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A mixed population of immature and mature leucocytes in umbilical cord blood
results in a reduced expression and function of CR3 (CD11b/CD18)
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SUMMARY

Neonatal neutrophils express less membrane and cytoplasmic CR3 (iC3b-receptor, daé,1,
integrin) than do adult neutrophils, and it has been suggested that this renders neonatal neutrophils
deficient in diapedesis and bactericidal activity. The reason(s) for this deficiency are unknown. In this
study, CR3 expression and the CR3-dependent respiratory burst activity of individual neonatal
neutrophils are quantified in comparison with adult leucocytes using flow cytometry. Monocytes and
neutrophils are defined as COI¥CD15°" and CD1#"CD15"" respectively. Although neonatal
neutrophils bore less CR3 on average than did adult neutrophils, neonatal neutrophils were more
heterogeneous and many neonatal neutrophils expressed adult levels of CR3. Because of higher
neutrophil concentrations in congersusadult blood, the calculated number of neutrophils in cord
blood expressing high amounts of CR3 was equivalent to that of adult blood. Similar findings were made
with monocytes. The size of the CR3-dependent respiratory burst stimulated by partigglatean
correlated directly with the expression of CR3 by individual neutrophils. With neonatal and adult
neutrophils having comparable CR3 densities, the respiratory burst activities were equivalent. Wright—
Giemsa differential staining of the subset of neonatal neutrophils with low CR3 levels isolated by
fluorescence-activated cell sorting showed a higher proportion of immature cells than the sorted
population expressing high CR3 levels. Therefore, higher proportions of immature cells in cord blood
probably explain previous reports of deficient CR3 expression and function. The typical neutrophilia of
cord blood may compensate for this apparent deficiency by providing adult concentrations of mature
neutrophils.
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INTRODUCTION invasion depends on rapid migration into sites of infection fol-
lowed by the destruction of bacteria either intracellularly after

Neonates are at risk of infection, and this is thought to result from a hagocviosis or extracellularly via aranule exocviosis. CR3 plavs a
developmental deficiency in host defence mechanisms. Becausg 299%Y yviag y ' pay

passively acquired maternal antibodies provide a level of specifi(Enajor role in these events, serving both as an iC3b-receptor and an

immunity, it has been proposed that neonates may have a defidhesion molecule [8-11]. Asi-integrin, CR3 mediates diaped-
esis of leucocytes into sites of infection through binding to

ciency in innate immunity. Supporting this hypothesis have been . . .
several previous investigations showing that neonatal neutrophilgnrdmhi“?lrﬁeg.'Tﬁrcengl?r aq?eS'foQ n:o:gculgé (IC;AM-l)r; Al\)sl
and monocytes are functionally deficient in transendothelial migra—a eceptor mediating cylotoxicily of bactera, ¢ IS responsiole
. } : . for recognition of microbial pathogens opsonized with iC3b. In
tion, chemotaxis, and phagocytosis compared with adult leuco- ddition. CR3 functions indirectly throuah counling to other
cytes [1-5]. Nevertheless, there have been conflicting reports as 8 ![rl r’fl ; ltj B Ith tld In t)r/1 tl:gn m lir?blr gn domain
whether neonatal neutrophils have a deficiency in bactericidareu ophil receptors that do not have transmembrane comains,
activity [6,7] unctioning as a signalling adapter for cytotoxic responses [12,13].

e S . ._ For example, neutrophil responses to IgG-opsonized bacteria occur

The effectiveness of neutrophils in preventing bacterial .
P P 9 via a membrane complex of #RIIIB (CD16) and CR3, and the

