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SUMMARY

 

Both innate and adaptive immune systems are thought to participate in the pathogenesis of rheumatoid
arthritis in adults and children. The experiments reported here were undertaken to examine how
immune complexes, potent stimulators of inflammation, may regulate cells of the adaptive immune
system. Human T cells were prepared from peripheral blood by negative selection and incubated with
bovine serum albumin (BSA)–anti-BSA immune complexes that were formed in the presence or
absence of human C1q. C1q-bearing immune complexes, but not unopsonized complexes, elicited both
TNF-

 

a

 

 

 

 and IFN-

 

g

 

 secretion from human T cells. Secretion of both cytokines was time- and dose-
dependent. Cross-linking C1q on the cell surface of T cells produced the same results. Cytokine secre-
tion was not inhibited by blocking the C3b receptor (CR1, CD35) on T cells prior to incubation with
immune complexes. Reverse transcriptase polymerase chain reaction (RT-PCR) of immune complex-
stimulated cells revealed accumulation of both TNF-

 

a

 

 and IFN-

 

g

 

 mRNA within 2 h post-stimulation.
IL-2 was not detected in cell culture supernatants, but IL-2 receptor 

 

a

 

 chain (CD25) was detected in low
density on a small proportion of T cells activated by C1q-bearing immune complexes. Secretion of both
cytokines was inhibited partially, but not completely, by IL-10. These experiments show that immune
complexes, potent inflammatory mediators, may activate T cells through a novel mechanism. These find-
ings have implications for chronic inflammatory diseases in humans.

 

Keywords

 

C1q IFN-

 

g

 

I

 

L-10 IL-2 receptor immune complexes T cells TNF-

 

a

 

 

 

INTRODUCTION

 

T lymphocytes are important components in the initiation and
amplification of the adaptive immune response. Conventional T
cell activation involves the recognition of peptides or primary
amino acid sequences presented within the grooves of major his-
tocompatibility complex (MHC) molecules of antigen-presenting
cells. However, in addition to the antigen receptor/CD3 complex
through which T cells can be activated by specific antigen, subsets
of T cells also express receptors that are part of the innate
immune system. For example, the C4b/C3b receptor, CR1
(CD35), is expressed on 10–15% of a subpopulation of T lympho-
cytes [1–3]. Similarly, subsets of CD8

 

+

 

 T cells express the iC3b
receptor, CR3 (CD11b/CD18), which when activated also func-
tions as a 

 

b

 

2 integrin [4]. In addition, subpopulations of T cells
express at least two cell-surface proteins that will bind C1q, a

60-kDa molecule that binds to the collagen-like region of C1q and
a 33-kDa protein with affinity for the globular heads of C1q.
These molecules, individually or in concert, may contribute to the
C1q-mediated regulation of T cell activation and proliferation [5–
7]. Furthermore, although most T cells do not express Fc

 

g

 

R, small
subpopulations of T cells expressing Fc

 

g

 

R have been described
[8,9]. Thus, although they play a central role in adaptive immunity,
T cells, or subpopulations thereof, also express cell-surface recep-
tors that allow interaction with and regulation by the innate
immune system.

In the present study we investigated the ability of T cells to
produce cytokines in response to C1q-bearing immune com-
plexes, and to clarify the mechanisms through which such com-
plexes activate T cells.

 

MATERIALS AND METHODS

 

Reagents

 

Polyclonal goat antihuman C1q and bovine serum albumin (BSA;
obtained in fatty acid free form) were purchased from Sigma (St
Louis, MO, USA). Rabbit polyclonal IgG anti-BSA antibody was
obtained from ICN/Cappel (Durham, NC, USA). Purified human
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C1q was obtained from Advanced Research Technologies (San
Diego, CA, USA). Murine 3D9 monoclonal antibody [10],
which blocks function of CR1 (CD35), was a gift from Dr John
Atkinson, Washington University, St Louis. Monoclonal antihu-
man TNF-

 

a

 

, IFN-

 

g

 

 and IL-2, HRP-conjugated polyclonal anti-
TNF-

 

a

 

, IFN-

 

g

 

 and IL-2 and recombinant TNF-

 

a

 

