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As bstract. Transient aplastic crisis in children
with congenital hemolytic anemias has been linked ep-
idemiologically to infection with a serum parvovirus-like
virus (SPLV). The virus is found in the blood in the early
stages of the crisis, and serum containing SPLV inhibits
erythroid colony formation in vitro. After sedimentation
of virus-containing sera through a sucrose density gradient,
colony inhibitory activity is present in the particulate
fraction and separate from serum immunoglobulins. No
inhibitory activity can be recovered from convalescent-
phase sera after similar fractionation procedures. Inhi-
bition of erythroid colony formation in vitro is not a
feature of sera from other viral infections. The pattern
of resistance of SPLV activity to chemicals and enzymes
is compatible with it being a parvovirus. By using replating
techniques, a target of SPLV has been identified as a late
erythroid progenitor cell. Neither SPLVantigen nor anti-
SPLV IgM was present in the sera of patients with other
forms of bone marrow failure.

Introduction

Children with sickle cell disease and other congenital hemolytic
anemias sometimes develop temporary erythropoietic failure or
aplastic crisis (1-3). Aplastic crises follow seemingly nonspecific
viral illnesses, and in some populations, may occur in seasonal
epidemics (4). Recent epidemiological studies have linked
aplastic crises to infection with a specific viral agent, here termed
serum parvovirus-like virus (SPLV)' (4, 5, 6). During the acute
phase of the illness of some patients, an antigen identified with
SPLV has been detected and the virus seen by electron mi-
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croscopy. More frequently, an IgM class antibody to the virus
has been detected by the time that the crisis is clinically evident
and the first blood sample is taken (7). In a previous study (8),
we have shown that serum containing SPLV inhibits hemato-
poietic colony formation in methylcellulose, with the strongest
effect on the late erythroid progenitor, the CFU-E. The inhibitory
effect of serum containing SPLV may be neutralized by serum
containing antibody to the virus. Inhibitory effects were not
dependent on complement nor affected by the presence of anti-
human immunoglobulin, making it unlikely that the inhibition
was mediated by immunological mechanisms. Fresh serum
containing SPLV, which was obtained from a patient with an
aplastic crisis associated with hereditary spherocytosis, was very
potent, showing inhibition of erythroid colony formation by a
l0-4 dilution of serum.

Wenow have further evidence that the inhibitory effect of
serum from patients with transient aplastic crisis is due to in-
fection of a hematopoietic progenitor cell with SPLV. Wehave
investigated the physicochemical characteristics of this agent;
the studies were necessarily preliminary given the limited
amounts of virus-containing material currently available. Acute-
phase sera from other viral diseases have been screened for
inhibitory activity in hematopoietic colony culture. In vitro
experiments in which colony forming cells are physically isolated
have identified the late erythroid progenitor, rather than an
accessory cell required for hematopoiesis, as the target of SPLV.
A relationship between SPLV infection and other forms of mar-
row aplasia has been sought.

Methods

Hematopoietic colony culture. Bone marrow cells were obtained
from normal volunteers following informed consent and the approval
of the National Heart, Lung, and Blood Institute Institutional Review
Board. Posterior iliac crest bone marrow was aspirated directly into 1
ml Iscove's modification of Dulbecco's medium (IMDM) (Gibco Lab-
oratories, Grand Island, NY) and 0.5 ml preservative-free heparin (O'Neil,
Jones, and Feldman, St. Louis, MO) containing 500 U. Mononuclear
cells were separated by Percoll (Pharmacia Fine Chemical, Piscataway,
NJ) sedimentation according to the manufacturer's directions followed
by two washes in IMDM-2%fetal calf serum (FCS). Following incubation
with virus-containing sera or other serum samples, bone marrow cells
were plated at a concentration of 1 X 105/ml in IMDMcontaining 0.8%
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methylcellulose; 30%FCS; 1%bovine serum albumin; 2.5 um/ml eryth-
ropoietin (Connaught, Willowdale, Ontario); and 10% phytohemagglu-
tinin-stimulated leukocyte condition media (9). Colonies were identified
by their characteristic morphology, and enumerated on day 8 (CFU-
E), day 10 (CFU-C), and days 12 and 18 (mature and primitive BFU-
E (10).

