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NEOPLASIA

Immunophenotypic analysis of hematogones (B-lymphocyte precursors) in 662

consecutive bone marrow specimens by 4-color flow cytometry

Robert W. McKenna, LaBaron T. Washington, Deborah B. Aquino, Louis J. Picker, and Steven H. Kroft

Bone marrow hematogones (B-lympho-
cyte precursors) may cause problems in
diagnosis because of their morphologic
and immunophenotypic similarities to
neoplastic lymphoblasts. The purposes
of this prospective, multiparametric flow
cytometry study were to quantify hemato-
gones across age groups and a spectrum
of clinical conditions, to identify factors
that affect the relative quantity of hemato-
gones, and to compare their immunophe-
notype with that of neoplastic lympho-
blasts. A total of 662 consecutive marrow
specimens were analyzed for hemato-
gones using one of two 4-color antibody
combinations; hematogones were identi-
fied in 528 (79.8%). There was a signifi-

cant decline in hematogones with increas-
ing age ( P < .001), but a broad range was
found at all ages and many adults had a
relatively high number. Specimens pro-
cessed by density gradient had a higher
mean percent hematogones than those
processed by erythrocyte lysis (
There was a direct decline in hemato-
gones with increasing marrow involve-
ment with neoplastic cells. A total of 8%
of the 662 specimens contained 5% or
more hematogones: 24.6% of specimens
from patients aged less than 16 years and

6.3% from those 16 and older ( P < .000 01).

Increased hematogones were observed
most often in patients with lymphoma, mar-
row regenerative states, immune cytope-

P < .001).

nias, and acquired immunodeficiency syn-
drome. Hematogones always exhibited a
typical complex spectrum of antigen expres-
sion that defines the normal antigenic evolu-
tion of B-cell precursors and lacked aber-
rant expression. In contrast, lymphoblasts
in 49 cases of precursor B-ALL showed
maturation arrest and exhibited 1 to 11 immu-
nophenotypic aberrancies. Four-color flow
cytometry with optimal combinations of an-
tibodies consistently distinguishes between
hematogones and neoplastic lymphoblasts.
(Blood. 2001;98:2498-2507)

© 2001 by The American Society of Hematology

Introduction

Hematogones (B-lymphocyte precursors), originally recognized lpyblished. The reports of increased hematogones in specific
their morphologic features in bone marrow sméérare found in diseases are mostly retrospective studies based on relatively small
small numbers in most marrow specimens analyzed by flopatient cohorts, lacking broad control populatidf$:'® Further-
cytometry. They are reported to occur in large numbers in sorfigore, in most flow cytometry studies hematogones have been
healthy infants and young children and in a variety of diseases/@ported as the percent of total lymphocytes or of B lymphocytes
both children and adulfsl® Hematogones may be particularly®"?***%@nd in only a few reports as a percent of total evénts’
prominent in the regeneration phase following chemotherapy Ginally, prior studies have not addressed the effects of the
bone marrow transplantation and in patients with autoimmune afBecimen-processing method and marrow involvement with neo-

congenital cytopenias, neoplasms, and acquired immunodeficieR@Stic cells on the percentage of hematogones.
syndrome (AIDS}7124In some instances they constitute 5% to In this prospective study, 4-color flow cytometry was used to
more than 50% of cell&58:25.26 quantify hematogones as a percentage of total events in 662 consecutive

Increased numbers of hematogones may cause problemsml‘%rr?\.'v specimens across all age groups and a spectrum O.f cllnlcql
. . : clondmons. The percent hematogones was compared for density gradi-
diagnosis because of the morphologic features they common

share with the neoplastic lymphoblasts of acute Iymphoblast:i('z{t and lysis cell processing methods. The immunophenotype of

. . i, ématogones was determined using one of two 4-color combinations of
leukemia (ALL) and Iymphoblgsuc Iymphon?él'.helr 'mm“”‘?phe' antibodies and compared with that of neoplastic lymphoblasts.
notype also has features in common with neoplastic B-cell
precursor lymphoblastsSingle- and 2-color flow cytometry do not
reliably differentiate hematogones from leukemic lymphos, .. .
blasts*®817.27-30However, appropriately applied, 3- and 4-co|orpatlents’ materials, and methods
multiparametric flow cytometry are reported to distinguish betweesatients and specimens

these cell populations in nearly all instané@gt-33

A prospective 4-color flow cytometry analysis of hematogones was performed
. %ring an 8-month period at the University of Texas Southwestern Medical
demonstrated increased numbers of bone marrow hematogonegdter Fiow Cytometry Laboratory. During this period, 706 marrow specimens
young children relative to other age groups, no comprehensiygre submitted; 44 of these could not be assessed for hematogones for a variety
prospective study of a large population across all ages has beétechnical reasons, including lack of adequate numbers of viable cells in the
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Figure 1. Comparison of the morphology of hematogones and
neoplastic lymphoblasts in bone marrow smears. (A) Several
hematogones are illustrated in this bone marrow smear from a &
3-year-old boy with immune thrombocytopenia. They bear close
resemblance to the neoplastic lymphoblasts illustrated in panel B.
(B) Numerous lymphoblasts are present in this bone marrow smear
from a 5-year-old girl with precursor B-ALL.

sample, omission of appropriate antibody combinations to assess hematogdisées] above were assessed, but in 15 cases a limited panel of antibodies was used.
or because they were obscured by a predominant population of neoplastid3 cases the analysis consisted of only two 4-antibody tubes: CD45, CD3,
lymphoblasts. The remaining 662 specimens formed the cohort for this stugps, and CD7 and CD33, CD10, HLA-DR, and CD19. In one case the study
Clinical information was obtained from patient demographics, submitted clinigatluded the above plus CD20, and in another only CD10, CD5, CD34, and
diagnoses, and interpretation of the flow cytometry results. Patients WesB19 were assessed. A portion of every specimen was stained with isotype-
separated by gender and age group of younger than 2 years, 2 to 5 years, 6 tgd®hed fluorescent control monoclonal antibodies.

