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Abstract: Monocytes (Mo) mediate central fune-
tions in inflammation and immunity. Different sub-
populations of Mo with distinet phenotype and
functional properties have been described. Here,
we investigate the phenotype and function of pe-
ripheral Mo from children with hemolytic uremic
syndrome (HUS). For this purpose, blood samples
from patients in the acute period of HUS (HUS AP)
were obtained on admission before dialysis and/or
transfusion. The Mo phenotypic characterization
was performed on whole blood by flow cytometry,
and markers associated to biological functions
were selected: CD14 accounting for lipopolysac-
charide (LPS) responsiveness, CD11b for adhe-
sion, Fe receptor for immunoglobulin G type I
(FeyRI)/CD64 for phagocytosis and eytotoxicity,
and human leukocyte antigen (HLA)-DR for anti-
gen presentation. Some of these functions were
also determined. Moreover, the percentage of
CD14+ CD16+ Mo was evaluated. We found that
the entire HUS AP Mo population exhibited re-
duced CD14, CD64, and CD11b expression and
decreased LPS-induced tumor necrosis factor pro-
duction and Fey-dependent cytotoxicity. HUS AP
showed an increased percentage of CDI14+
CD16+ Mo with higher CD16 and lower CD14
levels compared with the same subset from healthy
children. Moreover, the CD14++ CD16- Mo sub-
population of HUS AP had a decreased HLA-DR
expression, which correlated with severity. In con-
clusion, the Mo population from HUS AP patients
presents phenotypic and functional alterations.
The contribution to the pathogenesis and the pos-
sible scenarios that led to these changes are

discussed. J. Leukoc. Biol. 78: 000-000; 2005.
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INTRODUCTION

The epidemic form of hemolytic uremic syndrome (HUS), the
most common cause of acute renal failure in children, is
characterized by hemolytic anemia, thrombocytopenia, and
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renal failure [1, 2]. HUS has been associated with enterohem-
orrhagic infections caused by Shiga toxin (Stx)-producing Esch-
erichia coli organisms [3, 4]. Endothelial dysfunction appears
to be an important factor in the sequence of events that leads
to the microangiopathic process observed in HUS. Clinical and
experimental evidence suggests that the inflammatory response
plays a pivotal role in the pathophysiological mechanisms of
HUS. In this regard, increased levels of monocyte (Mo)-derived
cytokines are present in sera and urine of HUS patients [5, 6].
Moreover, Stx induces the synthesis of interleukin (IL)-1(,
tumor necrosis factor (TNF), IL-6, and IL-8 in nonstimulated
human Mo [7], and depletion of hepatic and splenic macro-
phages is able to modulate Stx cytotoxicity in mice [8]. These
findings indicate that inflammatory mediators, locally or sys-
temically produced by Stx-stimulated Mo/macrophages, may
contribute to the development of HUS.

Mo are central elements in inflammation and immunity and
mediate important functions such as phagocytosis, antigen
presentation, and cytokine production. The expression of hu-
man leukocyte antigen (HLA)-DR is central in the processing
and presentation of antigens and has been found to correlate
highly with infection in many clinical scenarios [9]; the CD14
membrane antigen functions as a receptor for lipopolysaccha-
rides (LPS) from gram-negative bacteria and triggers LPS-
induced Mo activation [10-12]; type I receptors for the Fe
region of immunoglobulin G (IgG; FeyRI or CD64) are impor-
tant mediators of phagocytosis of IgG-opsonized microorgan-
isms and cytotoxic mechanisms triggered by immune com-
plexes [13-15]; and CD11b is involved in adhesion and mi-
gration of Mo across endothelium and in recruitment to
inflamed tissues [16, 17].

Different subpopulations of Mo with distinct phenotypic and
functional properties coexist in circulation. In healthy subjects,
more than 80% of peripheral blood Mo strongly express the
CD14 antigen and are negative for CD16 (CD14++ CD16—,
regular Mo), whereas a minor population with weak expression
of CD14 and positive for CD16 (CD14+ CD16+) accounts for
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less than 10% [18]. These CD14+ CD16+ Mo are consid-
ered to represent an activated, more mature subset with
characteristics that resemble macrophages and dendritic
cells [19-21]. Moreover, this subpopulation expands in various
infectious and inflammatory diseases [22-27] and can account
for more than 50% of all peripheral blood Mo during septice-
mia [23, 28].

