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SUMMARY

Most patients with primary IgA nephropathy (IgAN) have a significantly higher memory repertoire of
IgA1-producing B lymphocytes in their bone marrow together with high plasma levels of IgA1. The
connection between the mucosal immune system and the bone marrow compartment is probably based
on traffic of either antigen-presenting cells (APC) or antigen-specific lymphocytes. Cytokines play an
important role in the proliferation and differentiation of lymphoid cells. In order to mimic thein vivo
situation as much as possible, we assessed cytokine production profilesex vivoin 23 IgAN patients and
matched controls, using lipopolysaccharide (LPS)- or phytohaemagglutinin (PHA)-stimulated whole
blood (WB) cultures. Interferon-gamma (IFN-g), IL-2, IL-6, IL-10 and tumour necrosis factor-alpha
(TNF-a) production in culture supernatants were determined by cytokine-specific ELISAs. Compared
with controls, PHA-stimulated cultures resulted in significantly higher IL-10 (P< 0·001), IL-2
(P<0·005) and IFN-g (P<0·001) levels in IgAN patients, but no significant differences in TNF-a or
IL-6 levels were found. In LPS-stimulated cultures, the only significant difference (P< 0·001) between
the two groups was the increased IL-10 production in IgAN patients. The enhanced cytokine production
in stimulated WB cultures suggests altered monocyte-related T cell responses in patients with IgAN.
Increased IL-10 production may eventually result in an increased number of IgA-producing B
lymphocytes in the bone marrow. In addition, high levels of endogenous IL-10 may down-regulate
the effector functions of monocytes, or possibly APC in general, and consequently the IgA response at
the mucosal level.
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INTRODUCTION

Elevated plasma levels of IgA1 are thought to play an essential
role in the pathogenesis of primary IgA nephropathy (IgAN), and
are the consequence of an increased production, in which the
bone marrow may be the predominant site [1]. The clinical
association of exacerbations of the disease with upper respiratory
tract infections suggests that the trigger for the increased IgA1
production is frequently in the nasopharynx. It is still unclear how
mucosal infections may result in overproduction of IgA1 in the
bone marrow of IgAN patients. The connection between the
mucosal immune system and the bone marrow, the so-called
mucosa–bone marrow axis, is not based on the overflow of IgA
antibodies from the mucosa into the vascular compartment, but is
probably based on traffic of either antigen-presenting cells (APC)
or antigen-specific lymphocytes from the mucosa to the bone

marrow compartment [2,3]. Studies with peripheral blood mono-
nuclear cells (PBMC) have provided conflicting results with
respect to T and B cell abnormalities in patients with IgAN [4].

Cytokines play an important role in the proliferation and
differentiation of lymphoid cells. However, due to regulatory
networks and redundancy in the immune system, specific cytokine
dysregulation may never become apparent in body fluids. Earlier
studies in IgAN patients have reported enhanced IL-2 production
by PBMC, both in unstimulated and mitogen-induced cultures [5–
7]. In addition, increased production of IL-4 and interferon-gamma
(IFN-g) was found after mitogen activation of PBMC [6–8].
Procedures used to isolate PBMC modify lymphocyte/monocyte
ratios and may result in the loss of other stimulatory and/or
inhibitory mediators [9]. Thus, cytokine secretion in culture super-
natants of PBMC may reflectin vivo activation, but it may also
reflect skewing of the cytokine response due to removal of these
cells from their in vivo environment. The whole blood (WB)
culture system mimics the natural cell-to-cell interactions to a
greater extent. This system has been shown to be reproducible
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when stimulated by mitogens [9–11]. When monocyte-stimulating
agents are used, cytokine production is modulated in the same
manner as in purified monocytes [11].

Current evidence indicates that IL-10 directly affects the
proliferation and differentiation of IgA-producing B cells [12]. In
addition, IL-10 plays a major role in the regulation of immune
responses as an inhibitor of monocytes/macrophages, dendritic
cells and T cell effector functions [12]. In the present study we
have assessed IL-10 production in patients with IgAN and healthy
volunteers using the WB culture system.