16 t0 50, and 50 years and older. A total of 53 specimens from 49 patients with The amount of antibody added was determined by the manufacturer’s
newly diagnosed or residual/relapsed precursor B-ALL were analyzed during F@%ommendations, with titration used when needed. Specimens were
time frame of the study; 28 of these were assessable for hematogones anga{fhated at 2°C to 8°C in the dark for 20 minutes. They were then washed
included in the 662 specimens. The other 25 ALL specimens could not h PAB and resuspended in 1% paraformaldehyde in PBS. Data were
assessed for hematogones for reasons detailed above and were excluded fE%mire d using a FACSCalibur flow cytometer (Becton Dickinson) with

further analysis of hematogones. However, the immunophenotypes of fhe S . )
; . ; 1l B Dick .D I fi
lymphoblasts in these 25 cases along with those of the other 28 ALL specim QIQuest software (Becton Dickinson). Data analysis was performed using

) . Baint-a-Gate software (Becton Dickinson).
were compared with the immunophenotype of hematogones. ) . L .

Flow cytometry interpretation. Distinct cell populations (clusters) were
identified based on any combination of forward and orthogonal light scatter
properties and fluorescence intensity with various antibody combinations. Each
Cell isolation and staining procedures.Prior to staining, samples were specimen’s event clusters were considered positive or negative compared with
processed using either density gradient separation (345 specimens) or erythragtelegree of fluorescence of the same specimen stained with the isotypic control
lysis (317 specimens). In the density gradient separation technique, the specigiiibody, with distinct population shifts interpreted as a positive result. Percent-
was diluted 1:5 in phosphate-buffered saline (PBS) and then underlaid with ééés of cell types were determined based on total events. Immunophenotypic
mL Histopaque-1077 (Sigma, St Louis, MO) with subsequent centrifugation fghnormalities within leukemic blast populations were determined on the basis of

25 minutes at 1200 rpm. In the lysis technique, erythrocytes were lysed usingeiation from normal patterns of B-lymphoid developni@nt.
standard ammonium chloride lysing solution at a ratio of 1 part sample to 5 parts

lysing solution and incubated for 10 minutes or up to 20 minutes if needed for
complete lysis® Following either technique, the samples were washed twicgtatistical analysis
with a PBS, 0.0455% sodium azide, 0.1% bovine serum albumin solution (PAB), . )
and resuspended in 5% newborn calf serum in RPMI 1640 culture medium. if$S0ciations of percentage of bone marrow hematogones with age, sex,
few cases processed by density gradient separation, a red cell button was f8@od of specimen processing, and degree of marrow involvement by
during the washing step, indicating inadequate erythrocyte clearance. For tii@@plastic cells were analyzed using the Spearman rank correlation
samples a lysis step, as described above, was also performed. Cell counts rgfiicient. The categorical variables were analyzed with 2-taifests.
performed, and 500 000 cells were washed with PAB and stained with a 4-cdlg@ntinuous variables were analyzed with independent-satriples. AP
combination of antibodies. value of less than .05 was considered statistically significant.

Antibodies. Antibodies to the following antigens were used to specifically
profile B-cell precursors: CD10 (W8E7) fluorescein isothiocyanate (FITC),
CD19 (SJ25C1) phycoerythrin (PE), CD20 (L27) peridinin chlorophyll protein i Hemelogonss I e
(PerCP), CD22 (S-HCL-1) PE, CD34 (8G12) allophycocyanin (APC), and i
CD38 (HB7) APC (Becton Dickinson, San Jose, CA). One of two 4-color ..,

Flow cytometry methods

combinations was used in each case. One consisted of CD10, CD20, CD22, a coo might co10 cD1o coio

CD34 and the other CD10, CD20, CD19, and CD38. Additional antibodies were¢ co12 cois cois co18 coe

used to characterize the lymphoblasts in cases of ALL. These included CD1 022 i) chez (),  co=lm - EmE(Am coaz _
(HI149) PE, CD3 (SK7) PerCP, CD4 (SK3) APC, CD5 (L17F12) PE, CD7 “*™®%  commam - cominom - comibnany e TR
(4H9) FITC, CD8 (SK1) FITC, CD11b (D12) APC, CD13 (L138) PE, CD14 v 5% L

(M@pq) PE, CD15 (MMA) FITC, CD33 (P67.6) PE, CD45 (2DI) PerCP, CDB1  taasttéaurs s Mot Maturs

(RUU-PL7F12) FITC, HLA-DR (L243) PerCP (Becton Dickinson), CD36 )
(CB38) FITC (Coulter-lmmunotech, Hialeh, FL), CD64 (10) PE (Ance"ngreZ. Normal maturational sequence of bone marrow B-cell precursors (hemato-

. ones). # TdT and sig were not used for assessment of hematogones in this study.
Bayport, MN), myeloperoxidase (MPO-7) FITC (Dako, Glostrup, Denmark hey are included in the figure to more completely illustrate the normal stage of B-cell

and terminal deoxynucleotidyl transferase (TdT) FITC (Supertech, Bethesglgiration. * The appearance of sig is variable among individual cells in different cases,
MD). In 38 specimens from 34 patients with ALL, all or most of the antigensccurring from shortly before to shortly after acquisition of a high level of CD20 expression.
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Figure 3. Flow cytometry histograms of a marrow specimen with
: increased hematogones. The histograms illustrate the normal pat-
J tern of maturation of B-lymphocyte precursors (hematogones) with the
- 4-color antibody combination of CD10, CD20, CD22, and CD34. Violet
5 1 indicates early-stage hematogones; green, intermediate and late-
% ) stage hematogones; and blue, mature B cells.
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gones using one of two 4-color antibody combinations (see
Results “Patients, materials, and methods”). A total of 551 patients (90.3%)

) ) had 1 and 47 (9.7%) had 2 to 5 bone marrow analyses; 54.2% of the
Patients and specimens specimens were from males, 45.8% from females. Ages ranged
A total of 662 consecutive bone marrow specimens from 598m 2 months to 92 years (mean 51 years, median 56 years).
patients (312 males and 286 females) were analyzed for hemato-Eleven specimens were from patients aged less than 2 years, 18
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Figure 4. Flow cytometry histograms of a marrow specimen with d
increased hematogones. The histograms illustrate the normal pat- ]
tern of maturation of B-lymphocyte precursors (hematogones) with the
4-color antibody combination of CD10, CD20, CD19, and CD38. The
CD10-CD20 histogram was similar to the one illustrated in Figure 3. -

Violet indicates early-stage hematogones; green, intermediate and
late-stage hematogones; blue, mature B cells. Cbh2o
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R=-0.21
P<.001