The aim of the present study was to address the phenotype
and functional properties of circulating Mo from HUS patients.
The markers evaluated were selected based on their involve-
ment in mediating important monocytic functions. Therefore,
we investigated changes in the expression of CD14, CD64,
CD11b, and HLA-DR and evaluated the impact of these
changes on Mo functionality. Finally, we examined whether the
CD14+ CD16+ subset of Mo occurred more often in these
patients. For this purpose, we determined the percentage of
CD14++ CD16- and CD14+ CD16+ Mo in HUS patients
and analyzed the expression of cell-surface HLA-DR, CD14,
and CD16 on this particular subset.

MATERIALS AND METHODS

Patients and samples

The study was approved by the Hospital Ethical Committees: “Comité de
Bioética del Hospital Municipal del Nifio de San Justo” (Buenos Aires,
Argentina) and “Comité de Bioética del Hospital Ricardo Gutiérrez” (Capital
Federal, Buenos Aires, Argentina). All patients were enrolled in this study
after informed consent from their parents had been obtained. In total, 45
children in the acute period of HUS (HUS AP) were studied. The criteria for
diagnosis were a microangiopathic hemolytic anemia with schizocytes, throm-
bocytopenia (platelet count <150X10%L), and acute renal failure (serum
creatinine level >106.0 pwmol/L). All patients develop HUS after gastroenter-
itis consisting of bloody diarrhea. Sixty percent of the children were positive to
Stx-producing E. coli 0157, diagnosed by stool culture and/or presence of Stx

antibody in serum. Twenty-two were girls, and 23 were boys. Clinical and
biochemical data of patients are given in Table 1. Blood samples (2 ml) were
obtained for biochemical and immunological studies by venopuncture into
EDTA plastic tubes before dialysis and/or transfusion at different days from the
time when diarrhea had started (onset diarrhea; Table 1). The amount of blood
obtained from each patient was not enough to measure all the parameters
evaluated in this study, and the number of patients and controls analyzed is
indicated in each figure. Four children with HUS died within 15 days of
admission, and 16 children also had a second sample of blood taken 1-6
month after clinical recovery (HUS after AP). Blood samples from three
additional age- and sex-matched control groups were collected and processed
identically: healthy children (HC) admitted for routine surgical procedures;
acute uremic children (UC) with high serum urea (7.1-21.5 mmol/L) and
creatinine (106.2-234.5 pumol/L) levels; these children suffered from acute,
postinfectious glomerulonephritis, evidenced by the presence of a nephritic
syndrome (proteinuria and hematuria), low complement levels, and good prog-
nosis, and in some cases, neutrophilia was also observed in these patients; (3)
infected children (IC) coursing an acute bacterial infection not related to HUS.
Their peripheral white blood cell (WBC) count ranged between 10.6 and
29.5 X 107 cells/L with more than 60% of neutrophils. Platelet count, urea and

creatinine levels, and hematocrit were within the normal range.

Antibodies and immunophenotypic studies

Measurement of CD14, CD64 (FeyRI), CD16 (FeyRIIL), CD11b, and HLA-DR
expression on Mo was performed by direct immunofluorescence flow cytometry
using the following conjugated mouse anti-human monoclonal antibodies
(mAb): CD14-Pc5 (IgG2a, Immunotech, Marseille, France), CD64-fluorescein
isothiocyanate (FITC; IgGl, Immunotech), CD16-phycoerythrin (PE; R-PE,
IgG1, BD Biosciences, San Jose, CA), CD11b-PE (IgG1, Immunotech), HLA
DR-FITC (FITC, IgG2a, BD Biosciences). Whole blood samples (100 wl) were
incubated with the specific, conjugated mAb for 30 min at room temperature.
Then, erythrocytes were lysed using fluorescein-activated cell sorter lysing
solution (BD Biosciences), washed, and resuspended in 0.2 pl ISOFLOW
(International Link, S.A., Buenos Aires, Argentina). In all cases, isotype-
matched antibodies were assayed in parallel, and the fluorescence was mea-
sured with a Becton Dickinson FACScan. The analysis was made on 100,000
events on each sample by using the Cell Quest program. Mo were identified
and gated according to their forward- and light side-scattering (FSC/SSC)
dot-plot profiles. Cells within this gate were >98% positive for CD14.

