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Single cell spectroscopy has been applied to red blood cells along three different
lines of research: a) distribution of single hemoglobin components among different
erythrocytes, b) chemical reaction with ligands and diffusion in the red blood cell,
¢) dynamics of hemoglobin S aggregation in single red blood cell.

The results reported here show, in general, the great possibilities of using single-
cell spectroscopy in investigating complex integrated systems.

Introduction

The classical approach to quantitative studies of biochemical phenomena has
involved, generally, the isolation of individual components from cells or tissues
and the measurement of their reactions in solutions of known composition. At pres-
ent, however, advances in various fields of science have promoted attempts to
study directly dynamic events occurring in intact cells.

While classical microscopy provides a time independent, static picture of
biological structures, combination of high resolution microscopy with spectro-
photometry offers a very powerful approach to the study of intracellular phenom-
ena in living cells, and the possibility to follow directly time dependent changes
of intracellular components.

The present review summarizes the results recently obtained in the course
of a study of single erythrocytes investigated by scanning microspectrophotometry
[1-3]. The time constant of the apparatus is low enough to allow measurements
of rapid phenomena (half-time of a few milliseconds) and a cross illumination
device permits to activate gas exchange reactions making use of the photosensitivity
of the carbon monoxide hemoglobin complex. The examples reported below pro-
vide basic information on several reactions involving red cells and illustrate the
future potentialities of this approach.

Studies on red cells by microspectrophotometry have been conducted, up to
now, along three main lines [1-3]:
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4 E. Antonini et al. : Erythrocyte studies by microspectrophotometry

i) Investigation of the distribution of hemoglobin components among single
erythrocytes in cases in which the hemolysate shows hemoglobin heterogeneity.
In the case of trout’s blood it was possible to show that the main hemoglobin com-
ponent is present in the same proportion in different erythrocytes.

ii) Studies on the kinetics of CO and 0 2exchange in single cells. Asmentioned
above, these studies are feasible due to the photosensitivity of the carbon monoxide
hemoglobin complex.

iii) Investigation of changes in the shape of erythrocytes following removal of
ligands from intracellular hemoglobin. Also in this case, removal of the ligand (CO)
is achieved by a photodissociation method. This approach appears to be specially
promising to follow the dynamics of sickling in erythrocytes containing hemoglobin
S (HbS)."

In what follows a brief description of the apparatus and of the main results
obtained along the lines just outlined will be given.

Methods

The measurements on single living erythrocytes were carried out with the aid
of a versatile, computer assisted, laboratory instrument based on the original
“moving condenser” scanning method, described elsewhere [4, 5]. Figure 1 depicts
the main optical parts along with the associated driving electronics and processing
equipment.

In this approach, contrasting with the traditional “moving stage” technique,
the specimen is maintained stationary since the positional scanning operation is
afforded by means of a light condensing objective which is electrodinamically dis-
placed across a plane parallel to the specimen itself (Fig. 1). Studies on living, sus-
pended and degradable materials take significant advantage of this feature which
moreover permits much higher speeds and random positioning. “Dual beam”
operation and variable resolution area scanning are possible, in this case, while not
generally available with other techniques.

The modular and flexible optical set-up can be reconfigured for different
microspectroscopic investigations and specific measuring procedures are accord-
ingly programmable under computer control.

Due to the versatility resulting from the cited characteristics, the apparatus
was also extensively used in other fields of cellular spectroscopy, ranging from pho-
topigment studies to DNA measurements [6-9].

Among the principal programmable conditions, relevant to the configuration
used in absorption microphotometry, are the following:

1) Positional scanning: 500 x 500 ;xm coverage, 0.25 fxm resolution, 7 msec
max. Settling time (random) or 5s typical exploration time (meander scan) for
100 jxm x 100 [xm area and 100 x 100 points, 1 ;xm apart;

2) Wavelength scanning: 360-760 nm coverage, 2.5 nm resolution, 10 ms
max. settling time (random) or 0.5 s typical exploration time (sweep) for the
complete spectrum.
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Fig. 1 Configuration of the apparatus as used for the experiments described in this paper.

Xenon arc lamp XB075W?2; Absorption filter (Schott, BG38,4 mm), Interference filter

(Balzers, A= 546 nm); Mercury arc lamp, HBO 100 WZ; Photomultiplier tube (EMI 965 88);
Interference filter (Balzers FITC 3)
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6 E. Antonini et al.: Erythrocyte studies by microspectrophotometry

3) Fine electrical focusing : 200 pun coverage approx.

The photometric accuracy, across the useful spectral range, is such to allow
signal-to-noise ratios better than 103when measuring optical densities in the range
0 to 1and using 1s averaging time. Low specimen irradiation doses may be
employed, if needed, due to the efficiency of punctual specimen illumination in the
analyzing beam.

Provisions exist to introduce additional source(s) to be used in photoexcita-
tion experiments (such as the photodissociation mode employed with erythrocytes).

The optical set-up is connected “on-line” to the computer real time control,
for acquisition and processing, in order to achieve interactive operation and data
presentation.

Infra-red/visible closed circuit tv camera and CRT display permit continuous
monitoring of specimen conditions, during the measurement, without disturbing to
the experiment.

Among the principal operational capabilities, are the following:

1) x; y scanning to produce gray-level, pseudo-color or isometric mapping of
spatial optical properties of the specimen;

2) Dual beam measurements, with alternating position of the analysis beam
between “test” and “reference” locations, to obtain absorbence information cor-
rected against wavelength dependent source emission, optics transmission and
photodetector response (e.g. optical density spectra vs. the wavelength) ;

3) Combination of both 1) and 2);

4) Multicomponent detection (punctual or image), using several selected
wavelengths, by means of linear processing procedures;

5) Photoexcitation spectrophotometry for studying the optical properties of
the transient species confined in cellular structures, with excitation responses down
to 1ms (conditioned by aperture time of mechanical shutters).

Applications
Distribution offunctionally different hemoglobins: The case of trout hemoglobins

A problem which arises in the case of blood containing multiple hemoglobins
is concerned with the distribution of these various components among red blood
cells [1]. In fact either (i) all the components are represented in each single erythro-
cyte in the same proportion as in the hemolysate, or (ii) the different hemoglobins
are preferentially distributed and, in the limiting case, each erythrocyte contains
only one of the components. This problem is relevant to the distribution of abnor-
mal hemoglobins in heterozygotes, also considering that the segregation of some
altered hemoglobin may affect the stability and thus the life span of the erythrocyte.

In the case of the blood from trout Salmo irideus, which contains four
distinct hemoglobin components characterized by different functional and physico-
chemical properties [10], we have solved this problem by microspectrophotometry
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[1]. Thus, the major hemoglobin component from trout blood, i. e. Trout Hb 1V,
shows a very marked Bohr effect and at pH values below 7 it is only partially satu-
rated in air (Root effect). Taking advantage of this effect which isan exclusive prop-
erty of Trout Hb IV and carrying out spectroscopic observations on single red
blood cells it has been demonstrated that all erythrocytes contain Trout Hb 1V in
a proportion very similar to that found in the hemolysate. The dependence on pH
of the fractional saturation with 0 20f whole blood as observed in air (p02~ 155
mmHg) at 20 °C, indicates that at pH ~ 6 the overall saturation corresponds to
about 50%. This is in reasonable agreement with expectations based on the 0 2bind-
ing properties and the relative percentages of the various components (compo-
nents | and 1l are fully saturated at every pH value, component IV is only 20%
saturated, component Il is present only in 1-2%).

The spectral properties of single erythrocytes reported in Figure 2 show that:
(i) at pH 7.6, where all the components are fully oxygenated in air, the spectroscopic
properties of a single erythrocyte correspond to the well-known spectrum of oxy-
hemoglobin; (ii) at pH 6, where the whole blood is 50% saturated in air, the
pigment within a single cell is only partially saturated.

From these spectra taken on a number of erythrocytes from different prepara-
tions it was calculated that, in air at pH 6, the fractional saturation with 0 2of the
different individual erythrocytes corresponds, within experimental error, to that
of whole blood. This implies unequivocally that each red blood cell contains Trout
Hb IV in a proportion very similar to that of the hemolysate.

The results show, in general, the great potentialities of using single cell spec-
troscopy in investigating this type of problem in other cases where multiple hemo-
globins are present in blood.

Kinetics of gas exchange in human erythrocytes
Carbon monoxide binding

Single cell spectroscopy has been applied to reinvestigate the coupled proces-
ses of diffusion of gases inside the cell and their combination with hemoglobin [2,
3]- The photosensitivity of the carbon monoxide derivative of hemoglobin allows
dynamic spectrophotometric observation of single cells within which reversible
dissociation of HbCO is induced by light, as reported in the following scheme:

HbCO— >Hb + CO (1A)
dark

Hb + CO -—=-* HbCO (IB)
Photodissociation of intraerythrocytic hemoglobin is obtained using an Hg lamp
(546 nm line) as the excitation source, and a suitable filter combination in order to
eliminate interferences with the analyzing beam. A number of control experiments,
performed by cutting the intensity of the photodissociating beam by known
amounts, have demonstrated that the intensity of the stationary light used is suffi-
cient to produce complete photodissociation of the ligand, i.e. to drive reaction 1A
completely to the right. It should be remarked that the conditions used for these
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8 E. Antonidi et al.: Erythrocyte studies by microspectrophotometry

Fig. 2. Absorption spectra of single erythrocytes of trout at: (a) pH = 7.6; (b) the same -\-
dithionite; (c) at pH = 6.0 (from [1] modified)

Haematologia 15, 1982
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Fig. 3. Relaxation traces of experiments performed at pH = 7.2, A= 420 nm, temperature
25 °C. sweep = 100 ms/grid division (from [3] modified)

kinetic studies are such that on the average, each erythrocyte is separated from the
others by a large distance, i.e. is immersed in a volume of stagnant fluid which is
infinite as compared to the volume of the cell.

The kinetics of CO release and uptake going from dark to light (LA) and
vice versa (IB) has been studied for a number of erythrocytes as a function of CO
concentration, ranging from 10-4—0—3 M. Oscillograph traces shown in Figure 3
document the time courses of the two processes.

The main results obtained by these experiments may be summarized as fol-
lows:

i) No significant differences in the kinetic properties of several individual
cells, and within any single cell among its different spatial regions, were observed.

ii) The approach to the steady state in the light cannot be accounted for by
a single exponential process and its half-time is independent of CO concentration
(10~4-10~3 M) within a factor of two.

iii) The relaxation from the steady state in the light to the equilibrium in the
dark corresponds, under all conditions explored, to a zero-order process. The re-
ciprocal of the half-time increases linearly with CO in the same concentration range.
This body of results shows that combination of CO with hemoglobin within immo-
bile erythrocytes is about 30-fold slower than that measured with hemoglobin in
solution and an order of magnitude smaller than that obtained by stopped flow
experiments with red cells [2]. Thus combination of CO with Hb in immobile eryth-
rocyte is rate limited by a diffusive process, as clearly indicated by the zero-order

Haematologia 15, 1982
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time course of the observed absorbence change. This finding has been related [2, 3]
to the presence around the erythrocyte of an unstirred layer of fluid, whose thick-
ness has been calculated, on the basis of simple diffusion laws, to be between
6-10p.M.

Oxygen binding

The presence around the erythrocyte of an unstirred layer of extracellular
fluid which offers a diffusion barrier to the gas exchange should be tested with the
physiologically important ligand, i.e. oxygen. In view of the low quantum yield for
the photodissociation of Hb02, experiments have been carried out in the presence
of two ligands (0 2and CO) at different ratios (0.02-0.7 = [02]/[C0]) [11]. Hence
erythrocytes are suspended in isotonic solutions containing both oxygen andcarbon
monoxide. Under these conditions, in view of the much higher affinity of hemoglo-
bin for CO, the erythrocytes in the dark are fully saturated with carbon monoxide;
on the other hand in the presence of a stationary light flux, photodissociation of
bound carbon monoxide occurs and combination with oxygen will follow.

An example of this type of experiments is illustrated in Figure 4. Compared
to the behaviour of hemoglobin in solution, one essential difference is immediately
apparent from examination of the experiment in so far as the approach to the
steady state in the light does not yield directly oxygenated hemoglobin, via an ex-
ponential process (see [11]). Instead, irradiation with a steady flux of light is fol-
lowed by three distinct phases:

a) the formation of deoxyhemoglobin as a transient which is produced with
a half-time (tj/2 of ~ 50 ms (phase a in Figure 4);

b) the combination of oxygen with the photoproduct, i.e. intraerythrocytic
deoxyhemoglobin (phase b in Figure 4);

c) the establishment of a steady state corresponding to fully oxygenated
hemoglobin (phase c in Figure 4).

When the light is turned off, the relaxation in the dark represents the replace-
ment of oxygen by carbon monoxide and the return to the original absorbence level
(phase d in Figure 4).

The overall features of oxygen recombination with the transient intraerythro-
cytic deoxy-hemoglobin have some similarities with those reported above for the
recombination with carbon monoxide. Thus, analysis of the data allows to draw
the following conclusions :

a) The time course of the binding with oxygen, which is sucked into the red
blood cell from the surroundings follows zero-order kinetics. This indicates that
the rate of disappearance of deoxy-hemoglobin from the volume element under
observation is rate limited by a diffusional process.

b) the half-time for oxygen binding (t* = 60 ms) is 600-fold slower than
that expected from solution measurement (t¥2 =0.1 ms) and also much slower
than that observed with a population of erythrocytes in rapid mixing experiments.

Haematologia 15, 1982
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Fig. 4. Oscillograph trace of an experiment performed at pH = 7.2and T = 25°C. [03] =
= 17 X 10-5M, [CO] = 9.6 X 10-4 M. Observation wavelength A= 440 nm, sweep = 200
ms/grid division (from [11] modified)

Apart from the common features, it should be emphasized that the half-time
of oxygen combination is significantly faster (10 times) than that observed in the
case of carbon monoxide. Since the diffusion coefficient of the two (D = 2x 10-5
cm2s_1) gases is essentially the same, the faster combination with oxygen may
tentatively be related to the process of facilitated oxygen diffusion [12] which is
operative from the external boundary to the observation spot. It seems therefore
possible that diffusion of oxygen to that volume of deoxyhemoglobin included in
the observation beam is considerably faster than the physical diffusion.

Kinetics of shape changes: Observations on sickling erythrocytes

The photochemical approach described above has been employed to investi-
gate the phenomenon of sickling within red blood cells containing over 90% HbS
[3,13]. Thisis shown in Figure 5 where carbon monoxide dissociation induced by
light triggers off the sickling process as it is evident from cell deformation.

Available experiments indicate that the rate of the shape change following
removal of the ligand is approx. 4 s in all the cell examined with a range of
3-5s. Moreover it was found that cells in which sickling was induced several times
were always deformed along the same axis. This finding has not been interpreted,
but it may be related either to an alteration of the RBC membrane, or to the
presence of residual unmelted polymers which may act as templates inducing a pref-
erential direction of sickling.

The photochemical approach described above has also been applied to a pre-
liminary study of possible antisickling effect of chemicals. Microspectrophoto-
metric observations were carried out on single cells of HbS carriers after exposure
of the RBC to a reagent specific for SH groups [13], i.e. L-cystine dimethyl ester.

Haematologia 15, 1982
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Fig. 5 Absorption maps of a single “ss” erythrocyte in the dark (a) and in the light (b).
Observation wavelength X = 430 nm. The scanning has been carried out over an area of
25 pm X 25 pm

It was possible to demonstrate that this reagent, whose toxicity is relatively low,
displays antisickling properties in so far as the morphology of the treated cells
shows no deformation after complete photodissociation.

Conclusions and Perspectives
The application of dynamic single-cell microspectrophotometry to the study

of the reactions of intraerythrocytic hemoglobin, although just begun, has already
proven to be of outmost importance. The examples reported above serve as an in-
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Fig. 5 (b)

dication of the potentialities of this approach, which may allow to bridge the gap
between the study of phenomena with isolated macromolecules in vitro with reac-
tions of the red blood cell as an integrated system. Although the possible applica-
tions, even within the restricted boundaries of the red blood cell, are numerous and
therefore will not be extensively reviewed, some of the more relevant short-term
perspectives are worth discussing.

From the physiological standpoint, understanding of the real significance
of the unstirred-solvent layer surrounding the RBC is of high priority. The thick-
ness of this layer as a function of the flow velocity needs to be investigated, since
it is known [14] that with turbulent flow the RBC is largely stripped of externally
immobilized solvent. Therefore, although the rate-limiting barrier may become in-
significant at the blood velocities prevailing in the body, no direct information is
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indeed available on this point. It is therefore essential to determine, using the ap-
proach originally introduced by us [2, 3, 11], the thickness or consistency of the
diffusion barrier around the RBC as a function of flow velocity of the surrounding
medium. This information is experimentally accessible and should provide results
immediately relevant to the physiology of gas exchange and transport.

Along these lines a second important point is concerned with the understand-
ing of the real physiological significance of the 0 2facilitated diffusion. It is well
documented [12] that Hb facilitates 0 2transport by a translational-diffusion con-
tribution, and at the protein concentrations prevailing in the RBC this should be an
important contribution to the dynamics of the gas exchange within the cell. The de-
pendence of the observed rate on 0 2concentration, as determined in preliminary
experiments on the kinetics in single RBC [11], seems to demand that facilitated
diffusion makes a significant contribution. It seems therefore possible to assess the
real in vivo significance of this phenomenon by performing this type of kinetic
measurements and by following simultaneously the reaction time course in different
volume elements of the RBC.

Finally it may be recalled that the HbS polymerization mechanism still de-
mands quantitative in vivo tests. The amount of experimental data on the puri-
fied HbS has been sufficient to propose and substantiate a “nucleation-polymeriza-
tion” mechanism for HbS gelation [15, 16]. A critical test for the applicability of
the same mechanism in vivo demands the measurement of the delay-time within
single RBC cells, and the variability of this parameter within a population of cells
varying individually, for example in their Hb content. The photolytic approach is
obviously the only one presently applicable to this problem, since the delay-time
at the protein concentrations prevailing in the RBC should be very short (10-100
ms). Indeed preliminary results by Eaton and coworkers [17] indicate that the
problem is experimentally accessible. The final goal is the characterization of the
series of events leading to fiber formation, which should follow a sequential time
course involving at least the following steps :

hv
HbSCO ~y HbS---—--- > (HbS)nucleous------ *(HbS)Fibers— »-Cell deformation.
Cco

The effect of antisickling drugs on the various steps of this pathway is of ut-
most importance for any attempts towards a molecular therapy of sickle cell ane-
mia.

It should be realized that some of these perspective investigations in single
RBC microspectrophotometry are already within reach. However some ofthe more
sophisticated and interesting developments, such as simultaneous time and space
resolution of Hb reactions, demand considerable improvement and technical
development, and therefore substantial efforts in instrument design and engineer-
ing. Within this area, foreseeable important steps should be dealing with improve-
ments in handling and control of the sample (such as flow velocity, temperature
and eventually pressure control) to vary at will the “boundary conditions” of the
cell.
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In haematology, as in all other aspects of laboratory practice, reliable measure-
ment and interlaboratory comparability depend on standardization. Reference prep-
arations and defined reference materials are essential for calibrating instruments used
for tests and for verifying accuracy of assays. WHO is responsible for establishing inter-
national biological standards and other forms of standardization for use in medicine
in general; at a specialized level in haematology, work on this subject has also been
largely undertaken by the International Committee for Standardization in Haematol-
ogy. ICSH established the International Reference Preparation of Haemiglobincya-
nide which has resulted in remarkable improvement in haemoglobinometry world
wide. In addition, reference preparations are now available (from one or other source)
for thromboplastin, various coagulation factors, abnormal haemoglobins, HbA, and
HbF, erythropoietin, serum iron, vitamin B12 various blood typing sera. Progress is
being made in developing blood cell standards, and an ICSH expert panel has recently
developed a ferritin standard.

Standardization also refers to establishing reference methods with a high level
of accuracy and precision, and selected methods which are suitable for routine use
taking account of the intended scope of the test, economy of labour and materials,
and ease of operation. ICSH has been particularly concerned with establishing reference
methods. Inter alia, these have included haemoglobinometry, prothrombin time test-
ing, identification of abnormal haemoglobins, serum iron assay, Romanowsky stain-
ing, ESR, packed cell volume, diagnostic tests with radio-isotopes, antiglobulin test,
specimen collection. Standardization of nomenclature is also an important topic to en-
sure understandable communication and to avoid confusion which may even put pa-
tients’ lives at risk. To establish a standard requires a collaborative study and consul-
tation with experts from many countries. To ensure effective subsequent use of the
standard requires dissemination of relevant information, its acceptance at national
level and technical training programmes in which its use is encouraged. International
professional bodies, such as ICSH, as well as WHO, have important roles in achieving
this.

*

Biological standardization came from the need to define adequate potency

of antisera used in therapy, and to ensure uniform potency of preparations from
different commercial sources. Its scientific basis was established by Paul Ehrlich
in 1897 when he published the results of a study on the standardization of diphthe-
ria antiserum which he had undertaken at the request of the German Board of
Health [1]. Standardization and control of the potency of pharmaceutical drugs
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began 5-10 years later with the work of Elijah Houghton in USA for Parke
Davis and Co., and in Britain by Henry Dale who was then working for Bur-
roughs Wellcome [2]. This apparently mundane routine work led to a long line
of fundamental scientific discoveries and to an awareness of the need for bio-
medical standards at an international level.

The mechanism for international biological standardization was established
under the aegis of the Health Organization of the League of Nations, and sub-
sequently expanded by the World Health Organization ; it has worked harmoni-
ously and elfectively and continues to do so [3]. More recently, standardization
has been further developed beyond therapeutic substances into the field of diag-
nostic laboratory tests. The purpose of this type of standardization is to ensure
precision and accuracy of analytic measurements. An acceptable level of precision
is relatively easy to attain by replicate testing of control materials, and by con-
stant performance of internal quality control procedures. But precision alone can
only assure us that results from a laboratory are reproducible within that labora-
tory. This is not sufficient to serve the needs of present-day practice — patients
travel and may require successive tests in different laboratories; interlaboratory
collaboration in therapeutic trials requires exchange of patient data between
laboratories; reference values should be universally applicable, as also should be
published data from clinical research. We, thus, need to ensure that analytic
results are sufficiently accurate for interlaboratory comparability to be valid.
This can only be achieved by the use of internationally agreed standards. In
this context, a standard may have different forms. It may be a reference prep-
aration, a calibration procedure, or it may be a reference method for performing
the test. These different aspects of standardization may be described by the follow-
ing definitions which have, in general, been adopted by various international
organizations including WHO:

Reference preparation: A substance which has been characterized by bio-
logical, chemical or physical means. International Biological Standards and
International Reference Preparations are products to which have been
assigned values or units of activity as defined by the World Health Organi-
zation. These international standards are not intended to be used in labora-
tory working procedures but serve as materials by means of which national
reference preparations and calibrators can be controlled. International
reference preparations are usually made available only to national author-
ities.

Reference material: A substance or physical device, one or more properties
of which have been defined by means of a definitive or reference method.
It is to be used for the verification of the accuracy of an analytical process
(measurement system) used in routine practice. Reference materials should
be based on or traceable to a national certified reference material or an
international (certified) reference preparation.
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Definitive method: A method which after exhaustive investigations is found
to have no known source of inaccuracy or ambiguity. It will, however, have
a (known) degree of imprecision which should be stated.

Reference method: A clearly and exactly described technique for a particular
determination which, in the opinion of a competent authority, provides
sufficiently accurate and precise laboratory data for it to be used to assess
the validity of other laboratory methods for this determination. The accuracy
of the reference method must be established by comparison with a definitive
method where one exists.

An international reference method is one that has been established by a com-
petent international authority.

A reference reagent is one which has defined and clearly described proper-
ties; it is used with a reference method or procedure, or when appropriate,
in conjunction with an international reference preparation.

Selected method: A procedure, the reliability of which has been validated
by a collaborative study and which is recommended by a competent author-
ity for routine use in laboratory analysis, having been selected on the grounds
of its accuracy and precision, the intended scope of the test, economy of
labour and materials, and ease of operation.

Calibrator: A substance or device used to calibrate, graduate or adjust
a measurement. It must be traceable to a national or international reference
preparation or reference material.

Calibration: The determination of a bias conversion factor of an analytical
process under specified conditions, in order to obtain accurate measurement
results. The accuracy over the operating range must be established by
appropriate use of reference methods, reference materials and/or calibrators.

