intravenously on five occasions over the course of three weeks.
The red cells were labelled with Cr™ on the first (solid circles) and last (empty circles) oc-

casions.

The red cells of Subject A and of Subject C were sensitized with sera that produced

strong agglutination of the cells in the “P.V.P. test.” Their initial half-survival times were 27
and 20 minutes, respectively, and repeated injections of the sensitized red cells had no effect

upon the subsequent survival of the sensitized autogenous cells.

The serum employed in sen-

sitizing the red cells of Subject B produced an equally intense Coombs reaction, but agglutinates
of the sensitized cells that formed in the presence of P.V.P. slowly dissociated in saline. In vivo
a relatively small portion of these cells was destroyed and splenic radioactivity rose slightly
initially but not thereafter. Again repeated injections of the sensitized cells did not discernably

affect their subsequent survival.
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F1c. 8. SurvivAL IN THREE NorMAL TypE D Susjects oF CrR™-LABELLED AuToGENoUs REp CELLS
AFTER EXPOSURE In Vitro 10 VARIOUS AMOUNTS OF THE SAME ANTI-D SerRUM

The greater the quantity of serum employed per ml. of red cells the higher the Coombs serum titer
of the sensitized red cells # wvitro and the greater the rate and extent of the subsequent destruction of

these cells after injection into the subject.

nism analogous to that produced in animals against
heterologous anti-red cell serum, as reported by
Samaille and Jones (16). From Figure 8, it ap-
pears that the rate and extent of destruction of the
sensitized labelled cells in the recipient were pro-
portional to the volume of anti-D serum relative
to that of the red cells employed in the sensitiza-
tion procedure.

Four studies were made of the destruction of
Crbi-labelled red cells from the cord blood of
erythroblastotic infants after injection into ABO-
compatible normal adult subjects. Figure 9 pre-
sents observations on the fate of such red cells
from one of the two infants with severe erythro-
blastosis fetalis. In each observation there was
rapid removal of the injected cells with evident
splenic sequestration and only slight hemoglobi-

nemia. In each instance, however, 25 to 30 per
cent of the red cells survived normally. The pat-
tern of destruction of red cells from milder cases
of erythroblastosis fetalis resembled that of the
weakly sensitized D-positive red cells shown in
Figure 8. There was excellent agreement between
the extent of destruction of erythroblastosis fetalis
red cells transfused into adult recipients, the per-
manence on resuspension in saline of the red cell
agglutinates produced by P.V.P., and the clinical
severity of the hemolytic disease. On the other
hand, the titer and intensity of the direct Coombs
test did not show such a correlation.

The survival in a splenectomized subject of nor-
mal human red cells sensitized with incomplete
anti-D serum was studied, employing in the sensi-
tization procedure a serum known to cause seques-
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tration of half of such sensitized cells by the spleen
of a normal subject within 30 minutes. In the sple-
nectomized subject the half-survival of these cells
was over four and one-half hours, and their disap-
pearance from the blood stream was attended by a
pronounced uptake of Cr®! by the patient’s liver
(Figure 10).

In order to determine the effect in vivo of hyper-
globulinemia upon the survival of sensitized red
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cells, a D-positive subject with multiple myeloma
and very high serum globulin levels (over 12 Gm.
per cent) was reinjected with her own red cells
which had been labelled with Cr®* and sensitized
with incomplete anti-D serum. Whereas in nor-
mal subjects the half-survival of red cells treated
with this serum was about 30 minutes, in this pa-
tient the half-survival time was about five minutes
and almost 90 per cent of the sensitized red cells

CrS'-LABELLED ERYTHROBLASTOSIS FETALIS RED CELLS
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F16. 9. SuURrVIVAL IN A NoRMAL CoMPATIBLE ApULT OF RED CELLS FroM THE CoRD
Broop oF AN INFANT WiTH ERYTHROBLASTOSIS FETALIS

The red cells employed were removed prior to the first of three exchange trans-
fusions required. They manifested agglutination in Coombs serum at a 1:2048
titer and were strongly agglutinated by P.V.P with no subsequent dispersion of
these agglutinates on resuspension in saline during 24 hours at room temperature.
Their osmotic fragility was normal and their mechanical fragility was slightly in-
creased (10 per cent). As with red cells sensitized with potent anti-D serum in
vitro (Figure 6), most of these red cells were rapidly sequestered by the spleen.
However, almost 30 per cent of the red cells escaped destruction, as indicated.
The infant’s mother had a 1:64 titer in 25 per cent albumin of incomplete anti-D
antibody, and after birth the child developed anemia and jaundice within a few

hours and exhibited hepatosplenomegaly.
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were sequestered within 10 minutes of injection.
The pathologically sensitized red cells from a pa-
tient with a moderately severe acquired hemolytic
anemia were simultaneously given to a normal
subject and to the multiple myeloma patient (Fig-
ure 11). Here is shown the rapid sequestration of
about 40 per cent of these red cells in the spleen
of the normal subject, and the even more rapid
and more complete sequestration by the impalpable
spleen of the multiple myeloma patient.

The distribution subsequent to their injection

JAMES H. JANDL, A. RICHARDSON JONES, AND WILLIAM B. CASTLE

into a dog of autogenous red cells sensitized in
vitro to the Coombs test by their previous exposure
to CrCl, is presented in Table I. Two hours after
their injection, 37.1 per cent of these cells had dis-
appeared from the circulation, and of these over
two-thirds were removed by the spleen.

Destruction of sequestered red cells

Although the injection of small volumes of red
cells (i.e., containing about 1 Gm. of hemoglobin)
into a subject with a circulating incomplete anti-

CrS_LABELLED AUTOGENOUS TYPE D RED CELLS
SENSITIZED IN VITRO WITH ANTI-D SERUM
SUBJECT : APLASTIC ANEMIA AFTER SPLENECTOMY
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Fic. 10. DESTRUCTION IN A PREVIOUSLY SPLENECTOMIZED SUBJECT OF AUTOGENOUS
Tyre D Rep CeLLs SENsITIZED In Vitro WitH ANTI-D SERUM