SUBJECTS AND METHODS

Human subjects
The study protocol was approved by the Ethical Committee of the
Leiden University Medical Centre. The subjects included 23
patients (19 males and four females, mean age 38 years, range
19–56 years) with biopsy-proven IgAN, defined by mesangial
deposits of IgA as the dominant isotype. None of the patients
had clinical or laboratory evidence of Henoch–Scho¨nlein purpura,
systemic lupus erythematosus, or liver disease. None of the
patients received immunosuppressive therapy. Kidney function
was normal or mildly impaired (creatinine clearance> 80 ml/
min). None of the patients had macroscopic haematuria or protei-
nuria >2 g/24 h. As controls, 23 age- and sex-matched healthy
volunteers were recruited. Neither patients nor controls had symp-
toms or signs of mucosal infection in the 2 weeks preceding the
study.

Assays
Analysis of leucocyte populations. Venous blood was collected

in sterile, heparinized (10 U/ml) syringes. The total leucocyte
count was obtained for each blood sample using a Technicon
H3-RTX counter (Bayer Diagnostics, Tarrytown, NY). The differ-
ent cell populations present in whole blood were quantified by
FACScan immunofluorescence staining performed with anti-CD3,
anti-CD4 (T helper lymphocytes), anti-CD8 (cytotoxic and sup-
pressive lymphocytes), anti-CD14 (monocytes), and anti-CD45
(leucocytes) MoAbs (Becton Dickinson, San Jose, CA).

Whole blood culture system. Fresh blood was diluted five-fold
in complete culture media consisting of MCDB 302 (Sigma
Chemical Co., St Louis, MO) supplemented with 100 U/ml peni-
cillin and 100mg/ml streptomycin. All cell cultures were per-
formed in 24-well flat-bottomed microtitre plates (Greiner,
Alphen a/d Rijn, The Netherlands) in triplicate at 378C in humi-
dified air containing 5% CO2 in a total volume of 200ml. Cultures
were stimulated using either lipopolysaccharide (LPS) fromSal-
monella typhosa(Sigma) or purified phytohaemagglutinin (PHA;
Murex Diagnostic Ltd, Dartford, UK), both at a final concentration
of 10mg/ml. After various incubation periods, the plates were
centrifuged (150g, 10 min), and the cell-free supernatants were
aliquoted, sealed and stored at¹208C until assayed.

ELISA. Culture supernatants were tested for tumour necrosis
factor-alpha (TNF-a), IFN-g, IL-6 and IL-10 content by sandwich
ELISA. Primary MoAbs were MoAb 2-179-E11 (ATCC, Rock-
ville, MD; 2 mg/ml), MoAb 45B3 (ATCC; 10mg/ml), MoAb 5E1
(kindly provided by Dr W. Buurman, University of Maastricht, The
Netherlands; 1mg/ml) and MoAb 9D7 (kindly provided by Dr J.
Banchereau, Schering Plough, Dardilly, France; 1mg/ml), respec-
tively. Maxisorb 96-well ELISA plates (Nunc, Roskilde, Denmark)
were coated overnight at room temperature with 100ml/well of the

capturing antibody, appropriately diluted in PBS. After three
washings with PBS containing 0·05% Tween 20 (PBS–T), non-
specific binding sites were blocked with PBS–T containing 1%
bovine serum albumin (BSA; Sigma), 1% fetal calf serum (FCS;
GIBCO, Breda, The Netherlands) in the IL-10 assay or 2% casein
(Sigma) in the IL-6 assay. Appropriate serial dilutions of cell-free
culture supernatants were added to triplicate wells and incubated at
378C. Each assay was standardized using serial two-fold dilutions
of human recombinant TNF-a (5000–39 pg/ml), IFN-g (1000–
7·8 U/ml), IL-6 (1000–7·8 pg/ml) or IL-10 (1000–7·8 pg/ml). The
standard sera yielded optical density (OD) values in a dose-
dependent linear fashion. Bound TNF-a and IL-6 were detected
by affinity-purified rabbit IgG directed against TNF-a or IL-6,
followed by horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG diluted in PBS/2 mM EDTA/0·5% human serum
albumin (HSA)/25% glycerol (Jackson, West Grove, PA). Bound
IFN-g was detected by MoAb MD1 (a kind gift from Dr P. vd
Meide, TNO, Rijswijk, The Netherlands), IL-10 by MoAb 12G8
(kindly provided by Dr J. Banchereau), both conjugated to digoxi-
genin (DIG; Boehringer, Mannheim, Germany) and consecutively
incubated with sheep anti-DIG–HRP (Boehringer). Between each
step the wells were washed three times with PBS–T. The plates
were shaken by rotation and finally enzyme substrate (2,20-azino-
bis [3-ethylbenzthiazoline-6-sulphonic acid]; Sigma) containing
0·0075% H2O2 was added. The reaction was stopped by adding 2%
oxalic acid dihydrate (Merck, Darmstadt, Germany). OD was
measured at 415 nm on a microplate reader (Bio-Kinetics Reader
EL 312e; Biotek Instruments Inc., Winooski, VT). Concentrations
were obtained by interpolation on the standard curves using a four-
parameter modelling procedure (KinetiCalc; EIA Application
Software). The final concentrations in each sample were calculated
as the mean of the results at the proper sample dilutions yielding
ODs in the linear parts of the calibration curves. The assay for IL-2
(immunoradiometric assay) has been described in detail before
[13].