By universal agreement of national governments, WHO, acting through its
Expert Committee on Biological Standardization is responsible for “establishing
international biological standards, reference preparations and reference reagents
for those biological materials used in prophylaxis, therapy or diagnosis of human
(and some animal) diseases that cannot be characterized adequately by chemical
and/or physical means alone” [4]. The biological standards and reference prep-
arations are provided primarily to enable the activity of biological preparations
to be designated in uniform terms throughout the world; the prime function of
the reagents is to check on specificity. The Expert Committee does not itself
produce the standards. These can be developed by any group of scientific workers,
and the role of the Expert Committee has been to formulate procedural guide-
lines which take account of many details which must be rigidly adhered to if
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a preparation is to be acceptable to WHO. Thus, for example, material must be
dispensed from a single homogeneous bulk of material into ampoules made from
high quality neutral glass; an international collaborative study must be carried
out in an agreed way by two or more laboratories in different countries, and there
must then be a collaborative assay by a sufficient number of laboratories in
different countries to ensure statistical validity and accuracy of measurement.

When the report on a collaborative assay has been approved by all par-
ticipants, it is sent for comment and review to the members of the Expert Advisory
Panel on Biological Standardization and to other international experts selected
by WHO. When any queries and criticisms have been satisfactorily answered,
the preparation is ready for recognition by WHO. Clearly, establishing a WHO
international reference preparation is a lengthy and onerous task but the end
result is a significant contribution to reliable health care, to clinical practice and
to medical science in general.

Over the past few years an increasing number of other organizations have
also become active in biomedical standardization. A recent meeting under the
aegis of WHO identified at least 28 such organizations; they function in all the
specialities, each with its own constitution and procedures, albeit all with the
same ultimate objectives. Some organizations are concerned only with design
and specification of apparatus, others with methodologies, and others again with
reference materials. Some have legal authority, whilst others are professional and
essentially educative. There is need to have some co-ordination and harmonization
but not at the cost of the individuality of the organizations, which contribute,
each in its own way, to the science and practice of clinical laboratory standardiza-
tion. The following is not a comprehensive list but it indicates some organizations
well known for their work in standardization, including those referred to in this
paper, which are subsequently designated by their initials:

BCR Community Bureau of Reference (EEC)
BSL British Standards Institute
CDC Center for Disease Control (USA)

COWS/WASP Commission on World Standards of World Association of Socie-
ties of Pathology

ECCLS European Committee for Clinical Laboratory Standards
TABS International Association of Biological Standardization
ICSH International Committee for Standardization in Haematology
ICTH International Committee on Thrombosis and Haemostasis
IFCC International Federation of Clinical Chemistry

ISO International Standards Organization

IUIS International Union of Immunological Standards (USA)
NBS National Bureau of Standards (USA)

NCCLS National Committee for Clinical Laboratory Standards (USA)
NIBSC National Institute of Biological Standards and Control (UK)
WHO World Health Organization
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In haematology, standardization has largely been undertaken by ICSH.
The need for it in this speciality was obvious from the confusion which existed
in the measurement of haemoglobin. For over one hundred years, haemoglobin
has been used in clinical practice and in public health surveys as an index of
health. By the beginning of this century, several methods had been developed,
each with its own calibration scale, none of which was comparable. Thus, 100%
was 13 g/dl by the Haldane method and 17 g/dl by the Sahli method. The need
for some form of standardization had been appreciated by Biirker in 1911 [5]
when he tried to establish a stable standard solution for the Sahli method, and
then by Heilmeyer who, in 1933, established on behalf of the German Society
of Internal Medicine a scheme for haemoglobin standardization in Central
Europe [6]. During the 1940s and 1950s, there were further developments, inter alia,
in the UK by King [7], in the USA, by Crosby [8] and by Sunderman and Cope-
land [9]. In 1958, the USA National Academy of Sciences—National Research
Council recommended the use of haemiglobincyanide (HiCN) [10]. But despite
these efforts, in an international interlaboratory trial undertaken by the Dutch
Institute of Public Health in 1962, participating laboratories, including the most
eminent in Europe, reported the haemoglobin of the same blood between 11 and
18 g/dl [11]. This study was reported at a symposium during the 9th Congress
of the European Society of Haematology; it was the stimulus which led to the
foundation of ICSH and the setting up of an international expert panel on haemo-
globinometry [12]. There was general support for adopting HiCN as the reference
material. The panel members included W. G. Ziljstra and E. J. van K&mpen whose
precise and accurate optical density measurements and iron analysis on purified
haemoglobin solutions led to the establishment of the (1/4) extinction coefficient
of HICN as 11.0, while the molecular weight of a2% haemoglobin was calculated
by Braunitzer to be 64 458. On this basis, ICSH established specifications for
the haemoglobin reference preparation, and for the haemiglobincyanide method
for haemoglobinometry in human blood [13].1 These recommendations by ICSH
were unanimously adopted by the International Society of Haematology, in the
USA by the National Academy of Science, by the International Union of Pure and
Applied Chemistry (IUPAC) and by other international and national organizations.
Subsequently, the World Health Organization adopted the ICSH reference prepara-
tion as the “WHO International HICN Reference Preparation”. The panel did not
rest on this achievement but has continually re-evaluated the standard and methods
of haemoglobinometry, aware of the fact that, as new techniques and further
research provide new data, there may be need for revision and modifications [14].
The panel is now studying the need for standards of various haemoglobin deriva-
tives and the difficult problem of developing stable whole blood reference prep-
arations. Control of the international HiCN reference preparation remains the
cornerstone of the work of ICSH in this field. It is produced and maintained

1This work was supported by a grant from the Public Health Committee of Council
of Europe and by the Director General of RIV, Billhoven, The Netherlands.
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at the Dutch Institute of Public Health; on application to the ICSH Secretariat,
a few ampoules can be provided from this stock to anyone wishing to standardize
and control national or locally manufactured preparations.

Blood cell standards

The need for reference preparations for the blood count has become of
paramount importance with the use of electronic particle counters, especially
automated blood counting systems. These are, in effect, comparators in that they
can be adjusted arbitrarily so that to obtain a true measurement on an instrument
which will be comparable with that obtained on another instrument or by another
method, it is essential to calibrate the instrument; this requires reference prep-
arations with assigned values of defined accuracy. There are serious difficulties
in achieving this, and no true reference preparation is yet available. The material
should closely resemble blood in its physical characteristics with regard to cell
numbers, size, shape, electrical conductivity, homogeneity, viscosity and rheology.
Unfortunately, materials which are sufficiently stable to serve as a long-term
calibrator do not have the physical properties of blood, while natural blood is
not sufficiently stable to be useful for this purpose. Furthermore, an instrument
calibrated for counting blood cells of one size may not count cells of another size,
if it is not linear in its response, while different instruments may differ in measure-
ments of MCV on the same blood sample, if they use different principles. This
has been demonstrated in interlaboratory comparisons of counters which use
light scattering (Technicon Hemalog), conductivity (Coulter) and laser light
diffraction (Ortho Counter) (Table 1).

Materials which have been tried as potential standards fall into three main
groups [15]: (a) artificial materials such as polystyrene latex and other plastic

Table 1
Mean results of MCV measurement by participants in UK National External Quality
Assessment Scheme

Specimen
Method/Equipment

A B c D E F
Fully automated counting system (conductivity
principle) 521 648 856 895 946 969
RBC by electronic counter
PCV by microhaematocrit 526 655 8.8 913 967 9638
Fully automated system (light scattering and
centrifugation) 551 674 81 86.0 895 932
RBC by haemocytometer
PCV by microhaematocrit 610 711 872 955 898 973
Fully automated system (laser light diffraction) 700 755 - 89.0 930 940
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polymers, (b) biological materials such as pollens, mould spores, yeasts, and
(c) natural blood cells which have either been preserved (e.g. in ACD, CPD, or
Alsever’s solution) or modified by fixation in glutaraldehyde or formaldehyde.
The biological materials tend to be too heterogeneous with regard to size, but
spherical latex particles have recently become available in a series of defined sizes
between 2 and 12 pm in diameter each within a narrow size range. These are
undergoing study by an expert group of the Bureau of Reference (BCR) of the
European Community and also by the ICSH expert panel [16]. If they are shown
to be stable in suspension and sufficiently monosized, it will be possible to establish
their volume by physical methods (e.g. mass integration) and by electron micro-
scopic techniques, and they can then be used as a primary reference for platelets
(2 pm), red cells (5-6 pm) and leucocytes (10-12 pm).

Blood cells can be permanently stabilized by fixation, especially in glutaral-
dehyde solution. The fixed cells shrink in size immediately after preparation and
the shrinking process continues for 3-4 days. Thereafter the cells remain constant
in size and shape, and the preparation gives consistently reproducible measure-
ment of cell numbers and cell size distribution for months or even years. Un-
fortunately, there is a major disadvantage in using these cells as a reference prep-
aration: in the Coulter counting system, natural (fresh) red blood cells become
spherical when diluted in the usual diluent (e.g. Isoton); in addition they are
deformed as they pass through the orifice of the cell counter [17], whereas the
fixed cells remain biconcave disks and are inflexible so that they cannot be used
to calibrate an instrument for subsequent measurement of natural blood. As
platelets are less affected in the diluent, glutaraldehyde-fixed platelets provide
a useful standard for platelet counting [18]. Leucocytes do not undergo shape
changes in diluent; fixed avian (turkey or chicken) red cells provide a simulated
leucocyte preparation, which is suitable as a control material (see below) although
whether it can also be used as a calibrator is still uncertain.

Red cells collected into ACD, CPD or Alsever’s solution are stable for
a few days at 20 °C and for 3-4 weeks at 4 °C. With some animal species, espe-
cially horse blood in ACD, the RBC, PCV and MCV remain constant for up to
3 months. These materials are useful as controls to check the precision and reli-
able functioning of a cell counting system over relatively short periods of time.
This is the basis for an internal quality control procedure and it is also used
extensively in interlaboratory quality assessment schemes [19]. The material should
not generally be regarded as a calibrator; however, it may be used as such and
as an intermediate (secondary) reference provided that its value is determined
by a reference method using a reference particle counter and cell sizer which have
been precalibrated, e.g. by means of latex particles as described above.

Coagulation factors

WHO has established international biological reference materials for several
coagulation factors. They include factors VIII and IX, antithrombin Ill, throm-
bin, heparin, urokinase, plasmin and ancrod [20]. WHO has been concerned
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especially with these materials in context of standardization and control of thera-
peutic aspects of coagulation. The International Committee on Thrombosis and
Haemostasis (ICTH) is also involved with standardization, being concerned with
both fundamental and practical problems in blood coagulation; their subcom-
mittees are working on diagnostic assay methods; these include fibrinogen, fibrin
and fibrin degradation products, thrombin-like enzymes, factor V111 C Ag, factor
IX products, factor XIll, and synthetic substrates [21]. Development of reference
thromboplastins and standardization in the control of anticoagulation has been
an important task in the WHO programme [20] and also in a collaboration be-
tween ICTH and ICSH [22, 23].

In the United Kingdom, BCSH [24] organized a control scheme which has
been functioning for many years, as follows: at intervals a batch of thrombo-
plastin, known as British Comparative Thromboplastin (BCT) is manufactured
by the National Reference Laboratory for Anticoagulant Control Reagents
(Director: Dr. L. Poller). This is a liquid phenol saline extract of human brain.
Each batch of BCT corresponds to the previous batch, uniformity between
batches being achieved by mass production of saline extract of pooled human
brains according to a strictly controlled method which includes screening against
a set of coumarin plasmas and lyophilized factor VUI-deficient plasma. Each
batch is regularly monitored by a group of expert laboratories in the UK, from
whose data the BCT is calibrated. The material is despatched at monthly intervals
to all the hospitals in the country which participate in the scheme. The BCT is
used by these individual laboratories to calibrate commercial or their own home-
made thromboplastins; results on a patient’s plasma are expressed as the pro-
thrombin ratio normalized to BCT. At present, it is considered that this ratio
should be 2.0 4.0 for satisfactory therapeutic control.

In Europe, the European Community Bureau of Reference in collaboration
with ICSH has recently produced three types of reference preparation —human
brain, rabbit brain and ox tissue [25]. For each of these, a calibration constant
has been obtained, these constants being referable to the original WHO “research
standard” (Batch 67/40). The relative sensitivity of any new reagent normalized
to the reference preparation is determined in comparative measurements of pro-
thrombin time on batches of plasma as described above for BCT. Thus, it will
be possible to control commercial (and home-made) reagents and to achieve com-
parable results for prothrombin time tests throughout the EEC, irrespective of
what reagent is used. The ICSH collaboration should ensure similar comparability
beyond the geographic limits of the EEC. The role of reference plasmas in stand-
ardizing prothrombin time testing is still under debate [26].

Abnormal haemoglobins

In 1973, ICSH established an expert panel under the chairmanship of
Dr. H. Lehmann [27]. The panel has published recommendations'for quantitation
of HbA2[28] and HbF [29], a system for identifying abnormal haemoglobins [30],
and specifications for reference materials of HbA2 [28], HbF [29] and an ab-
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Fig. L HbA2measurement on two samples (A and B) in an interlaboratory trial. Below,
the data are shown in a Youden plot, which illustrates the extent of random variation in
the results

normal haemoglobin standard consisting of Hbs-JAFSC [31]. Analytical and
stability studies on experimental batches of the various reference materials pro-
duced by ICSH have shown that the specifications are practical and that it should
be feasible to establish international reference preparations. Interlaboratory trials
have highlighted the lack of reliability of HbA2assay in routine laboratories [32]
(Fig. 1) and it is recognized that a HbAZ2 reference preparation is essential for
accurate quantification; this need is especially important at the borderline level
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of about 3%, in thalassaemia screening programmes. A similar story can be told
in the case of HbF assay [32]. Based on the ICSH specifications, BCR has com-
menced a study of the feasibility of bulk production of HbA2and HbF reference
materials, as well as a study of their stability and procedures for assigning ac-
curate values.

Vitamin By,

For many years, it has been recognized that determination of serum vita-
min B12by microbiological assay is a complicated procedure requiring meticulous
attention to technical details [33]. The introduction of radio-dilution assay was
a technical advance in so far as the test was simplified, but interlaboratory trials
have shown major problems with this procedure in routine practice, with marked
variations in analytical results between various commercially available kits [34].
These variations have been ascribed to non-specific binding of inactive analogues
of vitamin B12 by the R-binder protein which is used instead of pure intrinsic
factor in some kits. Accordingly, some kits have been modified by their manu-
facturers to overcome this defect but as kits continue to proliferate, there is need
to ensure their reliability by means of reference method and reference material.
Microbiological assay, using Euglena gracilis, appears to be the most suitable
method for standardization for clinical purposes —in skilled hands, results can
be achieved that are accurate (as shown by recovery studies) and reproducible.
There is, however, a problem to decide what form the reference material should
take and how it should be measured [35]: should it be crystalline B12 or should
it be natural human plasma or cobalamin in an artificial matrix of B12 binders?
Should its assigned value be determined by quantitative assay of cobalamin in its
pure form, e.g. by isotope dilution mass spectrophotometry? This is arguable
as the clinical need is for a reference of biological activity, so that bioassay would
be more relevant. This viewpoint has been recommended in the USA by a com-
mittee of NCCLS under chairmanship of Dr. R. Schilling [36]. In the UK, the De-
partment of Health in collaboration with NIBSC and BCSH is currently develop-
ing biological reference materials of human plasma with “normal” and “low”
B12 content; values are being assigned to these preparations in a collaborative
study by a group of expert laboratories using Euglena gracilis, Lactobacillus
leichmannii and radioisotope dilution methods. Surprisingly, although assay of
vitamin B12 and other haemopoietic substances plays a major role in extensive
WHO nutritional anaemia programmes, vitamin B12does not feature as a WHO
International Biological Reference Preparation.

Erythropoietin

As evidenced by an increasingly large number of articles on erythropoietin
in the literature during the past few years, it has become important in diagnostic
and experimental haematology. It provides useful information for differentiating
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primary and secondary erythrocytosis and it is used in bone marrow culture
studies. Originally, one unit of erythropoietin was defined as that amount which
had an erythropoietic effect on a fasted rat equal to the effect of 5 CoClI2
but due to variability in the fasted rat assay, this was an inadequate specification.
An international reference preparation was established by WHO in 1966 [37].
The international unit was defined as the activity contained in 148 mg of this
preparation, and for working preparations a unit was defined as that amount
which has a biological effect equal to that of the International Reference Standard
Unit. The original WHO preparation was replaced in 1972 by the second inter-
national reference preparation [38]; this was allocated a potency of 10 I.U. per
ampoule.

Biological assays are laborious and this has deterred against their more
widespread use. Immunological assays for erythropoietin have been developed
based on either red cell agglutination by antibody or the formation of radioactive
antigen-antibody complexes. In both tests, the antibody is anti-erythropoietin and
the erythropoietin content of the test material is estimated from its capacity to
compete for the antibody. Reliability of the red cell agglutination (inhibition)
test is questionable and most investigators consider the radio-immune assay as
the most promising. However, it is not yet sufficiently reliable, because of the lack
of either sufficiently purified erythropoietin or proper standardization of the
antibody.

Serum iron, transferrin and ferritin

The need for a reliable iron assay method was apparent when an ICSH
expert panel was formed in 1966 under the chairmanship of Dr. G. lzak. In
a classic collaborative study [39], the members of the panel identified each of the
analytical variable, and eventually felt able to propose, as a reference method
(and also as a selected routine method), spectrophotometric assay of iron chromo-
gen formed by bathophenanthroline sulfonate. By this study, the panel was also
able to define a serum iron reference preparation [40]. Subsequently, the reference
method was slightly revised and has now been established as an ICSH Standard
[41]. Less progress has been made in the assay of iron-binding capacity. No
method could be proposed with sufficient accuracy and reliability to be regarded
as a reference method, and the best that the ICSH experts could do in the light
of present experience was to recommend the magnesium carbonate adsorption
method for assay of total iron binding capacity, as a selected method adequate
in general for clinical purposes [42].

In order to evaluate the ICSH iron assay method in routine practice, par-
ticipants in the UK National External Quality Assessment Scheme were asked
to perform serum iron measurements by their usual method and by the ICSH
method. Contrary to the findings of the earlier interlaboratory trial by the experts,
in these trials there was no evidence that the ICSH method was more reliable
in routine laboratories (Table 2) although it must be remembered that the tech-
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Table 2

Comparison of coefficient of variation (CV) of methods used for measurement of serum iron
in trials from UK National External Quality Assessment Scheme

r Spéci- Automated Other routine
Trift en method methods ICSH methods
1 A 7.5 6.9 15.5
B 6.8 9.3 11.3
(64 13.4 23.1 28.7
2 ;A 6.3 13.9 14.1
B 5.9 13.2 8.1
c 8.1 15.5 12.4

* Heparinized plasma; all other specimens were sera.

nicians in these routine laboratories were familiar with their usual methods, which
included automated procedures, and few had used the ICSH method previously.
This emphasized the fact that it is not sufficient merely to define a selected method,
but that it is essential for laboratory technical staif to become accustomed to
using it in practice.

The ICSH panel has also been developing a ferritin standard. This is a
human spleen derived preparation, in a matrix of human serum albumin. The
purity of the ferritin has been checked and its value determined by polyacrylamide
electrophoresis, iso-electric focussing and amino acid analysis. A batch of this
material has been prepared in UK by NIBSC, and, if the appropriate collaborative
studies demonstrate its acceptability in accordance with the WHO guidelines [4],
it may be established as an International Reference Preparation.

Immuno-haematology

WHO was responsible for important early developments in this field; in 1950
standards for anti-B and anti-B blood typing scrum were established, and main-
tained at the Danish State Serum Institute. The WHO list of biological substances
[43] now also includes anti-C, anti-E, anti-c incomplete blood typing sera and
anti-D immunoglobulins, as established international reference preparations.

In 1969, at the International Congress of Blood Transfusion in Moscow,
ICSH formed a joint Expert Panel on Serology with the International Society
of Blood Transfusion. The panel has concentrated on two main problems:
1 standardization of antiglobulin reagents and 2. standardization of serum
albumin used in Rh testing. It is well known that different batches of albumin
vary in their efficiency in agglutinating Rh-sensitized red cells. Using serological
and physico-clinical methods the panel was able to identify the existence of
inhibitors of red cell agglutination in some batches of commercial albumin [44].
The panel is now preparing a protocol for checking routine albumin reagents

Haematologia 15, 1982



S. M. Lewis: Standardization in haematology 29

and defining the specifications for a reference albumin reagent. Polyspecific anti-
globulin has been produced as a candidate international reference reagent. The
requirements for standardization of such reagents have been defined [45].

Stains and staining

In the staining of biological material, standardized dyes and standardized
staining procedures are essential for consistent results. A wide range of stains
has been developed for various purposes, and many modifications have been
introduced to try to obtain expected effects. These modifications have often been
arbitrary with the addition of “a little of this and a little more of that”. But if
staining technology is to be a science rather than an art, a more rational approach
is required, especially as automation of biological staining methods, computerized
pattern analysis and quantitative cytochemistry, become more widely used. Blood
cell staining is a good example: the Romanowsky staining effect is obtained by
a number of stains, notably, Leishman, Giemsa, Jenner, May-Grunwald, Wright;
they produce their effect by the reactions of cellular components to a mixture
of cationic thiazine and anionic eosin dyes.

Romanowsky staining has been used extensively and universally for the past
ninety years; only recently has there been any serious attempt to identify the
factors responsible for the variable staining obtained with the different stains
and with different batches of the same stain [46, 47]. The essential require-
ments are azure B (trimethylthionin) and eosin Y (tetrabromofluorescein). The
main cause of capricious staining is the presence of other dyes such as azure
A, azure C, methyl violet etc. Some commercial stains contain no less than
10 different dyes (as identified by chromatography) and these in greatly differ-
ent amounts in sequential batches of what is claimed by the manufacturer
to be the same stain [48]. The stains also contain a variable amount of metal
salts which influence staining characteristics. Other factors which affect the
results are variation of pH in the staining solution, the staining time, the dye
concentration, and ratio of azure B to eosin Y. There always has been need for
a reliable standardized stain for blood and bone marrow films. This is important
when films are sent from one laboratory to another for an opinion or as part
of a multicentre study; it is also important when consulting an atlas. It has become
essential with the advent of automated differential counting instruments which
depend on the recognition of the pattern of stained cells by means of a computer,
which has been programmed to identify cells from a training set; obviously, this
is reliable only if the staining of the training set of slides and the subsequent
routine slide is harmonized. ICSH has demonstrated [49, 50] that a standardized
Romanowsky stain with optimal and consistent staining effect can be achieved
by a two-component (azure B and eosin Y) stain. To encourage collaboration
by commercial manufacturers, BCR is establishing specifications for the stand-
ardized stain and a protocol for the physico-chemical analysis of the dyes necessary
to ensure their purity. To complement this, what is needed is a reference or control
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slide consisting of a matrix of appropriate composition to be able to demonstrate
the staining properties to be expected from DNA, RNA, haemoglobin and other
constituents of blood cells. The problems are not unique to the Romanowsky
stains. There is need to scrutinize various histological staining methods, including,
for haematology, reticulocyte stains, reticulin and collagen stains and the Papani-
colaou stains —these last are now used extensively for cytological screening, and
as this procedure is becoming increasingly automated, the need for standardization
is obvious.

Despite the fact that haematologists are aware of the necessity for accurate
reticulocyte counting, interlaboratory trials show how unreliable they are in
practice, with variances of 100% or more. Apart from distribution errors due
to poor films and statistical errors due to inadequate counting, a significant factor
is poor staining which may fail to demonstrate late reticulocytes with only sparse
ribosomal material or, conversely, may fail to distinguish particles such as Heinz
bodies or nuclear remnants. Pure azure B has been said to stain reticulocytes
consistently and uniquely [51]. This has not yet been confirmed by others and
further investigations are required to identify the optimal dye and the staining
specifications for standardization.

Quantitation of bone marrow content of reticulin and collagen is important
in diagnosis and management of myelosclerosis and other myeloproliferative
disorders. This is usually judged by the extent to which films are stained by silver
impregnation. Visual impression can now be supplemented (or at times replaced)
by absolute measurement by automated instruments such as the Quantimet Cell
Analyzer [52], provided that the stain uptake by the tissue is specific and constant.
This principle applies to many cell and tissue stains, and quantitative cyto-
chemistry is a developing science, with enormous potential use in cellular biology;
it is, thus, obvious that this calls for standardized stains and reagents and stand-
ardized staining procedures. As yet there has been little progress in this area,
although ICSH is at present assessing several cytochemical tests used in haema-
tology. The Expert Panel under the chairmanship of Dr. Shibata will shortly
publish recommendations on the standardization of methods for leucocyte alka-
line phosphatase, peroxidase, acid phosphatase and esterases. The recommenda-
tions will include specifications for the chemical reagents to ensure consistent
reactions, as well as standardized procedures for preparation of the blood samples
and for the tests themselves.