20

% Hematogones

Figure 5. A scatter plot relating percent bone marrow hematogones to patient

age for all 662 specimens. There is a significant decease in the percent hemato-
gones with increasing age as shown by the regression line. (Two cases were off the
scale of the scattergram and are not shown: a 5-month-old with 51% hematogones
and a 23-year-old with 65%.)
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population exhibited a typical complex spectrum of antigens that
defines the normal evolution of B-lineage precursors (Figure 2).
The pattern of sequence and intensity of antigen expression was
virtually identical in all cases. Examples of the maturation spec-
trum are illustrated in Figures 3 and 4. The earliest recognizable
B-lineage precursors expressed the progenitor cell marker CD34 in
combination with CD38, CD19, high levels (bright) of CD10, and
low levels of CD22 and lacking CD20. These progressed to the
next stages by down-regulating CD34 completely and CD10
partially, prior to progressive up-regulation of CD20. CD22 levels
also increased slightly as CD20 was up-regulated. Finally, CD10
was down-regulated completely, CD38 partially, and CD22 up-
graded to high intensity. The last stage, in which CD10 is
completely down-regulated, is considered a mature stage of B-cell
development; cells with this immunophenotype were not included
in calculating the percent hematogones. Although not specifically

assessed in this study, TdT expression parallels CD34 in the B-cell
from patients aged 2 to 5 years, 32 from 6- to 15-year-olds, 2®aturation sequence. The stage of appearance of surface immuno-
from 16- to 50-year-olds, and 370 from patients older than 50. fiobulin (slg) was not assessed; however, in our experience slg is
most cases the marrow was obtained to assess for neoplagéidable among individual cells in each case, occurring from
disease in patients with known or suspected leukemia or lymphossaortly before to shortly after acquisition of a high level of CD20
and, in a few cases, for evaluation of blood cytopenias @xpression. Asynchronous expression of the earliest and latest
assessment of a nonhematopoietic neoplasm or infectious diseag@igens, eg, concurrent CD34 and CD20, and aberrant over- or
under-expression of antigens was not observed in hematogone
populations.
The _specimens submitted fqr flow C_ytometry Wer_e not S yStematiC.allb/ lationship of hematogones to age, sex, and method of
studied for morphology, but in most instances Wright Glemsa—stalneg . )

. specimen processing

marrow smears were available; hematogones were frequently presen?ln
sufficient number to be recognized. They varied from 10 tud@ The scatter plot in Figure 5 shows the percentage of hemato-
diameter, with smaller cells predominating. The nucleus was I’Oundglﬁnes related to patient age for all 662 bone marrow specimens.
oval and sometimes exhibited one or more indentations or shallqWie mean percent hematogones of total marrow events was 1.62
clefts. The nuclear chromatin was condensed but homogeneous. Nucl@&ih = 4.21, median= 0.3%, range= 0%-65%):; there was no
were absent or small and indistinct. There was scant or no discernibiignificant difference between males (meari.64; SD= 3.35)
cytoplasm; when present, cytoplasm was moderately to deeply bagad females (mean= 1.60; SD= 5.08) (P= .91). Hemato-
philic and devoid of inclusions, granules, or vacuoles. There was oftef@nes were found in highest numbers in marrow from infants
spectrum of size and cytologic features that blended with thosegid young children, with a statistically significant decrease in
mature lymphocytes. In many instances a portion of the hemaigweir percentage with increasing age as shown by the regression
gones exhibited features indistinguishable from lymphoblasts phe in Figure 4 (r= 0.21; P < .001). However, a broad range
ALL (Figure 1). was found at all ages, and many adults, even at advanced age,
had a relatively high number of hematogones. There was a
significantly higher mean percent hematogonEs<(.001) in
In 528 (79.8%) of the 662 bone marrow specimens, hematogorihe 345 specimens processed by density gradient separation
were identified by flow cytometry. In all instances the hematogorigmean= 2.17%, SD= 5.46, median= 0.50%) than in the 317

Morphologic features

Immunophenotypic features

Table 1. Percent bone marrow hematogones by age group for all specimens (n = 662) and specimens with fewer than 50% neoplastic cells (n = 588)

Density gradient Ammonium chloride Significance of differences in mean
separation—processed lysis—processed % by method of processing*
Specimens Specimens Specimens
with < 50% with < 50% with < 50% Specimens
Patient All specimens neoplastic All specimens neoplastic All specimens neoplastic with < 50%
age,y (n = 662) cells (n = 588) (n = 345) cells (n = 303) (n=317) cells (n = 285) All specimens neoplastic cells
<2 9.0 (2.6) 11.0 (4.2) 11.4 (2.6) 11.4 (2.6) 4.8 (4.5) 9.6 (9.6) .52 .895
n=11 n=9 n=7 n=7 n=4 n=2
2-5 3.9(0.27) 7.0 (6.3) 3.8(0.2) 8.1(7.7) 4.4 (0.35) 5.5(4.8) .89 .58
n=18 n=10 n=13 n==6 n=>5 n=4
6-15 2.1 (0.05) 3.6 (1.1) 2.2(0) 5.3(1.9) 1.9 (0.27) 2.6 (0.9) .85 .33
n=32 n=18 n=17 n=7 n=15 n=11
16-50 2.3(1.1) 25(1.1) 3.2(1.4) 3.4(1.5) 1.4 (0.5) 1.5 (0.61) .008 .01
n=231 n =212 n=115 n =107 n=116 n =105
> 50 0.8(0.2) 0.9 (0.27) 1.1(0.3) 1.2 (0.30) 0.5 (0.16) 0.57 (0.20) < .001 <.001
n =370 n =339 n =193 n=176 n=177 n =163

Entries are mean percentages (median) unless otherwise stated.
*Pvalues.
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processed by ammonium chloride lysis (meanl1.02%, 70
SD = 1.97, mediarF 0.24%), but the same statistically signifi-

cant age-related decline was observed in both groups. The mean
percent marrow hematogones for each of the 5 age groups is so .
shown in Table 1. The differences in mean percent hematogone§
between the 2 processing methods were significant for the 2 *°
oldest age groupings, which contained most patients. Ther§ 50
were no differences in the patient cohorts comprising the 2¢
specimen-processing groups in age< .76), sex (P= .33), or 20

- ol

level of bone marrow infiltration by neoplastic celB € .82). ; .
10 3 £
. . . [ ]
Relationship of hematogones to marrow involvement i . N
. . o .
with neoplastlc cells No Involvement <25% 25%-49% 250%
. . L . Neoplastic Neoplastic Neoplastic
Neoplastic cells were identified by flow cytometry in 230 Cells Cells Cells

