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Pe3somMe. AKTUBUPOBAHHBIC TPOMOOIIMTHI 00Pa3yIOT KOMIUIEKCH C HUPKYJIUPYIOIIMHU JICHKOILIMTAMH T10-
CpeICTBOM MeMOpPaHOCBSI3aHHBIX MOJIEKYI. B3anMoneicTBre TpOMOOIIUTOB ¢ MOHOIIMTAMM JICKUT B OCHOBE
naToOU3MOIOTMUECKUX MEXaHU3MOB, CBSI3BIBAIOIINX ITPOIIECCHI TPOMOOOOpa3oBaHMsI 1 BocniajaeHus. Ompe-
IeJICHNE W aHaJIu3 TPOMOOLIMTapHO-MOHOIIUTAPpHBIX KOMILIEKCOB (TMK) mo3BoISTIOT BBIIBUTH MX (PU3MO-
JIOTUYECKYIO ¥ MAaTOTeHETUUECKYIO POJIb, @ TAKKE MMEIOT BaXKHOE TUArHOCTUYECKOE 3HAUCHUE TPU U3YICHU N
pa3IMYHBIX MATOJOTUYECKUX COCTOSIHUI, B TOM YHCJe aKylrepckux. Llenp mcciaeqoBaHust cocTosia B pas-
paboTKe MeToaa onpeneeHns KoJimdecTBeHHOro coaepxxanus TMK B nepudepudeckoii KpoBH, ITO3BOJISI-
IOIIIETO COXPAaHUTh OCHOBHBIC (DEHOTUNMUICCKNE XapaKTEPUCTUKU TPOMOOIIMTOB M MOHOIIMTOB U BBISIBUTH
WX U3MEHEHMs TIpM aHaIu3e Omomarepuana ex vivo. [lpenmaraeMsliii MeTOd codeTaeT B ce0e HEMEIICHHYIO
duKcalnio oopa3oB KPOBU, UMMYHOLIMTOXUMHUYECKOE (PJIyOpeClieHTHOE OKpalllmBaHue AuddepeHInpo-
BOYHBIX M aKTUBAIIMOHHBIX MapKepoB TPOMOOIIMTOB M MOHOILIMTOB C ITOCJICAYIOIIUM JIMU3UCOM DPUTPOIIU-
TOB U aHAJINU3 C TTOMOIIBIO TIPOTOYHOM 1tMTodIyopuMmerpun. beuto nccnenoBano 14 oopasiioB nepudepude-
CKOI KPOBM, MOJYUYEHHBIX OT MAIIMEHTOK C OTSTOIIEHHBIM aKyIIepCKMM aHaAaMHE30M B MEPBOM TPUMECTpPE
TeKyteit oepeMeHHOCTH. [TokazaHo, 4TO Tpolienypa (puKcalny Mo3BOJISIET COXPAaHUTh KOJTUYECTBEHHBIC 1
KadecTBeHHBIe xapakTtepuctuku TMK, cyiiecTByromue in vivo, TOTaa Kak Ipyu OTCYTCTBUU (DUKCAIIUM Ha-
0JIroaeTCss MHOTOKpaTHOE yBeJimueHue koandectsa TMK 1 ypoBHsI 3KcIpeccum akTUBAlIMOHHBIX MapKepoOB
TPOMOOIIMTOB 1 MOHOIIMTOB ex vivo. Micmonb3yemasi TTaHeJIb MOHOKJIOHAJIBHBIX aHTUTEN 1M TIpUMEHEHHBIS
CTpaTeruv reTUpoBaHUs OOECIeUMBAIOT OLIEHKY OTHOCHUTENbHOro U abcojitoTHoro kosmuectsa TMK u
UX (PEHOTUITMUYECKUX XapaKTepPUCTUK KakK B obuei momynsauuu (CD457CD14%) MOHOUMTOB, Tak U B Cy0-
nonyasauusx «kiaaccudeckux» (CD147CD16°), «apomexyTtounbix» (CD147CD16") u «HekJIacCUYEeCKUX»
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(CD14°*CD16") MmoHOLIUTOB. BoIpaboTaHHBII OAXO/ [O3BOJISIET OLEHUTD BKJIA OTAEIbHBIX CYOITOMY/ISILIMIA
MOHOLUTOB B popmupoBanre TMK u cteneHb Ux ydyacTusi B GU3HOJOTUUECKUX U MAaTOPUINOTOTNIECKUX
npoueccax. B oTnenbHbIX 0Opa3liax ObLIO BBISIBIEHO yBeanueHue KoaudectBa TMK, comnpoBozknaBiieecs
CYIIIECTBEHHBIM ITOBBIIIICHUEM B HUX DKCIIPECCUM aKTUBAIIMOHHOTO Mapkepa TpoMoonutoB CD62P u cHu-
JKEHUEM DKCIIPECCUM ero MoHouuTapHoro Juranga CD162. laHHbIe epeMeHbl MOTYT CBUAETEILCTBOBATD
00 MU3MEHEeHUU aKTUBALIMOHHOIO CTaTyca KOMILIEKCOOOpa3yIolIUX KJIeTOK U BOo3MOXXHOM ydactuu TMK B
naTo(U3NOJOTMYECKUX MEXaHW3MaX HEKOTOPBIX aKyILIePCKUX OCIOXHeHUI. MIMMyHOMEeHOTUIIMpPOBaHE
TMK no3BoJisieT TOMOJIHUTEIbHO OXapaKTepu30BaTh UX MPOBOCIAINUTEIbHBIN, MPOKOATYJISIHTHBIN 1 aare-
3UMOHHBIN MOTEHLIMAT U MOXET OBbITh IPUMEHEHO KaK B (pyHIaMEHTaIbHBIX UCCASIOBAHUSIX, TaK U B LIESX
IUAarHOCTUKU. B yacTHOCTHU, TaHHBII METO MOXET ObITh MCIIOJb30BaH MIJIS OTIPENeACHUS U XapaKTePUCTUKHU
TMK npu akymepcKux oCI0KHEHUSIX, COITPOBOXIAIOIINXCS BOCMaJIeHUEM U HApyIIEeHUSIMU TeMOoCTasa.