Erythrocyte sedimentation rate (ESR)

Test for which reference materials are not available depend, for their reli-
ability, on standardization of method and, in some cases, the use of standardized
equipment. This applies to the erythrocyte sedimentation rate.

The ESR is a complex test and there is no method for its measurement that
can ensure that the test is not influenced in misleading ways by variations in PCV
and by other unidentified factors. Accordingly, no definitive reference method
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is yet available so ICSH has designated, as a selected method, one precisely
defined method, based on that of Westergren [53]. This method was selected as
it is simple to perform and appears to be reasonably reliable and more repro-
ducible than other methods at present available at levels that are clinically signifi-
cant. As results are especially affected by variation in the dimensions of the tube
in which the test is set up (its bore should be 2.55 £0.15 mm and the bore should
be uniform throughout its length, with a variance of less,than +0.05 mm), several
national authorities have established standards for ESR tubes which follow the
ICSH specifications. These include British Standards Institute (BSI) [55],
Germany’s DIN and in the United States, NCCLS [54]. Some manufacturers
have replaced the traditional glass ESR tubes with plastic tubes. Some plastic
materials, e.g. polypropylene and polycarbonate, have been shown to be suitable
substitutes for glass but not all plastics have similar properties and before they
are acceptable, it is necessary to perform an adequate field trial, comparing ESR
as measured in the candidate tubes with results obtained by the ICSH method
using the standardized tubes.

Packed cell volume

This is another example of a haematological test which depends largely for
its accuracy on the tube which is used. The essential requirement is a constant
bore; with the microhaematocrit tubes, it is also necessary to use low melting
point glass so as to ensure that they seal flat when heated. To try to ensure that
these conditions are met by manufacturers, the various national authorities have
established specifications for Wintrobe tubes and for microhaematocrit capillary
tubes [56, 57]. This helps to achieve consistency in routine measurement of PCV.
Accurate measurement, on the other hand, has become an essential procedure
for calibration of blood counting systems and for assigning values to blood cell
reference preparations. For this purpose, ICSH has devised a procedure which
also takes into account trapped plasma. This has now been proposed as an ICSH
Reference Method for PCV [58].

Specimen collection

Specimen collection requires no less stringent standardization than the
analytical tests on the collected specimens. The containers should be leak-proof
and made of a material which will not influence the investigation either by con-
tamination or by adherence of the analyte to the surface of the tube. If an anti-
coagulant is used, it must be of a type and concentration which will not influence
the blood constituents. Thus, for example, whilst EDTA is a good anticoagulant
for blood count specimens, if present at a concentration above 4 mg/ml, this
results in an increase in PCV and MCV and a fall in MCH and MCHC. Excess
EDTA also affects the platelets —they swell and then disintegrate, causing an
artificially high platelet count [59].
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ISO and several national standards bodies including BSI, ECCLS and
NCCLS, have published specifications for blood specimen bottles and for evacu-
ated container systems with inbuilt collection devices [60-65] (these specifica-
tions do not differ substantially one from another). NCCLS has also published
standard procedures for skin puncture and collection of capillary blood speci-
mens [64, 65]; more recently, they have provided guidelines for transport and
preparation of blood specimens for coagulation testing [66]. These documents
might, at first, be considered unnecessary duplication of the information which
appears in many textbooks, but the need to try to achieve and maintain good
practice and dependable manufacture is well demonstrated by the fact that many
of the bottles in general use leak sufficiently badly to constitute a health hazard
as well as affecting the reliability of the tests to be performed [67]. Another dis-
turbing observation was that unsiliconized glass tubes with liquid citrate have
been marketed by at least one manufacturer labelled “for coagulation studies”
— obviously, such tubes might cause inaccurate results of coagulation tests,
leading to errors in diagnosis or dangerous instability in the control of anti-
coagulant therapy [68]. Standardization of the procedure for collecting blood
is essential when establishing reference values in a population [69, 70].

Nomenclature

Standardization of nomenclature, and especially the universal adoption of
an agreed system for expressing analytical results, is necessary to ensure accurate
communication and to avoid confusion which may even put patients lives at risk.
The Systéme International d’Unités (SI) was developed by the Conférence Géné-
rale de Poids et Mesures, the intergovernmental body responsible for units of
measurement. It is essentially an expanded version of the metric system, based
on seven base units, namely, metre (m) for length, kilogram (kg) for weight,
second (s) for time, ampere (A) for electric current, kelvin (K) for thermodynamic
temperature, candela (cd) for luminous intensity and mole (mol) for amount
of substance. In 1977 the World Health Assembly recommended the adoption
of SI by the world’s medical community [71]. It was already being used fairly
extensively in the biomedical field in at least some countries; in 1972, in a joint
publication, ICSH, IFCC and WASP [72] made two important recommenda-
tions —(1) the litre should be adopted as the preferred unit of volume to be used
in the denominator when expressing analyte concentration, (2) the mole (or its
submultiples) should be used for substance concentration for all analytes of
known molecular weight. Thus, iron, bilirubin, urea, uric acid and most other
chemical constituents should be measured in mmol or “mol/1; proteins including
fibrinogen, lipoproteins, should be measured in g/L In the case of haemoglobin,
there has been some controversy. As its molecular weight is known, it has been
argued by some authorities that it should be expressed in terms of substance
concentration, but Hb has a unique place in health care programmes; it is used
extensively, as the one essential test, by general medical practitioners, by mid-
wives, by medical assistants in primary health clinics and by epidemiologists and
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public health authorities who have been trained to express Hb in g/dl or ¢g/1 and
to understand its significance for appropriate action. Accordingly, ICSH has
recommended that Hb should preferably be reported in mass concentration
in g/L If, however, substance concentration is used (perhaps especially for scien-
tific rather than clinical purposes!, this should be based on the monomer —Hb(Fe),
MW 16 000. Thus, for example:

Traditional expression Hb 15.0 g/di
ICSH recommendation Hb 150 g1
Alternative (substance concentration) Hb 9.4 mmol/l

WHO has recognized a similar practical difficulty with blood pressure. It has
been recommended that this should continue to be measured in mm of mercury
until there is greater familiarization with the pascal, perhaps after it has been
more widely adopted in other fields.

Conclusion

In recent years an awareness of the important role of standardization in the
practice of haematology and related disciplines, has stimulated a remarkable
increase in activities in developing and establishing standards by national and
international organizations and by individual workers, paralleled by an increas-
ing output of scientific papers, reports, recommendations and regulatory docu-
ments. In this limited review, it has been necessary to omit reference to many
of these, but some indication has been given of the extent of the work which has
been done, as well as noting topics which still need attention. The success of
standardization is, in reality, the success of collaboration of experts from many
countries and its co-ordination. In this WHO plays a vital role by several func-
tions, which include (a) dissemination of relevant information to all governments
and to health authorities, (b) ensuring international acceptability of the standards
of materials and methods, as they are developed, (c) organization of educational
and training programmes, particularly in developing countries, and harmonization
of the activities of other organizations working on standardization in the discip-
lines concerned with biomedical analysis. International professional bodies, such
as ICSH, have another important function, namely, to encourage scientific col-
laboration between the international professional bodies and the scientific experts
from industry.

Over the years, ICSH has demonstrated that it also has an important role
to ensure that the scientific base is translated into practicality, taking account
of the requirements and the available facilities in different countries and at vari-
ous levels of practice. The haemoglobin project described earlier serves as a model
for other standardization programmes in laboratory medicine. In essence, ICSH
first demonstrated, by means of interlaboratory trials, that a problem existed and
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Fig. 2. Reduction in coefficient of variation (CV%) for measurement of haemoglobin in
successive years by laboratories in the United Kingdom

defined its extent. A collaborative study by eminent research workers, co-ordi-
nated by ICSH, provided a scientific basis for resolution of the problem. Co-oper-
ation of international authorities ensured its recognition by peers throughout
the world, and the co-operation of national authorities ensured that secondary
preparations derived from the primary reference would be established and main-
tained at national level. Finally, ICSH, as a professional body, has been able,
by journal and textbook publications, symposia and workshops, to encourage
the world’s scientists, doctors and technicians to use the recommended methods
and the reference preparations in their laboratory practice. The effectiveness of
this approach is illustrated by the remarkable close interlaboratory agreement
in measurement of haemoglobin in trials over the past few years, at least in some
countries (Fig. 2).

Finally, it is not sufficient to have a standardized method and standard
reference preparations. Both methods and standards must be continually and
critically re-evaluated by a competent body of scientists. If necessary, original
recommendations must be added to or amended; new techniques for the prepara-
tion and checking of standards must be used as soon as they become available
and are of proven reliability for this. This will ensure the dynamic standardization
which is the essence of scientific progress. ICSH functions on these principles and
the ICSH Rules of Procedure have been devised to ensure regular review of all
its standards by the original experts, by their critics, by world-wide consultations
and also by practising haematologists who, in the end, will be the users of and
will benefit from good standards.
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Newer cell separators can collect more PMN, especially using macromolecular
agents and steroid stimulation of donors. Proper indications for PMN transfusion are
severe neutropenia and sepsis, or certain localized infections, when prolonged marrow
aplasia is expected. Optimal dosage is at least 2x 100PMN per day, probably more.
There is a need for more accurate definition of clinical indications for PMN support,
for still greater PMN vyields from leukapheresis, and for better PMN storage capability.

Introduction

The transfusion of granulocytes (PMN) to neutropenic patients was con-
sidered desirable for decades, but impractical without systems for extracting and
concentrating the leukocytes from whole blood. This impracticality appeared
to be corroborated in occasional experimental trials in which only transitory
appearance of transfused leukocytes could be detected in the recipient’s circu-
lation [1, 2]. Nevertheless, transfused cells could be observed and did migrate
to sites of infection [3].

The technology needed for the separation and concentration of leukocytes
from donor blood began with the blood “fractionator” developed by Cohn [4,
5, 6]. His basic concept, far ahead of his time, was that the various components
of whole blood should be separated at the time of collection, each stored accord-

* These studies were supported by grants from the U. S. Public Health Service (grant
#CA-17094, NCI) and from Blood Services Research Foundation, Scottsdale, Arizona,

Abbreviations :

CFC continuous-flow centrifugation

FL filtration leukapheresis

HES hydroxyethyl starch

IFC intermittent-flow centrifugation

MFG modified fluid gelatin

NCI National Cancer Institute (USA)

PMN polymorphonuclear leukocyte, granulocyte
RBC red blood cell

WBC white blood cell
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ing to its specific needs, and used individually as needed by a patient. Only a few
Cohn Fractionators were made, and they were used by various blood research
institutes for clinical investigations, primarily in the collection of plasma for
fractionation and in the development of procedures for the freezing and thawing
of red blood cells for transfusion. Crude by present-day standards, the Cohn
Fractionator could nevertheless be used to separate leukocytes and platelets from
donor blood [7], and can be considered the ancestor of the modern system of
intermittent-flow centrifugation (IFC) leukapheresis and thrombocytapheresis
(Haemonetics).

The Cohn Fractionator and its immediate descendants were not, however,
directed primarily towards the collection of white blood cells for transfusion.
Freireich and his coworkers at the National Cancer Institute (USA) addressed
the specific aim of transfusing PMN to victims of leukemia with temporary
ablation of the bone marrow due to chemotherapy, since many of those patients
were dying of complicating infections. Trial transfusions of white cells collected
by plasmapheresis of patients with chronic granulocytic leukemia indicated that
transfused PMN could be clinically effective if enough of them were given [8, 9].
In the case of normal donors, the task was difficult. Thanks to the personal in-
terest of an IBM Corporation engineer (Judson) a special continuous-flow centri-
fuge was developed (1965) [10]. This was called the NCI-IBM blood cell separa-
tor, and was able to collect reasonable numbers of granulocytes from normal
donors. Thus, studies could begin on the clinical effects of transfusions of normal
PMN.

PMN are very close to erythrocytes in density. Consequently, when normal
donor blood is anticoagulated with citrate (ACD) and subjected to centrifugation,
the resultant buffy coat includes platelets and lymphocytes as well as PMN, in
fact lymphocytes usually predominate. The group developing the continuous-flow
centrifugation (CFC) procedure had found that they could greatly improve the
number of granulocytes in the buffy coat by the addition to the blood of a macro-
molecular agent [11], which acts apparently by altering the sedimentation charac-
teristics of the red blood cells. The agents used include the Dextrans [12], Hydroxy-
ethyl Starch (HES) [13], and various Modified Fluid Gelatins (MFG) [14]. These
are added to the donor blood with the anticoagulant (usually a citrate mixture).
Aside from an occasional idiosyncratic reaction, and continued concern over
long-term persistence of traces of HES [15], these agents are generally considered
harmless to the donor (see below). Some time after the development of the NCI-
IBM separator, it was noted that the IFC system, which had been under develop-
ment for platelet collection and washing RBCs, could also be used to collect
PMN with the application of the same macromolecular agents mentioned above
[16].

A few years after CFC leukapheresis was developed, an entirely different
procedure was discovered by Djerassi [17], based on the reversible adherence
of PMNs to nylon fibers in a filter. This continuous-flow procedure is called
filtration leukapheresis (FL).
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Within the space of about 15 years, therefore, three methods had been
developed for the collection and concentration of PMNs from normal donors
in sufficient numbers to allow studies of granulocyte transfusions in appropriate
clinical circumstances. The purpose of this review is to summarize leukapheresis
methodology, considerations of granulocyte storage, donor safety, and the
clinical application of PMN transfusions.

Leukapheresis
Macromolecular agents and anticoagulation

As mentioned above, macromolecular agents are used to improve PMN
collection by both CFC and IFC methods. They are not necessary for FL, or
for platelet collection. Dextrans of lower molecular weights (40 000 to 150 000),
HES, and various gelatin formulations (MFG) [12, 14, 18] can apparently be
used more or less interchangeably, the choice being largely based on the avail-
ability of the agent. FIES has been preferred in the USA, MFG and HES in
continental Europe, Dextran and HES in Great Britain, and Dextran in Australia.
The appropriate anticoagulant must be added to the agent, usually as a con-
centrate which is mixed with donor blood as it enters the tubing leading to the
centrifuge. The anticoagulant is most often trisodium citrate with a small amount
of citric acid in the same proportion as in ACD. To prevent clots or aggregates
from forming, the anticoagulant must be in the correct proportion to donor blood,
either by adjusting the concentration of the anticoagulant itself, or by varying
the anticoagulant : blood ratio, depending on the machine being used. Heparin
is sometimes used as anticoagulant in CFC or IFC systems, but seems to offer
no particular advantage over citrate other than the absence of citrate reactions
(see Donor Safety).

Since reversible leukoadhesion to nylon requires calcium ions, citrate anti-
coagulants cannot be used in FL procedures. For these, the donor must be fully
heparinized, and the operator must decide whether or not to neutralize the hepa-
rin with protamine after the procedure, and must therefore balance the hazards
of bleeding on the part of the donor against those of protamine reactions.

Stimulation of donors

The use of a macromolecular agent greatly improves the efficiency of PMN
collection by centrifugal methods, but the number of PMN obtained by leukapher-
esis is also roughly proportional to the donor’s original peripheral granulocyte
count [16]. Therefore, if the donor’s granulocyte count can be artificially or
physiologically elevated before and during leukapheresis, an increased yield
usually results. This has been shown with physical exercise [19] and with the
administration of various corticosteroids, e.g. hydrocortisone, dexamethasone,
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prednisone, méthylprednisolone, and etiocholanolone [20]. Even epinephrine has
been used (e.g., in the Soviet Union). Epinephrine and physical exercise (the
latter, of course, exerts its effect by release of endogenous epinephrine) appear
to work primarily by demarginating leukocytes from the endothelial surfaces,
and this effect is rapid and transitory. The corticosteroid mechanism is not fully
understood, but is probably a combination of demargination, lymphocytic sup-
pression, release of additional granulocytes from the bone marrow reserve, and
inhibition of PMN egress from the circulating pool. Different steroids may act
by various mechanisms [20].

If corticosteroids are to be effective in stimulating leukocyte donors, they
must be given in appropriate dosage, and by such a time schedule as to ensure
continuation of leukocytosis during the anticipated period of the leukapheresis.
This may require a single dose to be given at least two hours before the start of
the procedure. The most effective stimulation seems to be achieved by two or
more oral doses of dexamethasone or prednisone given over the 12 to 17 hours
preceding leukapheresis, as shown in Table 1 [21, 22].

Table 1

Three schedules of divided dose steroid premedication*

Mean % in-
Steroid Hours before Total crease PMN Range N
procedure dose, mg count
Dexamethasone [21]
3mg/m2 12, 3 8- 12 4 -25 to +95 6
Prednisone
40 mg/dose 17, 12, 2 120 171 118 to 243 6
20 mg/dose 17, 12, 2 60 139 55 to 204 4

*Normal volunteers, same subjects undergoing each schedule, not less than a week
apart, in the order given. All counts were done at the same time of day. From Hinckley,
M. E.,1Huestis, D. W.: Premedication for optimal granulocyte collection. Plas. Ther.
2, 149 (1981).

Continuous-flow centrifugation (CFC)

The basic design of the NCI-IBM blood cell separator was also used by
Aminco in the manufacture of their “Celltrifuge” separator, and both IBM and
Aminco versions were widely distributed [23]. Many are still in use. These ma-
chines are somewhat cumbersome to use for cell collection, and have the disad-
vantage of non-disposable bowls, but when used appropriately can provide ad-
equate cell yields. Both have been superseded by newer models with disposable
blood pathways. The Celltrifuge was taken over by Fenwal Laboratories and
redesigned as the Celltrifuge Il, with a disposable bowl. So far, there has been
little experience with the new version.

Haematologia 15, 1982



D. W. Haestis: Leukapheresis and granulocyte transfusion 43

The IBM 2997 blood cell separator, as IBM’s new model is called, is radi-
cally different from the old NCI-IBM machine [24]. Instead of a centrifuge bowl,
it has a disposable, hollow, hoop-like, rotating channel, in which the donor
blood travels circumferentially, separating a buffy coat as it goes. Collection
of the buffy coat is from a collection chamber via a tubing manifold and a rotary
ceramic seal. The composition of the buffy coat can be controlled by varying
the centrifugal force and flow rate, as well as by the use of a macromolecular
agent if granulocytes are wanted as opposed to ACD for platelets. The machine
can also be used very effectively for therapeutic plasmapheresis. In addition,
IBM manufactures a dual-stage channel for the same machine, to be used for
platelet collection. This is a highly eccentric channel, in which platelet-rich plasma
is separated in the first half at lower centrifugal force, while the platelet con-
centrate forms in the wider second half at higher centrifugal force.

An entirely new CFC machine was announced in 1980 by Fenwal Labora-
tories, called the Fenwal CS 3000 [23]. This entails two successive centrifugal
steps carried out in separated chambers within a single centrifuge. These chambers
are plastic bags held in the appropriate geometric conformation by rigid inserts.
Buffy-coat-rich plasma is separated in the first chamber, then passes into the
second chamber where platelets or leukocytes are separated from the plasma.
The CS 3000 can produce platelets by using ACD as anticoagulant, or PMN plus
platelets by using special inserts and a macromolecular agent. Two unique features
of this machine are its sealless tubing connector, and the fact that it is controlled
by a self-contained computer. The computer programming can be varied to
accommodate the machine’s different modes of operation.

Intermittent-flow centrifugation (IFC)

The only manufacturer of this type of equipment is Haemonetics, whose
Model 30 blood processor is a direct descendant of the Cohn Fractionator [4, 5,
6, 23]. It was the first leukapheresis apparatus to have a fully disposable path-
way [25]. The centrifuge bowl (Latham bowl) is a rigid, bell-shaped, polycar-
bonate structure, with central inlet and outlet passing through a rotary seal
at the top. The buffy coat is separated from successive batches of donor blood.
As the bowl fills and buffy coat forms, plasma is displaced into an exterior col-
lection bag. When the buffy coat reaches the top, it is diverted into a second bag,
after which a reverse pump is activated and RBC and plasma are returned to the
donor. The usual leukapheresis entails six to ten such cycles. Although two veins
are usually used (one for giving, the other for the return), this machine has the
advantage of being able to be used with only one needle.

Filtration leukapheresis

The adherence of granulocytes to nylon fibers has long been used as a means
of reducing the number of leukocytes in blood intended for transfusion to patients
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with leukocyte antibodies. Its use as a means of collecting PMN for transfusion
was developed by Djerassi [17], who constructed a mechanical, pumpless device
for that purpose. Blood flow was controlled by gravity. Somewhat later, Fenwal
Laboratories manufactured a simple pump-operated device for FL, which has
been widely distributed. The mechanism of PMN adherence is not well under-
stood, but Ca2+ is required, socitrate cannot be used as anticoagulant. The donor
must therefore be heparinized. Two filters at a time are commonly used, and
after perfusion for two or three hours, the PMN (and some monocytes) are eluted
from the filters by ACD plasma, aided by light tapping of the filters. There is
evidence that the first layer of cells, stuck directly to the nylon, is damaged,
so that gentle elution techniques that do not dislodge already damaged cells
produce PMN that are in a better state of integrity and function [26]. Otherwise,
functional impairment has often been noted in filtration-collected PMN. By using
prolonged procedures and multiple filters, it is possible to get very large numbers
of PMN, but such procedures are seldom practical in terms of donor’s time
involvement. Other problems include increased reactions in donors (e.g., perineal
and abdominal symptoms, and two possibly related cases of priapism), and in
recipients (febrile reactions, controlled by slow transfusion rates and medication).
The problems and standards for this procedure have been summarized by Djerassi
et al. [26].

An interesting variant of the FL procedure is that of repetitive cycle FL,
in which two filters are alternately loaded with PMN and eluted by reverse flow
[27]. This can be done repeatedly in a four-hour procedure to produce a high
yield of PMN with good functional integrity.

Gravity leukapheresis

Various manual methods (i.e., not using a special machine) for the separa-
tion of PMN from donor blood have been devised. The best is probably the
gravity system of Djerassi [28], by which platelet concentrates and separate PMN
separations are made from successive collections of donor blood alternating with
return of RBC and plasma. This method is cumbersome and time-consuming,
and requires a large quantity of macromolecular agent. The PMN vyields are
small [29]. Its big advantage is that only small amounts of the macromolecular
agent remain in the donor, and no expensive equipment is needed.

Summary of leukapheresis methods

Except for manual methods, all the CFC, IFC, and FL systems described
can provide satisfactory PMN collections in a reasonable period of time. The
matter of optimal or minimal acceptable dosage will be discussed later. A general
comparison of the different methods is given in Table 2. Table 3 provides a com-
parison of cell yields with the various procedures.
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Table 2

Comparative characteristics of leukapheresis systems

Haemonetics IBM 2997  Fenwal CS 3000 Ffl‘if;"t’fo'n

System IFC CFC CFC FL
Mechanical complexity Simple Complex Complex Simple
Ease of operation* 3 4 1 2
Maintenance of machine Easy Difficult Difficult Easy
Extracorporeal blood volume (ml) 450 250 300 240
Relative centrifugal force (Xg) 500- 1500 60- 120** 270 -
PMN collection efficiency Moderate High High High
Platelet yields in leukapheresis High Moderate High —
Platelet yields in thrombocytapher-

esis High Moderate Moderate —
RBC in average PMN collection

(ml) 40 12-15 20-25 30
Portability Easy Less easy Difficult Easy
Single vein operation Yes No No No

*On a scale of 1to 4: 1= easiest, 4 = difficult.
** |n leukapheresis procedures.

In general, the IFC (Haemonetics) system provides the highest yields of
platelets (in thrombocytapheresis), but at the cost of heavy contamination with
RBC and lymphocytes. In leukapheresis, both IFC and the Fenwal CS 3000 CFC
system include equally high platelet yields. This is usually an advantage to the
patient, but may be troublesome ifit is desired to subject a donor to leukapheresis
on successive days (platelet depletion). Consistently higher yields of PMN are
obtained by the newer CFC methods (IBM 2997 and Fenwal CS 3000) than
by IFC. FL is little used any more in the USA, partly because of fear of reac-
tions in both donor and recipient, and partly because of doubts as to the func-
tional integrity of the PMN so obtained. Furthermore, the newer centrifugal
systems are producing as many PMN in a comparable time without functional
impairment.

Finally, a number of studies have shown that neither macromolecular agents
used in cell collection nor steroid premedication of donors adversely affect the
function of either platelets or PMN collected by centrifugal methods [15, 30, 31].