TABLE 1. Clinical and Biochemical Data of HUS Patients

Severity of renal dysfunction”

Grade | Grade 11 Grade 111
General parameters
Age (months) 32+ 27 18£8 24+ 26
(8-120) (13-36) (7-108)
Duration of diarrhea (days) 4.0 = 2.8 50=*19 6.0 = 3.0
(1-9) (3-8) (2-12)
Days on dialysis 0 3x2 137
(0-6) (5-26)
Blood and renal parameters on admission
Platelets (X10°/L) 69.0 £ 40.5 54.2 £ 71.6 48.6 £ 36.1
(20.7-167.2) (28.0-214.0) (16.5-150.3)
Hematocrit 25.0 £3.7 24.4 * 3.9 289 * 3.6
(21.0-34.6) 21.1-31.0) (24.0-37.1)
Urea (mmol/L) 17.1 = 10.0 20.5 £ 9.6 24.6 £ 12.2
(6.8-46.0) (17.3-40.1) (8.2-52.2)
Creatinine (pmol/L) 195.0 = 124.3 394.0 = 150.4 420.1 = 135.1
(61.9-513.0) (106.2-539.8) (160.9-610.0)
Days since onset of diarrhea” 3.0 =39 30=x1.2 35*1.8
(1-15) (1-5) (1-8)

“ According to Gianantonio’s criteria [29], patients were classified as mild cases (Grade I: no anuria, n = 16), moderate cases (Grade II: <7 days of anuria,

n = 11), or severe cases (Grade I1I: >7 days of anuria, n = 18). Data are presented as mean = sb, and the range is shown between brackets. * Days after onset

of diarrhea, where blood was obtained for the analyses reported.
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Peripheral blood mononuclear cell (PBMC)
isolation

Blood was diluted 1:2 with saline, layered on a Ficoll-Hypaque cushion (Ficoll
Pharmacia, Uppsala, Sweden; Hypaque, Wintthrop Products, Buenos Aires,
Argentina), and centrifuged at 400 g for 30 min as described previously [30].
PBMC were collected, washed twice, and resuspended in RPMI 10% heat-
inactivated fetal calf serum and antibiotics. Viability of PBMC was >96%, as
determined by the trypan blue exclusion test.

Influence of plasma on CD16, CD14, and CD64
expression of PBMC from healthy adult donors

PBMC (1.5X10° cells) from five different healthy adult donors were incubated
in the presence of 20% HUS AP or control plasmas for 18 h at 37°C in 5%
CO,. Afterward, cells were washed twice and triple-stained with the specific
mADb. The percentage and expression of the markers were determined by flow
cytometry on Mo, identified according to their FSC/SSC properties and expres-

sion of CD14.

Modulation of CD64 expression by interferon-vy
(IFN-v)

PBMC (1X10° were incubated for 18 h in the presence or absence of 240
U/ml IFN-y (Sigma Chemical Co., St. Louis, MO) at 37°C in 5% CO.,. After the
incubation period, cells were washed and stained with anti-CD64- tandem
conjugate and anti-CD14-PE (IgG1, Immunotech) antibodies. Flow cytometry
was performed, and Mo were identified by their CD14 expression. Results were
expressed as the ratio between the expression of CD64 with and without IFN-y.

Reactive oxygen species (ROS)-dependent
cytotoxicity triggered by immune complexes

ROS-dependent cytotoxicity was assayed using immune complexes formed
with ovalbumin (OVA) and its specific rabbit IgG antibody (OVA-anti-OVA) as
described previously [15, 31]. Briefly, 0.4 X 10° PBMC were incubated with
20 g OVA-anti-OVA immune complexes and 2.5 X 10° unsensitized >'Cr-
labeled chicken erythrocytes. After incubation for 18 h at 37°C in 5% CO,, the
culture plate was centrifuged, and the radioactivity of supernatants and pellets
was measured in a y-counter. The mean release of *'Cr in triplicate samples
was expressed as the percentage of total radioactivity, after subtracting spon-
taneous release (in the absence of antibody), which was always less than 3%.