Karoueswie crosa: mpomboyumaprHo-moHOuUMapHsvle KOMIACKCbl, MPOMOOUUMbL, MOHOYUMDbL, NepupeputecKas Kpoey,
UMMYHOEHOMUNUPosanue, NPOMo1HAas UUMopAyopUMempus.

FLOW CYTOFLUORIMETRIC DETECTION AND
IMMUNOPHENOTYPING OF PLATELET-MONOCYTE
COMPLEXES IN PERIPHERAL BLOOD
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Abstract. Activated platelets aggregate with monocytes by their binding to membrane-bound molecules.
Platelet-monocyte interaction is considered to underlie pathophysiological mechanisms bridging thrombosis
and inflammation. Detection and analysis of platelet-monocyte complexes (PMC) provide means for revealing
their physiological and pathogenetic roles and are instrumental in diagnostics of various pathological condi-
tions, including obstetric complications. The aim of present study was to develop a technique for quantitative
determination of PMCs in peripheral blood, that preserving phenotypic features of platelets and monocytes,
and to reveal their changes by ex vivo analysis. The suggested procedure includes immediate fixation of blood
sample, immunocytochemical staining with fluorochrome-conjugated specific antibodies against distinct ac-
tivation and differentiation markers, followed by erythrocyte lysis, and flow cytometric analysis. We have ana-
lyzed fourteen samples of peripheral blood from the patients with a history of complicated pregnancies. The
samples were taken in first trimester of the ongoing pregnancy. We have shown that quantitative and qualita-
tive in vivo characteristics of PMC remained unchanged in pre-fixed samples, whereas the number of PMCs
and expression levels of the platelet and monocyte activation markers dramatically increased in unfixed blood
specimens. The set of monoclonal antibodies and gating strategies used in this study allows phenotyping and
evaluation of percentage/absolute PMC counts in the total monocyte population (CD45"CD14") and in the
subpopulations of classical (CD14*CD16"), intermediate (CD14"CD16"), and non-classical (CD14°*CD16")
monocytes. This approach provides insight into participation of different monocyte subsets in PMC formation,
and their roles in physiological and pathophysiological processes. In some samples, elevated PMC proportion
was observed, accompanied by significantly increased expression of CD62P platelet activation marker, and a
decrease in its monocytic ligand CD162 expression. These changes suggested altered activation of PMC and
their participation in pathophysiological mechanisms of some pregnancy complications. Immunophenotyping
of PMC affords an opportunity to characterize their proinflammatory, procoagulant and adhesive properties;
these results can be used for research and diagnostics. In particular, the method is suitable for detection and
phenotyping of PMC in pregnancy complications and other pathological conditions associated with disorders
of hemostasis and thrombosis.