Replating of erythroid bursts. For replating experiments, colonies
derived from primitive erythroid burst-forming progenitors were selected
early in their development (day 7 of incubation) before evidence of
hemoglobinization. Such colonies can be readily identified as containing
100-200 large refractile cells arranged in an irregular pattern (11). By
picking these colonies, a pure population of erythroid progenitors at the

stage of CFU-E or later is obtained. Four to five bursts were picked by
using a sterile tapered Pasteur pipette, pooled, and resuspended in 50
zd of IMDM-2% FCS. Half of this cell suspension was then incubated
with SPLV-containing sera and the other half incubated with control
sera. Methylcellulose culture medium as described above was added to

each aliquot and plated. CFU-E-derived colonies, which were the progeny
of these bursts, were then enumerated after a further 8 d of incubation.

Assays and source of serum parvovirus-like virus and antibody to
SPLV. For the experiments described here, several sources of SPLV-
containing serum were utilized. Serum J.B. was obtained early in the

course of an aplastic crisis of a child with sickle cell disease, and it was

positive for SPLV antigen by radioimmunoassay (RIA) but did not

contain antibody, using standard methods, to SPLV. Immunoprecipi-
tation and electron microscopy, performed as described (12) showed
particles (Fig. 1) with the diameter and morphology associated with
SPLV (13). In tests for CFU-E inhibition, this serum preparation was

of similar potency to a previously reported SPLV-containing serum,

J.H. (8), and inhibition of erythroid colony formation was detected up

to a 10-4 dilution of serum (Fig. 2). Sera Br I and Br II, from two of
the original blood donors in whom SPLV antigen had been detected,
were known to inhibit erythroid colony formation (8).

Serum from the convalescent phase of J.B.'s transient aplastic crisis
was not available. Serum obtained at presentation of his sister, C.B.,
during recovery from an aplastic crisis, contained IgM antibody to SPLV.
Similarly, a second convalescent-phase serum, S.H., that also contained
specific IgM antibody, was obtained from the sibling of patient
J.H. (14).

SPLV antigen was detected by RIA. Polystyrene beads were coated
with anti-human IA-chain antibody and then with human IgM with

strong anti-SPLV activity. The bead was reacted with the test specimen.
With washing steps between, a reagent derived from a mouse anti-SPLV-
secreting monoclonal hybridoma and '25I-labeled anti-mouse Ig (kindly
given by Dr. Harry Greenberg) were applied. After final washing, the
bound radioactivity was measured in a gamma counter. Antibody to

SPLV was detected by using counter immunoelectrophoresis (14) and
RIA. To measure anti-SPLV-specific IgG and IgM, polystyrene beads
were coated with anti-human - or e-chain, reacted with the test spec-
imen, and then with known SPLV antigen, anti-SPLV monoclonal re-

agent, and '251I-anti-mouse Fc as described above.
To assess inhibition of hematopoietic colony formation by SPLV,

150 jil of a 10-2 dilution in IMDMof serum-containing SPLV or other

serum samples were incubated with 3 X 105 mononuclear bone marrow

cells at 370C for 2-4 h. After incubation, cells and virus were mixed
with tissue culture medium and plated as described under colony culture.
To test for stability of SPLV activity, 1.5 Ml of serum containing SPLV
was diluted 1:10 in sterile solutions of enzyme or chemical and incubated
overnight at 40C. Before addition of cells and methylcellulose culture
medium, the sera were further diluted 1:10 in IMDM, to a final dilution
of 10-2. Controls included normal sera treated in the same fashion to

test for inhibition by the reagents. Enzymes tested included pancreatic
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Figure 1. Parvovirus-like particles from human serum which were

agglutinated by adding antibody and then were negatively stained

with 3% phosphotungstic acid, pH 6.4 (x 165,000; electron

micrograph courtesy of Dr. A. M. Field).