Correspondence: Dr Gordon D. Ross, Division of Experimental phagocytosis of Gram-negative bacteria co.ntaining endotoxin is
Immunology and Immunopathology, University of Louisville, Louisville, thought to occur because of CD14 signalling through attached
KY 40292, USA. CR3. The clinical importance of CR3 is particularly emphasized in
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the disease leucocyte adhesion deficiency, a genetic defect Bnd sterile disposable plasticware was used. For solutions of
CD18 synthesis associated with life-threatening bacterial infecdextran, ammonium chloride, PBS—BSA, and MoAb reagents,
tions [14-16]. LPS was removed using Triton X-114 [33], followed by moni-
In resting neutrophils and monocytes, most CR3 resides irtoring of LPS removal with LAL Test Kit 03 (Biowhitaker,
cytoplasmic granules rather than on the membrane [17,18]. T&Walkersville, MD).
measure total CR3 by flow cytometry, it is necessary to stimulate
mobilization of cytoplasmic CR3 to the membrane with activatorsMoAbs and immunofluorescence staining reagents
such as calcium ionomycin [5,19,20]. Using such techniguesMoAb MN-41 specific for CD11b I-domain [34,35] was conju-
previous studies have shown that neonatal neutrophils were defgated to FITC [36] for measurement of CR3 surface density.
cient in total CR3 [5,21,22]. Moreover, this neutrophil CR3 Alternatively, CR3 was analysed with anti-Leu-15—PE (Becton
deficiency was related to diminished adhesion and transendotheliickinson Immunochemistry Systems, San Jose, CA). Anti-
migration [2,23]. Other studies have also suggested that this lack dD14—PE and non-specific mouse IgG—PE were purchased from
CR3 may result in reduced opsonophagocytic killing of virulent Becton Dickinson. Mouse myeloma MOPC-21 IgG1 from ascites
organisms [3]. fluid [37] was coupled to FITC or biotin [38] and used as a control
Most studies of neonatal neutrophils have utilized umbilical for non-specific staining. Biotinylated anti-CD15 MoAb and
cord blood. Although representative of neonatal peripheral blood astreptavidin-cychrome were purchased from Pharmingen (San
birth, cord blood has also been used as a source of myeloid steliego, CA).
cells for bone marrow replacement therapy [24] and contains the
entire series of differentiating myeloid cells [25,26]. Of particular Flow cytometry assay for CR3 expression by unseparated neutro-
relevance, studies on myeloid cell maturation have shown that CRBhils and monocytes
increases co-ordinately with formation of cytoplasmic granulesTo stimulate maximum expression of CR3x 10° leucocytes in a
and a segmented nucleus [27-31]. Polymorphonuclear cells coulti2x 75 mm tube were incubated for 20 min at room temperature in
be separated by density centrifugation into cell subsets containing00g! of 10~"m calcium ionomycin in LPS-free Hanks' balanced
increasing amounts of granules and membrane CR3. Accordinglysalt solution (HBSS; Biowhitaker) and then placed in an ice bath
it seemed possible that some cells in cord blood that appeared to j&,22]. The cells were stained on ice by addition ofu20each of
fully mature polymorphonuclear cells might actually represent lessMN-41—-FITC, anti-CD15-biotin, and anti-CD14—PE and incuba-
mature cells with a lower CR3 content. tion for 20 min. After three washes with ice-cold PBS—BSA 20
Since neonatal neutrophils express less CR3 than do adutif streptavidin-cychrome (1:10 in PBS—BSA) were added and the
neutrophils, it should be expected that they would also be deficientesuspended cells were incubated on ice for 20 min. After three
in CR3-dependent adhesion, as others have reported [1,2,23,32}ashes with ice-cold PBS—BSA, the cells were examined by flow
However, if cord blood were to contain a mixture of immature andcytometry. Controls included cells stained with the MoAbs sepa-
mature neutrophil subsets, it follows that the CR3-dependentately for colour compensation, as well as cells stained with
functions of these subsets would vary according to CR3 content.combinations of non-specific 1IgG coupled to FITC, PE and
The purpose of the current study was to determine if thebiotin. Five channels of listmode data were collected with a
previously reported ‘deficiency’ of CR3 in neonatal leucocytesCoulter Profile Il (Coulter Instruments, Miami Lakes, FL): (i)
actually represents an increased proportion of immature cells. Aorward light scatter for cell size, (ii) side scatter light (SS) for
three-colour flow cytometry assay was devised that showed thagranularity, (iii) log fluorescence one (LFL1) for FITC, (iv) LFL2
cord blood contained a mixture of immature and mature neutrofor PE, and (v) LFL3 for cychrome. Neutrophils were defined as
phils, as well as monocytes, that expressed varying amounts d&D14°“CD15"%"and monocytes as CD12"CD15°%, effectively
CR3. Next, another type of flow cytometry assay was developeaxcluding any dead cells that would have been stained non-
that allowed the assessment of individual neutrophils for CR3specifically as CD149"CD15"". Listmode data were analysed
dependent function relative to CR3 surface density. For cells withusing WinList 3 software (Verity Software House, Topsham, ME).
comparable CR3 expression in either cord or adult blood, the CR3In some experiments, staining was carried out with14® cells
dependent respiratory burst function was the same. (using 4 more staining reagents) and FACS sorting of the stained
cells was done using a Coulter Elite Analyser. Sorted fractions
were collected directly onto microscope slides containing a drop of
fetal bovine serum. After spreading the cells across the slide, the
Adult and neonatal leucocyte preparations air-dried cells were stained with Wright—Giemsa and blind coded
Citrated venous blood was obtained simultaneously from theslides were examined for morphology by a certified haematology
umbilical cords of healthy term newborn infants and adult volun-laboratory technician. The significance between data sets was
teers. Total and differential leucocyte counts were performed priocalculated with Student'stest using Instat software (Graphpad,
to separation of leucocytes. After sedimentation of erythrocytes aSan Diego, CA).
room temperature by mixture of blood samples with an equal
volume of 3% dextran T-500 (Amersham Pharmacia Biotech,Flow cytometry assay for respiratory burst functivarsusCR3
Piscataway, NJ) in citrate anticoagulant and incubation forsurface density
30 min, the remaining erythrocytes in the leucocyte-rich plasmaA CR3-dependent intracellular respiratory burst stimulated with
were lysed by briefly suspending the cells in Ov1l&mmonium  particulateg-glucan [38] was monitored by the fluorescein signal
chloride. After washing three times with 0-5% bovine serumfrom cells loaded with v diacetyldichlorofluoresceine (DCF, or
albumin in PBS (BSA-PBS), the leucocytes were suspended at,DCFDA, D-399; Molecular Probes, Inc., Eugene, OR). By
1x 10%ml in BSA—PBS. For the respiratory burst assay, all reagentsombining the fluorescein burst signal with anti-Leu-15—PE
were depleted of detectable endotoxin (lipopolysaccharide (LPS))staining for CR3, the burst within individual neutrophils (LFL1)