Hazards of leukapheresis to the donor

Reactions during centrifugal leukapheresis are for the most part incon-
sequential, and caused by fluctuations in the blood volume, the effects of anti-
coagulants, and chilling [32]. Blood volume depletion tends to cause vasovagal
reactions, much as in regular blood donation, and treated likewise. They are more
likely to occur when there is a large extracorporeal blood aliquot (as in IFC
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Table 3

Mean PMN and platelet yields by various leukapheresis systems*

Leukapheresis Thrombocytapheresis
Volume oi
Method blood processed PMN XIOD Plate- RBC Plate-  Non-PMN oo
1 . No lets mi lets WBC mi
Steroid o i X 1011 X101 X 109
Haemonetics
IFC 3-4 2.3 13 7.0 3 6.6 55 60
IBM 2997
Single stage
channel 8-10 3.0 19 35 15
Dual stage
channel 3-4.5 4.6 04 ox*
Fenwal
CS 3000 3.5-4.0 38 3.0 o**
7 3.2 15 6.3
10 4.0 2.2 6.7 3
Fenwal
Filtration 8-10 2-4 1-3 - 30

*Except for FL by the Fenwal system, all figures are from the Blood Transfusion
Service, University of Arizona.
** Negligible numbers of RBC in these concentrates.

procedures, in which efforts should be made to keep the extracorporeal blood
less than 15% of the donor’s blood volume). Citrate has the effect of decreasing
the blood ionized calcium, which may cause increased neuromuscular tension,
even overt tetany. Such reactions can be treated by diminishing the blood return
flow rate or anticoagulant proportion, or by providing exogenous calcium in the
form of oral tablets or milk. Chilling is prevented by the use of blood warmers
or by warming the donors with blankets. Bleeding is a potential complication
of heparin (used in FL), and protamine reactions may occur if heparin is neutral-
ized with that drug. Intravenous steroid, which is not recommended, may cause
transient perineal itching and burning sensations. Occasional allergic type mani-
festations and even anaphylactoid symptoms have been suspected to be caused
by macromolecular agents, e.g., Dextran or HES [15, 33], and a case of persistent
lichen planus has been blamed on HES, although the connection has not been
proved [34]. Steroids may cause various transient effects, including euphoria,
flushing, and insomnia. Any macromolecular agent, especially if used on succes-
sive days, may expand the plasma volume [35] enough to produce headaches and
even some peripheral edema.

A group of reactions is peculiar to FL, and may be related to complement
activation. These include reddening of the eyes and face, sheezing, crampy ab-
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dominai pain, and tenesmus (most often in women) [36]. Premedication with
steroid and adequate heparinization both appear to have a preventive effect.
Two cases of priapism during FL have been reported in the USA [37], which
is one reason for the decline of popularity of this procedure.

Possible long-term effects of leukapheresis procedures have aroused con-
cern, although tangible effects have been few. HES is characterized by a long
“tail” of persistence in the body [15], which has aroused fears of possible reticulo-
endothelial blockage and long-term effects, although none have yet been identified.
Platelet depletion, particularly in IFC, can produce thrombocytopenia which
requires several days to correct itself [32]. Thrombocytapheresis in particular may
result in lymphocyte depletion, the possible effects of which are not known. All
donors subject to any form of hemapheresis at frequent intervals should be
tested to evaluate possible blood cell and plasma protein depletion.

Storage of PMN

Good laboratory assays of PMN function developed over the past few
years have been applied to the evaluation of the characteristics of these cells
in storage [38, 39]. For the most part, in practice, PMN are stored in the same
medium in which they were collected, e.g., citrated donor plasma containing HES.
Storage experiments, however, often entail many handling and storage variables
that are not always clearly described, and the storage conditions may or may not
reflect the circumstances under which transfusable PMN are stored. Therefore,
articles on this subject must be read and interpreted with great care. Despite this,
it does seem that certain conclusions are valid, coming as they do from a variety
of different observations [39, 40, 41]. The most easily preserved properties are
those of phagocytosis and dye exclusion. The latter probably represents mem-
brane function and integrity, comparatively primitive functions, easily preserved
for three or four days or even longer at either 4 °C or 22 °C. Less primitive func-
tions and more susceptible to deterioration at two or three days of storage are
bactericidal and fungicidal capacity, whereas the most highly integrative per-
formance, which begins deteriorating even before 24 hours of storage, is that of
chemotaxis. Since the latter is an extremely important cell function in the defense
against infection, it is generally thought that, unless there is strong evidence that
a particular set of storage conditions improves the preservation of chemotaxis
over those so far reported, storage should be limited to about 24 hours.

The latter appears to be almost the only firm conclusion that can be drawn
from experiments that have been reported up till now. It appears that storage
at room temperature is better than at 4 °C, that agitation is probably undesirable,
tnat freezing and thawing are as yet unsatisfactory, and that FL-collected PMN
should probably not be stored at all (although the gentler elution methods may
hold more promise) [38]. At present, the conclusion must be that any PMN
concentrate should be transfused as soon as possible, although cells collected
by centrifugation can be stored for about a day.
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PMN Transfusion in Clinical Practice

Granulocyte transfusion has been a singularly difficult form of therapy
to evaluate, at least in part for the following reasons.

1 1t is used only in desperately ill patients with complex disease processes.

2. Because of the above, it is always used in conjunction with other forms
of therapy, e.g., steroids, antibiotics, chemotherapeutic agents.

3. Most transfusions have probably included less than the optimal number
of PMN.

4. Cell collection methods differ as to quality as well as quantity of PMN.

5. The importance or lack of importance of immune compatibility is still
uncertain.

6. Controlled studies have focused predominantly on Gram-negative sepsis.

7. The number of patients studied in each controlled trial has been small,
and there are too many uncontrolled variables between different institu-
tions to allow direct comparisons or pooling of data.

Added to the above difficulties is the fact that, during the time that experi-
ence has been gained with PMN transfusion, there have been simultaneous and
overlapping changes and improvements in chemotherapy, antibiotic therapy, and
general management of leukemia and cancer patients.

Despite these difficulties, most investigators have concluded that PMN
transfusions are effective in appropriate clinical circumstances, that the transfused
PMN migrate to sites of infection, that they can kill bacteria, and that they favor-
ably influence the clinical outcome. The evidence is still stronger when all the
studies are considered as a group, even though their results cannot be statistically
pooled. These various studies and the current status of the clinical use of PMN
have been critically summarized by Higby [42, 43].

Which patients should receive PMN transfusions?

As stated above, the efficacity of PMN transfusions has been reasonably
proved in the case of septicemia with Gram-negative bacteria, but studies relating
to other types of infection are few [44]. It certainly seems reasonable to provide
PMN to neutropenic patients with other types of bacterial septicemia, or with
severe or spreading local infections. The question of fungal infections is less clear.
In dogs, PMN transfusions have been found effective in reducing the severity
of candidiasis [45]. However, in a large series of neutropenic patients receiving
therapeutic PMN transfusions at the University of Arizona, we could not con-
clude that the transfusions either prevented the onset of fungal infections or
affected their usually fatal outcome [46]. Nevertheless, since PMN obtained by
leukapheresis avidly ingest and kill Candida, this should not be taken as a final
answer. Increased dosage or frequency of transfusion may be needed.
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In clinical practice, the two basic criteria for PMN transfusions are infection
and neutropenia. Most of the patients for whom this therapy is considered are
those with cancer or leukemia, having temporary ablation of bone marrow func-
tion brought about by chemotherapy. “Neutropenia” is usually defined as a periph-
eral blood granulocyte count below 500///1. Counts approaching zero should
be regarded even more seriously. In view of the fact that some patients with such
PMN counts remain stable and do not suffer significant infection, PMN trans-
fusions are not usually given unless the patient develops sepsis or a significant
local infection (e.g., pneumonitis). Even then, since present-day antibiotics are
extremely effective, PMN transfusions are usually withheld during a two or three
day trial of appropriate antibiotic therapy [43]. If it seems likely that marrow
function will return in a few days, PMN transfusions are probably not necessary,
although it must be admitted that thatjudgement is more easily made in retrospect.
Bearing in mind the potentially lethal nature of infections in neutropenic patients,
and the uncertainty as to the likely duration of aplasia, most physicians would
rather start PMN transfusions early than allow an infection to get out of
control. Once a patient is started on a course of PMN transfusions, these are
usually continued daily until marrow recovery or death, unless death seems in-
evitable or marrow recovery unlikely. If the patient’s infection has apparently
cleared but marrow function has not yet recovered, transfusions are best con-
tinued for two or three days longer to prevent recurrence of infection.

Prophylactic PMN transfusions

There have been several studies of PMN transfusions in uninfected neutro-
penic patients undergoing chemotherapy. A trial in France [47] and another
in the USA (the latter in bone marrow transplant recipients) [48] both indi-
cated reduction in the incidence and severity of complicating infections, but no
improvement in survival. On the other hand, an English study showed no apparent
effect, although the patients in that group received transfusions only on alternate
days [49]. The likely benefits of prophylaxis are thus equivocal at best. The actual
and potential hazards, however, are considerable, primarily relating to reactions
and to alloimmunization. The latter is very important clinically, leading to de-
creased posttransfusion increments, impaired cell migration, diminished response
to transfused platelets, and probably shorter survival [50]. With these considera-
tions in mind, it is safe to say that general methods of preventing infections in
neutropenic patients are probably more effective than prophylactic PMN trans-
fusions, and certainly safer [43].

Dosage

The normal daily turnover of PMN in uninfected people is about 10u.
Based partly on clinical experience and partly on old experiments with trans-
fusions of cells from patients with chronic granulocytic leukemia, the general
impression is that an adequate PMN transfusion should contain at least 1010
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granulocytes. Experiments in dogs support this [51], but there is good evidence
that larger doses are better [52, 53]. However, to obtain a minimum of IOOPMN
per transfusion, the mean yield must be notably higher than that. We have found,
for example, that with a mean yield of 1.3 to 1.4 PMN, which is obtainable by
either CFC or IFC from normal donors without steroid, about 25% of leuka-
phereses will have a PMN vyield below 1010 and may therefore be considered
inadequate by the above standard. The problem is that PMN vyields are unpre-
dictable, and some donors have poor yields despite steroid stimulation and opti-
mal techniques. Few investigators have given attention to the problem as it affects
the transfused dose of cells. Therefore, to be sure of a minimum of 100PMN
per transfusion, the mean leukapheresis yield probably needs to be at least 2 x 1010
a figure not likely to be achieved by CFC or IFC without the use of steroid stimu-
lation. The matter of dosage deserves more emphasis [54]. With the cost, com-
plexity, and hazards (to patient as well as donor) of PMN transfusions, every
reasonable means should be taken to assure a maximal PMN yield.

One of the advantages of centrifugal methods is that the collections can
include platelets, and, of course, patients with bone marrow ablation usually
need platelets as well as PMN. In leukapheresis procedures, both the Haemonetics
and the Fenwal CS 3000 machines produce high platelet yields. The IBM 2997,
as usually operated, does not produce as many platelets as the other two, but
the numbers are nevertheless adequate (Table 3). Obviously, the provision of
both platelets and PMN from one donor, when the patient needs both components,
minimizes exposure to foreign antigens.

Compatibility

Since all PMN collections include significant numbers of RBC (15 to 50 or
more ml), it is better and easier all round if they are ABO-compatible with the
recipient’s serum [43, 55]. If the donor is not ABO-compatible with the recipi-
ent’s serum, there is not much evidence that this interferes appreciably with the
effectiveness of the transfusion, but the red cells must be removed first. This is
done both by modifying the collection technique to include less RBC, and by
removing visible remaining ones before transfusion. We have often transfused
ABO-incompatible PMN this way, and found them well tolerated.

The Rh type need not usually be considered unless the recipient has Rh
antibody, in which case the RBC can be removed as above. Otherwise, only in
the cases of Rh-negative girls and younger women who might achieve a long
remission of disease is the selection of Rh-negative donors or the use of Rh
immune globulin worth consideration. Similar considerations hold in the case
of other RBC antibodies of the type likely to have clinical significance.

The matter of HFA compatibility is somewhat more controversial in that
some earlier work suggested a direct relationship between posttransfusion PMN
recovery and HFA compatibility as well as ABO [56]. Given the many difficulties
involved in such conclusions (small doses transfused, very low cell counts in
patients, and other variables in disease, treatment, hemorrhage, and other con-
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current blood product transfusions), | doubt that they have much significance.
In particular, such data have not been analyzed for the effect of crossreacting
HLA antigens [57]. The consensus nowadays is that there is no evidence to sup-
port HLA-matching for PMN transfusions to unimmunized patients. In the case
of alloimmunized recipients, however, e.g., those who already exhibit refractori-
ness to platelet transfusions, there is some evidence that transfused unmatched
PMN may not survive as well, and may cause severe reactions in some patients
[43]. Unfortunately, other than platelet refractoriness and the occurrence of reac-
tions, it is difficult to judge whether or not a patient isalloimmunized. The pres-
ence or absence of leukocyte antibodies is of little or no help with present methods
[58]. If PMN transfusions in good amounts produce no increments, if there is
also no platelet increment from PMN collections thaf include platelets, and if the
patient has severe reactions (e.g., febrile, pulmonary), then it may be necessary
to select donors by HLA type as is done with platelets, i.e., matching by cross-
reactive antigens [57]. Bearing in mind that PMN transfusions must be given
at least daily, this could become a severe burden on the blood donor service and
should not be undertaken lightly.

Hazards: Reactions and complications

PMN transfusions involve not only granulocytes, but also platelets, mono-
nuclear cells, RBC, and plasma, plus some anticoagulant and, usually, macro-
molecular agent. Consequently, it is not surprising that any of the reactions com-
monly associated with blood transfusion should be encountered, particularly
allergic and febrile responses. The usual symptomatic medications may be used
either prophylactically or therapeutically. Mild febrile reactions are rather com-
mon and need not be taken too seriously. Severe shaking chills and fever, espe-
cially with centrifugally prepared cell concentrates, probably indicate alloimmu-
nization. Such reactions are reported about twice as often with FL cells, perhaps
related to some cell damage. Reactions of this sort can be prevented or controlled
to some extent by slowing the transfusion rate, e.g., to about 1010cells per hour.

Circulatory overload is not uncommon since most of these patients are also
receiving other transfusions (e.g., RBC) and other intravenous fluids and medica-
tions. Local infections, particularly pneumonitis, may appear to be exacerbated
because transfused PMN migrate to the lesion and form an exudate. Severe
respiratory reactions leading to pulmonary edema may occur in alloimmunized
recipients, presumably caused by the action of antibodies on the transfused PMN,
with sequestration in the lungs. These and other reactions are discussed by Higby
and Burnett [43].

Certain serologic complications may occur when PMN or platelets are trans-
fused from a donor whose plasma contains an antibody against the recipient’s
RBC, e.g., an O donor for an A patient. In that case, antibody may attach to the
recipient’s RBC, causing a positive direct antiglobulin reaction. If enough anti-
body is present, it may be detectable even in the recipient’s plasma, with the
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result that crossmatches may appear incompatible with RBC of the patient’s
own type. While this rarely causes significant hemolysis, it can cause some con-
fusion and delay in the interpretation of laboratory tests. Fortunately, it is easily
prevented by removal of plasma from the PMN concentrate before transfusion.

Graft-versus-host disease (GVHD) is always a possibility when any blood
component containing live lymphocytes is given to a severely immunodepressed
patient. Almost all reported cases have been in children receiving heavily immuno-
suppressant chemotherapy [59, 60]. In such cases, or in adults thought to be
subject to the same hazard, all cellular blood products should be irradiated before
transfusion. A dose of 3000 rads is considered adequate, and is not sufficient to
damage the cells that are to be transfused.

Some other special complications or possible complications need to be
considered. One report found an increased incidence of lethal pulmonary reactions
in patients given amphotericin B while receiving PMN transfusions [61]. How-
ever, when we analyzed our own data at the University of Arizona [62], we found
no such association. There must be significant differences between these two
series to explain the discrepancy. Despite the findings of the former report, we
do not think that amphotericin B should be withheld from neutropenic patients
receiving PMN transfusions if they show evidence of fungal infections, although
close observation and caution are advised.

We have also studied the significance of pulmonary infiltrates developing
in patients already receiving PMN transfusions [63]. Localized infiltrates occur-
ring one to three weeks after a series of PMN transfusions is begun are often
caused by resistant infectious organisms and seem to represent a failure of trans-
fusion therapy. They require aggressive investigation and treatment. Infiltrates
appearing a few days after the onset of PMN transfusion, or more diffuse in-
filtrates, may well represent an appropriate migration of PMN to a site of infec-
tion and seem to have no ominous significance.

Current and future developments

Most transfusionists agree that better clinical outcome of infections in
neutropenic patients could be expected if larger transfusions of PMN could be
given. The newer blood cell separators are beginning to achieve that (Table 3).
Also, bearing in mind the short life of a circulating granulocyte even in normal
circumstances, it is reasonable to expect that more frequent transfusions, e.g.,
two or even three a day, may be needed [43]. In practical terms, that would be
very difficult to achieve. It could be possible nonetheless, if PMN transfusions
in general could be used in more strictly defined clinical circumstances, i.e.,
restricted carefully to those patients most likely to benefit.

Improved storage of PMN, both in the liquid and frozen states, is badly
needed, and research in this direction is going on. In our laboratory, we are
studying the use of synthetic storage media at refrigerator temperatures. Frozen
storage of mature PMN would greatly facilitate the logistics of PMN collection
and storage, but the results so far are disappointing.
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The increasing use of normal donors for leukapheresis to provide granulocyte
concentrates requires careful monitoring of recruitment and operational procedures to
minimize donor health risks. Of 18 288 leuka- and leukaplateletphereses performed in
American Red Cross regional blood services during a 12-month period, only 0.27%
were discontinued because of acute donor reactions. None of these reactions had serious
or long-term consequences for the donors. The potential toxicities of corticosteroids and
hydroxyethyl starch, and the theoretical hazards of lymphocyte depletion, raise unan-
swerable questions concerning long-term safety, although no serious adverse reactions
related to these factors have been observed. Critical factors for leukapheresis donor
safety are: selective donor recruitment, adherence to operational protocols, and con-
tinuous and informed interest of physicians responsible for pheresis programs. Addi-
tional data are needed to assess the effects of repeated leukapheresis on donors and to
establish rational guidelines for donor recruitment.

Introduction

Donor risk

The development of centrifugal and filtration leukapheresis technologies for
the collection of granulocyte concentrates has introduced new adverse reactions
and some potential health risks for donors when compared with conventional
whole blood donations. If evaluated in terms of the frequency of serious adverse
reactions, normal donor leukapheresis is a safe procedure and only rare serious
complications have been reported in tens of thousands of procedures during the
past 16 years. On the other hand, the majority of contemporary leukapheresis
donors are healthy volunteers, unknown and unrelated to the patient-recipients.
One can reasonably ask whether any risks are ethically justifiable for these leuka-
pheresis donors, for whom benefits are limited to the fulfiliment of altruistic goals.

The following review summarizes known adverse reactions in leukapheresis
donors and discusses the potential or theoretical risks inherent in these proce-
dures. The objective of the review is 1 to assist clinicians in assessing the risks
that are incurred by donors who provide granulocyte concentrates and 2. to pro-
vide information for obtaining informed consent from potential leukapheresis
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donors. The present review does not evaluate the effectiveness of granulocyte
transfusion therapy since this subject has been summarized elsewhere included
in a recent symposium [1-3]. Similarly, the reader is referred to other recently
published articles for operational details of current leukapheresis methodologies
including continuous-flow centrifugation leukapheresis (Blood Cell Separator,
IBM Corporation, Endicott, New York; Aminco Celltrifuge, American Instru-
ment Company, Silver Spring, Maryland; Model CS-3000, Fenwal Laboratories,
Morton Grove, lllinois); intermittent-flow centrifuge leukapheresis (Model 30,
Haemonetics Corporation, Natick, Massachusetts); and filtration leukapheresis
(Filtration Leukopheresis System, Fenwal Laboratories, Morton Grove, Illinois)
[4-7].

Historical note

The precedent for recruiting healthy family members and unrelated volunteer
donors to provide granulocyte concentrates by extracorporeal separation of their
blood dates to clinical investigations in the 1960’s using the continuous-flow cell
separator [8, 9]. Prior to these investigations, granulocyte concentrates had been
collected from patients with chronic myelogenous leukemia (CML) using multiple
plastic packs [10] or centrifugal cell separators [11, 12], or from normal donors
by pooling buffy coat preparations obtained from conventional whole blood col-
lections [13, 14]. An earlier precedent for recruitment of healthy donors for extra-
corporeal blood separation had been established by platelet- and plasmapheresis
programs using multiple plastic packs followed by reinfusion of citrated blood
[15]. While these manual hemapheresis procedures had certain inherent risks,
continuous-flow centrifugation and filtration leukapheresis introduced, among
others, the additional hazards of systemic heparinization, erythrocyte sedimentation
agents, drugs for granulocyte mobilization, complement activation and removal
of other cellular elements involved in immunoregulation and stem cell replication.
The publication of early reports of beneficial results in the management of acute
leukemia and other malignant diseases using granulocyte transfusions [12, 16]
lead to a sequence of decisions to supply granulocyte concentrates by many other
investigative and general service facilities. From the initial three NCI-IBM blood
cell separators manufactured for clinical trials in 1966 [17], the number of hema-
pheresis machines in operation increased to several hundred within only a few
years.

In 1978 the National Heart, Lung and Blood Institute (NHLBI) conducted
an informal survey of 16 of the largest blood centers in the United States reveal-
ing that the number of normal donor leukaphereses had doubled between 1976
and 1977 and that the trend was toward increased numbers of procedures being
performed on individual donors [18]. By 1979, 280 blood collection facilities in
the United States reported to the Food and Drug Administration that they
routinely performed normal donor leukapheresis [19]. Ofthe 190 of these facilities
responding to a mail questionnaire, 83% used intermittent-flow centrifugal leuka-
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pheresis (Model 30, Haemonetics Corporation), 25% continuous-flow leuka-
pheresis (NCI-1BM, IBM 2997, Aminco), 13% filtration leukapheresis (Fenwal
Leukopheresis System), 3% manual methods (plastic packs) and 23 % used more
than one method. Ninety-six percent of all establishments used 6% hydroxyethyl
starch (HES; Volex McGraw Laboratories, Irvine, California).

The American Red Cross experience is consistent with the trends observed
in the NHLBI survey. In 1975, 25 American Red Cross regional blood services
performed a total of 836 normal donor leukaphereses. By 1980, 42 American
Red Cross blood services were performing leukapheresis and the combined total
of leukaphereses and leukaplateletphereses had increased to 18288 [20].

Categories of Health Risks

Clinical reactions and potential risks. The health risks to normal leuka-
pheresis donors may be divided into 1 adverse acute clinical reactions such as
citrate toxicity, hypotension, hemorrhage, hypervolemia and infection and
2. potential risks such as the theoretical consequences of HES deposition in donor
tissues and lymphocyte depletion. Adverse clinical reactions are readily identifi-
able. They can be quantitated and preventative measures can be instituted. The
potential or theoretical risks, on the other hand, are more troublesome and persist
as nagging concerns because of the lack of adequate data to support or to refute
them.

Adverse donor reactions

Citrate toxicity. The most frequent adverse reactions associated with leuka-
pheresis donations are the symptoms of acute hypocalcemia resulting from rapid
reinfusion of citrated donor blood and typically manifested as tingling around
the mouth and fingers. Occasionally, these reactions are magnified by donor
hyperventilation. Since these early symptoms are promptly reversed by slowing
the reinfusion rate of citrated blood, overt tetany and other serious complications
of acute hypocalcemia are rarely encountered. Concern that anticoagulation with
citrate alone was not adequate to prevent platelet clumping has lead to the use
of combined citrate-heparin anticoagulation in some pheresis programs, but this
is done infrequently. The reversal of signs of acute citrate-induced hypocalcemia
with an injection of 10% calcium gluconate has been recommended [21]. How-
ever, the risks of iatrogenic acute hypercalcemia to the donor may be at least
as serious [22], and such an approach is not recommended.

Hypotension. As in conventional blood donation, the leukapheresis donor
is at risk for syncopal and other hypotensive reactions secondary to acute hypo-
volemia, particularly with discontinuous-flow centrifugation when as much as
550-650 ml of blood may be in the extracorporeal circuit. Most patients respond
to rapid infusion of 0.9% sodium chloride and/or return of their own blood with
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prompt elevation of blood pressure and restoration of well-being. An occasional
donor may experience persistent hypotension, weakness and diaphoresis despite
adequate correction of impovolemia. This prolonged donor reaction may be due
to an exaggerated vasovagal reaction or to anxiety. One author (SGS) recalls
a healthy-appearing 45-year-old male who experienced a massive myocardial
infarction while in the donor room following a routine 450 ml whole blood dona-
tion. Clearly, a similar reaction precipitated by the mild hypovolemia of leuka-
pheresis could occur in a predisposed leukapheresis donor and, therefore, all
hypotensive reactions not responsive to fluid replacement should be evaluated for
other causes of hypotension. Some hemapheresis programs consider routine
electrocardiograms on all persons over 40 years old to be advisable [21], but
the effectiveness of this approach for detecting donors at risk for cardiovascular
complications is unproven.