Keywords: platelet-monocyte complexes, platelets, monocytes, peripheral blood, immunophenotyping, flow cytofluorimetry
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Introduction

Circulating platelet-leukocyte complexes (PLC)
come into focus of researchers in recent years. Acti-
vated platelets exhibit apparent capacity to form ag-
gregates with leukocytes, in particular with monocytes
and neutrophils [4]. Formation of PLC is predomi-
nantely mediated by the interaction of P-selectin
(CD62P), expressed on the surface of activated plate-
lets, with ligand PSGL-1 (CD162), which is consti-
tutively expressed by leucocytes. The formed PLC
are further stabilized by interaction between platelet
membrane molecules CD40L, GPIboa,, ICAM-2 and
their leukocyte counterparts CD40, Mac-1 (CD11b/
CD18), LFA-1, respectively [18].

Platelet-monocyte interaction is considered to
be a pivotal event that underlies pathophysiological
mechanisms bridging thrombosis and inflammation,
in particular, proinflammatory effects, mediated by
activated platelets [5]. It is accepted that platelet-
monocyte complexes (PMC) are a more sensitive
marker of in vivo platelet activation than commonly
accepted parameter — CD62P expression level [15].
Quantitative detection of PMC as well as character-
ization of pro-inflammatory, pro-coagulant, and ad-
hesive phenotypes are intended to reveal their physi-
ological and pathophysiological roles. Moreover, this
approach may be applied for diagnostic purposes.

Circulating monocytes are divided into three
subsets by expression of surface markers CD14 and
CD16 [19]. Determination and phenotyping of PMC
in these subpopulations provide additional informa-
tion about their activation and participation in the in-
teraction with platelets.

Changes in the levels of total PMC and aggregates,
formed by different monocyte subsets, were found in
the circulation of patients with various inflammatory
and thrombophilic disorders including acute myo-
cardial infarction [12], cardiovascular diseases [2, 3],
chronic obstructive pulmonary disease [2], antiphos-
pholipid syndrome, systemic lupus erythematosus,
and rheumatoid arthritis [10], tuberculosis [11]. In-
creased levels of PMC in pre-eclampsia suggest their
pathogenetic role in this disorder [13]. We propose
that other pregnancy complications, associated with
prothrombotic state, are accompanied by activation
of platelets and monocytes and manifest themselves
as quantitative and qualitative changes in the charac-
teristics of PMC.

Being engaged in the study of PMC roles in re-
current pregnancy loss, we faced with a choice of
methodical approach. Currently, there is no conven-
tional protocol of PMC determination in peripheral
blood. Diversity of procedures employed by differ-
ent research groups resulted in disparate data on the
amount and phenotype of circulating PMC. Flow
cytofluorimetry is widely used as an accessible and

reliable analytical approach for identification and
immunophenotyping of PMC. Methodical discrep-
ancies mainly refer to sample preparation, selection
of monoclonal antibodies/fluorochromes, and gating
strategy. The most significant problem is platelet ac-
tivation that results in ex vivo PMC formation. The
phenomenon reflects neither physiological nor patho-
physiological events and thus significantly interferes
with determination of in vivo characteristics of PMC.
It was demonstrated that spontaneous PMC forma-
tion began just after blood sampling and proceeded at
high rate — 0.3-0.4% per minute. [8, 12]. In practice,
it takes at least half an hour to proceed from blood
sampling to analysis. Moreover, this interval may ex-
tend up to 1 h or more, if minimal transportation of
the samples is needed. However, in the most existing
protocols this point is overlooked, although PMC
number may significantly increase during that time in
comparison with their in vivo level.