, IFN-

 

g

 

 and IL-2
standards used for the ELISA assays were obtained from Pharm-
ingen (San Diego, CA, USA). PE-conjugated antihuman CD25
antibodies were obtained from Pharmingen. RPMI-1640 media,

 

L

 

-glutamine, penicillin, streptomycin, fetal bovine serum (FBS)
and Trizol were purchased from G

 

IBCO

 

 (Grand Island, NY,
USA). TNF-

 

a

 

 and IFN-

 

g

 

 primers were made by William K. War-
ren Medical Research Institute, University of Oklahoma Health
Sciences Center. Specific primers for 

 

b

 

-actin were purchased from
Clontech Laboratories (Palo Alto, CA, USA). PHA and Histo-
paque-1077 were purchased from Sigma. Recombinant IL-10 pro-
tein was purchased from Pharmingen. Oligo (dT)

 

15

 

 primers for
reverse transcription reactions were obtained from Promega
(Madison, WI, USA). 

 

Taq

 

 polymerase chain reaction (PCR) Mas-
ter Mix Kit was purchased From Qiagen (Valencia, CA, USA).
Microbeads conjugated with monoclonal mouse antihuman
CD14, CD19, CD56 antibodies and MACs separation column
were purchased from Miltenyi Biotech (Auburn, CA, USA).

 

Preparation of immune complexes

 

BSA–anti-BSA immune complexes (‘unopsonized complexes’)
and C1q-bearing immune complexes were formed at 2

 

¥

 

 antigen
excess as we have described previously [11]. The equivalence
point was determined by a turbidometric assay described previ-
ously [12]. Briefly, immune complexes were formed by combining
BSA (0·2 mg/ml), and anti-BSA (6·0 mg/ml) in the presence or
absence of C1q (50 

 

m

 

g/ml) in PBS at 37

 

∞

 

C for 1 h (the ratio of
BSA to anti-BSA to provide 2

 

¥

 

 antigen excess varied with differ-
ent lots of antibody). Insoluble material was removed by centrif-
ugation. The complexes were separated from uncomplexed
antigen and antibody by using size-exclusion chromatography on
S-300 (Amersham Pharmacia Biotech AB, Sweden) equilibrated
with PBS as described previously [13]. The exclusion volume, rep-
resenting material 

 

≥

 

1·5 

 

¥

 

 10

 

6

 

 mol wt was saved and protein con-
centration of the immune complex preparations was estimated by
measuring absorbance at 280 nm. Confirmation that immune
complexes had fixed C1q was accomplished by Western blotting.

 

T cell preparation and stimulation

 

To avoid cell activation during purification, a negative sorting
strategy was employed. Peripheral blood mononuclear cells
(PBMC) were prepared from heparinized venous blood obtained
from healthy volunteers using gradient separation on Histo-
paque-1077. Cells were washed three times in Ca

 

2

 

+

 

 and Mg

 

2

 

+

 

-free
Hanks’s balanced salt solution. Cells were then placed in plastic
dishes containing RPMI-1640 supplemented with penicillin G
(100 U/ml), streptomycin (100 

 

m

 

g/ml), 

 

L

 

-glutamine (2 m

 

M

 

) and
10% heat-inactivated FBS. Cells were incubated at 37

 

∞

 

C with 5%
CO

 

2

 

 for 30 min, after which non-adherent cells were collected and
incubated for 20 min at 4

 

∞

 

C with CD14, CD19 and CD56 micro-
beads at 20 

 

m

 

l/1 

 

¥

 

 10

 

7

 

 cells. The cells were washed once, resus-
pended in 500 

 

m

 

l Ca

 

2

 

+

 

 and Mg

 

2

 

+

 

-free PBS containing 5% FBS/
1 

 

¥

 

 10

 

8

 

 cells. The suspension was then applied to a MACs column
and the unlabelled cells were collected. Cells prepared in this
fashion were less than 1% CD14, CD56 and CD19-positive by flu-
orescence-activated cell-sorting (FACS) analysis.