Statistical analysis
All statistical calculations were performed using the SPSS for
Windows Release 6·0 software package. Data on the absolute
count or relative frequencies of granulocytes, monocytes, major
lymphocyte populations and lymphocyte subsets were normally
distributed, and analysed by (two-tailed)t-tests and expressed as
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Table 1. Relative frequencies of monocytes and lymphocyte subsets in
whole blood

Relative frequencies*

Phenotype IgAN Control P†

Leucocytes CD45þ 57·96 6·9 54·46 6·3 0·54

Lymphocytes CD3þ 31·76 7·9 33·66 6·7 0·33
CD3þ/CD4þ 15·46 5·4 16·76 5·8 0·39
CD3þ/CD8þ 14·76 9·0 13·66 8·7 0·40
CD20þ 4·46 2·0 4·76 1·9 0·43

Monocytes CD14þ 9·36 1·9 9·96 2·1 0·25

* Data represent arithmetic means6 s.d. (%).
†P values from (two-tailed)t-tests.



arithmetic means6 s.d. Data on cytokine production in WB
cultures showed a skewed distribution, and were transformed
logarithmically prior to analysis. The two-way analysis of variance
(ANOVA) for repeated measures was used to study the effect of both
group (patientversus control) and time of culture.Post hoc
comparisons were made using Scheffe’s procedure.P <0·05 was
considered statistically significant. These results were expressed as
their geometric means6 s.e.m.

RESULTS

Flow cytometric analysis
The different cell populations present in whole blood samples from
patients and controls were quantified by flow cytometric analysis.
No significant differences between patients with IgAN and healthy
volunteers were found with respect to absolute count or relative
frequencies of granulocytes, monocytes, major lymphocyte popu-
lations and lymphocyte subsets. These results are summarized in
Table 1.

Kinetics of cytokine production in leucocytes
The optimal stimulation conditions for LPS and PHA were
assessed in preliminary titration studies and were found to be
dose-dependent, with maximal production occurring at 10mg/ml
for both mitogens. Kinetic studies showed three patterns of
cytokine production. An example of one subject, representative

for the production profiles of IL-6, IL-10 and IFN-g in WB from
patients and controls, is depicted in Fig. 1. First a group of early
produced cytokines, including TNF-a and IL-6, were studied.
Cytokine levels increased rapidly during the first 8 h of culture,
then stabilized or continued to increase slowly up to 96 h (IL-6).
The T lymphocyte-related cytokines IL-2 and IFN-g were pro-
duced relatively late, with slowly increasing levels from 24 h up to
96 h. Comparison of the production curves showed a pronounced
increase of IFN-g production upto 96 h in PHA-stimulated cul-
tures, whereas in LPS-stimulated cultures IFN-g levels stabilized
after 24 h. A third pattern was found for IL-10, where levels
increased during the first 24 h and then stabilized into a plateau.
Comparison of the respective cytokine production curves between
LPS- and PHA-stimulated cultures or between patients with IgAN
and healthy volunteers showed comparable patterns of secretion.

Comparison of cytokine production profiles in IgAN and controls
Initially we determined cytokine levels in serum and unstimulated
cultures. These levels were below the detection level of the assays
employed. On the basis of the kinetic experiments with stimulated
WB, culture periods of 0, 8, 24 and 72 h were chosen. After
stimulation with LPS or PHA, analysis of variance showed a
significant (P< 0·0001) increase in the production of all the
cytokines tested. Comparisons between patients with IgAN and
healthy volunteers showed the following. No significant differ-
ences in the production profiles of the early produced cytokines,
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Fig. 1. Representative example of the kinetics of IL-6, IL-10 and IFN-g production in whole blood (WB) cultures. WB (diluted 1:5) was
cultured in triplicate in the absence or presence of lipopolysaccharide (LPS;X; 10mg/ml) and phytohaemagglutinin (PHA;W; 10mg/ml),
respectively. Production (expressed as optical density (OD)) was determined in the culture supernatants, harvested after 0, 2, 4, 6, 8, 10, 12,
24, 48, 72 and 96 h, by cytokine-specific ELISAs.