Ten ml. of packed red cells from this adult subject with idiopathic aplastic anemia
and a blood hemoglobin level of about 8 Gm. per cent were sensitized with the
same incomplete anti-D serum that was used in the study depicted in Figure 6.
In contrast to the half-survival of 30 minutes in that study, however, the half-
survival of sensitized red cells in this splenectomized subject was prolonged to 4
hours and 40 minutes, and there was an appreciable accumulation of Cr™ in the

subject’s liver.
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CrSI-LABELLED ACQUIRED HEMOLYTIC ANEMIA RED CELLS
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Frc. 11. ComparisoN oF THE RATE AND EXTENT OF DEstRUCTION OF CR™-LABELLED
Rep Cerrs FroM A PATIENT WitTH AcQUIRED HEMOLYTIC ANEMIA AS MEASURED IN
THREE SUBJECTS: A NORMAL SUBJECT, THE PATIENT, AND A PATIENT WITH MULTIPLE
MYELOMA AND HYPERGLOBULINEMIA

The rapid initial splenic sequestration of these cells in the normal subject resembles
the patterns seen in other normal subjects given autogenous cells previously sensitized
with certain anti-D sera (Figure 6), or red cells from an infant with erythroblastosis.
The relatively slow rate of sequestration of the labelled red cells in the patient with ac-
quired hemolytic anemia is believed to reflect the competition of the patient’s circulating
unlabelled cells for the splenic sequestering site. The red cells from the patient with ac-
quired hemolytic anemia, as well as anti-D sensitized red cells (not shown), were seques-
tered even more rapidly and to a greater extent in the patient with multiple myeloma,
whose hyperglobulinemic serum agglutinated the sensitized red cells ¢n vitro. This pa-
tient’s spleen was not palpable.

body, or the injection of similar volumes of previ-
ously sensitized red cells into normal subjects,
was followed by little or no rise in plasma hemo-
globin levels, the injection of larger volumes of
cells produced detectable, albeit still low, levels of

hemoglobin and of Cr®! in the plasma. In Figure
12 are depicted the individual levels of plasma
hemoglobin and Cr%' following the injection of
either type of red cell preparation containing 3.3 =
0.5 Gm. of hemoglobin. As revealed in this fig-
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ure plasma hemoglobin levels rose gradually after
the red cell injections, reaching maximum values
in 65 = 5 minutes after injection of cells previously
sensitized with anti-D serum into type D normal
subjects and 53 = 12 minutes after injection of
D-positive cells into hyperimmune recipients.
Plasma Cr®' levels rose similarly, but declined
more gradually.

The increases in plasma hemoglobin levels which
follow injections of sensitized red cells were com-
pared with those following intravenous infusion
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of hemoglobin solution into normal subjects at
rates roughly one-half, and even one-tenth, the
rate at which hemoglobin was theoretically re-
leased from the sequestered sensitized red cells
(Figure 13). Accordingly, despite allowance for
the rate of removal of hemoglobin from the plasma
by the reticuloendothelial tissue, it appears that
only a small fraction of the hemoglobin released
from the sequestered red cells in these subjects
escaped into the plasma.

The small increases in serum bilirubin levels

A

INJEGTED

HEMOGLOBIN IN PLASMA

PER CENT

PER CENT INJECTED
cr3! IN PLASMA

4] 1 2 3 4 ]

HOURS AFTER

o 1 ! 3 4 1)
INJECTION

F16. 12. PrasmMa HeMocLOBIN AND CR™ LEvELs FoLLOWING THE INJECTION oF ANTI-D SENSITIZED
Rep CeLis

The studies portrayed under “A” were carried out on four D-negative otherwise normal subjects whose serum
contained incomplete anti-D antibodies. Calculated total circulating plasma hemoglobin values in these subjects rose
to between 3.3 and 8.6 per cent of the injected hemoglobin slightly less than one hour after injection. Similarly, total
plasma Cr™ values reached peak levels of from 4.6 to 6.1 per cent of the injected radioactivity about one hour after
injection. The studies under “B” were performed on four normal subjects who received red cells sensitized in vitro
with potent incomplete anti-D antibodies. In the three type D subjects (solid circles) maximum values of from 2.1
to 5.8 per cent of the hemoglobin injected as sensitized autogenous cells appeared in the plasma a little more than an
hour later; and the plasma Cr® levels reached peak values of from 3.4 to 9.5 per cent of the injected dose about one
and one-half hours after injection. The fourth subject (open circles), who was D-negative, showed similar findings
but at a somewhat accelerated pace resembling that of the sensitized subjects under “A.” The hemoglobin content of
the injected cell suspensions ranged from 2.8 to 3.8 Gm. Thus, in both groups of subjects, only a small fraction of
the injected hemoglobin appeared in the plasma. The regularly occurring gradual rises in plasma hemoglobin to max-
imum levels about one hour after the red cell injections suggest that the period of maximum hemolysis came within
that hour.
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Fi1c. 13. CompArisoN oF PLasmMa HeMoGLOBIN LEVELS FoLLowING INFUsiONS oF HEMOGLOBIN SOLUTION AND
INjECTIONS OF ANTI-D SENsITIZED RED CELLS

The dotted line represents the average plasma hemoglobin levels of seven normal subjects who received in-
jections completed within two minutes of previously sensitized red cells containing an average of 3.1 Gm. of
hemoglobin. Based on an average of the red cell survival studies, the quantity of hemoglobin released if these
cells were immediately lysed was calculated to average about 60 mg. per minute during the first 26 minutes and
about 36 mg. per minute during the next 34 minutes, with an overall average release of hemoglobin during the
first hour of about 48 mg. per minute. Despite this potential rate of delivery of hemoglobin into the plasma,
the maximum level reached at the end of one hour after injection of these cells averaged only about 5 mg. per
cent above the base line. In contrast a steady infusion into a normal subject of hemoglobin solution at the rate
of only 10 mg. per minute produced a plasma hemoglobin level at one hour of 12.5 mg. per cent; and the infu-

sion of 23 mg. of hemoglobin per minute produced a plasma level of about 65 mg. per cent at one hour.

after the injection of anti-D sensitized red cells con-
taining about 3 Gm. of hemoglobin into normal
subjects were of doubtful significance. To ob-
serve better the change in serum bilirubin levels
one normal subject was injected with a quantity
of anti-D sensitized autogenous red cells contain-
ing 6.9 Gm. of hemoglobin. As revealed in the
left portion of Figure 14, this led to a higher, more
protracted rise in plasma hemoglobin levels than
was seen after injection of smaller quantities of
sensitized cells. An increase in the total serum
bilirubin level first appeared about one hour after

injection and rose to a maximum in about five
hours, while a rise in the level of prompt direct-
acting bilirubin was first evident between two and
three hours, and also reached a maximum about
five hours after injection. For comparison, hemo-
globinemia of a similar magnitude was produced
by the slow intravenous infusion of hemoglobin
solution ; this produced a comparatively small rise
in serum bilirubin levels.