The T cells were collected and diluted to a concentration
of 2 

 

¥

 

 10

 

6

 

 cells/ml of medium (RPMI-1640) supplemented with
penicillin G (100 U/ml), streptomycin (100 

 

m

 

g/ml), 

 

L

 

-glutamine
(2 m

 

M

 

) and 10% heat-inactivated FBS. Cells were stimulated with
C1q-bearing immune complexes at concentrations ranging from
100 to 800 

 

m

 

g/ml for 36 h and time-courses ranging from 4 to 36 h
at 37

 

∞

 

C in a humidified atmosphere with 5% CO

 

2.

 

 These immune
complex concentrations were chosen as being within the range of
immune complexes known to accumulate in the circulation in
such divergent human illnesses as systemic lupus erythematosus
[14], juvenile rheumatoid arthritis [15] and congenital HIV infec-
tion [16]. Thus, immune complexes were incubated with the cells
at pathologically relevant concentrations. Medium was collected
and stored at 

 

-

 

70

 

∞

 

C until used for the measurement of TNF-

 

a

 

,
IFN-

 

g

 

 and IL-2 concentrations.
A separate set of experiments was performed to identify the

specificity of C1q as the entity within the immune complexes
responsible for activating T cells. In these experiments, T cells
were prepared exactly as described above and incubated with
10 

 

m

 

g/ml purified C1q for 1 h at 37

 

∞

 

C. Surface-bound C1q was
then cross-linked using 50 

 

m

 

g/ml polyclonal goat anti-C1q anti-
body. Cells were then incubated for 36 h, after which cell culture
supernates were assayed for TNF-

 

a

 

 by ELISA. In another set of
experiments, T cells were preincubated with 10–20 

 

m

 

g 3D9 MoAb
to CR1 (CD35), the C3b receptor which is expressed on a small
subpopulation of T cells, prior to the addition of C1q-bearing
immune complexes.

 

Cytokine measurement by ELISA

 

Concentrations of TNF-

 

a

 

, IFN-

 

g

 

 and IL-2 in cell culture super-
nates were determined by ELISA using commercially available
antibodies. TNF-

 

a

 

 MoAb, IFN-

 

g

 

 MoAb or IL-2 MoAb were
coated overnight in 96-well microtitre plates in 0·1 

 

M

 

 carbonate
buffer (pH 9·5). Non-specific binding sites were blocked with
10% FBS in PBS. Cell culture supernates were diluted in PBS and
100 

 

m

 

l added to each well and incubated at room temperature
(RT) for 2 h. Plates were then washed and incubated with
biotinylated anti-TNF-

 

a

 

, IFN-

 

g

 

 and IL-2 detection antibody and
avidin horseradish peroxidase conjugate for 1 h at room temper-
ature, after which the plates were washed again. The colourimet-
ric reaction was obtained with tetramethylbenzidine (TMB) and
hydrogen peroxide. The reaction was stopped with 50 

 

m

 

l of 2 N H

 

2

 

SO

 

4.

 

 Plates were then read at 450 nm using a Biotek (Winooski,
VT, USA) multiplate reader. Light absorbance from experimen-
tal samples was compared with a standard curve generated from
known amounts of recombinant TNF-

 

a

 

, IFN-

 

g

 

 or IL-2 protein.
Data were entered into a commercially available graphics statis-
tical software program (GraphPad Prism, San Diego, CA, USA)
and results obtained under different experimental conditions (e.g.
presence and absence of IL-10) were compared by two-tailed
independent 

 

t

 

-test. 

 

P

 

-values 

 

<

 

0·05 were considered statistically
significant.

 

FACS analysis of IL-2 receptor 

 

a

 

 chain expression

 

T cells were incubated with C1q-bearing immune complexes
(400 

 

m

 

g/ml) or PHA (10 ng/ml) for 36 h. Cells were collected and
washed three times with staining medium, PBS containing 1%
FBS. Cells (1 

 

¥

 

 10

 

6

 

 per sample) were stained at 4

 

∞

 

C. Cell surface
IL-2 receptor was detected by FACScan (Becton Dickinson,
USA) using the PE-conjugated anti-CD25 antibodies. Negative
controls consisted of PE-conjugated mouse IgG1, 

 

k

 

.
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Fig. 2.