Table 2. Production of tumour necrosis factor-alpha (TNF-a) and IL-6 in stimulated whole blood cultures

TNF-a* IL-6*

8 h† 24 h† P‡ 8 h† 24 h† P‡

LPS IgAN 8·26 0·9 7·46 1·5 41·46 6·8 57·36 10·8
0·83 0·85

Control 7·36 1·5 7·26 1·6 47·86 19·3 57·66 13·2

PHA IgAN 3·26 0·6 2·86 0·6 28·66 3·9 31·76 8·6
0·17 0·63

Control 2·76 0·5 2·56 0·5 28·76 7·6 33·86 8·4

* Data represent geometric means6 s.e.m. (ng/ml).
† Incubation time in hours with lipopolysaccharide (LPS; 10mg/ml) or phytohaemagglutinin (PHA; 10mg/ml).
‡P values fromANOVA for repeated measures.



TNF-a and IL-6, were found independent of the type of stimula-
tion. These results are summarized in Table 2.

The T cell-related cytokines, IFN-g (P< 0·001) and IL-2
(P< 0·005) were significantly higher in PHA-stimulated cul-
tures from IgAN patients compared with controls (Fig. 2). IL-2

and IFN-g levels in LPS-stimulated cultures tended to be higher in
patients, though differences did not reach statistical significance
(P¼ 0·08 and 0·15, respectively). LPS-stimulated IFN-g produc-
tion in patients and controls at 8 h (P¼ 0·07), 24 h (P¼ 0·06) and
72 h (P¼ 0·38) is plotted in Fig. 3.

When studying the production of IL-10 in WB cultures, we
found that both PHA and LPS induced an increased IL-10
production. Comparison between IgAN patients and controls
showed that, both with LPS (P<0·001) and PHA (P<0·001),
patients displayed significantly higher production of IL-10. Com-
parison at the different time points (Scheffe’s procedure) showed
significant differences at 8 h (LPSP<0·0005; PHAP<0·005),
24 h (LPSP<0·05; PHAP< 0·0001) and 72 h (LPSP<0·005;
PHA P< 0·05) (Figs 2 and 3).

DISCUSSION

Cytokines act mainly in a paracrine or autocrine manner, and are
generally not detectable in peripheral blood. To assess the ability
of immunocompetent cells to produce cytokines, stimulation with
polyclonal activators is required to analyse the patterns of cytokine
production [14]. Both with LPS and PHA, the proinflammatory
cytokines (TNF-a, IL-6) were not significantly different in stimu-
lated WB cultures from patients with IgAN compared with a group
of matched healthy controls. Significantly increased T cell-derived
cytokines (IL-2, IFN-g) were found only in PHA-stimulated WB
from patients, confirming previous results obtained with stimulated
PBMC [5–8]. Significantly higher levels of IL-10 in activated WB
were found in patients with IgAN, independent of the mitogen
used. To our knowledge, this is the first study to investigate IL-10
production in patients with IgAN.

IL-10 plays a major role in the regulation of immune responses
and has been shown to inhibit both proliferation and cytokine
synthesis of Th1 lymphocytes, possibly by blocking the synthesis
of IFN-g and/or antagonizing its activating effects on monocytes
[15,16]. In LPS-stimulated WB cultures, there was a clear trend to
higher IL-2 and IFN-g responses in patients. However, besides IL-
10, none of the other cytokines (TNF-a, IL-6, IL-2 or IFN-g)
showed significant differences between patients and controls.
Compared with TNF-a and IL-6, IL-10 is produced relatively
late by monocytes [17,18]. This aspect is important for its inhibi-
tory role in monocyte activation, since endogenously produced IL-
10 has autoregulatory activities both on monokine (TNF-a, IL-6)
production and MHC class II expression by LPS-activated
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Fig. 2. Comparison of IL-10, IL-2 and IFN-g production in whole blood (WB) cultures from IgA nephropathy (IgAN) patients (B) and
controls (A). WB (diluted 1:5) was cultured in triplicate in the absence or presence of phytohaemagglutinin (PHA; 10mg/ml). Production was
determined in the culture supernatants, harvested after 0, 8, 24 and 72 h, by cytokine-specific ELISAs. Results represent geometric means
6 s.e.m. *Significant differences (Scheffe’s procedure) between patients and controls.
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Fig. 3. Comparison of IL-10 and IFN-g production in whole blood (WB)
cultures from IgA nephropathy (IgAN) patients (B) and controls (A). WB
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monocytes [15]. Compatible with previous studies using PBMC
[5–8], PHA stimulation of WB cultures resulted in significantly
higher levels of IL-2 and IFN-g in IgAN patients. In combination
with the previously reported increase of both Th1 and Th2
lymphocyte subsets in the circulation of patients with IgAN [7],
these data suggest that IgAN patients may have ongoing antigen-
specific T cell responses. The different results obtained for IL-2
and IFN-g in LPS- or PHA-stimulated cultures may be explained
by the specific ability of PHA to stimulate IL-2 synthesis more
strongly in IgAN. This additional effect on IL-2 production may
overcome the monocyte-dependent inhibitory effect of IL-10 on
the synthesis of IL-2 and IFN-g [15,16]. This is supported by
the fact that TNF-a and IL-6 levels (direct inhibition) were
not significantly different in patients and controls after PHA
stimulation.

