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T cell hyperactivation and complement consumption are
prominent features of the immunopathology of systemic lupus
erythematosus. Although complement activation is secondary
to autoantibodies that form immune complexes (ICs), the trig-
ger for alterations in human peripheral blood T cells is poorly
understood. To study the impact (on T cells) of several types of
preformed ICs and terminal complement complex, also referred
to as C5b-9, we incubated these immune reactants with periph-
eral blood naive CD4™* T cells as well as Jurkat cells and analyzed
their effects on cellular behavior. We first assembled the C5b-9
in situ on the membrane and observed its assembly primarily on
a single site where it promoted aggregation of membrane rafts
and recruitment of the CD3 signaling complex. However, C5b-9
alone did not initiate proliferation or commencement of down-
stream signaling events associated with T cell activation. When
T cells were treated with ICs together with nonlytic C5b-9,
changes associated with T cell activation by possible antigen
engagement then occurred. T cell antigen receptor signaling
proteins, including {-chain, ZAP-70, Syk, Src, and Lck, were
phosphorylated and organized in a synapse-like structure. The
cytoskeleton formed F-actin spindles and a distal pole complex,
resulting in a bipolar distribution of phosphorylated ezrin-ra-
dixin-moesin and F-actin. Furthermore, ICs and nonlytic C5b-9
induced T cell proliferation and IFN-y production. These
results raise the possibility that ICs and the nonlytic C5b-9 mod-
ulate T cell-mediated responses in systemic lupus erythemato-
sus and other related chronic inflammatory disorders.

T cell activation is the first step for the generation of effector
T cells. The contact between peptide-MHC on antigen-pre-
senting cells (APCs)? with the T cell antigen receptor (TCR) on
naive or antigen-experienced cells leads to the formation of
filamentous actin (F-actin) and organizes the microtubule cyto-

* This work was supported by The Campbell-Avery Charitable Trust, The Dorr
Family Charitable Trust, and Lupus/Juvenile Research Group of St. Louis,
MO.

] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-S5 and Videos 1-14.

" To whom correspondence should be addressed: Division of Adult and Pedi-
atric Rheumatology, Saint Louis University School of Medicine, 1402 South
Grand Blvd., St. Louis, MO 63104. Tel.: 314-977-8843; Fax: 314-977-8818;
E-mail: chauhana@slu.edu.

2 The abbreviations used are: APC, antigen-presenting cell; CTB, cholera toxin
B; DIC, differential interference contrast; DPC, distal pole complex; IC,
immune complex; IS, immunological synapse; MR, membrane raft; Ova-IC,
ovalbumin-anti-ovalbumin immune complex; pERM, phosphorylated
ezrin-radixin-moesin; p, phosphorylated; SLE-IC, immune complex from
SLE patient; TCR, T cell antigen receptor; CFSC, carboxyfluorescein diacetyl
succinimidyl ester; FcR, Fc receptor; AHG, aggregated human y-globulin.

NOVEMBER 4, 2011« VOLUME 286+NUMBER 44

skeleton to transport intracellular vesicles, cell surface recep-
tors, and co-stimulatory molecules forming the immunological
synapse (IS). Such structures are also formed on NK cells and
CD8" T lymphocytes to initiate their effector functions (1, 2).
Thus far, formation of such structures with multiple protein
complexes of disease plasma has not been reported.

The complement system is a key participant in the innate
immune-mediated inflammatory responses (3). Complement
opsonized immune complexes (ICs) are sequestered by follicu-
lar dendritic cells in lymphoid follicles. Uptake of these ICs by
follicular dendritic cells enhances antigen presentation to T
follicular helper (T},,) cells in germinal centers and lowers the
threshold for B cell activation, resulting in terminal differenti-
ation of long lived plasma cells and memory B cells (4-7).
Although the modulation of T cell responses by the comple-
ment system has been suggested, a role for ICs and complement
in directly affecting T cell activation has not been reported pre-
viously (8, 9).

In IC-mediated diseases, infections, and rheumatic diseases,
complement activation triggers sequential assembly of the ter-
minal complement C5b, C6, and C7 (C5b-7), which then inserts
into the membrane and subsequently binds to C8 and C9 to
form trans-membrane channels (10). Cells resist C5b-9-medi-
ated lytic death by its removal from the membrane by exocyto-
sis within minutes of its deposition, leaving nonlytic C5b-9 on
the cell membrane (11, 12). In addition, C5b-9 in the plasma
binds to clustrin and vitronectin to form cytolytically inactive
C5b-9.