Further evidence of the speed of breakdown of
sequestered red cells was sought by the use of Fe®®-
labelled reticulocytes. The rates of sequestration
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of Fe®-labelled reticulocytes sensitized i witro
with anti-D and injected into an ABO-compatible
normal subject, into a patient with acquired hemo-
lytic anemia from whom the reticulocytes were de-
rived, and into another patient with acquired he-
molytic anemia who had been splenectomized, are
presented in Figure 15. These results conformed
closely to previous observations on the same sub-
jects employing Cr®'-labelled mature sensitized
red cells. Body surface radioactivity patterns were
also similar to those produced with Cr5!-labelled
mature red cells, although stray radiations were
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more prominent with the higher energy gamma
radiations of Fe®®.

Fe®-labelled reticulocytes from a patient with
acquired hemolytic anemia were hemolyzed with
sterile distilled water after thorough washing of
the cells, and the supernatant solution was adjusted
to a sodium chloride concentration of 0.9 per cent,
centrifuged relatively free of cell ghosts, and then
passed through a Seitz filter prior to injection.
Over 90 per cent of the Fe®® was in hemoglobin as
determined with filter paper electrophoresis. Upon
injection into two normal subjects, the hemoglobin

ANTI-D SENSITIZED RED CELLS
404
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Fic. 14, PrasMA HEMOGLOBIN AND SERUM BrLmusiN LeviLs iN NorMAL Susjects INJECTED ErTHER WIiTH ANTI-D
SENsITIZED AUTOGENOUS RED CELLS 0R WiTH HEMOGLOBIN SOLUTION

The injection of sensitized red cells (left above) containing 6.9 Gm. of hemoglobin led to an appreciably higher and
more prolonged rise in plasma hemoglobin levels than was the case with smaller injections (Figures 4, 5, 6 and 11),
although the rate of red cell sequestration was similar. Beginning an hour after the injection a rise in total serum
bilirubin levels appeared, reaching a maximum in five hours. The initial rise consisted entirely of “indirect” reacting
bilirubin ; not until over two hours after injection did the prompt “direct” reacting bilirubin level rise. A similar de-
gree of hemoglobinemia produced by slow infusion of hemoglobin solution (right above) caused only a relatively small
and questionable increase in bilirubin levels. These data are interpreted to mean that most or all of the sequestered
sensitized red cells were hemolyzed in sity and that this occurred within a short time of their sequestration.
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F1c. 15. DEesTRUCTION OF FE®-LABELLED RETICULOCYTES PREVIOUSLY SENSITIZED In Vitro
WitH INcoMPLETE ANTI-D SerRUM AND THEN INJECTED INTO THREE DIFFERENT RECIPIENTS:
A NorMAL SUBJECT, A PATIENT WITH AN ACTIVE ACQUIRED HEMOLYTIC ANEMIA AND SPLENO-
MEGALY, AND A PATIENT CONVALESCING FrROM AN ACQUIRED HEMOLYTIC ANEMIA SEVERAL
MoNTHS AFTER SPLENECTOMY

The rates of destruction of these sensitized cells closely resemble those determined in the
same subjects with Cr™-labelled mature red cells. In the first two subjects prominent levels
of Fe™ activity appeared in the spleen, whereas in the splenectomized subject a comparatively
high hepatic radioactivity developed (not shown) reciprocally with the fall in circulating red cell

Fe®™ activity.

(benzidine) half-disappearance rates from the
plasma were 2.2 and 2.4 hours and those of the
Fe® were 2.7 and 3.0 hours, respectively. A high
relative hepatic radioactivity attended the removal
of Fe®™ from the blood. Radioactivity first ap-
peared in these subjects’ red cells about 18 hours
after injection, and increased steadily thereafter
while hepatic radioactivity gradually diminished
(Figure 16).

The effect of the injection of anti-D sensitized,
Fe®-labelled reticulocytes from a patient with
acquired hemolytic anemia into a normal subject
is shown in Figure 17. Here the Fe® disappeared

rapidly from the circulating red cells with a half-
survival time of 40 minutes. As in the Cr®* stud-
ies, plasma hemoglobin levels reached a maximum
about one hour after injection. The plasma Fe®®
peak was not reached until two and one-half hours
after injection. Concurrent with the red cell Fe®
disappearance, a high relative splenic radioactivity
developed. Thereafter, red cell radioactivity re-
mained low until from 30 to 36 hours after injec-
tion, when radioactivity began to accumulate pro-
gressively in the circulating red cells while splenic
radioactivity steadily diminished. An almost iden-
tical time relationship occurred when this study
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was repeated in a second subject, using anti-D
sensitized Fe®-labelled reticulocytes obtained from
a patient with pernicious anemia during response
to vitamin B,, therapy. In a third subject reticu-
locytes from a pernicious anemia patient were ag-
glutinated i vitro (“1 to 2 plus”) with a serum
containing both a complete and an incomplete
anti-C antibody prior to their injection into a nor-
mal subject. Again radioactivity began to appear
in the circulating red cells between 30 and 36 hours
after injection.

In order to observe the reutilization of injected

JONES, AND WILLIAM B. CASTLE

Fe®® in a recipient with rapid hemoglobin and iron
turnover, Fe®-labelled reticulocytes from a patient
with acquired hemolytic anemia with 35 per cent
circulating reticulocytes and a low serum iron level
were sensitized with anti-D serum and reinjected
into the patient (Figure 18). Sequestration of
these red cells by the patient’s enlarged spleen oc-
curred more rapidly than in the normal subjects,
and a higher transient rise in plasma Fe® appeared
and reached a peak 1.5 hours after the injection.
Fe® is estimated to have first reappeared in the
circulating red cells approximately six or eight
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F1c. 16. REUTILIZATION IN A NorRMAL SuBJECT OF FE® INJECTED AS FE®-LABELLED
HEMOGLOBIN

After injection of the radioactive hemoglobin solution, half of the Fe® activity disap-

peared from the plasma within 2.6 hours, and all was gone in 12 hours.
radioactivity appeared and reached its maximum value in the subject’s liver.