(34,7%) of the 662 specimens_ The neop|asms were most|y achitere 6. The distribution of hematogones by percent of total marrow events
or chronic leukemias and various types of Iymphomas. Tﬁg éycategoAries of bqne marrow involvement by neoplastic cells. ) Therg isa
A ) significant difference in mean percent hematogones between specimens without

degree of marrow involvement varied from more than 90%uyolvement by neoplastic cells (mean = 1.99%) and those with more than 50%
neoplastic cells to less than 1%. To study the effect of marrofiwean = 0.14%) and, also, between specimens with less than 25% involvement
involvement on the hematogone compartment, specimens w&p&" = 1:53%) and those with more than 50%, P < .001.
separated into 4 categories: no involvement by neoplastic cells
(432 specimens), fewer than 25% neoplastic cells (114 spegiﬁecimens with 5% or more hematogones
mens), 25% to 49% (42 specimens), and 50% or more (74
specimens). The mean percent hematogones, SD, and rangeHfematogones constituted 5% or more of the total marrow events in
these 4 categories are shown in Table 2. Figure 6 depicts & (8.0%) of the 662 specimens from 51 (8.5%) of 598 patients; 23
distribution of hematogones by percent of total marrow evengpecimens (3.5%) contained 10% or more, and 3 of these had more
for the 4 categories. There was a significant difference in me#iran 20%. The 51 patients ranged in age from 2 months to 74 years
percent hematogones between specimens without involvemémedian 30 years). Figure 8 plots the percent of specimens with 5%
by neoplastic cells (mean 1.99%) and those with 50% or moreor more hematogones by patient age group. There was an incremen-
(mean= 0.14%),P < .001, and between specimens with lestal decline in the proportion of patients with 5% or more
than 25% involvement (mean 1.53%) and those with 50% or hematogones with increasing age. The difference was significant
more, P < .001. These same differences persisted when thebgtween the combined groups of patients aged less than 16 years
categories were divided into density gradient separation— aadd those 16 and older (24.6% vs 6.3%)<R000 01). Nine of the
ammonium chloride lysis—processed groups (Table 2). The patients had multiple bone marrow flow cytometry analyses during
specimens with 50% or more neoplastic cells had a medme time frame of the study. Two patients exhibited more than 5%
percent hematogones of only 0.14; in 50 (67.6%) of the 74 nohematogones on each of 2 occasions separated by 3 weeks; 7 had
were identified. When these 74 extensively replaced specimensre than 5% once and less than 5% on 1 to 4 other analyses
were excluded from analysis there was a more direct amséparated by 14 days to 5.5 months. The findings in these 9 cases
significant relationship of percent marrow hematogones to agee detailed in Table 3.
group and method of processing than when all specimens wereThirty-seven (10.7%) of 345 marrow specimens processed by
included (Table 1). density gradient separation contained 5% or more hematogones,

The mean percent hematogones for the 432 specimens urdompared with only 16 (5%) of 317 processed by ammonium
volved by neoplastic cells (1.99%) was higher than when athloride lysis (P= .01). Forty-two of the 53 specimens with 5% or
specimens were considered (1.62%). These 432 specimens mmyye hematogones were uninvolved by a neoplasm; 9 contained
most closely represent a reference population for bone marrdewer than 25% neoplastic cells; 2 had 25% to 49%; and none had
hematogones (Figure 7). 50% or more.

Table 2. Effects of involvement of marrow by neoplastic cells on percent hematogones

Percent bone marrow hematogones

Density gradient
Category of marrow All specimens separation—processed Ammonium chloride lysis—processed
involvement Mean SD Range Mean SD Range Mean SD Range
No involvement 1.99 4.92 0-65 2.76 6.48 0-65 1.15 1.90 0-12.4
(n = 432) (n = 225) (n =207)
< 25% neoplastic cells 1.53 2.66 0-15.7 1.79 2.80 0-15.7 1.27 2,51 0-11.4
(n=114) (n =57) (n =57)
25%-49% neoplastic cells 0.72 2.33 0-12.0 0.88 2.65 0-12 0.56 2.01 0-9.3
(n=42) (n=21) (n=21)
50% or more neoplastic cells 0.14 0.35 0-2.0 0.19 0.43 0-2.0 0.08 0.16 0-0.7
(n=74) (n=42) (n=32)

n indicates number of bone marrow specimens.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From bloodjournal.hematologylibrary.org by guest on February 27, 2012. For personal use only.

BLOOD, 15 OCTOBER 2001 - VOLUME 98, NUMBER 8 IMMUNOPHENOTYPE OF MARROW HEMATOGONES 2503
25
- R--0.35
P<.001
2 ) Table 3. Patients with 5% or more bone marrow hematogones with repeat
. flow cytometry
4 .
S 15 M Percent
gn . . Processing method and bone marrow
= Clinical status time sequence of studies  hematogones
£
z Patient no. 1
32 After chemotherapy for T-ALL 1st analysis 19%
DG-processed
After chemotherapy for T-ALL 2nd analysis (3 wk later) 11.5%
DG-processed
Patient no. 2
Age (y) Down syndrome 1st analysis 8.9%
Figure 7. A scatter plot showing the percent of bone marrow hematogones Slowly evolving AML before treatment AC-processed
related} to patient age fqr the 432 spec?mens uninvolved by neoplastilc gells. . Down syndrome 2nd analysis (3 wk later) 10.2%
There is the same significant decrease in the percent hematogones with increasing .
. Slowly evolving AML before treatment AC-processed
age as for the full cohort of 662 specimens, but the mean percent hematogones ;
(1.99%) is higher than when all specimens are included (1.62%) (Figure 5). These ~ Patientno.3
432 specimens most closely represent a reference population for bone marrow APL in remission after chemotherapy 1stanalysis 6.2%
hematogones. (Two cases with 51% and 65% hematogones were off the scale of the DG-processed
scattergram and are not shown.) APL in remission after chemotherapy 2nd analysis (4.5 mo later) 2.6%
AC-processed
Conditions associated with increased hematogones Patientno. 4
ALL 14 d after induction 1st analysis 0%
The clinical conditions in which there were 5% of more  chemotherapy
hematogones are listed in Table 4; lymphomas, various nonneo- DG-processed
. . i i i 0,
plastic blood cytopenias, post-chemotherapy, post—bone marrog ¢ after induction chemotherapy ZD'E analysis (j""k later) 0%
. -processe
transplantation, and AIDS were the most common. The degreg N proces
L. . R K mo after induction chemotherapy 3rd analysis (1 mo later) 0.5%
of association of these conditions with increased hematogones DG-processed
could not be de_termlned b_ecaus_,e_ clinical information on many; o atter induction chemotherapy 4th analysis (1 mo later) 01%
of the 598 patients was insufficient to perform an accurate AC-processed
statistical analysis. 4 mo after induction chemotherapy 5th analysis (1 mo later) 6.6%
L AC-processed
Distinction of hematogones from lymphoblasts Patient no. 5
of precursor B-ALL NHL before treatment 1st analysis 6.6%
Fifty-th b . f 49 tient iti DG-processed
Iity-three bone marrow speumgns rom patents W.ere posi Iv?\IHL 2.5 mo after chemotherapy 2nd analysis (2.5 mo later) 0.2%
for precursor B-ALL durlpg the time frame of the stqu. 46 oflthe AC-processed
patients had a single positive specimen; 2 had 2 positive specimesgsntno. 6
and 1 had 3. Twenty-eight of the 53 ALLs were assessable fOfps before bone marrow transplantation st analysis 0.3%
hematogones and are included in the 662 specimens. In most of DG-processed
these, hematogones were not identified or were present in minuster bone marrow transplantation 2nd analysis (5.5 mo later) 7.2%
numbers. The 25 ALL specimens that were not assessed for AC-processed
hematogones, for reasons detailed in “Patients, materials, aif¢entno-7
” H H i Y
methods,” were included with the other 28 ALLs to compare theNHLPefore reatment lDSéa”a'yS'S ; 6.9%
. -processe
immunophenotypes of lymphoblasts and hematogones. proces:
: . . o NHL after chemotherapy 2nd analysis (2.5 mo later) 0.6%
The lymphoblasts in all 49 patients with ALL exhibited
DG-processed
Patient no. 8
40 Residual AML after chemotherapy 1st analysis 0.19%
s =" DG-processed
. SHE (27.8% Residual AML after chemotherapy 2nd analysis (1.5 mo later) 1.7%
DG-processed
25 Residual AML after chemotherapy 3rd analysis (1 mo later) 9.3%