 

Kinetics of TNF-

 

a

 

 and IFN-

 

g

 

 secretion by T cells after incubation
with C1q-bearing immune complexes. T cells were incubated with 400 

 

m

 

g/
ml C1q-bearing immune complexes for time periods ranging from 4 to
36 h. IFN-

 

g

 

 secretion lagged significantly behind TNF-

 

a

 

 secretion. Results
are means 

 

±

 

 s.e.m. of three independent experiments. 

 

�

 

, TNF; 

 

�

 

, IFN.
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Fig. 1.

 

Dose-dependent production of TNF-

 

a

 

 and IFN-

 

g

 

 by T cells after
incubation 36 h with increasing concentrations of C1q-bearing immune
complexes. Using a special ELISA, the concentration of TNF-

 

a

 

 and IFN-

 

g

 

 was measured in the supernatants. Results are means 

 

±

 

 s.e.m. of five
independent experiments. 

 

�

 

, C1qIC 0 

 

m

 

g/ml; , C1qIC 100 

 

m

 

g/ml; ,
C1qIC 200 

 

m

 

g/ml; 

 

�

 

, 400 

 

m

 

g/ml; , 800 

 

m

 

g/ml.

500

400

300

200

100

0

T
N

F
-a

 (
pg

/m
l)

IF
N

-g
 (

pg
/m

l)

400

300

200

100

0

 

Reverse transcriptase PCR for TNF-

 

a

 

 and IFN-

 

g

 

 mRNA

 

T cells were incubated with C1q-bearing immune complexes,
400 

 

m

 

g/ml, for time periods ranging from 2 to 24 h. Medium was
then removed and cells lysed with Trizol reagent. Total RNA
was extracted exactly as recommended by the manufacturer.
RNA (1 

 

m

 

g) was transcribed into cDNA using oligo(dT)

 

15

 

primers exactly as recommended by the manufacturer. Specific
primers were constructed from known cDNA sequences of
TNF-

 

a

 

 (sense, 5¢-ACAAGCCTGTAGCCCATGTT-3¢; antisense,
5¢-AAAGTAGACCTGCCCAGACT-3¢) and IFN-g (sense,
5¢-GCAGAGCCAAATTGTCTCCT-3¢; antisense, 5¢-ATGCTC
TTCGACCTCGAAAC-3¢). Primers for amplification of b-actin
were obtained from Clontech Laboratories, Inc. (Palo Alto, CA,
USA). Each cDNA was amplified by PCR with Taq PCR Master
Mix Kit. Amplification reactions were performed as follows: 1 ¥
(94∞C, 1 min), 26¥ (94∞C, 20 s, 55∞C, 20 s and 72∞C 40 s); and 1¥
(72∞C, 10 min). Products were analysed on a 1·5% agarose gel
that contained ethidium bromide. Expected size for the PCR
products for TNF-a, IFN-g and b-actin were 427, 290 and 838 bp,
respectively.

RESULTS

Immune complex stimulation of T cells
T cells treated with soluble C1q-bearing immune complexes (100–
800 mg/ml) for 36 h secreted TNF-a and IFN-g in a dose-
dependent manner, as shown in Fig. 1. IL-2 was not detected. The
kinetics of secretion differed for TNF-a compared with IFN-g.
TNF-a was detectable in the cell culture supernatants within 4 h
after stimulation, and increased until 12 h. In contrast, IFN-g was
detectable within 8 h after stimulation, and continued to rise
steadily until 36 h, the last time-point measured, as shown in
Fig. 2. Neither BSA–anti-BSA immune complexes formed in the
absence of C1q nor LPS (maximum concentration, 10 ng/ml)
stimulated T cell secretion of TNF-a or IFN-g (data not shown).
Furthermore, neither IFN-g nor TNF-a was secreted when T cells
were incubated with insoluble complexes formed in the presence
of either human serum or purified C1q (data not shown).

In a separate set of experiments, T cells were incubated with
monomeric human C1q, followed by polyclonal goat antihuman
C1q antibody. Results of these experiments are shown in Fig. 3. T
cells incubated under these conditions produced TNF-a at levels
comparable to T cells incubated with C1q immune complexes.
Monomeric C1q had no effect on T cells. Blocking CR1 (CD35)
with 3D9 MoAb had no effect on the capacity of C1q-bearing
immune complexes to induce cytokine secretion from T cells
(data not shown).