Meanwhile,
Radio-

activity was first detectable in small amounts in the subject’s red cells 18 hours later,
and within 10 days had accumulated to a total of 60 per cent of the injected dose.
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Fic. 17. REUTILIZATION IN A NoORMAL SuBJECT oF FE® INJECTED As.FE*-LABELLED

ANTI-D SENSITIZED RETICULOCYTES

Although the rate of disappearance of Fe® from the blood was more rapid (half-
disappearance time: 40 minutes) than following the injection of Fe®-labelled hemoglo-
bin solution (Figure 13), reappearance of Fe® in the circulating red cells was first de-
tected at 48 hours instead of at 18 and, as estimated by extrapolation, first appeared in
the red cells 34 to 36 hours after injection. The prompt and relatively high splenic

radioactivity declined more rapidly than after comparable experiments employing Cr®-

labelled red cells.

hours after injection and increased rapidly to very
high levels, along with a moderate fall in splenic
radioactivity. A later gradual rise in radioactivity
over the spleen presumably reflected sequestration
of newly produced red cells as a mamfestatlon of
the disease process. :

- DISCUS‘SION

The m]ectlon into a ‘normal sub}ect of Cr51
labelled red cells previcusly sensitized with potent

incomplete anti-D antibodies leads to the rapid
almost total filtration of these cells by the normal
spleen, as indicated by a striking rise in splenic
radioactivity. Although not agglutinated by the

‘sensitizing serum or by the recipient’s plasma, half
- of these cells ate sequestered within about 25 min-

utes. During this period small numbers of agglu-

' tlnated red cells are v1s1b1e :in the recipient’s blood,
" but hemoglobm appears in the plasma only in rela-
. tively s_mgll amounts reaching a maximum level 60
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to 70 minutes after the injection. That the same
sequence ensues after the injection of anti-D sensi-
tized D-positive red cells into D-negative recipi-
ents, indicates that the normal mechanisms for
filtering these cells do not require a specific im-
mune interaction between cell “coating” and filter.
Rather the spleen appears to act passively as a
highly efficient filter.

That the quality and the quantity of antiserum
used in the passive red cell sensitization experi-
ments are critical to the manner in which the sensi-
tized red cells are subsequently destroyed in wvitro,
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is illustrated in Figures 7 and 8. Presumably such
factors were ‘#esponsible for the normal survival,
after initial destruction of a small portion of the
cells, of the remainder of the red cells sensitized
in vitro by Mollison and Paterson (50). Loutit
and Mollison (51) found that red cell agglutinates
produced in vitro by anti-A serum appeared largely
to disperse in the circulation of type A subjects, in
that the survival of such pre-agglutinated red cells
was relatively normal. The observations on the
first of our subjects so studied, however, indicate
that retention of the red cell agglutinates may oc-

FeS9—LABELLED TYPE D RETICULOCYTES SENSITIZED
IN VITRO WITH ANTI-D SERUM
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Fi. 18. REUTILIZATION IN A SuBjecT WITH AcCQUIRED HEMOLYTIC ANEMIA AND
IroN DErFIcIENCY OF FE® INJECTED As FE®-LABELLED ANTI-D SeNsITIZED RETICU-

LOCYTES

In contrast to their fate in the normal subject (Figure 14) these reticulocytes were
sequestered more rapidly, plasma Fe® levels reached higher values, and Fe® reappeared
more quickly in the circulating red cells (within six or eight hours of injection) in
association with a more rapidly-diminishing splenic radioactivity.
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cur before such dispersion has come about and that
this retention occurs to a large extent in the liver.
That this temporary sequestration may persist for
an hour or so with only a fraction of the retained
cells becoming hemolyzed is in contrast with the
permanent sequestration and the apparent rapid
hemolysis ensuing in the experiments involving
anti-D and anti-C. It has been shown that when
red cells are sensitized with various anti-D sera
and are then agglutinated by substances which
cause rouleaux, the permanence of these aggluti-
nates when they are subsequently suspended in
saline varies with the particular antiserum em-
ployed; these differences in the agglutinates of
red cells sensitized with various incomplete anti-D
sera are not due to simple elution of the antibodies
but reflect qualitative differences in the “stickiness”
induced by the antibodies (30). In the anti-D
experiments described above, the degree of de-
struction of sensitized red cells in vivo correlated
well with the persistence of P.V.P.-induced ag-
glutinates of these cells i vitro.

Type D Cr®-labelled normal red cells, given to
D-negative subjects with circulating incomplete
anti-D antibodies, are removed somewhat more
rapidly thdn in the experiments described above
on normal D-positive subjects injected with
D-sensitized red cells. Sequestration of the in-
jected cells was less prominent in the spleens of
sensitized subjects, and a considerable hepatic up-
take of radioactive cells was also demonstrable,
particularly when sequestration was most rapid.
In these subjects, also, plasma levels of hemoglobin
and of Cr®® rose slowly after injection to low maxi-
mum levels about 50 to 60 minutes after injection.

In D-negative subjects with both complete and
incomplete anti-D or anti-C antibodies, red cell
sequestration occurred even more rapidly, and
hepatic sequestration was still more prominent, in
some cases exceeding that of the spleen. The
difference in body distribution of Cr® in hyperim-
munized subjects from that of normal subjects
given previously-sensitized red cells might re-
flect simply a difference in the quantity of antibody.
However, the fact that a comparatively large
hepatic uptake may occur in hyperimmunized sub-
jects even when the disappearance rate of in-
jected red cells is similar to that of normal
subjects receiving presensitized cells is more sug-
gestive of qualitative rather than a quantitative dif-
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ference in the mechanisms of hemolysis. Thus,
the more striking hepatic sequestration of type D
cells in subjects with circulating incomplete anti-D
antibody suggests that the filtering mechanism
here may be specifically sensitized to the red cell
antigen, in addition to operating simply as a pas-
sive filter. Visible evidence of such an interac-
tion between type D red cells and the granulocytes
of sensitized subjects has been noted recently by
one of the authors (49). Indeed, clumping in
vitro of the red cells of patients with acquired
hemolytic anemia around the patients’ leukocytes
was observed as an early stage of erythrophago-
cytosis by Zinkham and Diamond (52). Swisher
(53) has reported the appearance of mixed ag-
glutinates of canine red cells, leukocytes and plate-
lets when the red cells were exposed to canine
anti-A. Further work along this line will be re-
quired to explain the difference in the pattern of
sequestration of sensitized red cells by normal as
compared to hyperimmune recipients.