Figure 2. Titration of inhibition of erythropoiesis by two SPLV-
containing sera. Sera were obtained during the acute phase of aplastic
crises in two individuals with hereditary spherocytosis (13), diluted in

IMDMbefore addition of normal bone marrow cells, and incubated
4 h at 4°C. Tissue culture medium was added and erythroid colonies
counted on day 8. The mean of colony number in three dishes is
shown. The number of CFU-E-derived colonies in control dishes was

133±7/105 nucleated cells. The range of control values obtained with
similarly diluted normal sera is indicated by the shaded area.
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ribonuclease (Calbiochem-Behring Corp., San Diego, CA), micrococcal
nuclease (Millipore, Bedford, MA), and pancreatic protease (Sigma
Chemical Co., St. Louis, MO). Chemicals included potassium iodide,
potassium thiocyanate, sodium deoxycholate (Sigma Chemical Co.),
glycine-HCI (BRL, Bethesda, MD), ether (Mallinckrodt, Inc., St. Louis,
MO), and chloroform (Fisher Scientific Co., Pittsburgh, PA).

To test for the presence of inhibitory levels of interferon, 135 Mll of
serum containing SPLV, which was diluted 10-2, was incubated with
2.7 ul goat immunoglobulin anti-human a-interferon (kindly provided
by Dr. J. Hooks, National Institutes of Health) for 30 min at room
temperature before addition to bone marrow cells as described above.
Antibody added was sufficient to neutralize >100 U a-interferon.

Sucrose density gradient fractionation. SPLV was separated from
other serum components by sedimentation through a sucrose density
gradient. 100 Ml of a 1 in 2 dilution of the serum under test were applied
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to a gradient comprised of layers of 40, 30, 20, and 10% sucrose in
phosphate-buffered saline, in a 4.5-ml tube. The gradients were centri-
fuged for 16 h at 32,500 rpm in a SW56 Beckman rotor (Beckman
Instruments, Inc., Fullerton, CA) and 10-Il equal fractions of each
collected from above. Fractions were tested for IgG and IgM content
by double diffusion in agar against anti-human IgG and IgM sera; the
precipitation lines being scored from (+/-) (weak reaction) to (+++)
(very strong reaction). Selected fractions were examined for SPLVantigen
by RIA.

Results

Separation of SPLV. Sera from six individuals were sed-
imented through sucrose density gradients (Fig. 3). SPLV-con-
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Figure 3. Fractionation of sera by sucrose density gradient sedimentation. Six sera were fractionated: (A) J.B., a patient with sickle cell disease
and transient aplastic crisis, whose sera contained SPLV antigen but not specific antibody; (B) and (C) Br I and Br II, respectively, sera from
asymptomatic blood donors, which were also antigen-positive and lacked specific anti-SPLV antibody; (D) and (E) C.B. and S.H., respectively,
from patients with hemolytic anemia during the convalescent phase of aplastic crisis, during which their sera contained anti-SPLV IgM antibody
but not antigen; (F) serum from a normal laboratory worker that lacked SPLV antigen and antibody. Sera Br I and Br II had been subjected to
multiple freeze and thaw cycles; sera J.B., C.B., and S.H. had only been frozen and thawed once. Probably due to the relative heat susceptibility
of SPLV activity, antigen titers have not been well-correlated with biological activity (8).

In these experiments, CFU-E-derived colonies in control dishes were 94±2/105 mononuclear cells plated. CFU-E-derived colonies are
represented in the bar graphs. IgG and IgM were determined by double diffusion in agar and the strength of the reaction indicated by (+) signs.
SPLV was measured by RIA and the results expressed as counts per 5 min. 10-11 fractions were collected from each gradient; fraction 1 was
least dense, fraction 10-1 1 was densest.