The purpose of our study was development of the
method of detection and quantification of PMC in
peripheral blood samples, ensuring prevention of ex
vivo platelet activation, preservation of phenotype
characteristics of platelets, monocytes and PMC, and
evaluation of their in vivo changes.

Materials and methods

Samples of peripheral blood were obtained from
patients with history of pregnancy complications (re-
current pregnancy loss, non-developing pregnancy,
intrauterine fetal death, antiphospholipid syndrome)
in first trimester of ongoing pregnancy. Venous blood
was sampled by venipuncture using 21-gauge needle
and collected into vacutainer containing anticoagu-
lant (3.8% sodium citrate). To avoid post-traumatic
cell aggregation, first portion of blood (3-5 ml) was
discarded. Since spontaneous platelet activation and
formation of PLC occur in vitro in the absence of ago-
nists, it is critical to fixate cells and aggregates as close
as possible to the moment of blood sampling. Within
1-2 minutes after collection 0.5 ml blood was mixed
with equal volume of CellFix (BD Biosciences).

After 1 hour 50 pl of fixed blood were immunola-
beled with 5 ul of following fluorochrome-conjugated
monoclonal antibodies: CD45-PerCP, CD14-Alexa
Fluor®700, CD41a-APC, CD16-PE-Cy7™, CD62P-
FITC, CD40-APC-H7, CDI162-PE, CDI142-PE,
CDI11b-PE (all BD Biosciences). To exclude non-
specific binding and cell autofluorescence, isotype
controls, conjugated with relevant fluorochromes,
were used in addition to internal control, that provid-
ed optimal parameters for data acquisition. Samples
were incubated for 20 min in dark at room tempera-
ture. Red blood cells were lysed by tenfold dilution
of the samples with BD FACS™ Lysing Solution
(BD Biosciences).

403



Ilaénose O.B. u dp.
Paviov O.V. et al.

Meoduyunckas Ummynonoeus

Medical Immunology (Russia)/Meditsinskaya Immunologiya

Samples were analyzed using FACSCanto II
(Becton Dickinson) flow cytometer with FACSDi-
va software (BD Biosciences). Ten thousand events
were collected in the platelet gate. For the analysis of
monocytes and PMC, at least 5,000 events with rel-
evant immunophenotype were collected in the mono-
cyte gate. Leukocyte and platelet counts were deter-
mined with automated blood analyzer ADVIA 60 CT
(Siemens). Statistical analyses were performed using
Microsoft Office software package.

Results

Immediate and prolonged fixation of blood sam-
ples is a key issue of the suggested procedure. In pre-
liminary experiments we compared PMC content
and expression of activation markers of platelets and
monocytes in unfixed blood and in the samples sub-
jected to the immediate fixation. When compared to
fixed blood, 2.5-4 fold increase in PMC percentage
was observed after 1 hour without fixation, CD62P ex-
pression level in PMC increased twofold (from 9.7 to
18.7%), and CD11b demonstrated 8.5 fold increase,
amounting up to 100%. Moreover, it was demon-
strated that prolongation of fixation time up to 1 hour
did not significantly affect such measured parameters
as PMC amount and expression levels of platelet and
monocyte markers.
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We analyzed 14 peripheral blood samples obtained
by the procedure described above.

Monocyte and platelets were determined with
fluorochrome-conjugated monoclonal antibodies
against specific antigenic markers.

Platelets were identified from the expression of
CD41a, monocytes were recognized from the expres-
sion of both CD45 and CD14. Platelet-monocyte ag-
gregates were recognized as CD14 and CD41a double
positive events. Monocyte subsets were determined
from differential CD14 and CD 16 expression.

Gating strategy used for determination of unag-
gregated platelets and representative histogram, dem-
onstrating CD62P expression in this population, are
shown in Figure 1. P-selectin (CD62P) is a marker of
platelet activation, and levels of CD62P expression in
free platelets may be compared to the levels of CD62P
expressed by platelets, aggregated with monocytes
(PMC). Median percentage of CD62P* free platelets
in the analyzed samples was 2,7% (0,1-4,6%).