Residual AML after chemotherapy
27/231 (11.7%)

Percent of Cases
s

53/662 (8.0%)] Patient no. 9

g 11/370 (3.0%) | HIV and NHL after chemotherapy
0 - HIV and NHL after chemotherapy
<2years  2-5years  6-15 years  16-50 years =50 years All Ages

AC-processed
4th analysis (1 wk later)
AC-processed

1st analysis
DG-processed

2nd analysis (2 mo later)
DG-processed

0%

10%

0%

Figure 8. The percent of specimens with 5% or more hematogones by patient

age group. For this analysis the density gradient separation— and ammonium
chloride lysis—processed specimens were combined. There is a direct decline in the
proportion of patients with more than 5% marrow hematogones with increasing age.
The difference between the combined groups of patients aged less than 16 years with
5% or more hematogones (24.6%) and those 16 and older (6.3%) was significant
(P < .000 01).

T-ALL indicates T-cell acute lymphoblastic leukemia; DG, density gradient
separation; AC, ammonium chloride lysis; AML, acute myeloid leukemia; APL, acute
promyelocytic leukemia; NHL, non-Hodgkin lymphoma; HIV, human immunodefi-
ciency virus; and MDS, myelodysplastic syndrome.
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Table 4. Fifty three specimens (51 patients) with 5% or more bone age. Most of the specimens were obtained from persons under
marrow hematogones evaluation for neoplastic diseases or hematologic abnormalities

Clinical condition Number of specimens — and, therefore, the subjects would not be considered healthy
Hodgkin lymphoma following treatment 2 individuals; the values for hematogones in the various age groups

=
[N

De novo non-Hodgkin lymphoma
Pretreatment

should not necessarily be considered “normal values.” Because
bone marrow examinations are seldom performed on entirely
healthy people, establishing a normal range from adequate numbers
of individuals throughout the age spectrum is problematic. Popula-
tion cohorts in most other reports on the distribution of hemato-
gones have also involved patients with various neoplastic, hemato-
logic, autoimmune, and infectious diseases. Furthermore, most
prior studies on the subject have been on relatively small patient
MDS cohorts that were limited or selective in patient demographics and
Pretreatment AML (1 patient) disease states. Three studies of relatively small numbers of patients
Various nonneoplastic blood cytopenias without hematologic or neoplastic disorders have examined bone
Z:Efry;gep:ga marrow lymphocyte subsetd%34 The findings in these studies
Thrombocytopenia support our obseryatloqs on age distribution of hematogones.
Reactive lymphocytosis Caldwell and associates in a study of 45 healthy children and adults
Neuroblastoma found that the number of marrow B-cell precursors is greater in
children than adults and declines with &g@ego and colleagues
analyzed bone marrow lymphocyte subsets from 44 children from
Total patients with NHL* 2 weeks to 15 years of age, without hematologic or autoimmune
Total patients with HIV/AIDS* disorders, and compared results with those from 12 hematologi-
Total patients post-chemotherapy* 14 cally healthy adult8* There was a significant difference among age
groups in quantity of major types of marrow lymphocytes except
for natural killer cells. B-lymphocyte precursors decreased in

incomplete maturation and immunophenotypic asynchrony aRgmber after age 4; there were no differences between males and
aberrancy that deviated from the normal, continuous, and Comp@@ales. Lucio and coinvestigators studied 39 normal bone marrow
B-lineage maturation spectrum observed for hematogones. S@mples and found a shift in B-cell populations from predomi-
addition, neoplastic lymphoblasts commonly expressed mye|cﬁ@ntly immature precursors in individuals aged less than 15 years
antigens. The lymphoblasts from the 34 cases studied wi mostly more mature B-cell immunophenotypes in patients 15
complete panels of antibodies exhibited 4 to 11 aberranci@gd older?
(Figure 9); the 15 cases in which limited panels were used (see In the present study we arbitrarily designated 5% as “increased”
“Patients, materials, and methods”) expressed 1 to 4. Withdigmatogones, recognizing that there are no generally accepted
exception the lymphoblasts in ALL could be distinguished frorfeference ranges. However, at levels of 5% or more they are
hematogones even when only a small population of neoplastic célgspicuous on marrow smears and more likely to be confused
was present. Aberrant antigen expression in the 49 cases of ALIWEh neoplastic lymphoblasts. A total of 8% of specimens (8.5% of
detailed in Table 5. patients) contained 5% or more hematogones. We observed an
incremental decrease in patients with increased hematogones from
the youngest age group to the oldest. A significantly higher
Discussion percentage of patients aged less than 16 years had increased
hematogones than patients 16 and older (24.6% vs 6.3%,
In this prospective 4-color flow cytometry study we found & < .000 01). It appears that the propensity for increased hemato-
significant decline in bone marrow hematogones with increasiggnes stimulated by certain disease states usually diminishes with

Posttreatment
Non-Hodgkin lymphoma with AIDS
Pretreatment
Posttreatment
HIV/AIDS without lymphoma
Post-chemotherapy for ALL or AML (8 patients)
Post—bone marrow transplantation for AML or

g ©O© 00 Fr B N W o

Other (cough, weight loss)

Total specimens

HU‘Il =
N Wik R, R >N BMDBDN

*Some of these patients had more than one clinical condition.