Hemorrhage. Donors receiving heparin during filtration leukapheresis are
at risk of unexpected bleeding, but such complications have been rare. Also, in
the United States in the past few years, the use of filtration leukapheresis has
decreased markedly. Donor risks of bleeding are minimized by taking careful
medical histories to exclude menstruating females and all persons with past
histories of peptic ulcers and other diseases likely to increase the risk of local or
generalized bleeding. Some investigators believe that prothrombin and partial
thromboplastin times are essential for all pheresis donors receiving heparin for
the first time but a careful medical history will usually suffice. When performing
a series of closely scheduled procedures using heparin, such monitoring of the
coagulation system is indicated, however. The combination of thrombocytopenia
and heparinization significantly increases the risk of bleeding and, therefore,
platelet counts or estimates should be performed on all donors scheduled for
heparin anticoagulation and multiple leukaphereses.

Any person receiving heparin is at risk for the known adverse and idio-
syncratic reactions of this drug which include hypersensitivity, thrombocytopenia,
alopecia and priapism. Neutralization of heparin’s anticoagulant effects with
protamine sulfate may be desirable in certain circumstances but increases the risk
of additional complications, including hypotension, bradycardia, dyspnea and
anaphylaxis.

Because of evidence in animals suggesting an HES-induced bleeding tend-
ency [22], coagulation and platelet function have been studied in leukapheresis
donors receiving HES [23]. Partial thromboplastin and prothrombin times were
prolonged and accompanied by decreased activities of factors V and VIII and
fibrinogen. Levels of factor IX, antithrombin IIl, fibrin monomers and fibrin
degradation products remained normal. These laboratory results, although
statistically significant, were slight and are not considered to reflect a clinically
relevant tendency to bleeding or thrombosis [23].

Hypervolemia. Headache, swollen fingers, peripheral edema and other
symptoms of acute plasma volume expansion are recognized risks of infusing
6% HES in normal leukapheresis donors. In a study designed to simulate serial
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leukapheresis of a single donor, 500 ml of 6% HES were administered intra-
venously at a constant rate over a two-hour period for each of four consecutive
days [24]. The recipients experienced an average accumulation of 850 ml and
an average 37% increase in plasma volume. While normal healthy adults will
tolerate physiologic alternatives of this order, the rare predisposed donor with
borderline cardiac function is a increased risk and may experience overt con-
gestive heart failure.

Equipment failures. With 250-600 ml of blood ex vivo for 2-4 hours, the
leukapheresis donor is at risk of a wide range of complications resulting from
mechanical failures. Isolated episodes of hemoglobinuria have been attributed
to kinking of the tubing and mechanical hemolysis of donor erythrocytes by
pumping devices [25, 26], but these events are less common following technical
improvements. At least one donor has been observed to have experienced recur-
rent hemolytic episodes with no obvious mechanical cause or morphologic defect
of his erythrocytes [26]. Clotting in the needle or tubing may prevent return
of the donor’s blood and, rarely, massive extracorporeal clotting has occurred
due to layering of the HES-sodium citrate mixture resulting in inadequate dis-
pensing of the anticoagulant [27].

Infection. A case of Gram-negative bacteremic shock in a healthy donor has
been reported developing minutes after terminating discontinuous-flow leuka-
pheresis with 6% HES and trisodium citrate [28]. Cultures of the HES-trisodium
citrate solution, the granulocyte concentrate and all blood specimens from the
donor subsequently yielded Enterobacter cloacae [28]. The portal of entry was
a hairline crack in the infusion bottle which had not been detected by the staff.
This report in a normal leukapheresis donor, as well as other reports of con-
taminated intravenous solutions in different settings [29-33], have alerted hema-
pheresis staffs to the serious risks of contaminated intravenous solutions. The
possibility of lifethreatening donor infections from contaminated solutions
remains a constant, although unlikely, donor risk.

Chills. The cooling of large volumes of donor blood extracorporally may
result in “chills” which are usually controlled by covering the donor with warm
blankets. Increasing the ambient temperature in the donor room is useful but
adding in-line warming units to the return tubing to minimize this discomfort
increases the complexity of the procedure and is not recommended.

“Anaphylactoid reactions.” Acute cutaneous reactions characterized by
urticaria, pruritus, flush and, occasionally, angioedema have been reported in
leukapheresis donors receiving 6% HES, as well as in plateletpheresis donors who
have not received HES. The cause of these acute reactions is unknown and it is
possible that several different pathophysiological mechanisms are involved.

Although antibodies to HES have been produced in rabbits by immuniza-
tion with a protein-HES conjugate [34], antibodies to HES have not been dem-
onstrated convincingly in humans. The observation that recipients of HES-
containing granulocyte transfusions do not become sensitized to HES is con-
sistent with the lack of immunogenicity anticipated for this glycogen derivative
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and suggests that HES-antibody-antigen mediated hypersensitivity is an unlikely
pathogenic factor. The possible roles of histamine, prostaglandins, bradykinin,
serotonin, complement, anaphylatoxins and IgE is speculative, but intriguing
similarities with clinical syndromes associated with these mediators may be
noted [35-37]. While activation of complement by nylon fibers in the filtration
leukapheresis procedure is well documented [38-40] and complement activation
occurs during other extracorporeal procedures [41-43], the minor changes in
complement components during intermittent-flow centrifugation platelet-leuka-
pheresis are not thought to result from complement activation [23].

Chronic cutaneous reactions. A donor who had received 6% HES for leuka-
pheresis on only one previous occasion developed lichen planus in the anticubital
fossa near the injection site only a few days after leukapheresis [44]. While there
is no conclusive proof of a direct causative relationship, the temporal association
between the onset of initial symptoms and HES infusions prompted the authors
reporting the case to conclude that the findings strongly supported this con-
clusion. Aside from this single case report, whose relevance to donor risks of
leukapheresis remains a matter of opinion, no other similar reports have appeared
in the medical literature.

Abdominal pain. An unusual donor reaction characterized primarily by
lower abdominal and/or perineal pain occurs rarely during filtration leukapheresis
and almost exclusively in females [45-48]. The pathogenesis of this reaction is
unknown, but it has been suggested to be a possible “angio-neurotic edema bowel
syndrome” resulting from nylon fiber-induced complement activation [45].

Adverse Donor Reactions — American Red Cross Experience (1980)

During 1980, 42 of 57 American Red Cross regional blood services operated
normal donor leukapheresis programs. During this 12-month period a total of
41 356 cytapheresis procedures were performed, consisting of 2919 leukaphereses,
15 369 combined leukaplateletphereses and 23 068 plateletphereses [49]. Thirty-
eight regional blood services reported moderate-severe donor reactions which
required discontinuation of the pheresis procedure. The overall rate of adverse
donor reactions requiring discontinuation of leuka- and leukaplateletpheresis was
0.27% (Table 1)

Severe reactions

The most common of these severe reactions was acute hypotension (Table 1).
Twenty-two donors experienced anxiety, profound weakness and diaphoresis. Ten
donors lost consciousness and had mild tonic-clonic seizures. While mild citrate
toxicity, manifested by occasional perioral or peripheral paresthesias, were com-
mon and probably incompletely reported, severe symptoms resulting in discon-
tinuation of procedures occurred in 10 donors. Other donor reactions resulting
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Table 1

Adverse reactions causing discontinuation during 18 288 normal donor leukaphereses;
American Red Cross Blood Services (January 1-December 31, 1980)

Reaction Number*

Hypotension/Vasovagal
Pallor, severe weakness, diaphoresis, anxiety, nausea (22)
Syncope or seizure (10) 32

Citrate toxicity
Paresthesis, perioral numbness, pressure sensation in head/
chest, leg muscle spasm 10

Blood loss
Clotting in system (200 ml)
Equipment malfunction (695 ml)

Miscellaneous
Painful needle site
Rash and subcutaneous nodules (urticaria)
Asthma attack (known past history)
Severe cough
Severe febrile reaction

N

PR RNE

50

* Rate of severe reactions for 50 reactions per 18 288 total leuka- and combined leuka-
plateletphereses was 0.27%.

in discontinuation of phereses included protracted cough (without signs of con-
gestive failure), urticaria, painful needle sites, hematomas and an unexplained
severe febrile reaction.

“Anaphylactoid reactions”

Ten cases of acute “anaphylactoid” reactions were reported consisting of
urticaria and/or pruritus, periorbital edema, erythema (*flush”), focal swelling
of the upper lip and sensation of pressure in the head. All symptoms resolved with-
in 2-24 hours. There was a subjective impression report that those donors who
received diphenhydramine (Benadryl) had beneficial clinical responses to the
medication.

Potential Risks
In addition to the observed adverse donor reactions, evidence of additional
physiological alterations raises concerns that leukapheresis may be inducing other,

as yet undetected, adverse effects in normal donors. These theoretical or potential
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risks have been the subject of symposia addressing both the clinical [50, 51] and
the ethical issues [52, 53]. The principal concerns may be categorized as 1 drug
toxicity and 2. lymphocyte depletion.

Drug toxicity —HES. The primary concern related to HES is that it is given
in massive dose and its prolonged catabolism and potential accumulation in the
recipient’s reticuloendothelial system may have consequences requiring years of
observations to detect. HES, or amylopectin, is a starch molecule manufactured
from waxy sorghum (maize) and treated with ethylene oxide to attach hydroxy-
ethyl groups to individual glucose residues. Commercial preparations of HES are
heterogenous compounds with molecular weights ranging from 10 000-2.5 million
daltons [54]. Ironically, these commercial HES preparations which are used as
sedimenting agents in leukapheresis were designed as plasma volume expanders
and, therefore, were selected for their properties of delayed catabolism and pro-
longed intravascular effect. The elimination of intravenous infusions of 6% HES
in humans is complex, although virtually all injected material is eventually re-
covered in the urine and feces [54-56]. Approximately 50 % of HES administered
by rapid intravenous infusion is eliminated from the blood and excreted by the
kidneys within 72 hours [55]. The smaller HES molecules (< 50 000 daltons)
are rapidly cleared by the kidneys, whereas a portion of the larger molecules
which are susceptible to prompt degradation by alpha amylase are hydrolyzed
before excretion. This second phase of protracted elimination of HES has been
variously measured after infusions of HES, revealing at least 1% plasma residual
at 17 weeks [55]. After multiple infusions of HES, complete elimination from
the circulation requires several months [56]. Presumably, these residual molecules
are too large for glomerular filtration and are structurally resistent to catabolism
by alpha amylase, but precise characterization of the slowly metabolized HES
molecules has not been performed. Serial infusions of HES may result in intra-
vascular accumulation of HES and has been detected, transiently in both paren-
chymal and reticuloendothelial cells of several organs [57-59].

Aside from the discomfort and hazards of plasma volume expansion in some
donors, the significance of persistent intravascular or tissue HES in leukapheresis
donors is unknown. Based on the absence of reported complications in tens of
thousands of leukapheresis donors, these potential risks would appear to minimal,
if any. It is possible that alternative HES preparations could be manufactured
which would have the same sedimentation properties but which are catabolized
more rapidly than current preparations. These would be more suitable for normal
donor leukapheresis and promise to increase the procedure’s efficiency while
reducing the potential risks associated with current preparations [54].

Drug toxicity —Corticosteroids. To increase the efficiency of leukapheresis
collections by raising the donor’s white blood cell count, donors have been pre-
treated with etiocholanolone [60] or one of the various corticosteroid prepara-
tions. While the discomfort of painful injection sites, fevers and malaise have
resulted in reduced use, if not discontinuation, of etiocholanolone as a stimulus
for leukocytosis, the 1980 NHLBI survey reported that 48% of the reporting
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facilities used corticosteroids to induce leukocytosis. Dexamethasone in an average
dose of 7 mg per donor (4 mg per square meter body surface area) administered
10-12 hours prior to donation accounted for 79% of the corticosteroid usage.
In the remaining 21 % prednisone was used in an average dose of 40 mg per donor
0.7 mg per kilogram body weight) orally approximately 8-12 hours prior to
leukapheresis [19].

Single doses of dexamethasone may evoke headache, fever, tiredness, sweat-
ing and changes in mood and performance [61]. All the above signs and symptoms
may occur in leukapheresis donors but are minimal hazards. Other recognized
side-effects of corticosteroids include exacerbation of diabetes mellitus, peptic
ulcer, tuberculosis and hypertension. These complications must be rare, if they
occur, since all leukapheresis donors are carefully screened and no reports of
these complications have been published nor are known to the authors. The
theoretical risk that corticosteroid administration prior to each in a series of
repeated leukaphereses could suppress adrenal function has been addressed and
considered improbable [62].

Lymphocyte depletion. While the number of lymphocytes removed during
a single centrifugal leukapheresis (2-4 x 109 is only about twice the number of
lymphocytes in an ordinary whole blood donation [48], the practice of using
a single “matched™ donor for multiple leukaphereses introduces theoretical risks
of lymphocyte depletion and immunoincompetence. This theoretical concern has
not been observed, although hundreds of family members and other selected
normal donors have participated in intensive multiple leukapheresis programs.

Since the total body pool of lymphocytes is at least 1x 10lz, a single
leukapheresis will remove only 0.1 % of these and is unlikely to cause lymphocyte
depletion and measurable immunosuppression [4]. The removal of 10-200x10®
lymphocytes, which reportedly will cause lymphopenia and clinical immunosup-
pression, has been estimated to require 60 daily leukaphereses by conventional
methods [4]. Nevertheless, these figures are only gross estimates and the actual
number of lymphocytes removed by a leukapheresis will vary widely, depending
on the individual donor and the procedure. For example, in a study of rheumatoid
arthritis patients the removal of approximately 3.5 x 109 lymphocytes 2-3 times
per week for 5-7 weeks using a technique deliberately selected for maximal
depletion of lymphocytes resulted in absolute lymphocyte depletion comparable
to that reported for chronic thoracic duct drainage [63]. The greatest changes
in peripheral blood lymphocyte numbers occurred after only 3-4 leukaphereses.
While the absolute lymphocyte counts returned to at least 50% of normal in
some patients over days-to-weeks, other patients were followed for more than
one year with lymphocyte counts remaining below 50% of preleukapheresis levels.
In addition, there was a selective depletion of T lymphocytes, loss of phyto-
hemagglutinin mitogenic responsiveness and decreases in 1gG, IgA and IgM
levels. There are at present no comparable studies on chronic leukapheresis
donors, but lymphopenia and selective depletion of B lymphocytes have been
noted in frequent plateletpheresis donors [64].
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The problem of estimating long-term clinical risks from these changes in
peripheral lymphocyte measurements is complex. The present authors are un-
aware of any adverse reactions in leukapheresis donors that could be attributed
to lymphocyte depletion. With due reservations for the lack of relevant data,
we concur with the viewpoint that the consequences of lymphocyte depletion
from individual leukaphereses are unlikely to differ from those of whole blood
donations [4,65] and these procedures as currently performed are safe and without
risk for normal donors. However, there may be only a narrow margin of safety
between the effects of these seemingly inconsequential individual donations and
the more profound and longer lasting effects of multiple leukaphereses. Clearly,
more data are needed to assess the long-term effects of multiple leukaphereses
and establish rational donor criteria and standards.

Conclusion

Leukapheresis procedures, while not without risk, have been associated
with few serious donor reactions. Undoubtedly, this record is the result of an
awareness among blood center personnel performing leukapheresis procedures
of possible complications and their ability to maintain operational protocols and
strategies which minimize donor risks. It is our view that there are three critical
factors for increasing donor safety of leukapheresis procedures : 1 selective donor
recruitment; 2. adherence to operational protocols delineating donation frequency
and other safeguards; and 3. continuous and informed interest of physicians
responsible for leukapheresis programs. While certain potential hazards of leuka-
pheresis procedures remain to be evaluated, particularly in the area of potential
delayed complications, such hazards would also be minimized by adherence to
these principles.
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Enzyme activities in the circulating lymphocytes permit to judge the character
of the regenerative process in the lung, and the severity of the patient’s condition; it
helps in estimating the prognosis and in evaluating the efficacy of the applied therapy.

Potassium orotate and Riboxin intensify the regenerative process in the lung
undergoing a compensatory-hypertrophic rearrangement, and enhance the functional
activity of circulating lymphocytes as participants of the regenerative process and
stimulate the oxidation-reduction processes in lymphocytes.

Introduction

Removal of a lung or part thereof in mammals including man and many
different pulmonary diseases accompanied by increased functional loading lead
to regenerative or compensatory hypertrophy in the remaining pulmonary tissue
due to increased proliferation of epithelial cells, synthesis of nucleic acids and
protein [1-5].

Subsequently, the compensatory-hypertrophic processes as a rule develop
into sclero-atrophic changes with resulting pneumosclerosis and emphysema.
Hence, there is pressing need for finding ways and means of stimulation of re-
generative processes in the lung and for prophylaxis of sclero-atrophic alterations.

During the last three decades clinical studies have been conducted on
pyrimidine and purine derivatives (methyluracil, potassium orotate and inosine),
which stimulate intracellular and cellular regeneration [3, 6-14].

There exist numerous morphological tests allowing to judge the course of
the regenerative processes in the lung and the effect produced on them by phar-
macological substances. Since these tests being based on examination of the
pulmonary tissue cannot be used in clinical practice, the search for more infor-
mative and acceptable laboratory methods, permitting assessment of the restora-
tive process in the lung and the efficacy of drugs stimulating regeneration, has
become of paramount importance.

In recent years attention of a broad circle of investigators has again been
attracted by the circulating lymphocytes which play an important part in immuno-
genesis, preservation of genetic characters of the cells, in control of the growth
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of proliferating tissue, being at the same time lymphoid elements convenient for
use in research and reflecting the status of metabolic processes in internal organs
whose direct morphological study is impossible [15-17].

Our intention is to give examples of the value of lymphocyte assays partly
in animal experiments (compensatory hypertrophy in the rat), partly in certain
clinical states like purulent inflammation. In the following we report on our
findings obtained in these two fields.

Experiments in Rats

The influence of the pyrimidine derivative potassium orotate and of the
Soviet-made purine derivative Riboxin on the dynamics of the enzymatic status
of circulating lymphocytes, as well as the processes of synthesis and proliferation
in the regenerating lung during its compensatory-hypertrophic rearrangement
was studied in 340 adult male rats. The animals were subjected to left-side pul-
monectomy under ether anaesthesia, and were administered 100 mg/kg of potas-
sium orotate or 25 mg/kg body weight of Riboxin daily. Control animals received
an equivolume amount of 2% starch mucilage. Prior to the operation, and 24,
48 hours and 5, 7, 10, 20, 30 and 60 days after it the peripheral blood lympho-
cytes were studied by Nartsissov’s cytochemical method [18] and the prolifera-
tive activity of the interalveolar septum cells by counting the number of mitoses
in histological paraffin sections. DNA synthesis by the regenerating lung cells
was studied with the use of 3H-thymidine.

The study of lymphocytes included determination of lactate dehydrogenase
(L-lactate NAD-oxidoreductase, 1.1.1.27, LDH); succinate dehydrogenase (suc-
cinate oxidoreductase, 1.3.99.1, SDH); hyaloplasmatic alpha-glycerophosphate
dehydrogenase (L-glycerol-3-phosphate :NAD-oxidoreductase, 1.1.1.8, a-GPD(H),
and mitochondrial L-glycerol-3-phosphate: acceptor-oxidoreductase, 1.1.99.5,
a-GPD(M).

Computerized mathematical processing of the data obtained was performed
with the computer Nairi 3-1 (by M. L. Nikolaev).

The findings obtained in these studies (Table 1) have convincingly shown
that potassium orotate and Riboxin could stimulate the compensatory-hyper-
trophic rearrangement in the remaining lung. The process manifested itself with
a considerable increase in mitotic activity (MA) and an increased index of 3H-
thymidine-labelled nuclei (ILN) of the cells of the interalveolar septa. The stimu-
latory effect was most pronounced in the periods of pseudo- and true hyper-
trophy, during the first 10 days, whereas in the period of completion and stabiliza-
tion of the rearrangement the intensity of the proliferative and synthetic processes
decreased. Riboxin and potassium orotate not only stimulated regeneration
(compensatory hypertrophy) of the lung, but produced a marked effect on the
functioning of circulating lymphocytes. In the periods of pseudo- and true hyper-
trophy they increased the activity of SDH, a-GPD(H), and a-GPD(M),
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slowed down that of LDH, ensuring simultaneously an intensification of the
Krebs cycle and of the glycerophosphate shuttle, creating thereby favourable
conditions for energy generation in the cell. Moreover, exposure to Riboxin
contributed to the intensification of aerobic metabolism of lymphocytes ensuring
the economical use of alpha glycerophosphate, an ingredient of phospholipid
synthesis utilized for restoration of lost structures. In the period of stabilization
and completion, the activity of all dehydrogenases under study decreased. The
same was observed in the controls, but the process was most pronounced in
the treated animals. The regenerative process in this period may have been en-
sured among others by lymphocytes with a low level of oxido-reductive processes.

The compensatory-hypertrophic rearrangement of the lung brings about
not only changes in the activity of lymphocytic enzymes, but also a rearrangement
of the cell population with growing heterogeneity of lymphocytes with regard
to hydrogenase activity. The effect of both regeneration stimulation had one
feature in common, in that they both increased the enzymatic activity of lympho-
cytes and decreased their heterogeneity.

The initial hypothesis that enzymatic activity of circulating lymphocytes
reflects, with a sufficient degree of accuracy, the course of the regenerative process
in the lung has been confirmed by regressive analysis, which could be judged
by the level of mitotic activity of the interalveolar septum cells. Using regressive
equations, an algorhythm was created, permitting the assessment of the intensity
of regenerative processes in the lung on the basis of the enzymatic activity in
lymphocytes. The correlation of MA with the activity of the enzymes under
study is

MA = KLea-GPD(H) + K2+a-GPD(M) + K3+¢SDH + K4+LDH + KO

At different periods of the compensatory-hypertrophic rearrangement,
coefficients KO...K4 varied but the general pattern of the interconnection
between enzymes in lymphocytes and MA of the interalveolar septum cells
remained unchanged throughout the investigation period.

The study of dynamics of the regeneration process in the lung and in the
circulating lymphocytes using kinetic parameters on theoretical curves has made
it possible to establish a number of important regularities (Table 2). The peak
increase of enzyme activity in lymphocytes exceeded by 19-26 hours the maxi-
mum mitotic activity of the interalveolar septum cells, and the incorporation
of labelled 3H-thymidine by 31-36 hours. Theoretically, a higher IMN and
enzyme activity was expected than that observed.

A favourable effect of the preparations could be achieved in two ways:
by enhancing the lymphoid tissue response and the proliferative activity of the
interalveolar septum cells and their Riboxin-induced DNA synthesis, or by
lengthening the process by means of potassium orotate. Asjudged by the intensity
of regeneration, the former mechanism was the more effective.
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Indicator Group

In circulating lymphocytes
a-GPD(H)-activity

healthy rat
C
PO
R
a-GPD(M)-activity healthy rat
C
PO
R
SDH-activity healthy rat
C
PO

R

Hours X = m

24

7.71
011
7.19
0.24
7.26
0.30
10.07 +°
0.30

7.96
0.22
8.46
0.32
7.79
0.27
9.56 +°
0.31
13.39
0.27
9.67
0.32
8.89
0.37
11.65+°
0.30

48

18.21x
0.54

15.26
0.50

17.11°
0.65

17.45 +
0.53
17.38°
0.66
10.97
0.49

19.54
0.58
19.68
0.53

19.49
0.67

Table 1
Enzyme activities in circulating lymphocytes ; mytotic activity and index of labelled nuclei of DNA-synthesizing cells of interalveolar septa

10.18
0.25

11.15x
0.28

11.03 +
0.28

10.69
0.25

12.38cx
0.31

10.58
0.31

14.09 +
0.37
14.08°
0.29
12.72
0.29

11.78
0.79
12.31
0.38
12.62
0.53

10.83 +
0.38
10.89°
0.40
9.51
0.41

15.22
0.54
16.69x
0.65
16.48 +
0.71

10

7.26
0.28
7.17
0.29

8.79 +°
0.27

8.14
0.54
8.87
0.34

10.36° +

0.46

9.99
0.31

11.20x

0.30

12.50° +

0.34

Days, after operation x *

20

7.34
0.31
8.42
0.28
8.23
0.29

6.70
0.25
12.32x°
0.37
8.02 +
0.25

10.68
0.36
11.79x
0.33
13.09° +
0.33

30

7.87
0.29
7.70
0.26
7.47
0.31

6.20 +
0.26
6.36°
0.21
5.24
0.25

10.57
0.31
10.28
0.32

10.64
0.37

60

5.49+x
0.25
4.27
0.16
4.36
0.18

6.89 +x
0.25
5.37
0.18
5.16
0.21

9.35+x
0.27
5.65
0.18
7.12
0.26
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LDH-activity

MA (light)

ILN (light)

healthy rat
C
PO

R

healthy rat
C
PO
R
healthy rat
C
PO

R

15.09
0.34
14.27%+
0.40
13.27
0.37
1321
0.38

0.79
0.06
0.42
0.02
0.77*
0.06
2.34+°
0.01

4.42
0.12

313
0.24
4.47*
0.21
12.47+°
0.98

23.96*+
0.70

21.82°
0.59

1891
0.47

1.05
0.13
1.09
0.09
3.38+°
0.53

7.89
0.23
10.13
135
22.53°+
4.90

Notes: C — Control, PO — Potassium orotate, R — Riboxin.
MA (light) — mytotic acitivity of interalveolar pulmonary cells;
ILN (light) — index of labelled nuclei of DNA-synthesizing cells

of interalveolar pulmonary cells.