The brisk and peculiar fashion in which the
normal spleen filters sufficiently sensitized red
cells from the circulation without intravascular
hemolysis suggests that a physical or physico-
chemical mechanism involving the surfaces of the
red cells is operative, rather than one involving
metabolic changes within the red cells. The
spleen’s proficiency as a discriminating filter for
spherocytes (54-57) and certain other particles
(58) is well established and can be explained on
purely mechanical grounds. Since the size, shape
and viscosity of red cells are unaltered by sensi-
tization with incomplete antibodies, an explana-
tion must be sought in their tendency either to ad-
here to one another or to other cells. The belief
that red cell agglutination is an intermediate step
in the destruction of sensitized cells became tenable
with the demonstration of a “conglutinating” action
of normal plasma (28) and more recently by the
finding that all rouleaux-producing substances, in-
cluding fibrinogen and the other plasma globulins,
categorically are active in this respect (30). Al-
though the agglutination-enhancing effect of most
of the tube tests employing serum as a diluent and
of the slide test for incomplete antibodies (59) de-
pends upon some degree of evaporation and the
formation of surface layers of protein when nor-
mal serum is used, undehydrated plasma from
normal persons often produces a slight partial ag-
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F1c. 19. Rep CELL AGGLUTINATES IN THE SPLENIC
Purp BrLoop oF A PATIENT WiTHE AcQUIRED HEMOLYTIC
ANEMIA AND No PERIPHERAL AUTOAGGLUTINATION

This smear was prepared from blood escaping from
the freshly-incised surface of the patient’s spleen shortly
after its surgical excision. This blood revealed an icterus
index of 50, a 2 to 3 plus Coombs test, a 4 plus P.V.P.
test, and 2 plus agglutination in saline, while the periph-
eral blood drawn at the same time showed an icterus in-
dex of 12, a 2 plus Coombs test, a 4 plus P.V.P. test and
no agglutination in saline. Incubation of the splenic pulp
blood plasma with normal red cells produced evidence of
red cell sensitization but not of agglutination. In spite
of the impression that the agglutinated cells appear dense
and spheroidal, the osmotic fragility of the splenic pulp
red cells was only slightly greater than that of peripheral
venous blood red cells (50 per cent hemolysis at 0.55 Gm.
per cent NaCl compared to 0.51 Gm. per cent, re-
spectively).

glutination of red cells sensitized with incomplete
antibodies, and in persons with high sedimentation
rates this effect may be pronounced (30, 60). The
observations reported above on the accelerated
sequestration of sensitized red cells injected into
a subject with hyperglobulinemia support the con-
tention that the concentrations in wivo of those
substances which cause rouleaux n vitro (notably
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fibrinogen and other globulins) are critical to the
sequestering mechanism.

In three cases of acquired hemolytic anemia not
included in the studies reported above, compari-
sons were made between the survival patterns of
the patients’ Cr5!-labelled red cells in the patients
themselves and in normal subjects. The results
closely resembled those depicted for the “pa-
tient” and the “normal” subject in Figure 11.
Analogous observations have also been made by
the authors upon the survival of red cells from a
patient with hereditary spherocytosis in a normal
subject and in the patient himself. Thus, small
volumes of red cells from patients with hemo-
lytic anemias were consistently destroyed with
greater initial rapidity when injected into com-
patible normal subjects than when reinjected into
the patients themselves. This probably reflects
the smaller volume of abnormal red cells relative
to the volume of filtering tissue in the normal re-
cipient and thus indicates that the patients’ red
cells competitively occupy the filter receiving the
labelled cells. Presumably it is on this basis that
the destruction of small volumes of anti-D sensi-
tized red cells described in this report proceeds so
much more rapidly in normal subjects than in the
corresponding clinical state of erythroblastosis
fetalis. This preferential filtration of small vol-
umes of anomalous red cells undoubtedly favors
the detection of red cell incompatibility by trial
transfusions of very small quantities of isotope-
labelled red cells into patients suspected of being
immunized to the red cells in question, as reported
by Mollison and Cutbush (61).

On the other hand, if one assumes that the rate
of filtration of abnormal red cells from the circu-
lation in hemolytic anemias is limited by the avail-
able volume of sequestering tissue, then necessarily
the disappearance rate of a given volume of pa-
tients’ labelled abnormal red cells will be inversely
proportional to the total volume (labelled and un-
labelled) of abnormal red cells in the circulation.
In this sense study of the survival of small volumes
of labelled, pathological red cells reinjected into
an afflicted patient is a tracer study of the turnover
rate of the patient’s entire red cell mass and can
be analyzed accordingly; however, study of the
survival of red cells taken from a patient with he-
molytic anemia and injected into a normal subject
is in no sense a tracer study and may proyide mis-
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leading evidence for too rapid a rate of red cell
turnover in the patient.

Direct evidence of the role of red cell agglutina-
tion in the destruction of sensitized cells was the
fiinding that circulating agglutinates appeared in
the peripheral blood of normal subjects receiving
previously sensitized but unagglutinated red cells,
providing the rate of removal was not so rapid as
apparently to preclude such an observation. Blood
obtained at operation from the freshly-incised
spleen of a patient with acquired hemolytic anemia,
a positive Coombs test in the absence of spontane-
ous autoagglutination, and a high splenic uptake
of Cr’*-labelled autogenous red cells, contained, in
contrast to the peripheral blood, numerous red
cell agglutinates (Figure 19). This finding fur-
ther supports the intermediate role of agglutina-
tion, although conceivably the spleen may contain
levels of an agglutinating antibody not apparent
in the peripheral blood. Studies in this laboratory
of the spleen blood of dogs anesthetized with Nem-
butal® indicate that not only was there a marked
concentration of red cells, as originally observed
by Barcroft (62, 63), but that the plasma protein
concentrations were also increased in the spleens of
four of five dogs studied (Table II). Since splenic
hematocrit levels in these dogs reached as high
as 97 per cent,® it is apparent that even the minor
increases generally observed in the osmotic fra-
gility (and thus in the water content) of “splenic”
red cells would of necessity dehydrate the suspend-
ing plasma. Any increase in the concentration of
plasma globulins (including fibrinogen) would,
as stated above, induce or intensify red cell ag-
glutination. However, whether or not the greater
tendency of sensitized red cells to agglutinate in the
blood stream of normal subjects than in their
whole blood in witro is an expression of local
hyperproteinemia is not fully clarified.