MATERIALS AND METHODS
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Fig. 1. Three-colour flow cytometry analysis of CR3 surface density on
neonatalversusadult leucocytes. The histograms compare the unseparated Granularity (light side scatter)
leucocytes from one cord and one adult blood sample in which the ) )
CD14°"CD15"9" neutrophils and CDI¥'CD15°" monocytes were ana- Fig. 2. Assay of CR3 surface densitersussurface granularity. The same
lysed individually for surface density of CR3. sample data shown in Fig. 1 were analysed for CR3 deusitgudight side
scatter. Among neonatal neutrophils, the small number of cells having low
surface CR3 at the bottom of the histogram are heterogeneous in granularity
could be related to CR3 surface density (LFL2). Neutrophils were(spread across the bottom of the histogram).
analysed selectively by gating on CO'5 cells using anti-CD15—
biotin-streptavidin-cychrome as above (LFL3). Unlike the extra-surface density, although sometimes lower in mean value than
cellular burst that corresponds to particle phagocytosis, the intrathat of adult neutrophils, had a narrow distribution resembling
cellular burst was stimulated with soluble LPS in the absence okdult blood neutrophils (Fig. 1). Comparison of neonatal cells with
phagocytosis. Accordingly, it was necessary to carry out this assaliigh (adult levelsyersuslow levels of CR3 revealed no apparent
under LPS-free and sterile conditiofisglucan from baker's yeast differences in granularity (light side scatter), as both neutrophils
(Sigma, St Louis, MO) was suspended at 10 mg/ml iMds2dium ~ and monocytes expressing high or low amounts of CR3 had a
hydroxide for 1 h at 37C to destroy particle-associated LPS. After relatively similar side scatter profile (Fig.2). However, when
10 washes with LPS-free HBSS and resuspension at 10 mg/ml ineutrophils expressing lowersushigh densities of CR3 were
LPS-free 2% fetal calf serum (FCS) in HBSS, the pH was reducedlow sorted, fixed, and stained with Wright—Giemsa for analysis of
to 7-5 and= 0-05 endotoxin units were detectable. DCF, dissolvednuclear morphology, the sorted fraction of cells expressing low
initially at 5mm in ethanol, was diluted to 5 in LPS-free 2% CR3 was found to contain a lower proportion of segmented
FCS—-HBSS before use in assays. Adult or cord leucocytepolymorphonuclear cells (83%) than did the sorted fraction with
(2x10°) were mixed with 8Ql anti-Leu-15—PE, 4@l anti- high density of CR3 (94% polymorphonuclear).
CD15-biotin (1:10), 10l 50 um DCF, and 10Q: 8-glucan in a Although the mean amount of CR3 expressed by neonatal
total volume of 1 ml in a sterile 1275 mm plastic tube. After neutrophils and monocytes was lower than that of adult cells, when
warming to 37C in a water bath, the tubes were placed on a rotatoithe two-to-three-fold higher leucocyte count of cord blood com-
with horizontal axis at 3T for 20 min. The tubes were transferred pared with adult blood was considered, it was calculated that cord
to an ice bath, vortexed vigorously to disrypglucan-clumped blood actually contained slightly higher concentrations of both
cells, and washed twice in ice-cold 2% FCS—HBSS atgitr neutrophils and monocytes with high density of CR3 (defined as
8min. Next, 4Qul streptavidin-cychrome (1:10 dilution) were the meant 1 s.d. of 12 adult mean channel values for neutrophil or
added and incubation was continued on ice for 20 min. Finally,monocyte CR3 fluorescence intensity) than did adult blood (Fig. 3).
the cells were vortexed vigorously, washed twice as before, antiowever, among the 15 cord and 12 adult blood samples exam-
analysed by flow cytometry. Controls were included in which CR3ined, there was such heterogeneity in the numbers of leucocytes
was blocked prior t@-glucan with 2Q,g MN-41 anti-CR3 [39] or  with high CR3 expression that the difference between adult and
500pg/ml of solubleB-glucan [40]. Other controls were used for cord blood in the absolute numbers of neutrophils or monocytes
colour compensation and for spontaneous burst wit@egiican. ~ with high expression of CR3 was not statistically significant
(P=0-42 andP=0-16, Fig.3). It was particularly noteworthy
RESULTS that in a thirq of.the cord samples, the distribution pattgrn of
neutrophils with high and low numbers of CR8rsusgranularity
Expression of CR3 by neutrophils and monocytes in cord bloodvas indistinguishable from the average adult blood sample. Thus,
versusadult blood the cord sample shown in Fig.2 was representative of approxi-
As reported by others [2,5,22], neonatal neutrophils expressethately two-thirds of cord samples examined and the remaining
approx.66% as much CR3 as did adult neutrophils (Fig.1).cord samples exhibited profiles that were indistinguishable from
Similarly, neonatal monocytes expressed approx. 85% as muchdult blood.
CR3 as did adult monocytes. Among neonatal neutrophils, a broad
and homogeneous distribution of cells with very low to high Function of CR3 on neonatal neutrophilersusadult neutrophils
surface densities of CR3 was observed in 10 out of 15 cordSince a subset of neonatal neutrophils expressed levels of CR3
samples. In the remaining cord samples, the neutrophil CR2quivalent to adult blood neutrophils, it was hypothesized that the
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Fig. 3. Comparison of adultl{)) and neonatall) leucocytes for CR3 density and for the concentration of cells with high CR3. The histogram on the left
indicates the CR3 surface density of the entire populations of adult and neonatal leucocytes. The histogram on the right shows adult or cord blood
concentrations of neutrophils and monocytes containing high densities (adult levels) of CR3. The mean leucocyte counts feersbisitchdult blood