226 N. S. Young, P. P. Mortimer, J. G. Moore, and R. K. Humphries



taining sera included patient J.B. and blood donors, Br I and
Br II, all of whose sera contained viral antigen but not anti-
SPLV antibody. Two sera from patients in the convalescent
phase of transient aplastic crisis (S.H. and C.B.) contained anti-
SPLV IgM and no SPLV antigen. An individual whose serum
contained neither SPLV nor antibody to SPLV served as a
control. The method allowed separation of the IgG and IgM
classes of immunoglobulins from virus particles as detected by
RIA. Representative fractions, diluted 10-2 in IMDMto avoid
inhibition by high concentrations of sucrose, were assayed for
inhibition in the erythroid colony assay. Almost complete in-
hibition of erythroid colony formation was observed in the SPLV
antigen-containing fraction from the individual with aplastic
crisis whose serum was positive for antigen by RIA (Fig. 3 A).
Inhibition, but to a lesser degree, was observed in the densest
fractions of sera Br I and Br II (Fig. 3 B and C); these sera,
from asymptomatic blood donors, had previously been repeat-
edly frozen and thawed. Inhibition was not present in immu-
noglobulin fractions, supporting an earlier observation that in-
hibition by SPLV-containing sera was not mediated by antibodies
or complement. Inhibition was not observed in fractions of
convalescent-phase sera (Fig. 3 D and E) or in normal serum
(Fig. 3 F).

Physicochemical features of SPLV. Physical and chemical
features of the virus in serum J.B. were assayed by using the
erythropoietic colony culture assay. As shown in Table I, the
virus was moderately sensitive to heat, but the pattern of sen-
sitivity did not suggest the presence of an associated adenovirus;
human adenoviruses type 1, 2, and 4 are largely inactivated

Table L Physicochemical Features of SPLV

% inhibition by J.B.,
Treatment of SPLV-containing serum 10-2 dilution

56°C X 5 min 0
48°C X 30 min 89
45°C X 30 min 99

Ether 100
Chloroform 100
Sodium deoxycholate .25% 100
RNase 100
Micrococcal DNase 100
Proteinase, 1 mg/ml 0
KI, 2.5M, pH 7 100*
Glycine-HCI, pH 2.8 26
HCl, 0.5 N 28
NaOH, 0.05 N 4
No treatment 100

* Performed on a 10- dilution of J.B. to avoid cytotoxic effect of Kl.
10-2 dilutions of SPLV-containing serum were exposed to heat for the
indicated time periods or to the enzymes and chemicals overnight at
4°C before addition of cells and methylcellulose culture medium. Controls
included normal sera treated in the same manner.

Table II. Effect of Acute-phase Sera on Erythroid
Colony Formation

n %control CFFU-E

Cytomegalovirus 1 76
ECHOvirus type II 1 102
Epstein-Barr virus 1 93
Hepatitis A virus 3 100±0
Hepatitis B virus 5 90±20
Hepatitis virus, non-A, non-B 5 78±12
Herpes simplex virus type 2 1 96
Varicella-zoster virus 1 60

n, number of different sera tested.

after 10 min at 500C (15) whereas SPLVwas resistant to heating
at 480C for 30 min. Virus activity was resistant to ether and
chloroform, which is consistent with the absence of a lipid en-
velope. The pattern of resistance to a variety of enzyme treat-
ments, acids, and bases were all compatible with a virus character.
However, definitive identification must await determination of
its proteins and its genetic material.

Effects on hematopoietic colony formation of acute-phase
sera. Other components of serum present in the acute phase
of viral infections might account for the colony inhibition pro-
duced by SPLV-containing sera, such as interferon (16) or en-
dotoxin (17). To test this, acute-phase sera were obtained from
patients with a variety of viral illnesses (Table II). These sera
came from cases with typical clinical and serological features
of the respective infections, and presumably contained those
serum components associated with acute viral infection. None
of the sera affected erythroid colony formation. Quantities of
SPLV-containing sera were insufficient for direct measurements
of interferon levels. However, incubation of such sera with goat
anti-human interferon immunoglobulin sufficient to neutralize
100 U a-interferon did not decrease inhibitory effects (data not
shown). Thus, it appeared unlikely that the effects observed with
SPLV-containing sera were due to nonspecific, acute-phase fac-
tors.