ROS generation

PBMC (0.6X10° were incubated with 1 mM dihydrorhodamine (DHR; Sigma
Chemical Co.) at 37°C in 5% CO,. After 15 min, phorbol 12-myristate
13-acetate (PMA; 20 ng/ml) was added and incubated for 30 additional min.
DHR fluorescence was determined by flow cytometry.

TNF assay

PBMC (1X10° were incubated in the presence or absence (basal TNF pro-
duction) of 1 pg/ml LPS (Sigma Chemical Co.) for 18 h at 37°C in 5% CO.,,.

After the incubation period, cells were centrifuged, and the supernatants were
collected and stored at —20°C. Supernatant biological activity of TNF was
determined using a sensitive actinomycin D-treated murine 1.929 fibroblast
assay as described previously [32]. Briefly, 0.1 ml serial dilutions of Mo-
derived supernatants were added to the 1.929 cell monolayer. After 18 h of
incubation in the presence of 10 pg/ml actinomycin D (Amersham Bio-
sciences, Piscataway, NJ), the plates were washed with phosphate-buffered
saline, and viable cells were fixed and stained with crystal violet solution for
20 min at 37°C. Then, cells were solubilized using a 30% acetic acid solution.
The resultant absorbance was measured with a microtiter plate reader (Or-
ganon Tecnika, Argentina) at 550 nm. Reciprocal of the dilution for 50%
cytotoxicity [lytic unit 50 (LU5,)] was used as TNF activity titer of each sample.

Statistical analysis

Results are expressed as the mean * SE. Statistical analysis of the data was
performed using a nonparametric unpaired Mann-Whitney test. P values less
that 0.05 were considered significant. For evaluation of correlations between
immunological and biochemical parameters, the nonparametric, two-tailed
Spearman’s rank correlation test was used.

RESULTS

Absolute count and percentage of circulating Mo
in HUS children

Table 2 shows the WBC count, as well as the percentage and
absolute count of Mo in all clinical groups included in this
study. As can be appreciated, HUS AP and IC showed a
marked leukocytosis. They also showed an increase in the
percentage of Mo compared with HC, which was statistically
significant only for IC. However, there was a significant in-
crease in the absolute count of Mo in HUS AP and IC com-
pared with HC. All these leukocyte parameters were restored
completely after clinical recovery (HUS after AP). The absolute
number and percentage of Mo in acute UC were comparable
with the HC population.

Phenotypic characterization of peripheral Mo
from HUS patients

We first analyzed the surface expression of several molecules
that are critically involved in Mo functionality, considering the
entire Mo population. We determined the expression of CD14,
CD64 (FeyRI), CD11b, and HLA-DR on circulating Mo de-
fined by light-scatter properties from HUS AP, HUS after AP,
HC, IC, and UC. The results depicted in Figure 1 indicate
that Mo from HUS AP patients have a marked reduction in

TABLE 2.  Absolute Number and Percentage (%) of Mo in the Different Clinical Groups

HC HUS AP HUS after AP IC ucC
(n=31) (n=45) (n=19) (n=21) (n=28)
White blood Mean = sp 6.9 *23 18.3 = 8.3* 8.6 + 4.1 18.2 = 9.3* 10.1 = 4.6™*
cell count Median 6.7 16.2 7.8 16.3 8.5
(X10°/1) Range 3.4-12.5 2.8-52.2 3.6-21.0 6.1-51.2 3.2-20.9
Monocytes Mean = sp 0.41 = 0.22 1.06 = 0.63* 0.35 = 0.16"* 1.32 = 0.80* 0.61 = 0.277*
(X10°/L) Median 0.36 0.92 0.30 1.14 0.56
Range 0.09-0.87 0.17-3.36 0.15-0.66 0.44-3.78 0.10-1.11
% Monocytes Mean = sp 59*+23 74 *+ 3.7 5.4 + 227 7.9 * 2.6% 6.5+ 27
Median 5.7 6.9 5.4 7.5 5.9
Range 2.4-11.5 2.1-25.0 2.2-10.2 4.3-13.4 3.1-13.0

* P < 0.05 versus HC; T P < 0.05 versus HUS AP; ¥ P < 0.05 versus IC.
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CD14 expression compared only with HC and a reduced CD64
and CD11b expression compared with all other clinical groups.
HLA-DR expression in HUS AP Mo was lower than in HC, but
the difference was not statistically significant (data not shown).