Once sequestration of sensitized red cells in
the spleen has occurred by virtue of their agglu-
tinability, it appears that their actual destruction
follows within a matter of minutes. This was ap-
parent in several ways. Following the injection of

10 Although many relaxing and anesthetic agents pro-
foundly affect the hemodynamics of dog and cat spleens,
rendering it difficult to translate such extreme hemocon-
centration into human physiology, indirect measurements
indicate that hemoconcentration exists in patients with
splenomegaly unexposed to such medications (64).
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sufficient volumes of D-positive red cells “coated”
with incomplete anti-D serum into normal sub-
jects, or of D-positive red cells into hyperimmu-
nized D-negative subjects, plasma hemoglobin lev-
els began to increase within a few minutes, and
generally reached maximum levels approximately
one hour later (Figure 12). The average half-
maximum plasma hemoglobin level followed the
average red cell half-survival time by less than
10 minutes, and the rises in plasma hemoglobin
levels were roughly indirectly proportional to the
decline in red cell Cr® activity. The patterns of
the plasma Cr®' levels resembled those of the
plasma hemoglobin values except for their slower
decline, a difference that has been observed with
injections of Cr5l-labelled hemoglobin and that
apparently derives from a gradual elution of Cr®
from hemoglobin #n vivo (33). These observa-
tions on plasma hemoglobin and Cr®® levels are
most consistent with the interpretation that a single
hemolytic process exists and that only a small
fraction of the released hemoglobin is returned to
the circulation. The alternative explanation, that
only a small fraction of the injected red cells is
hemolyzed by one mechanism intravascularly while
the majority of the cells are being sequestered
(but not hemolyzed by another mechanism until
later), is somewhat objectionable in that it re-
quires the intravascular hemolytic processes af-
fecting the lesser fraction of cells to be almost syn-
chronous with the sequestering process affecting
the greater fraction.

Further evidence that most or all of the sensi-
tized red cells were hemolyzed soon after their

TABLE II

Comparison of the red cell and z)fotcm concentrations of the
large vessel and splemc blood of five male dogs
under Nembulal® anesthesia

Hematocrit, vol. % Plasma total protein, Gm. %,

Vena Vena

Dog Aorta Spleen cava porta Aorta Spleen*
S-1 46.0 90.0 547 559 479 1738
S-2 43.0 83.0 683 7.54 155 6.21
S-3 46.0 93.0 6.50 6.03 6.47 9.53
S+4 42,5 80.2 550 6.00 5.24 7.06
S-5 53.6 97.0 553 520 570 7.13
Average 462 88.6 597 6.07 595 746

* The plasma hemoglobin level of the spleen blood ranged
from 0.12 to 0.65 (average, 0.31) cent. At all
other sites sampled the plasma hemog obin levels were
0.01 Gm. per cent or less.
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sequestration emerged from studies of a subject
injected with a relatively large quantity of anti-D
sensitized autogenous red cells (Figure 14). In
this subject the serum level of indirect-reacting
bilirubin began to rise within an hour of injection
of the sensitized red cells, and this rise reflected
the breakdown of a much larger amount of hemo-
globin than had appeared in the plasma. A similar
disparity between the effects of intravenous injec-
tion of hemoglobin solutions and of plasma con-
taining high titers of incompatible isoagglutinins
on the plasma hemoglobin and bilirubin levels in
normal subjects was observed by Ebert and Emer-
son (25). These workers stressed the relatively
greater increase in serum bilirubin levels following
the action i vivo of incompatible isoagglutinins,
and reported that maximum increases in bilirubin
levels occurred between two and six hours of the
incompatible plasma injection. The time sequence
of the bilirubin rise following injection of sensi-
tized red cells depicted in Figure 14 may be com-
pared with that observed by Duesberg (65) follow-
ing direct intravenous infusions of large amounts
of hemoglobin solution. In his observations se-
rum bilirubin levels began to increase within one
hour and reached maximum values in three to
four hours.

In discriminating between “intravascular” and
“extravascular” hemolysis it is generally difficult
to be certain whether the assumed criteria repre-
sent qualitative or quantitative differences. The
data cited in Figure 13 stress a prominent quali-
tative difference between lysis of red cells in the
general circulation and that in sequestering or-
gans. Based on comparisons of these data and
the assumption that the rise in plasma hemoglobin
levels after the injection of sensitized red cells
reflects a single lytic process affecting all the se-
questered red cells, one may estimate that about
90 per cent of the derived hemoglobin is retained
within the spleen and other sequestering sites and
is largely catabolized #n sitw. This finding is con-
sistent with our observations on a patient with
acquired hemolytic anemia, in whom the bilirubin
level of the splenic vein blood was almost five
times as high as that of the peripheral blood, al-
though the plasma hemoglobin level of the splenic
vein blood was only slightly higher than that of
the peripheral venous blood.

The fact that the Fe®® of sequestered reticulo-
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cytes reappeared in newly-formed red cells within
as short a time as six or eight hours after its in-
jection, indicates that hemolysis in the spleen,
catabolism of the released heme, and incorporation
of the released iron by immature red cells were all
accomplished within this span of time. In addi-
tion, corroborating previous studies by Ross (66),
these observations indicate that the iron of injected
hemoglobin solutions is available for erythropoiesis
at approximately the same rate as iron attached
to the plasma iron-binding protein. Thus, the Fe®®
disappearance and reutilization curves of Figure 16
resemble closely the composite values for injected
plasma-bound radioiron for normal subjects com-
piled by Finch, Wolff, Rath, and Fluharty (67).
Figure 17 depicts the rapidity with which seques-
tered red cells may be lysed and their products
reutilized. However, comparison of Figures 16
and 17 reveals that in normal subjects the iron re-
leased from red cells sequestered in the spleen may
be delayed in its reutilization by as much as 16
or 18 hours longer than iron released by intravas-
cular hemolysis. The Fe® studies also indicate
that the injurious effect of antibody sensitization
on reticulocytes (the only Fe®-labelled cells) is
similar to that on mature red cells. Finally, it is
of interest to note that the anti-D sensitized red
cells (Fe**-labelled reticulocytes) were destroyed
very rapidly in a patient with active, severe, ac-
quired hemolytic anemia (Figure 18), whose pa-
thologically sensitized red cells were destroyed
with similar speed (at least initially) when trans-
fused into other subjects (Figure 11). Although
Figure 11 suggests that on reinjection the pa-
tient’s pathologically sensitized Cr®-labelled red
cells competed with unlabelled red cells in becom-
ing sequestered, it appears that the patient’s spleen
retained an ample reserve capacity for destroying
quickly the more severely sensitized (anti-D
coated) red cells.