CD22
CD34

Side Scatter

Forwaffd' S'ca'mér

Figure 9. Flow cytometry histograms of bone marrow from a patient

with relapse of precursor B-ALL illustrating multiple antigenic aber-
rancies. The lymphoblasts (red) exhibit an abnormal spectrum of expres-
sion of CD22 and overexpression of CD10 relative to the normal hemato-
gone population (violet). They are uniformly CD34-positive and -negative
for CD20 and CD45. The lymphoblasts express the myeloid-associated
J antigens CD36 and CD33 and underexpress CD38. Red indicates neoplas-
tic lymphoblasts; violet, hematogones; and blue, mature B lymphocytes.

CD45
CD38
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Table 5. Aberrant antigen expression in marrow specimens from 49 patients marrow transplantatioi‘?.v35 Transient elevations in hematogones
with precursor B-ALL were observed in most of the few patients with repeat analyses in
N;?- of our study (Table 3). Factors including variation in the cellularity of
patients the bone marrow between specimens and the degree of hemodilu-
Aberrant expression of antigens found on normal B-cell tion may have impacted these results.

TdTpreC”rSOrs ~Hematogones are only rarely detected in blood other than in
Uniform expression 26/30 (87%) minute _nu_mbers, principally in neonates an_d in cord bRsgd.

CD34 Hemodilution of the marrow would generally increase the number
Uniform or continuous spectrum of expression 30/35 (86%) of b|09d _Iy_mphocytes i_n the SpeCimen’ particularly T lymphocytes’

cD45 and diminish the relative number of hematogoffeEhe effect of
Negative or underexpression 40/48 83%) hemodilution on the distribution of major lymphocyte subsets has

CD10 40149 (82%)  been demonstrated previoudly*While we did not investigate the
Overexpression 28(57%)  effects of hemodilution in this study, it was probably a factor in
Abnormal spectrum 7(14%)  many of the cases with absent or minute numbers of hematogones.
Negative 510%)  The overall effect of hemodilution on the mean percent hemato-

C?\lze(;ative lwii SZ:Z; gones for each of the 5 age groups was presumably minimized by
Overexpression 1(3%) the large number qf cases analyzed.

HLA-DR 22147 (47%) In our study, increased hematogones were observed most
Underexpression 21 45%) commonly in patients with lymphomas, in marrow regenerative
Overexpression 1w  states following chemotherapy or bone marrow transplantation, in

CD22 14134 (41%)  various immune and other blood cytopenias, and in patients with
Abnormal spectrum 12(35%)  AIDS (Table 4). However, the study population was skewed toward
Negative 2(6%)  patients with these conditions. We were unable to determine if there

Coexpression of CD34 and CD20 1434 (41%)  was a statistically significant relationship between any of these

cbss , conditions and increased hematogones because clinical informa-
Underexpression 13/32 (41%) . . - . .

D19 tion was insufficient in many of the 598 patients to allow an
Underexpression 9149 (18%) accurate analysis. However, our observations regarding the associa-

Aberrant myeloid antigen expression tion of these disorders with increased hematogones are similar to

All cases 2gia8+ (s8%)  those of several other studig®®13-1517.18The biological signifi

Cases in which 5 or more myeloid antigens were assessed 25/32 (78%)  cance of increased marrow hematogones in these conditions is
Single aberrant myeloid antigen 8(25%)  presently unclear, but our findings and those of other investigators
Two aberrant myeloid antigens 10 (31%)  suggest that B lymphocytogenesis is stimulated in some diseases
Three aberrant myeloid antigens 7(22%)  and as a phenomenon of marrow regeneratisn.

Frequency of aberrant expression of myeloid antigens The method of specimen processing and marrow involvement
cD13 15/32 (47%) . ; . )

D15 13133 (39%) by neoplastic cells _|mpacted the relative size of the_ hematogoqe
CD33 16/47 (349%) compartment. Specimens processed by density gradient separation
CD11b 432 13%)  had a significantly higher percentage of hematogones than those
cD36 2132 (6%) processed by ammonium chloride lysis. The mean and median
CD64 2132 (6%)  Were approximately twice as high and the percentage of cases with
cD14 0/34 5% or more hematogones was more than double that of the
Cp61 0/30 ammonium chloride lysis group: 10.7% of specimens versus 5.0%.
MPO 0/26 There were no differences between the patient cohorts in the 2
Aberrant T-cell antigen expression specimen-processing groups in age or level of bone marrow
gg; 3(;;‘:’8(7%) in_filtration by neoplastic cells to account for these differences. The

D3 031 higher percentage of hematogones in the group processed by

cD5 0/as density gradient separation was presumably related to the removal

cDs 0/33 of mature neutrophils, which would have the effect of increasing
cD4 0/33 the relative number of hematogones. There was a decline in mean