Considering that IFN-y is able to up-regulate CD64 in
normal Mo [33], we incubated Mo from HUS and HC with
IFN-y. Up-regulation of CD64 induced by IFN-y was more
pronounced in Mo from HUS AP patients who had the lowest
expression of this receptor to begin with. Moreover, the IFN-y
treatment led to an almost complete recovery of CD64 expres-
sion to the level observed for HC. The increase of CD64
induced by IFN-y in HUS after AP was comparable with that
one of HC [MFI of CD64 with IFN-y/MFI of CD64 without
IFN-y: HC (n=10)=1.32£0.07*; HUS AP (n=13)=2.51+0.30;
HUS after AP (n=6)=1.54%+0.19; *P<0.05 vs. HUS AP].

Functional studies

We next studied two Mo functions that may be involved di-
rectly or indirectly in endothelial damage in HUS. We deter-
mined receptor-dependent and independent ROS generation

and studied TNF production of Mo from HUS children and

from the other clinical groups.

I. ROS generation

We determined the FeyR (CD64)-dependent cytotoxic poten-
tial of HUS AP Mo, measuring ROS-dependent cytotoxicity
triggered by immune complexes. In line with the lower expres-
sion of CD64 found in HUS AP, CD64-dependent cytotoxicity
was reduced significantly compared with HC; patients stud-
ied after the AP still showed a decreased cytotoxicity [per-

centage of cytotoxicity: HC (n=10)=46.2*+5.1*%;, HUS AP
(n=10)=27.4%2.5; HUS after AP (n=6)=29.3+4.8;
*P<0.05 vs. HUS AP]. To evaluate whether the decreased
ROS-dependent cytotoxicity of HUS AP Mo could be ascribed
to an impairment of the ROS production mechanism, we de-
termined ROS generation triggered by a direct protein kinase C
(PKC)-activating stimulus (PMA) by flow cytometry. As shown
in Figure 2, the percentage of ROS-producing Mo was signif-
icantly higher in HUS AP compared with HC and was still high
after the AP (HUS after AP). As in UC and IC, the percentage
of responding Mo showed an intermediate value between HUS
AP and HC, and the differences were not statistically signifi-
cant comparing these two groups. The level of ROS produced
per cell, evaluated as the MFI, was similar in all clinical
groups (data not shown).

II. Production of TNF

We assayed basal and LPS-stimulated production of TNF in
Mo from the different clinical groups. We found that basal TNF
production was similar in HUS AP Mo and HC Mo (Fig. 3A).
Upon LPS stimulation, HUS AP Mo produced less TNF than
HC (Fig. 3B), but the difference was not statistically signifi-
cant. However, the increase in TNF production induced by LPS
(Fig. 3C), calculated as the ratio between the TNF produced in
the presence of LPS and the basal TNF production, revealed a
lower capacity of HUS AP Mo to generate TNF in response to
LPS compared with HC. Mo from HUS after AP showed the
same pattern of TNF production as HUS AP. UC and IC Mo
showed high basal TNF production (Fig. 3A) and failed to
respond to LPS-increasing TNF levels (Fig. 3C).
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Fig. 2. PMA-induced ROS generation. Results are expressed as the mean *+
SE of the percentage of Mo that produced ROS in response to PMA, measured
as described in Materials and Methods, in HC (n=10), HUS AP (n=15), HUS
after AP (n=5), IC (n=10), and UC (n=11). ** P < 0.01, versus HC.