Cytolytically inactive C5b-9 induces expression of adhesion
molecules, cytokine production, and vascular leakage in endo-
thelial cells (13, 14). Also, deposition of nonlytic C5b-9 is more
common on host cells and is considered a more physiologically
relevant event that triggers a number of signaling events such as
the following: 1) synthesis of eicosanoids, interleukin (IL)-1p,
and tumor necrosis factor (TNF)-a; 2) platelet activation; 3)
release of growth factors; 4) increase in diacylglycerol and cera-
mides; 5) activation of membrane phospholipases, and 6) apo-
ptosis (15-20). These studies suggest that in the state of mod-
erate complement activation, the nonlytic C5b-9 acts as a
signaling protein complex. This led us to explore the role of
nonlytic C5b-9 in T cell activation.

In this study, we explore the role of nonlytic C5b-9 purified
from serum and in situ C5b-9 assembled from purified late
complement proteins in T cell activation. The in situ C5b-9
represents both lytic and nonlytic C5b-9, where lytic C5b-9 is
removed by endocytosis or ectocytosis leaving nonlytic C5b-9
on the membrane (11, 21, 22).
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ICs that activate the complement system are observed in SLE
patients along with hyperactivation of T cells associated with an
increase in calcium levels (23). Freshly isolated T cells from SLE
patients demonstrate aggregation of membrane rafts (MRs)
that may contribute to T cell activation (24). We previously
observed fully assembled C5b-9 on ICs in SLE patients (25). In
addition, we observed the presence of low affinity FcyRIIIA on
CD4™" T cells. This led us to investigate interactions among
nonlytic C5b-9, ICs, and human naive CD4™" T cells.

Here, we show a phenomenon that has not been observed
previously, C5b-9 forms a synapse on human naive CD4* T
cells. This synapse facilitates the deposition of ICs, which leads
to co-receptor engagement and downstream signalingin T cells
such as phosphorylation of Lck, {-chain, ZAP-70, and Src in
microclusters. During this process, T cells polarize by seques-
tering of the TCR signaling proteins and organizing cytoskel-
etal elements in a supramolecular activation cluster-like struc-
tures (26). Cells treated with ICs and nonlytic C5b-9
demonstrated the production of IFN-+y and cell proliferation. In
vivo such events may contribute to the disease progression.
This study provides the first link among ICs, complement acti-
vation and T cells. The T cell activation from C5b-9 and ICs by
altering TCR signal strength may circumvent checkpoints that
maintain peripheral immune tolerance (27).

EXPERIMENTAL PROCEDURES

Tissue culture media, fetal bovine serum (FBS), and culture
supplies were from Invitrogen. We purchased antibodies from
several vendors, including Cell Signaling Technologies (phos-
pho-Src ""*1¢ phospho-Syk™">?*/526, and phospho-Zap-
70™31%) Santa Cruz Biotechnology, Santa Cruz, CA (phos-
pho-Lck™ %% and CD3{ chain), Sigma (phosphotyrosine,
clone PY20), and DakoCytomation, Denmark (neo-epitope of
C9, clone aEll). Secondary conjugates were from Jackson
ImmunoResearch, and Alexa Fluor® 488 and Alexa Fluor® 594
labeling kits were from Invitrogen. The purified complement
proteins C5b-6, C7, C8, and C9 were from Complement Tech-
nologies (Tyler, TX), and ovalbumin, anti-ovalbumin, and
other reagents were from Sigma or Fisher.

Human Naive CD4" T Cells and Cell Lines—]Jurkat cells
(J.RT3) were obtained from American Type Culture Collection.
They were propagated in RPMI supplemented with 10% FBS.
Human naive CD4™ cells were isolated from peripheral blood
lymphocytes. The peripheral blood lymphocyte fraction was
separated from 20 ml of heparinized blood using Histopaque
(Sigma). The adherent monocytes were removed by plating the
cells in a Nunc culture dish at 37 °C in 5% CO, for 12 h. The
nonadherent cell population was labeled using a mixture of
antibody mixture from naive CD4 " T cell isolation kit (Miltenyi
Biotec, Germany). The naive CD4 " T cells were then separated
using a magnetic assisted cell separation column. The purity of
the isolated cells was analyzed using flow cytometry by staining
for CD4 and CD45RA (naive CD4" T cells markers). These
cells were 93-96% pure based on the CD4" CD45RA " staining.
The purified cells were over 97% viable in all the preparation
using vital dye trypan blue.