CDla 0/26 percent hematogones with increasing marrow involvement by

. o . _ neoplastic cells (Table 2). The reason for the decline is uncertain
MPO indicates myeloperoxidase; IcCD3, intracellular (cytoplasmic) CD3.
*The bone marrow from 1 of the 49 patients with ALL was not assessed for but may relate to encroachment on the hematogone compartment
myeloid antigens. by the neoplastic infiltrate, although other factors that inhibit B
lymphocytogenesis may play a role. When the 432 specimens
aging. However, many adult patients, some at an advanced age, hiaifvolved by neoplastic cells were analyzed separately, the mean
increased hematogones, an observation that has also been madeebgentage of hematogones was higher than when all specimens
other investigator$? were included (1.99% vs 1.62%); the former group may most
The number of bone marrow hematogones may fluctuate witlosely approximate a “normal” reference population.
disease status or, in some clinical settings, persistent elevationsin some clinical settings increased marrow hematogones may
may be observet’:171935van Wering and colleagues observedause diagnostic confusion because of their similarities to neoplas-
persistent elevations of bone marrow B-cell precursors for 2 yedis lymphoblasts. This is particularly true following treatment for
following cessation of chemotherapy for ALL, and Leitenberg andLL because hematogones are often expanded in regenerating
associates found elevations for more than a year following bonsrrow and can potentially be mistaken for residual disé&s#.
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In the present study hematogone populations always expressadaecules CD44 and CD54 were expressed more heterogeneously
continuous and complete maturation spectrum by 4-color floen hematogones than on neoplastic lymphobResthiese investi
cytometry using either of two 4-antibody combinations. Furthegators also showed by immunohistochemical stains that CD34
more, they lacked aberrant or asynchronous antigen expressionamid TdT" cells were dispersed without clustering on marrow
contrast, neoplastic lymphoblasts in all 49 patients with precurssections in normal settings whereas they were in clusters of more
B-ALL deviated from the normal B-lineage maturation spectrunthan 5 cells in most ALLs with minimal residual dised8&¢
They exhibit maturation arrest and over-, under-, and asynchronousAn increase in the least mature (CD34dT") and decrease in
expression of antigens observed on normal B-cell precursors ahd more mature (CD2(Q B-cell precursors have been reported in
often expressed myeloid-associated antigens. the earliest regeneration phases of marrow reconstitution following
Other investigators have also reported methods for discriminahemotherapy or a bone marrow transplantatfdi4:2We have
ing between normal B-cell precursors and neoplastic lymphoblasé$so observed a predominance of markedly left-shifted hemato-
Farahat and associates, using quantitative double-labeling flganes in some cases in the early stages following bone marrow
cytometry, found B-lineage ALL lymphoblasts to express fewdransplantation. In this setting there is greater potential for mistak-
TdT and CD19 and more CD10 molecules than did hematog§nesng the least mature hematogones for neoplastic lymphoblasts, but
Weir and colleagues demonstrated quantitative differences in lighten in these cases a maturational sequence is identified and
scatter and intensity of antigen expression between hematogoabsrrant antigen expression is not observed. With the exception of
and lymphoblasts by 4-color flow cytometry; the lymphoblasts ipatients treated with anti-CD20 antibodies (rituximab), we have not
ALL always formed discrete clusters of events falling outside thencountered cases in which the spectrum of hematogone matura-
normal template for hematogon&Rimsza and colleagues found ation was incomplete (unpublished observation, 2000). Our findings
predominance of more mature B-cell precursors in hematogorasd those of others suggest that 3- and 4-color flow cytometry can
rich specimens relative to the least mature (CD3BdT") cells, reliably distinguish hematogones from residual ALL in virtually all

which predominated in cases of ALL. In addition the adhesiotases when optimal antibody combinations are %é33

References

1. Vogel P, Erf LA. Hematological observations on marrow after bone marrow transplantation. Am J 23. Bengtsson M, Smedmyr B, Festin R, Oberg G,
bone marrow obtained by sternal puncture. Am J Clin Pathol. 1991;96:191-195. Simonsson B, Totterman TH. B lymphocyte re-
Clin Pathol. 1937;7:436-447. 14. Fukushima T, Sumazaki R, Koike K, Tsuchida M, generation in marrow and blood after autologous

2. Vogel P, Bassen FA. Sternal marrow of children in Matsui A, Nakauchi H. Multicolor flow-cytometric, bone marrow transplantation: increased numbers
normal and pathologic states. Am J Dis Child. morphologic, and clonogenic analysis of marrow of B cells carrying activation and progression
1939;57:245-268. CD10-positive cells in children with leukemia in markers. Leuk Res. 1989;13:791-797.

3. Muehleck SD, McKenna RW, Gale PF, Brunning remission or nonmalignant diseases. J Pediatr 24. I?worzak MN, Fritsch G, Fleis_cher C, etal. Mul-
RD. Terminal deoxynucleotidy! transferase (TdT)- Hematol Oncol. 1998;20:222-228. tiparameter phenotype mapplng'of pqrmal e}ndl
positive cells in bone marrow in the absence of 15. Cornelius AS, Campbell D, Schwartz E, Poncz M. post-chemotherapy B lymphopoiesis in pediatric
hematologic malignancy. Am J Clin Pathol. 1983; Elevated common acute lymphoblastic leukemia bone marrow. Leukemia. 1997;11:1266-1273.
79:277-284. antigen expression in pediatric immune thrombo- 25. Ritz J, Nadler LM, Bhan AK, Notis-McConarty J,

4. Davis RE, Longacre TA, Cornbleet PJ. Hemato- cytopenic purpura. Am J Pediatr Hematol Oncol. Pesando JM, Schlossman SF. Expression of
gones in the bone marrow of adults. Immunophe- 1991;13:57-61. common acute lymphoblastic leukemia antig_en
notypic features, clinical settings, and differential 16. Rimza L, Viswanatha D, Winter S, Leith C, Frost (CALLA) by lymphomas of B-cell and T-cell lin-
diagnosis. Am J Clin Pathol. 1994;102:202-211. J, Foucar K. The presence of CD34+ cell clusters eage. Blood. 1981;58:648-652.

5. Longacre TA, Foucar K, Crago S, et al. Hemato- predicts impending relapse in children with acute 26. Rimsza LM, Larson RS, Winter SS, et al. Benign
gones: a multiparameter analysis of bone marrow lymphoblastic leukemia receiving maintenance hematogone-rich lymphoid proliferations can be
precursor cells. Blood. 1989;73:543-552. cgemotherapy. Am J Clin Pathol. 1998;110:313- distinguished from B-lineage acute lymphoblastic

6. Richard G, Brody J, Sun T. A case of acute 17 za:dhaus LM, Chen TL, Ettinger LJ, Hirst-Allen Lfﬁ:sz)l’i:yalg:‘eeir;?‘o;gL?lj?ZS:J?SZYS:;nnmzzg-
E]:L?kael:‘goigggsylfonggx? hematogones. A, Mehta K, Rgskova 3. 'Signif?cance' of increased architectural features. Am J Clin Pathol. 2000;

i e ' proportion of CD10-positive cells in nonmalignant 114:66-75.