samples were 10:8 4.0versuss-5+ 1.6x 10° per ml, and differential counts for the coversusadult blood samples were 3:91-1versus2-6+ 1-0x 10°

per ml for neutrophils and 3:8 1-9versusl-1+ 0-48x 10° per ml monocytes.

CR3-dependent functions of this subset would be equivalent t@f myeloid cell maturation from CD3% stem cells to mature
those of adult blood neutrophils. The CR3-dependent respiratorpolymorphonuclear neutrophils. The data confirm previous reports
burst stimulated by particulatg-glucan was examined using an that the average cord blood neutrophil contained less CR3 than did
assay in which a fluorescein signal representing an intracellulathe average adult blood neutrophil. However, a novel finding is that
burst was generated in response to ligation of the lectin site o€ord neutrophils were more variable in CR3 content than were
CD11b. Inhibition of this fluorescence signal by MoAbs that block adult neutrophils. Flow sorting and differential counts of neonatal
the lectin site of CD11b confirmed the CR3 specificity of this neutrophils expressing low amounts of CR3 also indicated a less
response to particulatg-glucan (not shown). It was possible to mature nuclear morphology. Because of a much higher neutrophil
measure this response on individual neutrophils in combinatiorconcentration in cord blood compared with adult blood, cord blood
with measurement of CR3 surface density by use of anti-Leu-15-and adult blood contained equivalent concentrations of neutrophils
PE, since previous studies had shown that this CD11b MoAb wasvith a high content of CR3. Finally, the size of the CR3-dependent
unique among>20 other CD11b MoAbs examined, in that it respiratory burst of individual neutrophils was shown to be directly
neither blocked solublgs-glucan—FITC staining of neutrophil correlated with CR3 content, such that cord and adult blood
CR3 [40] nor inhibited the neutrophil respiratory burst stimulated neutrophils containing equivalent quantities of CR3 exhibited
by particulate3-glucan [39]. This analysis indicated that the size of similar CR3-dependent respiratory bursts.