The observations cited above indicate that fol-
lowing their sequestration by the action of non-
hemolytic antibodies, sensitized red cells are ca-
tabolized in approximately the following time se-
quence: 1) The cells are hemolyzed within a few
minutes; 2) the released hemoglobin is converted
to bilirubin (largely in situ) within one to two
hours; 3) and the derived iron is available to the
bone marrow for reutilization within six to eight
hours.
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Since lysis takes place within a few minutes of
sequestration, it is highly unlikely that it is brought
about by the mechanisms of red cell swelling (68)
or degeneration of the red cell membrane (69, 70)
secondary to stasis and hemoconcentration per se,
albeit such a sequence probably occurs in heredi-
tary spherocytosis (54-57, 68). Even the theory
that sequestered red cells provoke by vascular ob-
struction and ischemia the release of injurious sub-
stances from the tissues (14) seems inadequate
to account for the rapidity of action noted here.
The search for preformed lysins of physiologic
significance in the spleen and other tissues (71-75)
has proved a difficult one, not as yet productive of
a clear answer. Studies in progress in this labora-
tory indicate that granulocytopenia and monocyto-
penia are associated with the lysis of red cells
coated with incomplete antibodies and that the leu-
kocytes of subjects hyperimmunized to the D
antigen may adhere promptly to type D red cells
and later phagocytose some of these red cells (49).
That the fixed macrophages of the reticuloendo-
thelial system may react to sensitized red cells
similarly or even more strikingly (17), and that
lysis, with or without phagocytosis, of trapped
sensitized red cells may supervene seems likely.
The lining cells of liver sinusoids have been ob-
served to phagocytose protein-coated carbon par-
ticles within a fraction of a second (76, 77) ; there-
fore, it seems not unreasonable to suppose that
such phagocytes may engulf and possibly hemolyze
trapped sensitized red cells within a few minutes.

The injection of Cr®i-labelled normal red cells
into normal subjects with circulating isoagglu-
tinins, but without demonstrable isohemolysins,
active against the A or B antigens of the injected
cells, led to a more abrupt removal of the injected
cells than was observed with sensitized cells; and
there rapidly appeared moderate levels of hemo-
globin and of Cr® in the plasma (Figure 2). The
correspondingly abrupt appearance of high hepatic
radioactivity contrasted with the slower accumula-
tion of Cr®* by the liver following injection of
Cr®i-labelled hemoglobin solution. In subjects
with demonstrable isohemolysins in addition to
isoagglutinins, injection of incompatible red cells
produced similar changes, except for the even
greater rapidity of red cell destruction, higher and
more immediate peak levels of plasma hemoglobin
and Cr®, and smaller and more gradual Cr® up-
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takes by the subjects’ livers. It is possible that in
those recipients not manifesting hemolysins in
their plasma this prompt hemoglobinemia arises
from a direct local action of isohemolysins present
in certain tissues. The findings cited above indi-
cate also that those red cells not directly hemolyzed
were sequestered, probably as agglutinates, and
that this occurred largely in the liver. Similarly,
as noted above, red cells agglutinated in witro
with anti-B serum and reinjected into the donor
were observed to lodge in the donor’s liver, albeit
temporarily. Again, in a study not reported in
detail here, the reinjection into a normal subject
of Cr®-labelled red cells which had been mode-
rately agglutinated in vitro with CrCl; led to
their abrupt, although temporary, sequestration
by the subject’s liver as indicated by body surface
radioactivity. In a dog the reinjection of the ani-
mal’s red cells more strongly agglutinated i vitro
with CrCl, led to sequestration by the lung, and
to a lesser extent by the liver.

Together these observations involving moderate
or strong agglutination indicate the relative lack
of participation of the spleen in the sequestration
process, perhaps because of the greater blood flow
through other filters efficient against coarse red
cell aggregates. The tendency of such cells to
lodge in the lung and the liver presumably de-
pends in part upon the size of the agglutinates,
the greater blood flow of these organs and, in the
case of the lung, its position proximal in the circu-
lation to the site of injection. The filtration of
strongly agglutinated red cells by proximate mpll-
lary beds seems logically compatible with the mani-
fest inability of such cell aggregates to traverse the
capillary beds of various tissues. Nevertheless,
the evidence of a tendency of agglutinating anti-
bodies to produce red cell sequestration specifically
in the liver rather than in the lung is striking.
Hepatic congestion with red cell agglutinates was
histologically observed in intact animals by Pearce
(22) ; and later the sequestering process was ob-
served directly (14) during low pressure per-
fusions of the livers of dogs with dog blood mixed
in vitro with weakly agglutinating concentrations of
anti-dog red cell immune serum. Recently, McKay
and co-workers (78) has demonstrated the appear-
ance of multiple minute mesenteric “thrombi” and
pseudomembranous enterocolitis following the in-
tra-aortic injection of incompatible red cells into
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dogs in shock. This effect is possibly attributable
to the phenomenon cited above of agglutinative ob-
struction in a low pressure perfusing system. Ex-
perimental hemolytic anemias in fowl, produced by
cationic copper, a potent red cell agglutinating
agent, are also associated with hepatic congestion
with aggregates of red cells (79). Indeed, pa-
tients with acquired hemolytic anemia and frank
autoagglutination may develop tender, enlarged
livers, which may well be on this basis, for in one
such patient, reported elsewhere (33), the liver
was found to sequester actively Cr!-labelled auto-
genous red cells.

The anatomic features of the hepatic circulation
which may especially adapt this organ for the
sequestration of red cell agglutinates have been
described by Knisely, Bloch, Warner, and Piovella
(76, 77, 80). By direct microscopic visualization
of the living amphibian and mammalian liver, these
authors have demonstrated that the liver, like the
spleen, has sinusoidal structures permitting the
trapping and hemoconcentration of blood. Bloch
(77, 80) also observed the rapid appearance of
red cell aggregates in the portal venules following
intra-portal injection of anti-red cell serum, and
shortly thereafter the retention and concentration
of such aggregates in the liver sinusoids was evi-
dent. It is of interest that very little phagocytosis
of these “passively” agglutinated red cells was
observed and that, as in human subjects given
red cells previously agglutinated with complete
antibodies, many of the sequestered, agglutinated
red cells appeared to return to the circulation
within a few hours. It seems reasonable to as-
cribe to the liver a function as a filter most effec-
tive in trapping particles of somewhat larger size
than those easily discriminated by the spleen.
There is less clinical information to suggest patho-
logical exaggerations of this filtering action of the
liver on blood cells than is the case with the dis-
eased spleen. However, a troublesome aspect of
the natural course of acquired hemolytic anemia
associated with red cell sensitization is the fre-
quent tendency of hematologic relapses to occur
several months after successful splenectomy. In
studies of two such patients with acquired hemo-
lytic anemia in relapse the authors have observed
hepatomegaly and unusually high hepatic radio-
activity after the injection of Cr®'-labelled auto-
genous red cells. Thus, one may conceivably face
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a clinical phenomenon of “hyper-hepatism,” which
may only appear or become manifest after removal
of the spleen. Similarly, in rare instances, pa-
tients with hereditary spherocytosis have been
reported to undergo hematologic relapses within
a few months after splenectomy and to develop
enlarged, tender livers engorged with red cells
(81, 82).