Gating strategy for detection of free monocytes
and PMC is shown in Figure 2. This approach ensures
quantification of PMC and determination of surface
antigenic markers in total monocyte population and
monocyte subsets: classical (CD14*CD16%), inter-
mediate (CD147CD16%), and non-classical (CD-
14°*CD16%). In the analyzed samples, median per-
centage of PMC in the total monocyte population was

10°

10*

SSC

10°

102

-334 -10% 0 102 10° 104 10°
CD41a

Figure 1. Analysis of activated platelets

in prefixed peripheral blood samples

Note. A, gating strategy for determination of free platelets.
Platelets were identified by staining with specific anti-
CD41a antibodies. B, representative histogram of event
distribution in the gated region after staining with specific
antibodies against CD62P (percentage of activated
platelets).
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Figure 2. Gating strategies for the analysis of PMC in the total monocyte population (upper panel) and monocyte subsets
(middle and lower panel)

Note. On SSC/CD45 dot plot the region, corresponding to morphological and phenotypic characteristics of monocytes, was set (A). In the total
monocyte population, PMC were identified by co-staining with anti-CD14 and anti-CD41a antibodies (B). Monocyte subsets identified with
anti-CD14 and anti-CD16 antibodies (C), were classified as classical (CD14*CD16") (D), intermediate (CD14*CD16") (E), and non-classical
(CD14*CD16*) (F). In the monocyte subsets, PMC were identified as CD41a-positive events.
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Figure 3. Representative histograms of PMC distribution in the monocyte subsets
Note. Percentages of PMC in the monocyte subsets are shown on the figures.
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Figure 4. Analysis of PMC formation and expression of surface markers of platelets and monocytes in different samples

of prefixed peripheral blood

Note. The marker of platelet activation CD62P (P-selectin) and its ligand CD162 (PGSL-1) were determined on the surface of PMC and free
monocytes by staining with corresponding specific antibodies. A, monocyte marker CD162 was expressed by both PMC and free monocytes,
whereas platelet marker CD62 was detected in less than 5% PMC. B, PMC, but not free monocytes, demonstrated 50% increase in CD62P
expression accompanied by comparable decrease in CD162 level.

12.5% (5.5-16.7%). Representative histograms dem-
onstrate potential of the method to quantify the dif-
ferences between monocyte subsets in their ability to
form complexes with platelets: CD14"CD16-CD41a",

CDI14°*CD16*CD41a", and CD14*CD16*CD41a".
Figure 3 demonstrates that in the sample, non-clas-
sical (CD14°*CD16"%) monocytes formed more than
twice as many aggregates with platelets as two other
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monocyte subsets (classical and intermediate) and to-
tal monocyte population.

The suggested method is not only applicable for
detection of PMC in total monocyte population and
monocyte subsets, but for quantitative characteriza-
tion of platelet-monocyte interaction in PMC by
measuring expression of relevant molecules. Bind-
ing of platelet P-selectin (CD62P) to CD162 on the
monocyte surface plays a key role in PMC formation.
In the majority of peripheral blood samples, ana-
lyzed in our study, CD62P expression levels did not
exceed 5%, whereas all free monocytes and PMCs
were CD162-positive (Figure 4A). However, in two
samples significant increase in CD62P expression and
decrease in CD162 expression by ~50% was observed
(Figure 4B). Noteworthy is that these changes were
observed in PMCs (CD14*CD41a.*), but not in free
monocytes (CD147CD41a). Moreover, percentage
of PMC increased, and percentage of free monocytes
decreased (Figure 4B). No correlation was revealed
between this phenomenon and clinical findings of the
patients.

In the analyzed samples, no significant CD40 and
CD142 expression was determined. CD11b expres-
sion level varied from 1.2 to 35.1% with median value
of 14%.

Percentage values obtained with flow cytometry
can be converted into absolute values by using data
obtained with blood analyzer. Thus, concentrations of
PMC and free cells with specific phenotypes can be
calculated.