Induction of TNF-a, IFN-g mRNA
Figure 4 shows a representative RT-PCR analysis of TNF-a and
IFN-g mRNA expression in T cells stimulated with C1q-bearing
immune complexes. Neither TNF-a nor IFN-g mRNA were
detected in unstimulated T cells, but were detectable in immune
complex stimulated T cells as early as 2 h after stimulation.

Inhibition of T cell TNF-a and IFN-g secretion by IL-10
IL-10 is a potent inhibitor of leucocyte cytokine synthesis, acting
mainly at the level of cytokine gene transcription. To determine
whether the observed production of TNF-a or IFN-g can be
inhibited by IL-10, T cells were incubated with C1q-bearing
immune complexes in the presence and absence of IL-10. The

concentrations of TNF-a and IFN-g were measured by ELISA
and results are depicted in Fig. 5. IL-10 decreased TNF-a in the
two concentrations tested (20 ng/ml and 100 ng/ml), but did not
completely inhibit secretion even at the higher concentration. At
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Fig. 5. Reduction of TNF-a and IFN-g secretion by IL-10 in T cells stim-
ulated with C1q-bearing immune complexes. T cells were incubated with
immune complexes in the presence or absence of IL-10. Mean production
± s.e.m. is shown for three independent experiments. �, C1qIC 400 mg/ml;

, IL-20 20 ng/ml + C1qIC; �, IL-10 100 ng/ml + C1qIC.
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Fig. 3. Cross-linking surface-bound C1q results in TNF-a secretion from
T cells. T cells were preincubated with either C1q immune complexes
(‘C1qIC’) or purified human C1q followed by polyclonal anti-C1q
antibody (‘C1q + anti-C1q’) as described in the Methods section. TNF-a
secretion was induced under both experimental conditions. Neither
monomeric C1q (‘C1q’) nor polyclonal anti-C1q antibody (‘anti-C1q’)
induced TNF-a secretion. , T cells; , C1q; , C1q + anti-C1q; �, C1qIC;
�, anti-C1q.
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20 ng/ml, IL-10 inhibited TNF-a secretion by 49% (228 + 63 pg/
ml versus 445 + 51 pg/ml; P < 0·001). Increasing the concentration
to 100 ng/ml led to marginal decreases in TNF-a concentrations
which were statistically significant compared with cells incubated
in the absence of IL-10 (172 + 50 pg/ml versus 445 + 51 pg/ml;
P < 0·001), but not cells incubated at 20 ng/ml (P > 0·05).

IL-10 was more efficient in inhibiting IFN-g secretion. At
20 ng/ml, IL-10 inhibited IFN-g secretion by 75% (35 + 12 pg/ml
versus 137 + 26 pg/ml; P < 0·001). Increasing the concentration of
IL-10 had no further effects on IFN-g secretion by immune com-
plex-stimulated T cells.

IL-2 receptor expression
T cells were incubated with C1q-bearing immune complexes or
PHA for 36 h. Cells were stained and cell surface IL-2 receptor

detected by FACs using the PE-conjugated anti-CD25 antibodies.
A small proportion of T cells activated by C1q-bearing immune
complexes expressed IL-2 receptor (CD25) in low density
(Fig. 6).

DISCUSSION

The formation of circulating immune complexes is the physiolog-
ical consequence of antibody responses to different antigens,
including microorganisms [17] and intricate mechanisms for
immune complex clearance have developed in mammals [18].
Thus, although immune complex formation is a physiological
event, their accumulation in the tissue or circulation, as seen in
such disorders as rheumatoid arthritis [19] or systemic lupus
erythematosus [20], can be considered pathological. Immune
complex accumulation leads to a broad spectrum of proinflamma-
tory effects, including complement activation with release of phl-
ogistic C3a and C5a peptides [21] and cytokine secretion from
FcgR-expressing cells [22]. We now report a novel property of
immune complexes that casts new light on chronic inflammatory
diseases such as rheumatoid arthritis: activation of T lymphoctyes.