1511+
0.49

15.34°
0.47

13.76
041

170
0.08
2.21*
0.11
2.68 +°
0.13

9.16
021
15.30*
m
20.91° +
0.50

17.59+
0.65

19.57*°
0.87

15.44
0.95

103
0.09

1.34*
0.04
1.84+°
0.13

5.79
0.26
9.34*
0.47

14.84° +
0.52

14.03*
0.38

12.56
0.40

17.05° +
0.46

0.86
0.13
103
0.07
2.63+°
0.19

9.90
137
8.08
120
20.63 +°
0.79

20.23*+

0.51
18.02
0.35
1721
0.42

0.47
0.01
0.92*
0.06

103+

0.09

10.85*
114
731
0.97
9.06
2.84

10.08
0.33

12.35*
0.40

12.03+
0.66

0.43
0.03
0.74*
0.07
0.92+
0.06

5.16
0.70
11.07*"
0.32
6.85
051

+ — significant difference between C and R
(p < 0.02; p< 0.01);
0— significant difference between R and PO
(p < 0.02; p< 0.01);
x — significant difference between C and PO

(p < 0.02; p < 0.01).

13.89*H
0.36

11.03°
0.34

8.97
0.27

0.43
0.03

0.89*°
0.13

0.68+
0.08

3.70

3.86
0.65
4.06
0.18

TR yYiINg 1o

sa1AooydwA] Buirenaaio Jo snyeis oirewAzug :



76 G. L. Bilich et al. : Enzymatic status of circulating lymphocytes

Table 2

Parameters of theoretical curves

Indicator Gro tfi +1 'max E V;
I Y days Qmax days S

In circulating lymphocytes
SDH-activity C 51 21.26 28 87.96 106.24 1259
PO 53 20.82 29 86.11 106.67 12.13
R 43 21.83 2.6 76.35 99.44 13.82

a-GPD(M)-activity C 46 17.85 2.7 65.83 84.15 10.97
PO 53 18.29 2.9 75.62 93.67 10.65

R 49 12.83 2.8 55.65 91.11 5.61

LDH-activity C 42 2654 2.6 01.06  119.47 16.74
PO 45 2519 2.6 9139 11761 15,58

R 41 1873 25 67.00  120.75 8.20

a-GPD(H)-activity C 46 20.87 2.7 70.27 91.05 13.35
PO 52 16.49 2.8 67.25 83.82 9.66

R 43 19.02 2.6 6646  127.06 11.92

ILN (light) C 8.0 10.12 36 50.39 66.59 474
PO 89 15.10 39 9388 10642 6.58

R 6.7 2252 33 12883 19314 23.33

MA (light) C 9.5 159 41 10.42 11.75 0.65
PO 75 3.59 35 15.05 15.62 1.18

R 4.7 342 2.7 14.26 23.64 1.50

Notes: ts+1 —time of normalization;
Qrax— maximum indicator;
tmex — time of maximum beginning;

S — “mean of regulation”;
F  —*“square of regulation;
V  — speed.

A correlation analysis of the empirical data allowed to establish a pattern
of interrelationship between the activity of dehydrogenase in circulating lympho-
cytes and the indices characterizing the intensity of restorative processes in the
lung as well as of the relationships between the enzymes.

The organization of enzyme systems in lymphocytes undergoes changes
at different times following pulmonectomy which manifests itself in a rearrange-
ment of correlation pleiads. Exposure to these preparations leads to their re-
organization. Riboxin increases a number of bonds between MA and 1LN of
the interalveolar septum cells and the lymphocyte dehydrogenases. Potassium
orotate acts in a similar way in the period of true hypertrophy.

Reorganization of pleiads under the effect of drugs opens prospects for
a new approach to studies into the mechanism of action and to assessment of
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therapeutic potency of drugs. Generally, pathological effects and potency of
therapeutic action are assessed by the magnitude of the parameter deviation;
our findings convincingly show feasibility of evaluation of the harmony and inter-
connections of parameters.

Clinical Investigations

Experimental results strongly support the advisability of using pyrimidine
derivatives (potassium orotate and methyluracil) in patients with inflammatory
suppurative diseases of the lungs and pleura. The enzymatic status of circulating
lymphocytes and neutrophils was studied in 53 patients with pulmonary abscesses
and gangrene, empyema, bronchiectasia and in 90 donors. Patients of the control
group underwent a conservative or surgical complex treatment. The patients
in the main group, in addition to conventional treatment, received orally 1.5 g
potassium orotate daily, and 250 ml of 0.5% methyluracil solution by intrave-
nous drip 4-5 times every other day prior to and after the operation.

Cytochemical investigation, in addition to the assessment of SDH and
a-GPD(M) activity in circulating lymphocytes, included an evaluation of the
activity of acid phosphatase (phosphohydrolases of monoethers of phosphoric
acid 3.0.3.2), acid phosphatase and alkaline phosphatase (phosphohydrolases
of phosphoric acid monoether, 3.13.1), alkaline phosphatase by the method of
Goldberg and Barka [19] in the modification of Nartsissov [20]; myeloperoxi-
dase (donor: H2 2oxidoreductase 1.2.1.7), PO by the method of Sato (1928)
in the modification of Quaglino [21], as well as phospholipids (PL) in circulating
neutrophils by the method of Sheehan and Storey [22].

An analysis of clinical data revealed (Table 3) that at admission patients
with inflammatory suppurative pulmonary diseases showed considerable changes
in the enzymatic status of leukocytes as compared to healthy individuals. There
was a considerable depression of the dehydrogenase activity in lymphocytes,
PO in neutrophils (the cytochemical coefficient was as low as 40%), activation
of hydrolases (activity of acid phosphatase and that of alkaline phosphatase
increased 2 and 4 times, respectively), and a drop in the PL content down to
32% in neutrophils was noted. Coefficients of variation, excess, and asymmetry
characterizing heterogeneity of lymphocytes with regard to dehydrogenase activity,
exceeded normal values almost twice. This indicates a high cell heterogeneity and
a change in lymphocyte distribution in patients with inflammatory pulmonary
diseases.

The findings obtained in these studies indicate a definite relationship be-
tween the activity of intracellular enzymes of leukocytes and the clinical course
of the pathological process in the lungs. The more severe the patient’s condition,
the lower the activity of SDH and a-GPD(M) in lymphocytes, the activity
of PO and the PL content in neutrophils, and the higher the activity of acid
phosphatase and alkaline phosphatase in neutrophils. During therapy, normaliza-
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Table 3

Influence of pyrimidine derivatives on dynamics of the enzyme activities in circulating
leukocytes in patients with inflammatory suppurative diseases of the lungs and pleura

Groups and dates SDH a-GPD(M) Acid phosphatase
of analysis X+m X + T K + m
Healthy men 1412 + 0.12 939+ 011 0.82+ 0.12

Control
1-2 days 8.99+ 0.25x 6.81 + 0.20x 1.60+ 0.12x
9 8.83+ 0.31x 7.15+ 0.25x 1.39+ 0.13x
21 10.93 + 0.47x 7.99 + 0.36x 121 + 0.09x
33 11.21 + 0.27x 8.16+ 0.31x 1.26 £ 0.11x
Principal
1-2 days 8.49+ 0.23x 6.98+ 0.19x 1.56+ 0.11x
9 11.68+ 0.23x 8.92+ 0.19 1.17+ 0.12x
21 13.23+ 0.25x 9.97+ 021 0.95+ 0.15
33 13.42+ 0.30 10.66+ 0.34x 0.89+ 0.16
45 16.66+ 0.29x 13.00+ 0.58x 0.81 + 0.16

Groups and dates

Alkaline phosphatase

Myeloperoxidase

Phospholipids

of analysis K + m K+ T K+ T
Healthy men 0.38+ 0.16 2.16+ 013 231+ 011
Control

1-2 days 1.57+ 0.08x 1.30+ 0.07x 161 + 0.13x

9 1.37+ 0.12x 1.42+ 0.12x 1.72+ 0.06x
21 1.16+ 0.16x 1.58+ 0.14x 1.80+ 0.13x
33 1.02+ 0.21x 1.69+ 0.21x 1.87+ 0.21x

Principal

1-2 days 1.68+ 0.10x 1.28+ 0.12x 1.58 + 0.08x

9 1.16+ 0.11x 1.70+ 0.06x 1.89+ 0.12x
21 0.90+ 0.12x 2.02+ 0.06 2.10+ 0.14
33 0.74+ 0.16x 1.90+ 0.14 229+ 0.18
45 0.63+ 0.18x 2.15+ 0.06 241 + 0.18

Note: K — average cytochemical coefficient [23].

tion of leukocyte enzyme activities proceeded slowly, and one month treatment
failed to normalize the values. Addition of pyrimidine derivatives to the drugs
considerably accelerated normalization of the leukocyte enzymes; anjmprove-
ment could be observed by the 9th day and within a month all values except that
for alkaline phosphatase were normal.

Dynamics of the activity of SDH, a-GPD(M), PO, and PL contents in
the process of treatment was described by the logarithmic function, Q = Q +

Haematologia 15, 1982



G. L. Bilich et al.: Enzymatic status of circulating lymphocytes 79

+ K-Igt; acid phosphatase and alkaline phosphatase by the exponential,
Q = QO-e 'k, where Q is the index of activity, t the time in days, QOand K are
constants calculated on the basis of experimental data, e, base of natural loga-
rithm. Having calculated the constants of the normalization rate of enzyme activ-
ity (“sanation” constants) in the two groups of patients, we have obtained an
objective cytochemical criterion of the efficacy of the preparations. In
patients treated with pyrimidine derivatives the process of normalization of the
SDH and PO activities and of the PL content was 2.8 times, the rate of activity
of a-GPD(M) two times and that of acid phosphatase and alkaline phosphatase
1.5 times more rapid than in the patients on conventional complex therapy.

The results suggest that the leukocyte enzyme activities allowed to estimate
the severity of the patient’s condition and to prognosticate the further course
of the disease. Thus, the lowest dehydrogenase activity was observed in patients
with a protracted sluggish pulmonary process. Particularly informative from the
point of view of prognosis was the hydrogenase activity. An analysis of trans-
gression of cytochemical activity distributions showed that a lymphocyte dehydro-
genase activity below 6.5 was prognostically unfavourable and called for im-
mediate urgent measures. A persistent decrease in the SDH and a-GPD(M)
activities below the critical level of 3.5 suggested a fatal outcome.

Our findings allowed to conclude that a surgical intervention on the lung
and pleura may be performed only when SDH activity is not lower than 9, and
that of a-GPD(M) is not lower than 7.5. Naturally, the interpretation of cyto-
chemical data should be correlated with analyses of the clinical condition and
of laboratory tests.

In patients with inflammatory processes in the lungs and pleura prognosti-
cally the most informative are the SDH and a-GPD(M) activities in lymphocytes,
and those of acid phosphatase and alkaline phosphatase and PO, and the PL
content in neutrophils. The higher the hydrolase activity, the more extended and
protracted the pathological process in the lungs. A considerable reduction in the
activity of acid phosphatase and alkaline phosphatase of neutrophils associated
with a marked depression of lymphocyte dehydrogenase should be considered
an unfavourable prognostic sign. A drastic drop in the activity of PO and a low
level of PL in neutrophils point to a severe and protracted course of the disease.
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Operation ol the Ca-Dependent K(RDb)-Transport in
Human Lymphocytes

llma Szasz, B. Sarkadi, G. Gardos
National Institute of Haematology and Blood Transfusion, Budapest, Hungary
(Received July 13, 1981)

The operation of a Ca-dependent, quinine-, chlorobutanol-, and chlorproma-
zine-sensitive K-transport (the so-called Gardos-effect) is demonstrated in human
lymphocytes. During stimulation this process presumably contributes to the activation
of the Na, K-pump and to the acceleration of Ca-uptake.

Introduction

Kaplan et al. [1, 2] and Averdunk [3] reported the activation of the Na, K-
pump of lymphocytes on concanavalin A and phytohaemagglutinin stimulation.
Negendank and Shaller [4] demonstrated that the K-level of concanavalin A
stimulated lymphocytes sank to 83-85% of the controls, whereas the Na-level
remained practically unchanged. The K-loss is not due to cell agglutination and
does not need complement. The authors suggest that K-loss elevates K-con-
centration in the surrounding of the cell and this may contribute to the activation
of the Na, K-pump.

In 1979 Freedman [5] demonstrated in spleen lymphocytes of the mouse
that on concanavalin A impact a rapid Ca-influx develops which is increased by
preincubation with dbcGMP and is reduced by preincubation with dbcAMP.

We intended to study the eventual causal relationship between Ca-uptake
and selective K-loss, in other words, whether or not lymphocytes possess the
K-transport mechanism activated by the elevation of intracellular Ca, the so-
called Gardos-effect.

Abbreviations:

cAMP cyclic adenosine 3’,5-monophosphate
cGMP cyclic guanosine 3’,5>monophosphate
CpPz chlorpromazine

dbcAMP dibutyrylcAMP
dbcGMP dibutyrylcGMP

EGTA ethyleneg]ycol-bis(2-aminoethylether)-N,N’-tetraacetate
MEM minimum essential medium
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Materials and Methods

Lymphocytes were isolated from 100-400 ml of fresh human blood.
10 g/dl dextran T 250 was added to the blood at a 1 : 20 ratio, erythrocytes were
sedimented and the cells of the supernatant centrifuged at 1000 rpm for 15 min.
The pellet was suspended in Hanks solution containing 0.5 g/dl albumin and
incubated with ~ 0.1 g iron powder at 37 °C for 30 min. Then suspensions were
centrifuged at 2500 rpm for 15 min through a Ficoll-Uromiro gradient fsp.g.
1.075). Erythrocytes and phagocytes pelleted, and lymphocytes with platelets
were in the layer between the two phases. This layer was collected and lympho-
cytes were separated from platelets by 3 washings in Hanks solution at low speed
centrifugation (1000 rpm for 15 min). More than 96% of the lymphocytes proved
to be viable by the trypan blue extrusion test. A modification of the “minimum
essential medium” (5 mM glucose, 4 mM 1-glutamine, 0.2-1.8 mM CaCl2, Tris-
HC1 pH 7.4 in 0.155 M NaCl) was used as suspension medium, supplemented,
during 8Rb loading experiments, with 100 U/ml penicillin G and 100 pg/ml
streptomycin.

In 8Rb and &Ca-uptake experiments lymphocytes were separated from the
medium by (a) centrifuging through an 0.7 M sucrose cushion dissolved in 0.16 M
KC1; the sedimented cells were homogenized in concentrated formic acid before
radioactivity measurements; (b) filtration through Sartorius cellulose-acetate
filter membrane (pore diameter: 0.6 pm), and three washings with cold isotonic
washing solutions. The radioactivity of the cells on the filter was measured in
a scintillation liquid. The filtration technique proved to be superior. In &Rb-
efflux experiments both the radioactivity of the supernatant and the cell sediment
separated by centrifugation was measured in a well-type scintillation crystal
(Biogamma, Beckman).

Results and Discussion

In previous work with erythrocytes [6, 7] we have shown that the Ca-
dependent K-transport is bidirectional and in the early phase of the incubation,
when adding dliRb to the medium, a rapid isotope uptake can be measured.
In lymphocytes we inhibited the activity and activation of the Na, K-pump by
ouabain, in order to abolish K-accumulation by the K-pump. Figure 1 shows that
in the first 6 (-10) minutes the Ca-ionophore A23187, as well as 1 pM acetyl-
choline in the presence of the cholinesterase inhibitor neostigmine, significantly
increased Rb-uptake. This phenomenon can be abolished by chelating Ca in the
medium. A concomitant increase in ZNa-uptake (in media where 0.155 M NaCl
was substituted by 0.155 M choline chloride) was not observed. In such cases
electroneutrality usually is maintained by chloride (+ water) loss with volume
reduction of the cellsasaconsequence [6,7]. Figure 2 shows the volume reduction
of the lymphocytes as measured in a Coulter-type counter (Medicor, Hungary)
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Fig. 1. Rb-uptake into human lymphocytes. 15 ¢ 10dml cell in MEM. [Ca]0= 0.2 mM,
[Rb]0= 15mM, ouabain = 0.05mM,t = 37 °C. 1: Control, 2: 5fiM A23187, 3: 1fiM acetyl-
choline + 75 ,uM neostigmine, 4: 2 + 1 mM EGTA, 5: 3+ 1mM EGTA

Fig. 2. Volume changes of lymphocytes stimulated by A23187 or acetylcholine. 4 m10Gml
cell in MEM. [Ca]0o= 0.2 mM, [K]0=0, t = 37°C. Initial lymphocyte volume: 138 fl.
1: Control, 2: 5//M A23187, 3: 1,uM acetylcholine + 75 /iM neostigmine
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Fig. 3. Effect of A23187 + Ca on Rb-uptake in lymphocytes. 15 « 108ml cell in MEM.

[Ca]0= 0.5 mM, [Rb]0= 15mM, ouabain = 0.1 mM. Incubation time = 5min, t = 37 °C.

1: Control, 2: 250 pM CPZ, 3-9: 5pM A23187 + in tube 4: 0.5 mM quinine, 5: 3 mM chlo-
robutanol, 6: 50 pM. CPZ, 7: 150 pM CPZ, 8: 250 "M CPZ, 9: 1mM EGTA

using a cetrimide haemolyzing solution to eliminate red cell contamination. The
time scale of volume reduction correlated with the transport phenomena. Cells
reacted in an inhomogeneous way, there was a shift in the distribution of cells
among the various size compartments of the instrument.

Figure 3 demonstrates that the drug sensitivity of the A23187-induced, oua-
bain insensitive Rb-influx is very similar to that of the Géardos-effect in the red
cells [7], but cell damage occurs at lower CPZ concentrations (> 50 pM). In
short term experiments external Ca is indispensable, the Ca-ionophore does not
reach the intracellular Ca-stores and does not mobilize Ca from them, not
even at a relatively high, 5 /TM ionophore concentration.

In seRb-loaded lymphocytes the effect of A23187 on K/Rb permeability
could be demonstrated in the increased Rb-efflux, especially when the reaccumu-
lation was inhibited by ouabain (Fig. 4). 0.5 mM quinine abolished this Rb-
efflux. Hence it is conceivable that the increased pericellular K-concentration
caused by the Ca-dependent K-efflux contribute to the activation of the Na, K-
pump.
Hadden et al. [8] demonstrated the stimulation of murine lymphocytes and
spleen cells by low concentrations of acetylcholine. Figure 5 shows that in human
lymphocytes 1-100 /M acetylcholine increased Rb-transport in a Ca-dependent
manner. The effect of acetylcholine was significantly potentiated by the cholin-
esterase inhibitor neostigmine. 100/(M acetylcholine itself was less effective. 1/zM
norepinephrine conspicuously reduced Rb-transport.

Since the increased K-efflux makes the membrane potential more negative
due to the slower efflux of the accompanying anions, it is to be expected that this
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Fig. 4. Effect of A23187 + Ca on 8Rb-efflux in lymphocytes. 5 « 106ml cell in MEM. Initial

[Rb](= 9.5 femtomole/cell, [Ca]0= 0.2 mM. Incubation time = 15 min, t = 37 °C. 1. Con-

trol, 2: 0.1 mM ouabain, 3-6: 5<uM A23187 + in tube 4: 0.1 mM ouabain, 5. 0.5 mM qui-
nine, 6: 0.1 mM ouabain + 0.5 mM quinine

Fig. 5. Effect of various stimuli on the 8Rb-efflux in lymphocytes in the presence of 0.1 mM

ouabain. 5 «108ml cell in MEM. Initial [Rb], = 8.6 femtomole/cell [Ca]O= 0.2 mM.

Incubation time = 15 min, t = 37°C. 1 Control, 2: 1fiM acetylcholine + 75 fiM neostig-

mine, 3: 1fiM acetylcholine + 75/iM neostigmine + 0.5 mM quinine, 4. 0.1 mM acetyl-
choline, 5: 1/iM norepinephrine
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Fig. 6. Effect of drugs inhibiting the Gardos-effect on the A23187 induced Ca-uptake of

lymphocytes. 5 m10dml cell, [Ca]0= 0.5 mM. Incubation time = 30 min, t = 37°C.

1: Control, 2: 250 /tM CPZ, 3-8: 80 nM A23187 + in tube 4: 0.5 mM quinine, 5: 3mM
chlorobutanol, 6: 50pM CPZ, 7: 150 pM CPZ, 8: 250 pM CPZ

Fig. 7. Effect of various stimuli on the Ca-uptake of lymphocytes. 15 « 106ml cell in MEM.
[Ca]0= 0.5 mM, Incubation time =5 min, t = 37 °C. 1. Control, 2: 5,uM A23187, 3: 1/(M
acetylcholine, 4: 1//M acetylcholine + 75 pM neostigmine, 5. 1/tM norepinephrine

eifect promotes the uptake of cations including calcium. This assumption was
verified by the results presented in Fig. 6. The inhibition of K/Rb efflux by quinine
and chlorobutanol prevents hyperpolarization and accordingly Ca-uptake is
reduced. From among the inhibitors of the Gardos-effect, CPZ does not exert
this effect. This compound is a well-known calmodulin antagonist. Thereby it
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probably inhibits the activation of the Ca-pump, and increases the cellular Ca-
level. (Higher CPZ concentrations damage the cells.) Th, fict that the rate of
Ca-uptake is modulated by the Ca-dependent K-transport suggests that one effect
of the latter phenomenon may be in fact the amplification of the stimulus-induced
“early Ca-influx”.

In systems containing acetylcholine or norepinephrine, Ca-uptake cor-
related with the K/Rb permeability changes demonstrated above (Fig. 7.) Acetyl-
choline did not stimulate Ca-uptake more than did the inhibition of the Ca-
pump by 0.2 mM LaCl3 Hence the question arises, whether the cholinergic-/?-
adrenergic agents alter K/Rb permeability via the cAMP-cGMP dependent Ca-
pump regulation.

It is to be mentioned that if lymphocytes are prepared from “buffy coats”
(side-products of some blood preparations) stored for 24 h under sterile condi-
tions, the quinine and chlorobutanol sensitive K-transport could be demonstrated
without the addition of A23187 or acetylcholine. In these cells the Ca liberated
from intracellular stores probably increased the calcium concentration of the cell

plasma and thereby activated the specific K-transport pathways of the plasma

membrane.
*

Thanks are due to Mrs. S. Andrasi and Mrs. M. Sarkadi for their excellent technical
assistance. A23187 was a kind gift of Dr. R. L. Hamill (Eli Lilly and Co., Indianapolis, Ind.).
The investigation was supported by the Scientific Research Council, Hungarian Ministry of
Health (6-03-0306-01-1/G4).
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Freeze-fracture Study of the Red Cells and Red Cell
Precursors of a Patient with Congenital Inclusion Body
Anaemia
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National Institute of Haematology and Blood Transfusion, Budapest, Hungary
(Received September 10, 1981)

Comparison of thin sections and freeze fracture replicas of red cells and red
cell precursors from the peripheral blood of a patient suffering from congenital inclu-
sion body anaemia provided new morphological information on Heinz body sub-
structure, Heinz body-membrane attachment, intracellular membrane formation, as
well as on membrane fusion and orientation of intracellular membranes. It is suggested
that the fusion of autophagic vacuoles with the plasma membrane may contribute to
the increased haemolysis of red cells in inclusion body anaemia.

Introduction

In the past years many papers have been published concerning the ultra-
structure of erythrocytes and their precursors in inclusion body anaemia of dif-
ferent origin [1, 2]. In addition to conventional electron microscopic studies,
freeze-fracture investigations have been carried out to study the membrane
changes in haemoglobinopathies by in vitro manipulations on the red cells [3, 4].
No freeze-fracture studies have been published so far which would have given
an insight into the in vivo formation of inclusion bodies in these diseases. This
paper describes the results of freeze-fracture investigations on the erythroid cells
of a patient with congenital inclusion body anaemia.