Analysis of Mo subpopulations

Mo heterogeneity has been demonstrated recently using mAb
and flow cytometry. Then, we further characterized the circu-
lating Mo subpopulations in HUS patients, defined by three-
color immunofluorescence using CD14, CD16, and HLA-DR
antibodies. We distinguished the classical CD14++/CD16—
cells and the CD14+ CD16+ Mo in HC, in similar percent-
ages to those previously reported [18, 34]. However, as shown
in Figure 4B, the percentage of CD14+ CD16+ Mo was
significantly increased in HUS AP Mo and IC compared with
HC. Although the entire HUS after AP group showed no
differences in the percentage of CD14+ CD16+ Mo compared
with HUS AP children (Fig. 4B), we found a strong negative
correlation between the percentage of CD16+ Mo and the time
elapsed since the AP (Fig. 4F). The expression of CD16 per
cell was increased in HUS AP and IC Mo compared with HC
but was unaffected in UC (Fig. 4C). We also analyzed the two
major subsets of Mo (CD16— and CD16+) regarding the ex-
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pression of CD14 and HLA-DR (Fig. 4, D and E, and Fig. 5,
B and C, respectively). Consistent with previous reports,
within the HC group, CD16+ Mo showed lower CD14 levels
than CD16— Mo, but compared with HC, HUS AP Mo showed
a significant decrease in CD14 expression, not only on the
CD16+ subpopulation but also on the CD16— one (Fig. 4, D
and E). A diminished expression of CD14 was also observed for
IC and UC Mo (Fig. 4, D and E). Regarding HLA-DR expres-
sion (Fig. 5), CD16— Mo had a lower expression per cell of this
antigen than the CD16+ population in all clinical groups. The
expression of HLA-DR on the CD16— subset was decreased
significantly in HUS AP Mo compared with HC and UC (Fig.
5B) but was similar for all clinical groups in the CD16+
subpopulation (Fig. 5C). The IC group also showed lower levels
of HLA-DR in the CD16— subset.

Plasma influence

To determine the influence of circulating factors that can affect
the expression of membrane markers of the Mo population,
isolated PBMC from healthy adult donors were incubated with
plasma from HUS AP patients or control group children. Figure
4G shows that HUS AP plasma induced a significant increase
in the percentage of CD14+ CD16+ Mo in healthy adult
donors compared with HC plasma. Plasma from IC also in-
duced an increase in the percentage of CD16+ cells. Con-
versely, none of the plasmas assayed were able to modify the
expression of CD16 per cell or the percentage or mean expres-

sion of CD14 and CD64 in healthy Mo (data not shown).

Correlations

Immunological, biochemical, and clinical data were correlated.
We found a positive correlation between the percentage of
CD16+ Mo and the duration (days) of diarrhea (Spearman
r=0.40, P=0.03, n=28) and the levels of plasmatic urea
(Spearman r=0.36, P=0.02, n=39). Moreover, a negative
correlation was observed between the severity and the expres-
sion of HLA-DR, considering the entire Mo population (Spear-
man r=-0.48, P=0.03, n=22) or the CD16— subset solely
(Spearman r=-0.70, P=0.005, n=16).

Fig. 3. Production of TNF by Mo. The TNF biological
activity of Mo-derived supernatant was determined in
HC (n=15), HUS AP (n=20), HUS after AP (n=13), IC
(n=12), and UC (n=18), as described in Materials and
Methods. Results are expressed as the mean = SE of the
LUj, where the LUy, is defined as the reciprocal of the
Mo-derived supernatant dilution that killed 50% of the
1.929 monolayer. (A) Basal TNF production. (B) LPS-
induced TNF production. (C) LPS/basal ratio of TNF
production. The increase in TNF production induced by
LPS was calculated as the ratio between the LU, in the
presence of LPS with respect to the LUg, in the absence
of LPS (basal TNF production). *, P < 0.05, versus HC;
#, P < 0.05, versus HUS AP.
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18 h of plasma incubation was determined by flow cytometry as described in
Materials and Methods, and the results are expressed as the mean * SE of the
percentage of CD16+ Mo. *, P < 0.05, versus HC; **, P < 0.01, versus HC;
#, P < 0.05, versus HUS AP; ##, P < 0.01, versus HUS AP.
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Fig. 5. Analysis of HLA-DR expression on Mo from HC (n=15), HUS AP
(n=26), HUS after AP (n=5), IC (n=12), and UC (n=16). Whole blood was
stained using PE-labeled CD16 and FITC-labeled HLA-DR and analyzed by
flow cytometry as described in Materials and Methods. (A) Representative
dot-plots of one child from each clinical group showing CD16 and HLA-DR
expressions. (B, C) HLA-DR expression on CD16— and CD16+ Mo, respec-
tively. Results are expressed as the mean = SE of HLA-DR expression. *, P <
0.05, versus HC; ##, P < 0.01, versus HUS AP.