the CR3-dependent respiratory burst was directly proportional to The expression of CR3 is detectable early in myeloid cell
the surface density of CR3, and that the subset of neonatalifferentiation, and the process continues throughout the develop-
neutrophils with high levels of CR3 exhibited the same sizedment of mature-appearing polymorphonuclear cells [29-31,41,42].
respiratory burst as did adult blood neutrophils (Fig.4). AsThe terminal events in neutrophil maturation include the acquisition
expected, neonatal neutrophils exhibiting low expression of CR3

(average mean channel for four cord sampleB09+ 8-01) also

gave a proportionately lower respiratory burst (98-80-5) than 200
the four paired adult samples (CR3L73+53-0, burst Burst/CR3 ratio
=164+ 59-0). The calculated burst to CR3 ratio of neonatal 150 | Adult=0-95
neutrophils (0-83% 0-3) was not significantly les® & 0-25) than Neonatal = 0-83
the ratio of 0-95- 0-15 observed with adult neutrophils (Fig. 4).

Respiratory burst

100
DISCUSSION 50 [~
. ) o’
Over the past 25years, several investigators have reported that . . . |
cord blood-derived neonatal neutrophils adhere to and migrate 0 50 100 150 200
through microvascular endothelium inefficiently. These functional
defects were subsequently linked to diminished CR3 expression. CR3 surface density

T_he pl,erose of t_he current study was to determine if this defl'Fig.4. The CR3-dependent respiratory burst is proportional to the CR3
ciency of CR3 in neoqatal leucocytes actually represents ‘@%yrface density of both adully and neonatal neutrophil&)j. A three-
increased proportion of immature cells rather than a populationygiour flow cytometry assay was used to analyse Ct818eutrophils for

of defective cells. In particular, it is now appreciated that umbilical the size of an intracellular respiratory burst triggered3eylucan particles
cord blood resembles bone marrow and contains the entire spectruvarsusthe surface density of CR3 expression.
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of cytoplasmic granules, which are responsible for increased celvith similar CR3 content and function as adult blood, it is
density. Consequently, neutrophils in various stages of maturationnknown whether the predominant immature leucocytes of cord
may be separated by density gradient centrifugation [27,43]blood might contribute to the known increased susceptibility of
Among mature-appearing neutrophils separated according taeonates to infection. Most previous studies of neutrophil function
density, even mature appearing polymorphonuclear neutrophilevere done using equal numbers of isolated leucocytes from cord
demonstrated a further maturation manifested by a graduahnd adult blood. This study suggests that neonates at birth may
increase in cytoplasmic granularity, cell density, and CR3 expreshave sufficient concentrations of mature neutrophils to compensate
sion [28]. Thus, neutrophils that appear morphologically to befor the immature neutrophils with lower CR3 content and function.
mature polymorphonuclear leucocytes may not have acquired thelowever, it is unknown whether the immature cells in cord blood
full content of CR3. Flow sorting and Wright—Giemsa staining might produce some form of physical interference or cytokine-
revealed that the cord neutrophils with low CR3 were more likelymediated suppression of mature cell functions. Because the CR3-
to be immature than the cells with high CR3 content. This suggestdependent respiratory burst was found to correlate with CR3
that the cord neutrophils with lower CR3 represent less maturelensity, future assays foB,-integrin-dependent adhesion and
cells than the average adult blood neutrophil. At this time, there idactericidal activity should attempt to correlate these functions
no absolute definition of a mature neutrophil, but based onwith the CR3 content of individual cells. Alternatively, assays
available information it appears likely that the acquisition of a designed to compare the relative functional capacity of neonatal
full content of cytoplasmic granules containing CR3 represents onéeucocytes with adult leucocytes should use a proportionately
of the final phases of maturation. higher concentration of neonatal cells than adult cells, as is
Despite the widely accepted notion that neonatal neutrophil§ound in cordversusadult whole blood.
are deficient in CR3, there have been some inconsistencies in
previous reports [2,5,21,23,44]. Some early investigations sug- ACKNOWLEDGMENTS
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