Case report

The patient’sdata have been summarized in detail elsewhere [5]. Since his
first admission in 1968, he has regularly been treated with blood transfusions
in our Institute.

Material and Methods

Peripheral blood was taken by venipuncture into isotonic sodium chloride
containing 190 heparin in a period when the patient received no transfusion.
Red cells were washed with isotonic phosphate buffered saline pH 7.4 and pro-
cessed for thin section and freeze-fracture electron microscopy. Thin section
electron microscopy was carried out according to standard procedures [6]. For
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freeze-fracture electron microscopy, washed, unfixed red cells were incubated in
isotonic phosphate buffered saline containing 10% glycerol at 37 °C for 30 min-
utes. After incubation the cells were quenched in Freon 12 cooled by liquid nitro-
gen. Freeze-fracture was carried out in a Balzers 510 type freeze-etch apparatus.
Replicas were cleaned with household bleach, washed with distilled water, mount-
ed on uncoated 300 mesh grids and investigated in a Philips EM 300 electron
microscope.

Results

A significant number of nucleated red cell precursors and reticulocytes were
seen in the patient’s peripheral blood with the same ultrastructural alterations
as in the bone marrow [5]. Both the erythroblasts and the reticulocytes contained
inclusion bodies. While these inclusions showed an electron dense, homogeneous
structure in thin sections (Fig. la), freeze-fracture revealed a granular structure
and this was significantly more coarse than that of the surrounding cytoplasm
(Fig. Ib). In many cases mitochondria, tubular structures and vesicles were seen
around the inclusions (Figs 1and 2). The vesicles contained only afewintramembrane
particles and sometimes were closely attached to the inclusion bodies (Fig. 2).
Inclusion bodies associated with the plasma membrane were rarely observed.
Autophagic vacuoles containing inclusions, iron-laden mitochondria, myelin
figures and demarcated cytoplasmic areas were frequently seen in both erythro-
blasts and reticulocytes (Fig. 3a). By freeze-fracture many intramembrane par-
ticles were seen on the vacuolar membrane (Fig. 3b). The myelin figures revealed
by thin sectioning showed no intramembrane particles in the freeze-fracture
preparations (Fig. 3b). The vacuolar membrane was often attached to the plasma
membrane (Fig. 3b), sometimes apparent fusion could be seen (Fig. 4). In some
cases the membrane of the autophagic vacuoles contained no intramembrane
particles (Fig. 4). Demarcation of cytoplasmic areas containing neither inclusion
bodies nor cytoplasmic organelles were occasionally seen in the erythroid cells
(Fig. 5a). The freeze-fracture image of the membrane of these structures suggested
an inverted orientation relative to the plasma membrane (Fig. 5b). The plasma
membrane of the pathological erythroid cells showed no intramembrane particle
aggregation (Fig. 5b). Concentric lamellar structures were seen in several eryth-
roid cells (Fig. 6a), the membranes of these structures showed few intramembrane
particles (Fig. 6b). In some of the circulating erythroblasts, nuclear abnormalities,
penetration of inclusion bodies into the karyoplasm were seen (Fig. 7a). Freeze-
fracture images of these nuclei showed strong intramembrane particle aggregation
on both the inner (Fig. 7b) and the outer (Fig. 8) nuclear membrane.
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Fig. 1. (a) Electron micrograph of a thin section of an erythroid cell containing inclusion
bodies. Note the precipitation of haemoglobin surrounded by mitochondria and tubular
structure. X32 000
(b) Freeze-fracturing reveals a coarse granular substructure of the inclusion bodies. Around
the inclusions mitochondria, vesicles and tubular structures are seen, x 54 000
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Fig. 2. Freeze-fracture image of an inclusion body surrounded by small vesicles containing
a few intramembrane particles. Note the close relationship between the precipitated haemo-
globin molecules and the vesicles. X 80 000

Discussion

Since no freeze-fracture studies have been carried out on the red cells of
patients with in vivo occurring inclusion bodies, our aim was to make such in-
vestigations and compare the results to those obtained by thin section electron
microscopy.

While in thin sections the inclusions had a homogeneous appearance, the
freeze-fracture replicas showed clearly that the Heinz bodies have a granular
structure (Fig. Ib). A similar structure has already been described by Lessin et
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demarcated parts of the cytoplasm and myelin figures. X 50 000
(b) Freeze-fracture image shows mainly particle free vesicles and granulated cytoplasmic
remnants inside the vacuole. Note the attachment to the plasma membrane (arrow) and the
membrane of the vacuole containing many intramembrane particles. X 54 000
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Fig. 4. Freeze-fracture image of a Heinz body containing autophagic vacuole. The content of
the vacuole is expelled out of the cell. In contrast with the plasma membrane, the membrane
of the vacuole does not seem to contain intramembrane particles. X 82 500

al. [3, 4] in oc-thalassaemic red cells exposed to redox dyes, which caused in vitro
Heinz body formation in these cells. The coarse granular structure of the inclusion
bodies in the red cells of our patientrepresents denatured and precipitated haemo-
globin molecules forming Heinz bodies different in size.

In contrast with the Heinz bodies seen in a-thalassaemia [3, 4] and after
phenylhydrazine treatment of normal red cells [7], the inclusions in our case
showed no attachment to the plasma membrane. Instead, they tended to attach
to intracellular membranes of vesicular structures. In most cases these vesicles
contained few intramembrane particles (Fig. 2). According to Jacob [8], phenyl-
hydrazine-induced Heinz bodies are attached to the sulfhydryl groups of plasma
membrane proteins by disulfide linkage. Since in our case the intracellular vesicles
contained few intramembrane particles which probably represent membrane
proteins, some haemoglobin-lipid interaction may also be involved in the Heinz
body-vesicular membrane bonding, but this remains to be verified biochemically.

Large autophagic vacuoles containing inclusions, cytoplasmic debris and
iron laden mitochondria were frequently seen in thin sections (Fig. 3a). While
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Fig. 5. (a) Demarcation of cytoplasmic areas containing no inclusions and cell organelles.
X 60 000
(b) Freeze-fracture image suggests inverted orientation of the vacuolar membrane. No par-
ticle aggregation can be seen in the P face of the plasma membrane. X 60 000
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Fig. 6. (a) Electron micrograph of a concentric lamellar structure in a reticulocyte. X 50 000
(b) Freeze-fracture image of a lamellar structure. The membrane system is mainly particle
free, only few layers contain intramembrane particles. X 66 000

in freeze-fracture preparations the membrane of most vacuoles showed numerous
intramembrane particles (Fig. 3b), in some cases the vacuolar membrane seemed
to be completely free of particles (Fig. 4). Both these autophagic vacuoles and
those having intramembrane particles had fused with the plasma membrane
(Fig. 4). The release of proteases and other biologically active substances from
the autophagic vacuoles, and the presumably increased susceptibility of these
areas to mechanical injury may contribute to the haemolysis and rapid elimination
of Fleinz body containing cells [5, 9].

The limiting membrane of the demarcated areas containing neither inclu-
sions nor cytoplasmic organelles (Fig. 5a) contained numerous intramembrane
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P 3 ST R RS

inside their

two erythroblasts containing inclusion bodies
nuclei. X 30 500
(b) Freeze-fracture image of a damaged nucleus showing strong particle aggregation on the
outer face of the inner nuclear membrane (arrows). Note the small inclusions near the
nuclear envelope (arrowheads). X 54 000
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Fig. 8 Freeze-fracture image of the outer nuclear membrane of an erythroblast. Arrows indi-
cate the site where inclusions penetrate into the karyoplasm through the nuclear envelope.
Note aggregation of the intramembrane particles. X 54 000
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particles and showed an inverted orientation relative to the plasma membrane
(Fig. 5b). The role of these structures is not known, but they may contain abnor-
mal haemoglobin molecules not yet precipitated to form visible Heinz bodies.
The inverted orientation ofthese membranes suggests that they may be capable
of fusion with the plasma membrane. The plasma membrane of the abnormal
red cells showed no significant intramembrane particle aggregation (Fig. 5b).
This makes it unlikely that particle clustering should play a role in the elimi-
nation of red cells containing inclusion bodies.

The circular-lamellar structures (Fig. 6a) observed in several red cells were
composed of numerous layers containing few intramembrane particles (Fig. 6b).
The origin and function of these structures are not known, but we think that they
are composed mainly of lipids. In addition to the low number of particles, the
coexistence of such structures with a significant elevation of the red cell lipid
content [10] supports this hypothesis.

The characteristic nuclear abnormality observed in different haemoglobino-
pathies [1, 5, 10] was found in the patient’s circulating erythroblasts, too, i.e.
a penetration of inclusion bodies into the karyoplasm (Fig. 7a). Freeze-fracture
images showed very significant particle aggregation on both nuclear membranes
(Figs 7b and 8). The cause and significance of the aggregation are not known; it
might be connected with the disintegration of the nuclear envelope.
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Children suffering from leukaemia in Hungary are treated according to uniform
therapeutic protocols in the framework of a national multi-centre study. Their most
important clinical data are stored in the central registry and are analyzed by computer-
ized methods. Since January, 1971, 846 new patients were entered in the registry.
Initially treatment results were very poor but showed gradual improvement during
the past few years, somewhat parallel to more intensive chemotherapy. The latest
treatment protocol includes medium-dose MTX and the combination of ARA-C
and VM-26. Preliminary data are encouraging.

*

Among the more impressive advances of medicine during the past decade
the treatment of childhood leukaemia takes an important place. The introduction
of multi-agent chemotherapy led to a vast improvement in the rate of initial
remissions and maintenance chemotherapy helped to prolong these remissions.
At the beginning the main obstacle to long-term disease-free survival was the
frequent occurrence of meningeal relapse. Cranial irradiation as introduced by
Pinkel and coworkers [6] at St. Jude Children’s Research Hospital resulted in
a dramatic improvement and the incidence of meningeal relapse dropped to less
than 10%. With this approach some 40-50% of the ALL patients in the best
paediatric-oncological centres had a chance to recover. With improved prognosis
a late complication was brought to the lime-light: testicular relapse occurred
in 5-15% of the boys with ALL [2,3]. This often happened during the year fol-
lowing cessation of therapy.

Moe and coworkers [4] prompted by preceding ALGB studies have intro-
duced MDMtx (500 mg/m32 in the treatment of ALL. In their series the incidence
of testicular relapse was nil and meningeal leukaemia seemed less frequent.

* Principal investigators for the Working Party: P. Cholnoky, S. Eckhardt, S. R.
Hollan, L. Istvan, P. Kajtar, P. Kassai, P. Kemény, R. Koos, |. Kovacs, G. Nyerges, A.
Petroczky, 1. Rényi, L. Velkey, I. Virag, I. Zimonyi.

Abbreviations: VCR: vincristine, DR: daunorubicine, Pred: prednisolone, Asp:
asparaginase, CP: cyclophosphamide, 6-MP: 6-mercaptopurine, MTX: methotrexate,
MDMtx: medium-dose methotrexate, ARA-C: cytosine arabinoside, VM-26: podophylo-
toxin, NHL: non-Hodgkin lymphoma, ALL: acute lymphoblastic leukaemia, CNS:
central nervous system, CCR: cumulative complete remission.
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A dogma fairly widely held in paediatric oncology was that ‘more treatment
does not necessarily mean more cures’. Riehm et al. [8] in the BFM Group have
demonstrated in the past few years that this dogma too has to be dropped. With
their highly intensive combination of cytostatic agents they achieved very en-
couraging results in ALL.

The poor treatment results in Hungary in the early 70-s prompted paedi-
atricians to form a Working Party and start a national program for the treat-
ment of childhood leukaemia. In this paper we report some of the problems and
therapeutic results and present preliminary data obtained with the use of new
protocols.

Patients and Methods
Patients

All children diagnosed to have leukaemia in Hungary are transferred to
one of the ten centres actively participating in the national Working Party on
Childhood Leukaemia. Bone marrow smears are then sent to the National Institute
of Paediatrics where two haematologists review the slides and evaluate the cyto-
chemical reactions. Children up to the age of 16 years are treated in the above
centres, older patients are referred to internal medicine departments.

Treatment protocols

At the time of its establishment in 1971 the Leukaemia Working Party
introduced a very simple induction scheme, followed by maintenance therapy.
As from 1973, cranial irradiation and i.thec.MTX was introduced for the pre-
vention of meningeal relapse. During 1975-76 we investigated the role of cyclic
treatment pulses in the eventual outcome of ALL. This approach was based
on the positive results obtained with the LSA2A 2 protocol in NHL [13]. The
preliminary results failed, however, to show any improvement and a new
protocol was started in 1978 and run for 2 years (Fig. 1). Induction was achieved
with ‘standard’ VCR-Pred-DR therapy, followed by cranial irradiation plus
i.thec.MTX. Patients were allocated to 2 prognostic groups on the basis of the
criteria given in Table 1 High-risk patients were given intensification using

Table 1
Criteria for ‘high-risk’ prognosis in ALL (1975-80)

Initial WBC count over 50 G/I
. Presence of mediastinal mass
. Initial’meningeal involvement
. Age: under 1year

over 12 years
5. T-cell character of blast cells
6. Failure to remit after 4 weeks

A WN

Patients were considered ‘high-risk’ if any one of the above criteria was found.
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Fig. 1 ALL treatment protocol 1978

Ara-C and Asp. for 2 weeks. In order to investigate the role of regular re-induc-
tion pulses, patients entering remission were randomized by a card-envelope
system to 2 forms of maintenance therapy: one with pulses, the other with a
3-drug (6-MP, MTX and CP) continuous maintenance therapy.

Since the results were still unsatisfactory, the Working Party decided to
intensify therapy for ALL patients in 1980. The new protocol (Fig. 2) included
some of the elements introduced by the BFM group in Germany, including a
longer course of Asp injections daily. Because relevant literary data indicated an
equal effectiveness, the cranial irradiation dose was lowered to 18 Gy (1800 rads).
High-risk patients received a 4-week intensification with Ara-C and 6-MP.

In a pilot study half of the boys were given medium-dose MTX 3 times
at 2 weekly intervals with leukovorin rescue, in order to study if extra-medullary
relapses can be prevented through this approach at a permissible degree of toxicity.

The latest, 1981 protocol (Fig. 3) is based on our previous treatment sche-
dules but incorporates the use of MDMtx and cranial irradiation. On the basis
of favourable observations in relapsed patients, the combination of Ara-C and
VM-26 as suggested by Rivera et al. [10] was introduced for high-risk patients
as an intensification phase of therapy. Maintenance remained the ‘classical’
6-MP and MTX combination with bi-monthly VCR-Pred pulses.

Collection and analysis of data

Important clinical data at diagnosis are collected from all the patients and
stored on magnetic discs. At the end of each year these data are up-dated, the
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Fig. 3. ALL treatment protocol 1981

length of remissions, relapses and complications etc., are registered. Since 1971,
846 new patients were registered in the country and their data were recorded
in a computer.

Analyses were carried out using the Biomedical Data Programs of the UCLA
and the logrank test [1, 5]. Through the former group of programs the chosen
variables can be computed in the form of histograms and their distribution
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investigated in various sub-groups of patients. The logrank survival program,
kindly made available by Dr. P. G. Smith of the Oxford Cancer Unit, is used
for survival analysis in the chosen group of patients.

Results

During the first two years of its existence the Working Party on Childhood
Leukaemia established uniform diagnostic criteria and treatment models for all
the participating centres. At that time not more than 70 % of the children with
ALL achieved remission and only 18 % of the patients remained well and disease-
free 8-10 years after diagnosis.

Later protocols led to higher remission rates and longer survival, resulting
in approximately 35% of the patients achieving 5 years survival. Right from the
beginning one of the most important variables affecting survival was the place
of treatment: some small centres with few patients, a lesser degree of expertise
and sometimes poorer facilities showed significantly inferior results than others.

The 1978 ALL protocol introduced a phase of intensification for the high-
risk patients. Despite this fact, however, only 75% of these patients entered
remission as comparedto 91.5 % of the standard-risk patients. Of the 55 leukaemic
children diagnosed in 1978, 2 were lost during induction due to therapeutic side

Fig. 4. Cumulative complete remission in ALL
78 S: Standard risk patients (n = 35) .. ,
78 H: High risk patients (n = 20)) diagnosed in 1978-
80 S: Standard risk patients (n = 26)
80 H: High risk patients (n = 29)) dlaSnosed ww 198°-
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effects. The life table estimate of the probability of CCR in the first 18 months
following diagnosis is shown in Fig. 4, as compared to the values of patients
diagnosed and treated in 1980. So far, no difference exists between the ‘pulse’
and ‘continuous’ maintenance group of the 1978 patients (not shown in Fig. 4).

Fifty-five patients were entered on the 1980 protocol. Of these, 29 were con-
sidered high-risk and 26 standard-risk patients. Remission rates were 79 and
95%, respectively. The life table estimate of CCR in the past 18 months shows
improvement as compared to the values of patients diagnosed in 1978, but at
present the difference is not significant statistically. There were 2 patients in
this group too, who died during induction therapy due to therapeutic compli-
cations (acute pancreatitis, renal failure).

Discussion

The introduction of multi-agent chemotherapy and prophylactic CNS
irradiation led to a considerable improvement in the disease-free survival of
leukaemic children. More and more patients achieve remission and remain well
over 5 years thus aspiring for a complete cure of the disease [11].

The recognition of risk factors led to the stratification of patients into
prognostic groups all over the world. Up to the present time, however, no gener-
ally acceptable prognostic classification exists. Perhaps the most important initial
predictive factors are initial blast cell count and hepato-splenomegaly [9]. Strati-
fication and differential treatment of our patients failed to abolish the difference
between the results of high-risk and standard risk patients and remains an un-
solved problem [7].

Despite uniform diagnostic criteria and treatment protocols some centres
in a national study yield superior results to others. This fact should also be kept
in mind when comparing therapeutic results from a large oncological centre
to those of a multi-centre trial. Eventually these differences should disappear
as the level of expertise improves in all the centres involved in a national program.

The duration of remission should also increase with the use of more inten-
sive chemotherapy. This is partly the message from the results obtained by Riehm
and his coworkers in the BFM group. In our last two protocols induction therapy
is supplemented by a 3-week continuous Asp course and CP is given in a medium
dose during CNS irradiation. Toxicity seems less of a problem than anticipated;
2 patients were lost during induction due to toxic complications.

Preliminary analysis of the life table estimates for the 1978 and 1980 ALL
patients shows an improvement in the ratio of disease-free survival in the patients
of the latter group (Fig. 4). Although the difference at present is not significant
statistically, clearly both the standard- and high-risk patients fare better with the
more intensive treatment protocol.

In a pilot study accompanying the 1980 protocol, 11 boys were given MD-
Mtx following remission induction. No clinical or laboratory evidence of neuro-
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toxicity was recorded, despite the fact that the drug was given after the course
of cranial irradiation. Still, partly because of warning observations made at
St. Jude Children’s Hospital [12], partly because of the low number of patients
eligible for the study, this project was stopped and a new approach to MDMtx
therapy was sought.

The 1981 ALL protocol includes 2 doses of MDMtx prior to cranial ir-
radiation and with 2 leukovorin rescues. This approach seems quite novel and
it is hoped that this form of consolidation will both help to lengthen haemato-
logical remissions and lower the incidence of extra-medullary relapses. Data will
be analyzed sequentially in comparison to those of the 1980 patients. A close
survey of neurological signs is being conducted along with chemotherapy and
irradiation in order to monitor early signs of CNS toxicity.

Since the report of Rivera et al. [10] on the combination of Ara-C and
VM-26, these drugs have successfully been used in relapse patients. The impres-
sive effect has prompted us to incorporate this drug combination in the con-
solidation phase of the initial therapy for high-risk patients. Since the beginning
of this year about 20 children were given this mode of treatment and it is well
tolerated even after a full induction and prophylactic CNS therapy. Whether the
addition of MDMtx and VM-26-Ara-C combination will basically alter the life
expectancy of high-risk patients, remains to be established. The tolerable rate
of initial complications and the previously inferior results seem to justify this
approach. We are aware that more intensive chemotherapy can only be accom-
plished with more intensive substitution haemotherapy and closer observation
of patients. In a national, multi-centre study this needs the closest collaboration
of all participating centres and professions, and constant discussion of possible
complications.
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The agarose microdroplet leukocyte migration inhibition assay has been
applied to the management of patients with lung cancer.

Sera of patients with various stages of the disease were assayed in the indirect
LMI system for their influence on the LIF production of normal leukocytes. A probably
cell-mediated immunity blocking activity could be detected both in the serum of pa-
tients with inoperable tumours and in that of operable patients before and two weeks
after surgery. The activity, however, disappeared in two thirds of the cases in about
6 months after surgery.

The immune competence of patients with inoperable tumours was investigated
before and during combined chemotherapy. A positive correlation was established
between the tuberculin skin reactions and the leukocyte migration inhibition obtained
in the direct LMI assay against PPD, but only in the presence of autologous serum.
Sera of patients were also tested for putative in vivo LIF activity by their effect on the
migration of autologous leukocytes. A significant correlation between anergy to PHA,
as evaluated by skin testing, and the migration inhibition caused by sera was found.
When, however, sera from healthy persons and from patients with chronic bronchitis
or lung cancer were compared for their effect on the migration of normal leukocytes,
no difference could be detected among the three groups. Single doses of the drugs tem-
porarily weakened the skin reactions to PHA and the migration inhibition to PPD in
autologous serum, but activity was restored when the drug influence had ceased.

Introduction

The central question for a tumour immunologist is, whether, from an
immunological standpoint, a cancer patient is detectably different from a normal
individual. One field where differences may exist is the general immune status
of the patient, as tumour growth can produce a secondary immunosuppression.
Anomalies of immune competence and reactivity can have diagnostic implications
and can serve as a prognostic guide [1-3]. In a given patient the spectrum of
immunologic abnormalities varies greatly. As a consequence, by employing
a variety of laboratory techniques, the immunological profile of the patient may
be established. Immunological procedures are thus potentially important tools
in the diagnosis and the management of cancer.

Any test which is thought to be applicable to human cancer has to be evalu-
ated in a carefully designed study on a number of patients with known disease.

Haematologia 15, 1982



112 A. M. Abai, B. Fekete: Immunological monitoring in lung cancer

Leukocyte migration inhibition (LMI) by antigens is considered to be an
in vitro correlate of cell-mediated immunity (CMI) [4-6]. The LMI assay is
also widely used to measure specific anti-tumour immune reactions to tumour
antigens [7-10]. We utilized the technique, however, as a tool for investigating
general immune competence.

The aim of this study was to evaluate the usefulness of the highly sensitive,
simple and very economical agarose microdroplet LMI assay of McCoy et al. [11]
in the in vitro monitoring of our patients with lung cancer before, during and
after therapy.

Patients and Methods

Serum testing for CM1 blocking activity

Leukocytes. The donors were healthy O Rh+ individuals with positive skin
tests to tuberculin. Blood was taken by venipuncture in the presence of 3.3%
sodium citrate. Mononuclear cells for LIF production and polymorphonuclear
leukocytes (PMN) as indicator cells in the indirect LMI test were prepared accord-
ing to Béyum [12].

Medium. In all the experiments in vitro, cells were washed and cultured
in Tissue Culture Minimal Medium Eagle (DIFCO, USA) completed with glut-
amine, sodium bicarbonate, 100 U/ml penicillin, 100 /rg/ml streptomycin and
occasionally with serum.

Serum samples. The sera of 21 blood bank donors or laboratory personnel,
as normal controls, 4 patients with chronic bronchitis, 12 patients with inoperable
and 25 with operable lung cancer were compared. The patients had not been
given steroids or cytostatics for at least blood sampling. Sera from 20 patients
subjected to surgery were obtained on the day of the operation and at two weeks
and about six months later. Serum samples were stored in 500 g\ aliquots at
—20 °C. They were used without heat-inactivation.

Lymphocyte culturing for LIF production. 1x 10" mononuclear cells per
serum sample were incubated in 1.5 ml of medium, containing 500 /1 of the serum
tested, at 37 °C for one hour, washed once, resuspended in 1.5 ml of serumfree
medium and divided again into two portions. Half of the samples were completed
with 15 /ig/ml of PPD (freeze dried, neutralized, purified protein derivate of
human tuberculin, Ministry of Agriculture, Fisheries and Food, England), the
others served as controls. After 24 hours incubation at 37 °C, the controls were
reconstituted with the same amount of the antigen and the cell-free supernatants
tested for LIF activity on PMN cells in the indirect agarose microdroplet LMI
assay.
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Direct investigations of the patients’ immune competence

Patients. 20 patients with primary or secondary lung cancer (Stage I11) were
tested for skin reactions, in vivo circulating LIF activity in their sera, and in leuko-
cyte migration inhibition to PPD in vitro. Twelve of the patients were retested
once, seven twice, five three times and one patient 10 times, both at 72 hours
and 14-20 days following sequential combined chemotherapy (cyclophosphamide,
adriamycin, vinblastine, prednisolone).