The production of higher levels of IL-10 is compatible with
enhanced humoral immune responses [12,19], and may play a role
in the dysregulation of the IgA immune response frequently found
in patients with IgAN. In the presence of IL-10, transforming
growth factor-beta (TGF-b) is an IgA switch factor. Addition of
this factor to CD40-activated naive B cells cultured with IL-10
induces large amounts of IgA, while inhibiting IgM and IgG
production [20]. Clearly, since IL-10 can be secreted by monocytes
and lymphocytes, WB cultures can not be used to reliably deter-
mine its cellular source. An increased percentage of monocytes
expressing high levels of class II antigen has been reported in
patients with IgAN [21]. Furthermore, class II expression was
significantly higher in patients with detectable IFN-g transcripts
[21]. The present data suggest that monocytes may be involved in
the increased IL-10 production found in IgAN patients. The
kinetics of IL-10 production in the WB culture system was very
similar to that found in studies using elutriated monocytes [17]. In
accordance with the notion that PHA-activated T lymphocyte
proliferation requires the presence of monocytes [22], we found
similar kinetics for LPS- or PHA-activated IL-10 production by
elutriated monocytes (data not shown). Second, compared with
other cytokines, IL-10 is produced relatively late following activa-
tion of monocytes/macrophages or T lymphocytes [17,18,23]. In
addition, activation of WB cultures with a monocyte-specific
mitogen (LPS) resulted in a significantly higher production of
IL-10 in IgAN patients.

Inhibition of monocyte/macrophage function by endogenous
IL-10 would be a disadvantage in the initiation of immune
responses to novel antigens. IL-10 has been shown to strongly
inhibit antigen-specific T cell proliferation, when monocytes were
used as the APC [15,16]. Recently, IL-10 was found to inhibit
antigen presentation by Langerhans cells in a mouse model [24]
and to inhibit T cell proliferation induced by human dendritic cells
in an alloresponse model [25]. Therefore, increased IL-10 pro-
duction could possibly contribute to the deficient primary muco-
sal IgA immune response found in IgAN patients after nasal
presentation, despite the use of a potent immunogen [2]. A
deficient primary immune response may lead to persistence or
recurrence of the antigenic stimulus in patients, whereas healthy
individuals succeed in elimination or exclusion of the antigen by
a more effective mucosal immune response. The resulting
ongoing or repeated stimulation of the immune response in
IgAN patients may eventually lead to appropriate protection at
the mucosal level. However, as a consequence, overproduction of
IgA antibodies occurs in the systemic compartment, accompanied
by an increased number of IgA memory cells. The previously

reported increased IgA immune response to recall antigens may
be the reflection of this increased level of immunological memory
[26,27].

In conclusion, the enhanced cytokine production in PHA-
stimulated WB cultures from IgAN patients suggests altered
antigen-specific T cell responses that may eventually result in an
increased number of IgA-producing B lymphocytes in the bone
marrow. The present data suggest that monocytes may be involved
in the significantly higher IL-10 levels found in patients with
IgAN. The high levels of endogenous IL-10 may down-regulate
effector functions of APC. Recently, a direct functional effect of
dendritic cells, physiologically the principal cells involved in
mucosal antigen presentation, on IgA subclass switch was found
[28]. Since IL-10 and/or IFN-g may influence dendritic cells
differently [25,29], further studies are needed to evaluate their
role in the abnormal IgA1 responses in IgAN patients at the
mucosal level.
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