Target cell of SPL V. Because SPLV affects CFU-E and
BFU-E and does not have a major effect on CFU-C, it was
reasonable to postulate that the target cell is an erythroid he-
matopoietic progenitor (8). However, experiments done with
total bone marrow cell suspension do not exclude the possibility
of infection of a helper cell, such as T lymphocyte or macrophage,
required for erythroid differentiation. This was a special concern
because animal parvoviruses are known to infect lymphocytes
(18) and monocytes (19, 20). An experiment was devised that
could directly test the target cell for SPLV. Mature erythroid
colonies derived from BFU-E in vitro are composed of thousands
of normoblasts. If immature colonies, morphologically identi-
fiable as derived from a burst-forming progenitor, are removed
from primary tissue culture and suspended in new tissue culture
media, multiple secondary colonies, which are similar in ap-
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pearance to colonies derived from CFU-E, are detected after
replating. These secondary colonies arise from the population
of late erythroid progenitors present in the immature burst, and
at the time of plucking, grow in the absence of added helper
or other bone marrow cells. As shown in Table III, exposure
of such cells to SPLV-containing serum, either J.B. or Br II,
before secondary plating decreased CFU-E colony formation in
proportion to the inhibitory effects of partially purified virus.
Serial observation by light microscopy showed that cells exposed
to virus failed to multiply and lost their refractile appearance.
These results are strong evidence that SPLV directly affects late
erythroid progenitor cells and not an accessory cell required for
erythroid differentiation.

SPLVand adult aplastic anemia. The relationship of SPLV
infection to a variety of other bone marrow failure syndromes
was investigated by testing for the presence of SPLV antigen
and antibody to SPLV in the sera collected from patients with
these disorders (Table IV). As the first viral agent that has been
identified as specifically toxic to human bone marrow cells in
culture, SPLV is a potential etiologic agent in bone marrow
disorders. However, free viral antigen was not detected in patients
with adult aplastic anemia, pure red cell aplasia, or transient
erythroblastopenia of childhood. In addition, in the series of

Table IIM. Secondary Erythroid Colony Formation after
Exposure to SPLV

CFLJ-E/10' mononuclear
cells

Control SPLV

Experiment 1 (J.B.)
Group 1

2
3
4

Experiment 2 (Br II)
Group 1

2
3
4

Control

42
86

140
104

11
54
34

114

116
140

4
0
0
2

0
38
21
33

144
156

Early-appearing bursts were individually removed from cultures and
pooled in groups of five; half of each pool was exposed for 2 h to control
serum and the other half exposed to SPLV-containing serum. Cells were
then suspended in methylcellulose culture media and replated. CFU-
E-derived colonies were counted 8 d later. Equal division of pooled
bursts was confirmed by measurement of split samples in the absence
of SPLV (control/control). Serum J.B. was obtained from a child with
aplastic crisis and assayed prior to freezing; serum Br II, from one of
the original asymptomatic blood donors, had been repeatedly frozen
and thawed.

Table IV. Assay of SPLVAntigen and Anti-SPL V Antibody in
Bone Marrow Failure Syndromes

Ag+/total
n tested IgM+/total IgG+/total

Adult aplastic anemia 37 0/11 3/28* 23/36
Congenital aplastic anemia 2 0/2 0/2 0/2
Pure erythrocyte aplasia 6 0/5 1/5* 4/6
Transient erythroblastopenia

of childhood 21 0/21 0/21 7/21
Paroxysmal nocturnal

hemoglobinuria 3 0/3 0/3 1/3

n, total number of patients' sera available for assay.
* IgM reactive at low levels and probably not specific.
Antigen and antibody assays were performed as described in Methods.
In some cases, if tests for anti-SPLV IgG were negative, anti-SPLV IgM
was not assayed.
One serum sample from a patient with amegakaryocytic thrombocy-
topenia as found to be anti-SPLV IgG negative.

patients with adult aplastic anemia, the incidence of viral an-
tibody was not higher than that reported in a normal European
population. It is thus improbable that these diseases are, like
transient aplastic crises of congenital hemolytic anemias, the
expression of an acute infection with SPLV. However, the pos-
sibility that a proportion of adult bone marrow failures are due
to delayed effects of SPLV infection has not been excluded.