DISCUSSION

Mononuclear phagocytes play a central role in the immune
response by presenting antigens and producing cytokines, thus
initiating and regulating innate and adaptive immune re-
sponses. Whereas most studies in HUS patients have focused
on various aspects of cytokine secretion in vivo, information
about the expression of cell-surface antigens and their corre-
lation with Mo activation is lacking. Our study revealed pro-
found alterations in the Mo population from HUS patients. The
whole monocytic population of HUS children showed de-
creased levels of CD14, CD64 (FeyRI), and CD11b expression.
The decrease of CD14 membrane expression on Mo has been
associated with LPS stimulation in in vitro and in vivo condi-
tions [35-37]. Although endotoxemia has not been reported in
HUS patients, LPS stimulation of the immune system in this
disease has been vastly suggested [3]. The reduced expression
observed for CD64 and CD11b on the entire HUS Mo popula-
tion is a hallmark observation, as the other clinical groups
neither share this abnormality nor has it been described pre-
viously in other pathological conditions. Enzymatic cleavage of
cell membrane molecules by proteases released from activated
cells (i.e., Mo and neutrophils) is an important mechanism of
membrane antigen down-modulation [37, 38] and can account
for the decreased expression of the Mo membrane antigens
mentioned above. In this regard, degranulation of neutrophils
[39, 40] and neutrophil-derived proteases in serum have been
found in HUS patients [41]. Moreover, the reduced expression
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of the membrane receptors CD64 and CD14 is probably asso-
ciated with the functional impairment observed in Mo from
HUS AP patients. In fact, ROS-dependent cytotoxicity trig-
gered by immune complexes was found diminished, although
the ROS generation in response to PMA was even higher in
HUS AP children compared with HC. This can be explained,
as ROS production triggered by PMA involves a receptor-
independent pathway in which PKC is activated directly,
whereas ROS production, triggered by immune complexes, is
dependent mainly on CD64, the high-affinity receptor for IgG.
These facts indicate that the impaired ROS-dependent cyto-
toxicity may be related to the decreased CD64 expression
rather than to a deficiency in the ROS-producing machinery
(the reduced nicotinamide adenine dinucleotide phosphate-
oxidase). Although CD64 levels were restored by IFN-y, fur-
ther studies are necessary to determine whether immune com-
plex-triggered ROS production is concomitantly recovered af-
ter [FN-y treatment. Additionally, HUS AP Mo showed a
decreased in vitro TNF production in response to LPS, which
is probably a consequence of the low CD14 expression ob-
served in these patients. In line with these findings, several
reports have described a reduced ability to produce TNF in
response to LPS in Mo from patients with sepsis and trauma
and reported that this phenomenon of Mo deactivation shows
similarities to experimental monocytic refractoriness induced
by LPS desensitization [42, 43]. Similarly, IC and UC also
showed a decreased CD14 expression and failed to respond to
LPS by secreting TNF. On the contrary, these two control
groups evidenced a higher TNF production in the absence of
any stimulus (basal production), suggesting a different in vivo
context at the moment of sample collection.

B2-integrins (CD18/CD11b) on myeloid cells were initially
identified as cell-surface structures mediating the traffic and
localization of circulating immune cells [44], but they are also
able to regulate multiple cellular responses to environmental
stimuli [45]. Although we have not directly assayed any
CD11b-dependent function in HUS AP Mo, we can speculate
that their reduced CD11b surface expression would lead to
alterations in the trafficking and adherence properties to in-
flamed endothelium. In this regard, the down-regulation of
membrane molecules may represent a mechanism to counteract
ongoing inflammation and limit Mo adhesion and/or activation.

Regarding Mo subpopulations, we found a significant in-
crease in the percentage of CD14+ CD16+ Mo in HUS AP
patients and IC. This observation, together with studies report-
ing an expansion of this subpopulation in several infectious
and inflammatory diseases, indicates that the increase of
CD14+ CD16+ Mo may be associated with a strong activation
of the immune system caused by an infectious challenge. It is
known that CD16+ Mo have lower expression of CD14 and
higher expression of HLA-DR antigen than CD16— Mo [34].
Although our data clearly support these observations for the
HC group, in HUS AP patients, the CD14 expression was
similarly low on CD16+ and CD16— Mo and in both subsets,
was significantly decreased with respect to the HC group.
Conversely, the expression of HLA-DR on CD16+ Mo from
HUS AP children was higher compared with CD16— Mo and
was similar to HC. However, CD16— Mo from HUS AP showed
a significantly decreased HLA-DR expression compared with
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the same subset from HC. Several investigators have reported
low levels of HLA-DR in patients after major surgery, severe
trauma, and sepsis, which usually correlated with poor clinical
outcome [46—49]. In keeping with these observations, we
found an inverse correlation between Mo HLA-DR expression
on admission and the severity in the HUS AP group. It is
interesting that the CD14+ CD16+ subset present in HUS AP
children exhibited a high expression of CD16, a similar feature
found in the IC population and in septic neonates [50].