Serum samples. Altogether 31 healthy individuals (laboratory personnel and
blood bank donors), 22 patients with chronic bronchitis and 27 patients with
disseminated lung cancer served as donors. Human sera as well as fetal bovine
serum (FBS) (SERVA, FRG) were used after heat-inactivation.

Direct and indirect agarose microdroplet LM | assay. In the direct investiga-
tion of LIF production in vitro, the patients’ buffy coat leukocytes, sedimented
at 1g in the presence of 3.3% sodium citrate and 1% dextran, were divided
into four parts, resuspended in medium containing either 5% autologous serum,
5% autologous serum plus 20 pg/ml PPD, 5% FBS, or 5% FBS plus 20 pg/ml
PPD, respectively. Following incubation at 37 °C for one hour, the cells were
centrifuged and adjusted with 0.2% agarose solution in medium to give suspen-
sions of about 2-4x10' cells/100 pl. 1 pi droplets of these were placed into
wells of migrations plates (Sterilin, England), three or four into each. The wells
were filled with medium containing the respective serum and hermetically sealed
with coverslips. At least three replicate wells, i.e. nine droplets, were prepared.
After incubation at 37 °C for 20 hours the migration areas were projected, drawn
on paper, cut out and weighed. A migration index (MI) was calculated from the
mean weight of the test patterns divided by the mean weight of the control pat-
terns.

For the indirect detection of serum LIF in vitro or in vivo, normal PMN
cells as indicators were handled as above and the wells were filled with either
the supernatants or the medium containing the sera tested. In one experiment
the leukocytes were preincubated with the serum samples at 37 °C for one hour,
washed once and cultured in medium only.

Skin testing. Patients were tested for delayed type hypersensitivity to PPD
with intracutaneous injection of 5 U of tuberculin (Human, Hungary) before
and 14-20 days after treatment. Two perpendicular diameters of indurations
were measured at 72 hours and the area was calculated. The cutaneous reactivity
to PHA was studied after an intradermal injection of 2 pg of Leucoagglutinin
(Pharmacia, Sweden) before as well as 48 hours and 14-20 days after chemo-
therapy. The 24 hour reaction was estimated as above.
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Results

Serum testing for CM1 blocking activity

The migration indices obtained in the indirect LMI assay with the super-
natants from lymphocytes preincubated with different sera and cultured with
PPD are shown in Figure 1 A decreased migration inhibition (increased migra-

Fig. 1 Effect of preincubation with different sera on the LIF production of normal lymphocytes

to PPD. Serum samples of surgically treated patients were collected before (1), two weeks af-

ter (2) and six months after (3) the operation. Each point represents an individual MI, while

mean values with standard deviation for the groups are indicated. Student’s t test was used
to evaluate the differences

tion indices) characteristic of cancer patients was observed, while the chronic
bronchitis group did not differ from the normal controls. Patients treated by
surgery could further be divided into two subgroups (Fig. la). In'13 cases migra-
tion inhibition approached the normal level at six months after the operation
while in the 7 other cases it remained depressed.

Direct studies of immune competence

Twenty patients with inoperable tumour were examined for their immune
status by estimating five parameters using two tests (Fig. 2) and comparing the
results in five various combinations (Figs 2a-e). Significant correlations were
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Fig. la. LIF production of normal lymphocytes to PPD following preincubation with sera

of surgically treated lung cancer patients. Patients are divided into two subgroups: in 13 cases

a) migration inhibition approached the normal level by the time when the third serum sam-
ples were collected, while in the other 7 cases b) it remained depressed

found between the migration inhibition results obtained against PPD in the
presence of autologous serum and the intensity of the Mantoux reaction, as well
as between the migration indices expressing the relative effect of human sera on
migration to FBS and the skin reactions to PHA.

As an additional study to the putative in vivo serum LIF investigations,
a comparison among normal controls, cancer patients and patients with chronic
bronchitis was made using normal allogeneic PMN leukocytes as indicators.
No significant difference among the three groups could be detected at two of
the serum concentrations tested (Fig. 3, B and C), while in the other two cases
(A and D) pathological sera enhanced cell migration.

Twelve of the above patients, given chemotherapy, were monitored for
changes in their immunoreactivity during the treatment. Figures 4 and 5 show
the sequential results obtained with skin testing and LM assay. The reactions
measured under drug effect were significantly weaker, except for the migration
inhibition in the presence of FBS where the primary results had been negative
but reactivity practically returned to the initial level within two to three weeks.
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Fig. 2. Migration inhibition and skin reactions of 20 lung cancer patients with inoperable

tumour. The points represent the individual results. Mean values with standard deviation are

shown. An MI of less than 0.90 was considered to reflect positive LIF activity. Skin reactions
were considered positive when the induration exceeded 25 mm2
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Fig. 2a. Migration inhibition to PPD in the presence of autologous serum, and tuberculin
skin reactivity. Linear regression analysis'yielded a correlation coefficient: r = —0.77
(p < 0.001) and a regression line: y = 0.99 — 0.00074x

Fig. 2b. Migration inhibition to PPD in the presence of FBS, and tuberculin skin reactivity.
No significant correlation was found between the two parameters
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Fig. 2c. Serum migration inhibition activity in vivo and tuberculin skin reactivity. No correla-
tion was found between the two parameters

Fig. 2d. Serum migration inhibition activity in vivo and skin reactivity to PHA. Linear regres-
sion analysis yielded a correlation coefficient: r = 0.75 (p < 0.001) and a regression line:
y = 0.95 + O.00HX
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Fig. 2e. Serum migration inhibition activity in vivo and migration inhibition to PPD in vitro
in the presence of autologous serum. No correlation was found between the two parameters

Fig. 3. Effect of different human sera on the migration of normal PMN leukocytes. 1: normal
controls; 2: patients with chronic bronchitis; 3: lung cancer patients; A: following preincu-
bation with the sera at a concentration of 50%, B: 10%, C: 20%,'D: 50% serum in the mi-
gration medium. Each point represents an individual result, while the mean values with standard
deviation for the groups are shown. Student’s t test was used to evaluate the differences
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Fig. 4. Migration inhibition to PPD and skin reaction to tuberculin and PHA of patients
given sequential combined chemotherapy. 1: before first treatment, 2: 48-72 hours after
first treatment, 3: 14-20 days after first treatment, 4: 48-72 hours after second treatment.
Each point represents an individual result, while mean values with standard deviation as well
as percentile changes are indicated. Student’s t test was used to evaluate the differences

Fig. 5. Immunological follow up of patient N. M., under sequential chemotherapy,
until his death
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Discussion

A possible explanation of immunodépression often occurring in patients
with a wide variety of tumours is the presence of a factor or factors in the plasma
that blocks the immune responses. In almost every in vitro test measuring specific
and non-specific functions of lymphocytes, the serum of cancer patients will
often block the effect measured in the presence of control human serum or FBS.
The blocking activity has been observed in mixed lymphocyte culture [13], the
antibody-dependent and other cell-mediated cytotoxicity reactions [14, 15], the
leukocyte adherence inhibition assay [16, 17], in lymphocyte blastogenesis [18-
20] and also in the LMI technique [21-24].

Using the LMI assay, we found a CMI blocking activity in the serum of
operable and inoperable lung cancer patients, but only in the indirect migration
inhibition system. In a pilot experiment, the direct test, where LIF producing
lymphocytes and indicator PMN cells are cocultured with the antigen, failed to
detect any difference in the effect of the sera tested. The factor does not appear
to be specific for CMI against tumour antigens as it inhibited the response of
normal lymphocytes to PPD. Moreover, a longitudinal study of surgically treated
patients suggests that in the majority of the cases the factor disappears or dimin-
ishes by about six months after surgery. For the time being, a prognostic value
of monitoring the CMI blocking activity in serum could not be established, as
all the patients tested were in a good condition and none of them showed méta-
stasés at the time when the third blood samples were taken.

As already mentioned, assessment of the patients’ immune status is a useful
and important immunological approach to cancer. In vivo testing with recall anti-
gens, dinitrochlorbenzol or PHA is well established and the most frequently
used evaluation of immune competence [1-3, 25-28].

We have compared our results obtained with the direct LMI assay with
those from the simultaneous skin reaction measurements to evaluate the in vitro
test. Unfortunately, we could not study the migration inhibition response to PHA
as in a pilot experiment the mitogen had been found to inhibit cell migration
directly. One interesting observation was that migration inhibition to PPD is
better expressed in the presence of autologous serum than in FBS. Moreover,
a significant correlation has been found between migration indices to PPD and
the skin reaction to tuberculin, but only when autologous serum was present
in the migration medium. This finding might serve to explain the lack of a cor-
relation between Mantoux reaction and migration inhibition to PPD, reported
in several papers [29-31).

There seems to be a contradiction between the need for autologous serum
for an in vitro response to PPD and the blocking effect of cancer sera on the LIF
production of normal lymphocytes. The migration inhibition reaction to PPD,
and perhaps to other antigens seems to be more marked and a better approach
when measured in the presence of autologous serum rather than in any other
or no serum. This needs to be checked in healthy individuals with several anti-
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gens. In our direct LMI investigations, serum and antigen were present together
in the system and the blocking factor almost certainly diminished the reactivity,
competing probably with PPD for the lymphocytes. So far we have not made
a similar study on a normal population for comparison. The reason why the CMI
blocking effect seems to be more obvious in the indirect LMI system may be that
during preincubation with serum the factor binds strongly to the cells, preventing
the PPD to react with them.

It has been reported that MIF, LIF or substances with lymphokine-like
activity can be found in the sera of patients with certain diseases associated with
anergy [32, 33]. Others have demonstrated in vivo migration inhibition activity
in patients with various tumours including bronchial carcinoma [24, 34-36],
moreover in correlation with delayed type hypersensitivity reactions and a good
prognosis [37, 38].

In our lung cancer patients only 35% of the sera were found to inhibit
the migration of autologous cells in comparison to FBS. This serum migration
inhibitory effect showed a negative correlation with the results of the PHA skin
test but not with the Mantoux reaction or the in vitro migration inhibition to
PPD, indicating that it may be associated more with anergy than with reactivity.
A direct comparison of the sera of normal individuals, patients with chronic
bronchitis and patients with lung cancer has proved that the agarose microdroplet
LMI assay is as sensitive as it can discriminate individual sera, either by their
presence or following a preincubation. It has not, however, been confirmed that
in vivo LIF, characteristic of cancer, existed in the blood circulation.

Some studies of patients receiving cytotoxic drugs indicate that depression
of cell mediated immunity occurs during therapy. Reactivity seems to return
to or exceed pre-operative levels within a few days after the cessation of therapy
[39].

Our results concerning patients on combined chemotherapy indicate that
both the direct LMI assay and PHA skin testing are able to detect changes in
immune reactivity. Nevertheless, alterations are more marked with the skin test.
The importance of autologous serum in the in vitro test has to be emphasized.
The drugs seem to act mainly on lymphocytes as no decreased migration of the
antigen-free control samples was seen. We cannot decide whether or not a com-
bined chemotherapy fundamentally altered the immune status after prolonged
application. No significant difference was found between the results obtained
before and 14-20 days after the beginning of drug administration, or between
those obtained within 72 hours after the first and second dose. Only one patient
was monitored for a longer period in which he was given treatment five times
until his death. In his case the Mantoux reaction appeared accurately to follow
his condition while the temporary improvement of the PHA skin reaction was
deceptive. Changes in the migration inhibition results were the least marked.

The indirect agarose microdroplet LMI assay has proved suitable to detect
and monitor a probably cell-mediated immunity blocking factor in the serum
of lung cancer patients. The direct technique has been found to register altera-
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tions in cell-mediated immunity. As a general consequence, we think that any
in vitro investigation on cell-mediated immunity which does not take account
of the role of serum or serum factors, is certainly incomplete and probably in-
adequate.
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In ABO incompatible infants, a strong association between Coombs test posi-
tivity and hyperbilirubinaemia in the first few days of life has been recorded in all
samples studied. A remarkable variability between ethnic groups and between different
series of infants from the same group has been also observed.

A discriminant analysis carried out on several maternal and neonatal variables
in two samples of ABO incompatible infants has shown that the Coombs test is the
most important predictor of jaundice. Gestational age and birth weight in white and
birth weight in black infants gave also important and independent contributions as
discriminating variables.

Among ABO incompatible black infants the incidence of hyperbilirubinaemia
was higher than among ABO incompatible white infants. Discriminant analysis suggests
that genetic and environmental factors which predispose to jaundice the ABO incom-
patible black infants may act mainly through immunological and developmental
mechanisms accounted for by Coombs test, gestational length and birth weight.

ABO feto-maternal incompatibility shows a high prevalence both in Cauca-
sian and Negro populations. Although severe ABO haemolytic disease is rare,
milder forms are relatively frequent; in these cases jaundice may not be detected
soon after birth and early discharge of the newborn may have serious
consequences. All recent contributions have stressed the great practical importance
of a possible early identification of newborns at risk of hyperbilirubinaemia

1-3].

(3] In this paper we wish to review these recent studies and our observations
in relation to two aspects of the problem: (i) the predictive value of direct Coombs
test positivity, and (ii) the racial difference in frequency of manifestations.

Analyses. Three hundred and six white newborn infants of European descent
and 76 black infants from the population of New Haven, Connecticut, were
considered. All infants were incompatible with their mother in the ABO system
and compatible in the Rh (D) system. Previous studies of the relations between
haemolytic disease (Coombs test positivity and/or clinical jaundice) and the
phenotype of placental alkaline phosphatase and between clinical jaundice and

* This work was supported by the Italian National Research Council.

Haematologia 15, 1982



128 E. Carapella et al. : Hyperbilirubinaemia of ABO incompatible infants

Coombs test positivity, have already been reported [4, 5]. Sampling and labora-
tory methods have been described in one of these papers [4]. In the present study
the relations between serum bilirubin level and a number of variables (birth
weight, gestational age, maternal age, number of previous spontaneous abortions,
gestational order, sex, mother and infant ABO blood group) not included in pre-
vious studies, were analyzed. Infants were subdivided in two categories according
to the maximum serum bilirubin level (< 10 mg/dl or > 10 mg/dl) recorded
during the first five days of life. Discriminant analysis was carried out according
to Klecka [6].

The predictive value of the direct Coombs test

It has been known for some time that direct Coombs positivity is frequent
in ABO incompatible newborns. In 1973, our group reported that the incidence
of neonatal jaundice in these infants is positively correlated with direct Coombs
test positivity in cord blood [5]. All subsequent studies have confirmed this
observation [1-3]. Nevertheless, while Kirkman [1] considers the Coombs test
of considerable importance in the routine care of ABO incompatible newborn
infants, Risemberg et al. [2] do not regard it reliable for predicting the severity
of hyperbilirubinaemia and give preference to the cord blood bilirubin level as
a predictor of severe hyperbilirubinaemia in the first days of life. More recently,
however, Haque [3] was unable to confirm the association between these two
variables and concluded that the cord blood bilirubin level is unreliable for pre-
dicting hyperbilirubinaemia due to ABO incompatibility.

Table 1 shows the incidence of Coombs test positivity in ABO incompatible
infants in these three studies and in our series. A strong association between
Coombs test positivity and hyperbilirubinaemia was present in all samples.
A remarkable variability between ethnic groups and among infants from the
same group was also evident.

Tables 2 and 3 show the distribution of gestational age and birth weight
and a discriminant analysis performed on Coombs test positivity, gestational age
and birth weight in newborn infants. In both white and black infants the most

Table 1

Per cent incidence of Coombs test positivity in ABO incompatible infants

. Authors ‘Klrkman [1] R;feaTb[ezag Haque [3]
Whites Blacks Whites Blacks (*)
Serum bilirubin in the first
days of life
<10 mg/dl 23.6 304 20.9 35.0 15.9 0.0
> 10 mg/dl 56.3 57.9 39.5 79.4 75.0 39.5

* Ethnic group not indicated.
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Table 2

Distribution of gestational age (weeks) and birth weight (grams) in relation to serum bilirubin
level (Data of Authors)

Whites Blacks
All ABO Serum bilirubin All ABO Serum bilirubin
incompat- incompat-

ible <10 mg/dl  >10 mg/dl ible < 10 mg/dl  >10 mg/dl
Gestational age  mean 39.5 39.7 38.2 38.8 38.9 384
S. D. 19 15 34 21 19 2.6

Birth weight mean 3280 3319 2978 3002 3034 2847

S. D 543 494 766 490 475 543

Table 3

Stepwise discriminant analysis by Wilks’ method on Coombs test, gestational age and birth

weight in white and black infants separately. Rao’s V is a generalized distance measure.

Groups: (A) infants with serum bilirubin <10 mg/dl; (B) infants with serum bilirubin
> 10 mg/dl (Data of Authors)

Whites | [ Blacks
2 Change Signif. 2 Change j Signif.
< Variable entered Raos VvV in of & Variable entered Rao’s V in of
& Rao’sV change & Rao’s Vf change
I Coombs 2461 2461 <0.001 1 i Coombs 6.79 6.79 <0.01
2 Gestat. age 40.07 1546 <0.001 2 Birth weight 1212 533 0.02
3 Birth weight 43.59 3.52 0.060 3 Gestat. age 1245 033 0.57

Standardized discriminant functions coefficients

Coombs test 0.7374 0.8676
Gestational age —0.4220 -0.1816
Birth weight —0.3090 -0.5372
Canonical correlation 0.353 0.375
Wilks' lambda 0.8753 0.8593
X- 40.555 11.301
D. F. 3 3
Significance <0.001 0.010

important discriminating variable was the Coombs test. This was followed by
gestational age and birth weight in whites and by birth weight in the blacks.
All other variables included in the analysis failed to give any significant inde-
pendent contribution to the separation between infants with a serum bilirubin
level higher than 10 mg/dl and those with serum bilirubin levels lower than
10 mg/dl.
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Although the discrimination on point of 10 mg/dl may be questionable,
we think that as an approach to the problem at the population level, the sub-
division is justified on the basis of the general indications for phototherapy.

The importance of other signs such as reticulocytosis, increased number
of nucleated red cells and microspherocytosis is well known in the clinical diagno-
sis of neonatal haemolytic disease due to ABO incompatibility. The main emphasis
has, however, been laid on the aim to identify as early as possible ABO incom-
patible infants carrying a high risk of hyperbilirubinaemia. Such identification
should be based on simple methods suitable as a screening procedure.

From this point of view, the analysis of the reported data indicate that the
best predictor of hyperbilirubinaemia in ABO feto-maternal incompatibility is
the Coombs test. Technical improvement coupled with a better standardization
among different laboratories might sensibly improve its predictive value.

It is also well known that low birth weight and decreased gestational age
predispose newborn infants to high bilirubin levels. Inclusion of these variables
into a discriminant function could increase the predictive value of the Coombs
test in order to distinguish at birth the infants which have a low risk of hyper-
bilirubinaemia and may be discharged early. In fact, as shown by the change in
Rao’s V (Table 3), in white infants, the independent contribution of gestational
age to discrimination is comparable to that of the Coombs test (15.5 vs. 24.6);
the contribution of birth weight is comparable to that of the Coombs test in
black infants (5.3 vs. 6.8) and appreciable also in whites (3.5 vs. 24.6).

Racial differences in the frequency of hyperbilirubinaemia

We have previously reported that in ABO incompatible black infants
some signs of haemolytic disease such as Coombs test positivity and clinical
jaundice are more frequent than in Caucasian infants [4, 5]. Subsequent studies
have confirmed these observations [1, 7]. An association between these signs
and the phenotype of both ABO and placental alkaline phosphatase polymor-
phism was observed ;the differences in the pattern of genetic factors between these
two ethnic groups might in part be responsible for the higher incidence of haemo-
Iytic disease among black infants [4, 8]. Recent studies have shown that anti-A
and anti-B haemolysin and agglutinin titres are higher in black than in white
patients. White persons have lower anti-B than anti-A, whereas in the black
population anti-B levels are similar to anti-A values [9]. These studies also in-
dicate that genetic factors contribute significantly to the variation in isoantibody
levels. Environmental factors, as for example helminthic infection of the mother,
might also explain the difference in the incidence of ABO haemolytic disease
between ethnic groups [10].

Table 4 shows the incidence of a high serum bilirubin level during the first
few days of life in ABO compatible and ABO incompatible infants studied by us
and others. Among ABO compatible infants the incidence of hyperbilirubinaemia
was higher in whites than in black patients; among AB :incompatible infants
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the pattern was reversed. Therefore, while in ABO incompatible white infants
there was only a slight increase in the incidence of hyperbilirubinaemia as com-
pared to compatible infants, in black infants this increase was significant.

Table 4

Per cent of a significant serum bilirubin level during the first few days of life in ABO compatible
and ABO incompatible infants

ABO compatible ABO incompatible
* Friedman ** Kirkman ** Kirkman ** Authors
etal. [HI | in
Whites 133 125 194 118
Blacks 7.0 44 195 171

*Serum bilirubin > 12 mg/dl.
** Serum bilirubin > 10 mg/dI.

Racial differences in bilirubin excretion are well known and standards
defining physiologic jaundice in Caucasian populations may not be applicable
to other races. A lower incidence of hyperbilirubinaemia in ABO compatible
black infants as compared to white infants was recorded in two large and
independent series reviewed in the present paper and the phenomenon deserves
further investigations.

Table 5 shows a discriminant analysis on Coombs test, gestational age,
birth weight and race. It appears that “race” contributes nothing as an inde-
pendent variable to the prediction of hyperbilirubinaemia in ABO incompatible
infants. Figure 1 shows the differences between white and black infants. The
general configuration is unipolar, suggesting an underlying unidimensional con-
tinuum. Whites without hyperbilirubinaemia (W) are clearly separated from all
other groups. Black and white infants with a serum bilirubin level of 10 mg/dl
or higher show practically the same position. Black infants without hyperbili-
rubinaemia occupy an intermediate position between W and C infants (WJ and
BJ) with hyperbilirubinaemia.

Gestational age and birth weight are somewhat similar in white infants with
hyperbilirubinaemia and in both classes of black infants (see Table 2). On the
contrary, the values observed in whites without hyperbilirubinaemia are very
different from the values observed in the other classes of infants.

The data clearly show that black infants have a higher incidence of
Coombs test positivity, a lower mean gestational age and a lower mean birth
weight as compared to white infants. It is likely that all these factors contribute
to make ABO incompatible black infants highly susceptible to hyperbilirubi-
naemia. Since “race” does not contribute to the prediction of hyperbilirubin-
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Fig. 1 Graphical display of differences between white and black infants. Four-group discrim-
inant analysis on Coombs test, gestational age and birth weight. Groups: (W) white, bili-
rubin <10 mg/dl; (WJ) white, bilirubin >10 mg/dl; (B) black, bilirubin <10 mg/dl; (BJ)
black, bilirubin >10 mg/dl. The first function, corresponding to the horizontal axis, showed
highly significant discriminant power. The remaining two (vertical axis, and the axis perpen-
dicular to the plain) did not show any appreciable discriminant power. The figure shows the
relative position of the four group centroids in the plane defined by the first two functions.
(Data of Authors)

Table 5

Stepwise discriminant analysis by Wilks’ method on Coombs test, gestational age, birth weight
and race. Groups: (A) infants with serum bilirubin <10 mg/dl; (B) infants with serum
bilirubin >10 mg/dl (Data of Authors)

nﬁf\%er Variable entered Rao’sV C;Z?ﬂ: \i/n S(i)%rli;:f:gge
| Coombs test 411 34.11 <0.001
2 Gestational length 53.24 19.13 <0.001
3 Birth weight 59.63 6.39 0.012
4 Race 60.33 0.71 0.400

Standardized discriminant function coefficients

Coombs test 0.7461
Gestational age —0.3511
Birth weight —0.3423
Race 0.1034
Canonical correlation 0.368
Wilks' lambda 0.8642
X2 55.746
D. F. 4
Significance <0.001
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aemia, genetic and environmental factors which predispose ABO incompatible
black infants to neonatal jaundice might act through immunological and de-
velopmental mechanisms largely accounted for by the three variables considered.

10.

11
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Red cells sensitized with autoantibodies are able to adhere in vitro to autologous
monocytes and monocytes from healthy individuals. A direct relationship between
the degree of sensitization and the percentage of rosettes was not observed, while such
a correlation was found if red cells sensitized with anti-Rh alloantibodies were used.
Sometimes the adherence of red cell from AIHA was observed although the sensitiza-
tion was weaker than that of the control erythrocytes sensitized with anti-CD
serum which did not adhere to monocytes. In patients with AIHA some relation was
found between