7. Schuurmans Stekhoven JH, Langenhuysen CA, bone marrows of children. Am J Pediatr Hematol 27. Kallakury BV, Hartmann DP, Cossman J, Gooten-
Bakkeren JA, et al. Morphology and incidence of oncol. 1993:15:65-70. berg JE, Bagg A. Posttherapy surveillance of
the “posttherapeutic lymphoid cell” in the bone ) ’ ) - .
marrow of children with acute lymphoblastic leu- 18. FarahatN, Lens D, Zomas A, Morilla R, Matutes B-cell precursor acute lymphoblastic leukemia.
kemia. Am J Pathol, 1086:124:46-52. E_, C_ato‘_’Sky D. Quantitative flow cytometry can \(alue of polymerase chain reagtlon and I|m|ta-_

) ’ distinguish between normal and leukaemic B-cell tions of flow cytometry. Am J Clin Pathol. 1999;

8. Caldwell CW, Poje E, Helikson MA. B-cell precur- precursors. Br J Haematol. 1995;91:640-646. 111:759-766.

;c:tig; nlogrénléég%dllggggone marrow. Am J Clin 19. van Wering ER, van der Linden-Schrever BE, 28. Ryan DH, Chapple CW, Kossover SA, Sandberg
' o . ) Szczepanski T, et al. Regenerating normal B-cell AA, Cohen HJ. Phenotypic similarities and differ-

9. Vandersteenhoven AM, Williams JE, Borowitz precursors during and after treatment of acute ences between CALLA-positive acute lympho-
MJ. Marrow B-cell precursors are increased in lymphoblastic leukaemia: implications for moni- blastic leukemia cells and normal marrow
lymphomas or systemic diseases associated with toring of minimal residual disease. Br J Haematol. CALLA-positive B cell precursors. Blood. 1987
B-cell dysfunction. Am J Clin Pathol. 1993;100: 2000:110:139-146. 70:814-821.

60 ?6' . 20. Duval M, Fenneteau O, Cave H, et al. Expansion 29. Ryan D, Kossover S, Mitchell S, Frantz C, Hen-

10.  Lucio P, ParreiraA, van den Beemd MW, et al. of polyclonal B-cell precursors in bone marrow nessy L, Cohen H. Subpopulations of common
Flow cytometric analysis of normal B cell differen- from children treated for acute lymphoblastic leu- acute lymphoblastic leukemia antigen-positive
tiation: a frame of reference for the detection of kemia. Hematol Cell Ther. 1997;39:139-147. lymphoid cells in normal bone marrow identified
E:EL";?T:i:"sl“;légl_f;?ii;‘:?‘él';?precursor'B'A'—'—- 21. Smedmyr B, Bengtsson M, Jakobsson A, Simon- by hematopoietic differentiation antigens. Blood.

) " ) ) sson B, Oberg G, Totterman TH. Regeneration of 1986:68:417-425.

11. Borella L, Green AA, Webster RG. Immunologic CALLA (CD10+), TdT+ and double-positive cells ~ 30. Hurwitz CA, Gore SD, Stone KD, Civin CI. Flow
rebound after cessation of long-term chemo- in the bone marrow and blood after autologous cytometric detection of rare normal human mar-
therapy in acute leukemia. Blood. 1972;40:42-51. bone marrow transplantation. Eur J Haematol. row cells with immunophenotypes characteristic

12. Paolucci P, Hayward AR, Rapson NT. Pre-B and 1991;46:146-151. of acute lymphoblastic leukemia cells. Leukemia.
B cells in children on leukaemia remission main- 22. Klupp N, Simonitsch I, Mannhalter C, Amann G. 1992;6:233-239.
tenance treatment. Clin Exp Immunol. 1979;37: Emergence of an unusual bone marrow precursor ~ 31. Wells DA, Sale GE, Shulman HM, et al. Multidi-
259-266. B-cell population in fatal Shwachman-Diamond mensional flow cytometry of marrow can differen-

13. Kobayashi SD, Seki K, Suwa N, et al. The tran- syndrome. Arch Pathol Lab Med. 2000;124:1379- tiate leukemic from normal lymphoblasts and my-

sient appearance of small blastoid cells in the

1381.

eloblasts after chemotherapy and bone marrow


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From bloodjournal.hematologylibrary.org by guest on February 27, 2012. For personal use only.

BLOOD, 15 OCTOBER 2001 - VOLUME 98, NUMBER 8

32.

33.

34.

35.

transplantation. Am J Clin Pathol. 1998;110:84-
94.

Weir EG, Cowan K, LeBeau P, Borowitz MJ. A
limited antibody panel can distinguish B-precur-
sor acute lymphoblastic leukemia from normal B
precursors with four color flow cytometry: implica-
tions for residual disease detection. Leukemia.
1999;13:558-567.

Campana D, Coustan-Smith E. Detection of mini-
mal residual disease in acute leukemia by flow
cytometry. Cytometry. 1999;38:139-152.

Rego EM, Garcia AB, Viana SR, Falcao RP. Age-
related changes of lymphocyte subsets in normal
bone marrow biopsies. Cytometry. 1998;34:22-
29.

Leitenberg D, Rappeport JM, Smith BR. B-cell
precursor bone marrow reconstitution after bone

36.

37.

38.

39.

IMMUNOPHENOTYPE OF MARROW HEMATOGONES

marrow transplantation. Am J Clin Pathol. 1994;
102:231-236.

Ciudad J, San Miguel JF, Lopez-Berges MC, et
al. Detection of abnormalities in B-cell differentia-
tion pattern is a useful tool to predict relapse in
precursor-B-ALL. Br J Haematol. 1999;104:695-
705.

Loken MR, Shah VO, Dattilio KL, Civin CI. Flow
cytometric analysis of human bone marrow, II:
normal B lymphocyte development. Blood. 1987;
70:1316-1324.

Jackson A. Preparation, staining and analysis by
flow cytometry of peripheral blood leukocytes. In:
Warner N, ed. Manual of clinical laboratory immu-
nology. Washington, DC: American Society of Mi-
crobiology; 1996:234-235.

Motley D, Meyer MP, King RA, Naus GJ. Determi-
nation of lymphocyte immunophenotypic values

40.

41.

42.

43.

2507

for normal full-term cord blood. Am J Clin Pathol.
1996;105:38-43.

Brady KA, Atwater SK, Lowell CA. Flow cytomet-
ric detection of CD10 (cALLA) on peripheral
blood B lymphocytes of neonates. Br J Haematol.
1999;107:712-715.

Gale RP, Opelz G, Kiuchi OM, Golde DW.
Thymus-dependent lymphocytes in human
bone marrow. J Clin Invest. 1975;56:1491-
1498.

Fauci AS. Human bone marrow lymphocytes, I:
distribution of lymphocyte subpopulations in the
bone marrow of normal individuals. J Clin Invest.
1975;56:98-110.

Clark P, Normansell DE, Innes DJ, Hess CE.
Lymphocyte subsets in normal bone marrow.
Blood. 1986;67:1600-1606.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