After clinical recovery, several of the parameters evaluated
in the HUS after AP group (CD14 and CD64 expression, ROS
generation, LPS-induced TNF production, and percentage of
CD16-positive cells) presented intermediate values between
HC and HUS AP children, and therefore, the differences were
not statistically significant upon comparing these two groups.
Although the time elapsed since the AP is heterogeneous, most
of the samples were obtained between 15 days and 2 months
after the AP. Several reports have suggested that 1-3 months
after the AP of HUS, the environment of circulating cells may
not be restored completely, and a local and persistent, inflam-
matory/anti-inflammatory reaction (i.e., at the renal endothelial
level) may still be occurring [39, 40, 51]. However, as can be
appreciated for the percentage of CD16+ cells in the clinically
recovered children, the resume of this antigen to normal values
correlated with the time elapsed since the AP (Fig. 4G), and
patients studied after 3 months showed normal percentages of
CD16+ cells. It would be interesting to evaluate the activation
state of Mo from HUS patients at least 6 months after the AP
to ascertain whether this long-term recovery applies to other
antigens and functions.

What drives an expansion of the CD14+ CD16+ subset in
vivo is still unknown, but cytokines such as 1L-10 and trans-
forming growth factor-Bl can favor the differentiation of
CD16— into CD16+ Mo [20, 42, 52, 53]. The fact that these
two cytokines have been found elevated in the plasma of HUS
patients [5, 54, 55], together with the induction of the CD16
antigen in Mo from healthy adults incubated with HUS AP and
IC plasmas, supports the involvement of soluble mediators in
the expansion of the CD14+ CD16+ subset. However,
whether the pattern of cytokines found in the plasma from HUS
children is a cause (precedes) or a consequence (follows) of the
imbalanced Mo subpopulations needs further investigation.

Whether the CD14+ CD16+ subset plays a beneficial or
detrimental role in the fate of HUS remains elusive. Originally
referred as “proinflammatory Mo”, based on their relative high
capacity to produce inflammatory cytokines, these Mo were
implicated in the elevated levels of plasmatic inflammatory
mediators observed in infectious diseases [56], and it was
suggested that the determination of CD14+ CD16+ Mo levels
could be useful for monitoring adult patients with high risk of
sepsis [57]. Moreover, therapeutic approaches that reduce im-
mune activation and prevent severe complications of inflam-
matory diseases, such as intravenous y globulin or glucocorti-
coid treatments, rapidly decrease the CD14+ CD16+ Mo
subpopulation [25, 58]. It has been reported that the CD16+
subpopulation of Mo exhibits higher levels of very late antigen
4, the ligand for vascular adhesion molecule-1, and CD11a and
-¢, which bind to intercellular adhesion molecule-1, so these
cells may have a greater tendency to adhere to endothelium
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and to migrate to tissues [19, 25]. These observations, in
addition to the proinflammatory properties attributed to this
subset, support the idea that CD14+ CD16+ Mo could con-
tribute to HUS pathogenesis by enhancing endothelial injury.
However, an anti-inflammatory role of CD16+ Mo has also
been proposed [50, 52, 59]. In this sense, IL-10 production has
been ascribed to the CD16+ subset [50, 59], and in some
diseases, the high plasma levels of IL-10 found have been
correlated with the elevated proportion of CD14+ CD16+ Mo
[25, 50]. Considering all these issues, our next purpose will be
to study the profile of cytokines produced by the different Mo
subsets from HUS patients to clarify their role in the develop-
ment and/or resolution of HUS.

In summary, this study describes phenotypic and functional
changes of peripheral Mo in the AP of HUS. Monitoring the
cellular immune system in patients with infections seems to be
an important approach to develop strategies for clinical inter-
vention. Besides, finding early markers that reflect the clinical
outcome, as the correlation between HLA-DR and severity, can
be useful and may have important therapeutic implications.
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