Discussion

Based on earlier described procedures assuming
pre-fixation of blood samples [2, 6, 12], we developed
the method of quantifying and phenotypical charac-
terization of PMC in the peripheral blood that can be
used for studying the role of platelet-monocyte inter-
actions in the pathogenesis of pregnancy complica-
tions.

We used sodium citrate as anticoagulant since it
was demonstrated to have a minimal effect on PMC
formation [8]. In our preliminary experiments with
different anticoagulants we came to the same con-
clusion. Sodium citrate is anticoagulant of choice in
many studies on PMC detection and characteriza-
tion [2, 7, 11, 12, 16].

In platelet research, special requirements are set
in sampling and sample preparation. The procedures
should be performed in such a way as to minimize ex
vivo platelet activation. On the other hand, immu-
nocytochemical staining implies best preservation of
native conformation and expression density of the an-
tigenic determinants, recognized by monoclonal an-
tibodies. Mild fixation of biomaterial, containing the
cells of interest, meets the requirements. It is achieved

by applying fixing agent (paraformaldehyde) at lower
concentrations than those used in the standard pro-
tocols. The procedure of immediate fixation, used in
our study, provided preservation of antigenic pheno-
type from blood sampling to laboratory analysis.

The described method excludes undesirable sam-
ple handling including sedimentation by centrifuga-
tion, cell separation in density gradient, washing with
buffer solutions. Thus, immunocytochemical staining
with fluorochrome-conjugated monoclonal antibod-
ies was carried out directly in the fixed blood sample.

The panel of specific antibodies and conjugated
fluorochromes was set for differential counting of
PMC and free platelets and monocytes as well as for
effective determination of the levels of expression of
inducible antigenic markers on the surface of the cells
and aggregates.

The results of the study demonstrate that the sug-
gested method offers a means for a reliable identifi-
cation of PMC and determination of their activation
state in total monocyte population and in the mono-
cyte subsets.

Increased amount of PMC, detected in some sam-
ples, accompanied by increased expression of platelet
activation marker CD62P and decreased expression of
its ligand CD162, suggest changes of activation state
of PMC and their roles in pathophysiological mecha-
nisms of some pregnancy complications. To reveal
correlation between changes in these parameters and
clinical signs of certain pregnancy complications, it is
necessary to analyze a considerable amount of blood
samples obtained from patients with physiological
pregnancy and complicated pregnancies.

Likewise, shift in balance of PMC formed by dif-
ferent monocyte subsets apparently reflects the dif-
ferent roles of these subpopulations in physiological
and pathological processes. It is evident that PMC
and phenotypic markers of activation should be de-
termined not only in total monocyte population, but
also in the monocyte subsets since the alterations oc-
curring in the minor subpopulation may be undetect-
able in the whole population.

In our study, we used specific antibodies against
the surface antigens, that are the hallmarks of proin-
flammatory and procoagulant monocyte phenotype.
CD40L receptor CD40 mediates platelet-monocyte
interaction in inflammation and thrombosis [9]. Tis-
sue factor (CD142) plays a key role in the initiation
of blood coagulation [17]. Although we did not find
significant expression of these factors in the analyzed
samples, we believe that determination of CD40 and
CD142 should be included in the analysis of PMC in
patients with thrombophilic state. Detectionof CD11b
seems to be useful to characterize adhesive phenotype
of free monocytes and PMC. This molecule is a part
of leukocyte integrin Mac-1 (CR3, CD18/CD11b)
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and mediates various monocyte functions including
PMC stabilization by interacting with platelet glyco-
protein GPIb [14], binding to complement compo-
nents, fibrinogen, and ICAM-1 molecules expressed
on the surface of endothelial cells.

Conclusion

We developed accessible and reproducible meth-
od, that provides preservation of phenotypic charac-
teristics of PMC and ensures delayed analysis of blood

samples, quantifying of PMC, and determination of
activation state. The suggested procedure includes
immediate mild fixation, minimal sample handling,
optimal gating strategies, and relevant panel of spe-
cific antibodies for identification of the differentiation
and activation antigenic markers using flow cytofluo-
rimetry. We believe that the suggested method can be
used for detection and characterization of platelet-
monocyte complexes in patients with various pathol-
ogies accompanied by inflammation and thrombosis,
including pregnancy complications.
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