As in the studies of ABO isoantibodies above,
it may be difficult to exclude the presence in vivo
either of circulating hemolysins in subliminal con-
centrations or of high local concentrations of iso-
hemolysins. That immune incompatibility may ex-
ist #n vivo which is not demonstrable in vitro has
been reported in dogs (17) and in man (83). A
further observation to this effect, with additional
features, is recorded in Figure 20. A patient with
idiopathic acquired hypogammaglobulinemia had
a serum gamma globulin concentration of only 20
to 30 mg. per cent. Although her blood was type
A, prolonged incubation of large volumes of her
fresh serum with type B red cells failed to cause
hemolysis, agglutination, or sensitization of these
cells. Nevertheless, Cro*-labelled type B red cells
were destroyed at an accelerated rate in her cir-
culation, after a delay of two to three days, and
this destruction was attended by pronounced
splenic sequestration. The sigmoidal red cell sur-
vival curve produced resembles that seen in cer-
tain of the occult transfusion incompatibilities cited
above (17, 83). The initial delay might be inter-
preted either as a delay required for the stimula-
tion of antibody formation, or for the injected cells
to absorb sufficient amounts of a scarce antibody to
cause their agglutination or sensitization. To ex-
plore these alternative possibilities this hypogam-
maglobulinemic patient was then given several
small weekly injections of type B red cells and
thereafter a survival study of Cr®’-labelled type
B red cells was repeated. At this time these “in-
compatible” red cells survived almost normally,
without abnormal splenic sequestration, a finding
consistent with the second interpretation.

There is dispute as to whether the red cells of
patients with acquired hemolytic anemia are coated
with an “autoantibody” that has developed specifi-
cally against the red cells as antigen. Neverthe-
less, red cells sensitized with a specific antibody,
with a drug-antibody complex (84), or even with
a nonimmunologic metallo-protein complex (48),
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behave similarly in vitro and in vivo. Examples
of acquired hemolytic anemias associated with each
of the classic types of “immune” red cell alteration
have been observed in which it is clear that specific
antibodies had not developed against the unaltered
red cell acting as antigen. There have been re-
ports of hemolytic anemias in man caused by: a
complement-requiring hemolysin associated with
quinidine sensitivity (85); intravenous injection
of a metallic cation (Cu**) which strongly agglu-
tinates red cells (86); and red cell sensitization
associated with sensitivity to fuadin (84). Thus
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it appears that the mode of destruction of the red
cell does not fundamentally depend upon the spe-
cific mechanism of “immune” alteration but chiefly
upon whether the cell has been sensitized to the
action of complement, whether the cell is aggluti-
nated by the “antibody,” or whether it is only
agglutinable in the presence of certain co-factors.
Based on the studies described above a schema is
presented in Figure 21, depicting the several path-
ways of red cell destruction by antibodies and by
the various antibody-like agents encountered in
idiopathic acquired hemolytic anemia.
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After a delay of almost two days, a rapid phase of circulating labelled red cell
disappearance and of splenic red cell sequestration set in, with gradual slowing of both

processes thereafter.
were again not fruitful.

Subsequent attempts to demonstrate anti-B antibody in wvitro
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SUMMARY

Studies were carried out in man on the mecha-
nisms of destruction of red cells by antibodies,
employing Cr5!-labelled red cells and Fe®®-labelled
reticulocytes.

Crt-labelled red cells sensitized in vitro with
potent incomplete anti-D sera are rapidly and al-
most totally sequestered by the spleens of normal
subjects. In sequestering sensitized red cells from
the circulation, the spleen behaves as a highly
proficient, passive filter. This sequestration is as-
sociated with slight increases of plasma hemo-
globin reaching a maximum level 60 or 70 minutes
after injection. Agglutination of injected sensi-
tized red cells occurs in the circulation of normal
subjects, probably as a consequence of the action
of rouleaux-producing concentrations of plasma
globulins, and represents an intermediate step in
the mechanism of sequestration. These red cells
are hemolyzed within a few minutes of their se-
questration and hemoglobin breakdown occurs
largely in situ. Reappearance in circulating red
cells of the iron released from sensitized red cells
begins after a delay of about 30 to 36 hours as

compared to about 18 hours when the iron is de-
rived from intravenously injected hemoglobin.
The speed of red cell breakdown in the spleen
necessitates the presence of a rapidly acting, prob-
ably preformed lysin. Work in progress indi-
cates that leukocytes may be involved in this
lytic process.

The injection of Cr®-labelled type D or C cells
into normal subjects hyperimmunized against these
cells leads to a similar, but slightly faster, pattern
of events. Unlike the preceding observations,
however, the liver sequesters a substantial pro-
portion of the injected cells. It is probable that
a specific interaction between the reticuloendo-
thelial cells and the antigenic red cells exists in
these subjects in addition to the passive filtering
function of their otherwise normal spleens.

Intravenously injected Cr®!-labelled ABO-in-
compatible red cells are destroyed abruptly in
subjects with isoagglutinins but no demonstrable
isohemolysins. This is associated with prominent
hepatic sequestration and moderate hemoglobi-
nemia. In subjects with both agglutinins and
demonstrable hemolysins red cell destruction is
virtually instantaneous and presumably occurs in



THE DESTRUCTION OF RED CELLS BY ANTIBODIES IN MAN

the general circulation, with prompt marked hemo-
globinemia and slower, less pronounced hepatic
accumulations of Cr®!. It appears that virtually
all normal persons possess some isohemolysins
for ABO-incompatible red cells, even when such
hemolysins are not demonstrable in wvitro by
standard procedures. Generally, however, iso-
agglutination with hepatic sequestration is the
chief mechanism of destruction of transfused ABO-
incompatible red cells. In man frank red cell ag-
glutination produced in diverse ways was uni-
formly associated with a predominantly hepatic
sequestration of the cells.

Studies of the analogous behavior of red cells
from patients with acquired hemolytic anemia are
presented and a schema is proposed to account for
the pathways of destruction of the red cells of these
patients.
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