Discussion

In an earlier publication (8), we reported that SPLV-containing
sera inhibits the formation of erythroid colonies in vitro, and
this is consistent with epidemiologic evidence that links SPLV
infection to the aplastic crisis of sickle cell disease. However,
many factors inhibit cell growth in culture, including cells, an-
tibodies, endotoxin, lymphokines, and chemical ions. Therefore,
we have taken care to identify and characterize the inhibitor
present in SPLV-containing sera as well as its target in the bone
marrow. Inhibition by SPLV-containing sera is not complement
dependent nor blocked by anti-human immunoglobulin anti-
body, and thus it is unlikely to be immunologically mediated.
In fact, the inhibitory effect on erythropoiesis can be localized
to the densest, virus-containing fraction from a sucrose density
gradient and is physically separable from immunoglobulin in
serum. Inhibition by SPLV-containing serum is unaffected by
ribonuclease and deoxyribonuclease, but abolished by protease,
which is consistent with a virus effect. Resistance to ether and
chloroform indicates that the virus is not lipid-enveloped. Sen-
sitivity of the inhibitory effect to pH extremes is consistent with
the physical properties of other parvoviruses (20, 21); in contrast,
the similar sized picornaviruses are generally pH labile (22).
However, viral activity is sensitive to heating at 56°C for 5 min,
which is not typical of most well-characterized parvoviruses.
However, the immunosuppressive variant of minute virus of
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mouse is much more thermolabile than the nonlymphotropic
strain (18).

The failure of a variety of sera obtained during other acute
viral illnesses to inhibit erythropoiesis under the same experi-
mental conditions indicates that endotoxin or some other non-
specific component of infected serum is not responsible for the
observed biologic effect. This finding also suggests that toxicity
for erythropoietic cells is not necessarily a common feature of
viral infection, even those that like Epstein-Barr virus (22) or
non-A non-B hepatitis virus (23) have been associated clinically
with bone marrow failure.

The profound effect of SPLVor secondary colony formation
by isolated erythroid bursts identified an erythroid progenitor
as a target cell for the virus. The more pronounced effect, in
vitro, of SPLV-containing sera on CFU-E compared with BFU-
E may be a particular feature of the interaction of virus and its
host cell, and possibly be related to the maturation of virus-
binding sites like glycophorin (24) on developing erythroid cells.
The increased sensitivity of CFU-E in comparison with BFU-
E also may be related to the higher proportion of CFU-E that
are actively proliferating (25). Parvoviruses, the smallest DNA-
containing viruses, have a genome consisting of only 5,000 base
pairs of nucleotide (26), and parvovirus replication in the nu-
cleus, therefore, is highly dependent on constituents provided
by the cell during mitosis (27). The difficulty of maintaining
erythroid progenitors in suspension culture may also account
for our inability to obtain functional virus from short-term sus-
pension bone marrow cultures (unpublished observations).

The highly proliferative erythroid bone marrows of patients
with chronic hemolytic diseases may be an especially good en-
vironment for parvovirus replication. Certainly, SPLV infection
of these individuals interrupts hematopoiesis and causes sudden
worsening of anemia. It is tempting to speculate that infection
with SPLV or a related virus has led to outbreaks of temporary
erythroid hypoplasia among hospitalized patients undergoing
treatment for kwashiorkor (28) and that SPLV is responsible
for hematodepressive virus disease described in Thailand (29).
Whether hematopoiesis is perturbed in otherwise healthy people
infected with SPLV is a moot point as anemia has not been
documented in these patients.

SPLV antigen was not detected in the sera of patients with
other forms of bone marrow failure, nor was the prevalence of
antibody to SPLV increased in patients with adult aplastic ane-
mia. These diseases cannot, therefore, follow the same pattern
of acute SPLV infection associated with rapid development of
aplasia that occurs in transient aplastic crises. However, acute
SPLV infection and destruction of a stem cell earlier in the
hematopoietic lineage than the CFU-E might not become clin-
ically apparent until weeks or even months after the clearance
of viral antigen from the blood, and this may be a mechanism
leading to some forms of aplastic anemia. Chronic persistent
or latent infection with a virus, such as SPLV, are other mech-
anisms by which infection might lead to bone marrow failure
without the features of the acute disease seen in children with
aplastic crisis.

SPLV is the first human virus identified as cytotoxic to
human hematopoietic cells. Identification of this virus and its
target cell represent steps towards the goal of growing the virus
in vitro. Immunization of children with congenital hemolytic
anemias would be a feasible project and would lead to the elim-
ination of aplastic crises as a complication of their diseases. The
study of the interaction of SPLV and hematopoietic cells also
serves as a model for other virus-host relationships that may
lead to bone marrow failure.
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