‘Conventional’ activation of T cells is induced through the
TCR/CD3 signalling complex [23]. Such activation results in T cell
proliferation [24,25], secretion of IL-2 and IFN-g and expression
of IL-2 receptor [26–28]. Although rheumatoid arthritis has been
seen classically as a disease of disordered T cell activation, the

Fig. 4. Accumulation of TNF-a and IFN-g mRNA after stimulation of T
cells by C1q-bearing immune complexes. RT-PCR was performed on RNA
isolated from T cells that were stimulated for 2–24 h with C1q-bearing
immune complexes (400 mg/ml) using specific primers for TNF-a (top
panel) and IFN-g (middle panel) and b-actin (lower panel). An aliquot of
the PCR product was analysed by agarose gel electrophosis. Time periods
(h) are indicated on the bottom line.

a

b

g

h
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cells infiltrating the rheumatoid synovium do not display the same
phenotype as cells activated through the TCR/CD3 complex in
vitro [29,30]. Specifically, cells in the rheumatoid synovium show
no or little cell-surface expression of CD25 and do not secrete IL-
2 [31,32]. However, T cells in rheumatoid synovium do secrete low
levels of IFN-g [33] and local TNF-a expression has been
described in T cells in both adults [34] and children [35–37] with
rheumatoid disease. It is interesting to note, therefore, that the
phenotype demonstrated by the T cells in our experiments faith-
fully mimics what has been described in these related forms of
chronic arthritis.

Our model also mimics another important feature of rheuma-
toid disease: a critical regulatory role for IL-10 [38]. Interleukin
10 is a 18-kDa non-glycosylated polypeptide secreted by
monocytes/macrophages, B lymphocytes, keratinocytes, mast cells
and subclasses of CD4+ T lymphocytes [39–42]. It possesses strong
anti-inflammatory activity, largely by inhibiting proinflammatory
cytokine synthesis in both lymphocytes and monocytes [43–45]
through both transcriptional and post-transcriptional mechanisms
[46–48]. In addition, IL-10 inhibits CXCR4-induced chemotaxis
in T cells [49]. It is expressed locally in rheumatoid joints [50–52]
and may serve as a pretreatment prognostic marker [53]. Current
theories suggest that IL-10, secreted by macrophages and/or T
cells, may serve as an autocrine regulator of those cells, dampen-
ing the intensity of the inflammatory response and minimizing
local tissue destruction [54].

We have not identified clearly the specific cell surface recep-
tor(s) on T cells that mediate cytokine secretion by immune com-
plexes. Our experiments demonstrate that the relevant receptor is
a C1q receptor, as unopsonized BSA–anti-BSA complexes had no
effect on resting T cells. As we noted in our introduction, there are
several receptors for complement proteins expressed on the sur-
face of resting T cells. These include at least two receptors for
C1q, although the functional characteristics of these receptors
have not been clarified. T cells also express the C3b/C4b receptor,
CR1 (CD35), which also binds C1q-bearing ligands [55]. Mouse
homologues of the human receptor have been shown recently to
enhance CD3-mediated T cell activation [56]. Because blocking
this receptor with 3D9 MoAb failed to inhibit TNF-a secretion,
we conclude that CR1 is not the receptor involved in T cell acti-
vation through this pathway.

Although conventional theories of the pathogenesis of both
rheumatoid arthritis and juvenile rheumatoid arthritis [57] have

focused on adaptive immunity and the role of the T cell in disease
pathogenesis, it is becoming recognized increasingly that the
pathogenesis of these illnesses very probably involves complex
interactions between innate and adaptive immunity [58]. Further-
more, emerging evidence demonstrates that T cells can be acti-
vated to produce cytokines by mechanisms other than ‘classical’
activation though the CD3/TCR complex. For example, Tennen-
berg and colleagues [59] have demonstrated that LPS-activated
endothelium, in the absence of monocytes or any other source of
stimulation, can activate resting lymphocytes. Such data, as well
as the experiments we report here, invite us to rethink the aetio-
logical clue that is provided to us by the presence of CD4+ T cells
within inflamed synovium in rheumatoid arthritis and juvenile
rheumatoid arthritis.
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