Preparation of Ovalbumin-Anti-ovalbumin ICs (Ova-ICs)—
Affinity-purified anti-ovalbumin was mixed with purified
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chicken ovalbumin at a molar ratio of 1:0.5 and 1:4 in 250 ul of
phosphate-buffered saline (PBS). The mixture was kept at 37 °C
for 1 h and then at 4 °C overnight. This mixture was then cen-
trifuged at 15,000 X g for 30 min, and the supernatant was
collected. Protein estimation was carried out, and the Ova-ICs
were then stored at —70 °C.

Purification of ICs from SLE Patients—The ICs from SLE
patients (SLE-ICs) were purified from plasma using an affinity
matrix as described previously (25, 28). In brief, 1.5 ml of
plasma was passed over the affinity resin under gravity at room
temperature (RT); thereafter, the resin was washed with 25 col-
umn volumes of PBS. During the wash step, resin was stirred
multiple times, and proteins were monitored in the eluate. ICs
were eluted using 0.1 M glycine-HCI (pH 3.5). The eluted mate-
rial was neutralized using 1 M Tris base. High salt from the ICs
preparation was removed by buffer exchange, and ICs were
then stored in aliquots at —70 °C.

Purification of Fluid Phase Pre-assembled C5b-9—Fluid
phase C5b-9 was isolated from pooled normal sera as described
previously (29, 30). In brief, 200 mg of zymosan A was added to
20 ml of serum, mixed, and incubated at 37 °C for 1 h. The
C5b-9 was then precipitated by adding 7% polyethylene glycol
6000 weight by volume, and the mixture was incubated over-
night at 4 °C. C5b-9-containing fractions were then pelleted by
centrifugation at 43,000 X g for 45 min. The pellet was washed
again with 7% polyethylene glycol. The precipitate was dis-
solved in PBS, and the protein content was measured. Thereaf-
ter, the mixture was fractionated over a SuperoseTM 6 YK col-
umn (GE Healthcare). The fractions were analyzed for the
presence of polymerized C9 by monitoring the generation of C9
neo-epitope using a monoclonal antibody (clone aE11) in an
ELISA system. The fractions containing C5b-9 were pooled and
concentrated, and the protein was estimated. The preparation
was stored at —70 °C. The nonlytic dose for C5b-9 was deter-
mined by incubating 1 X 10 Jurkat cells with 0.25, 1.25, 2.5, and
5 g of protein and measuring apoptosis and necrosis using
Vybrant Apoptosis Assay 3 (Eugene, OR) as per the manufac-
turer’s suggested protocol. This titration was also carried out in
the presence of 2.0 and 5.0 ug of Ova-IC. At a concentration of
2.5 ug of C5b-9 in the presence of ICs after a 2-h interval, cells
remain viable. Subsequently, we used 2.5 pg of C5b-9 (nonlytic)
in the presence of 1 ug of purified ICs in all experiments unless
otherwise noted.

Localization of C5b-9 on Naive CD4™" T Cells and Jurkat Cells
Using Alexa Fluor® 594-labeled C9—Purified C9 was labeled
with Alexa Fluor® 594 as per the manufacturer’s recommenda-
tion. For in situ deposition of the C5b-9, a total of 2 X 10° cells
were washed with RPMI and plated onto 24-well culture plates.
After a 4-h incubation in plain RPMI, the cells were incubated
with purified C5b-6 (2 ug), C7 (1 ng), C8 (2 ug), and C9-Alexa
Fluor® 594 (2.5 png) to form C5b-9 (in situ). These conditions
were used for in situ deposition of C5b-9 in all subsequent
experiments. Cell aliquots at 0.75, 1.5, 3, 4, and 24 h were
removed, washed with cold PBS, and fixed in 3% formaldehyde
for 30 min and then mounted on slides for examination. The
cells with C5b-9 deposits remained viable as observed with
trypan blue dye prior to fixation. The viability was also assessed
using Vybrant assay kit (Invitrogen). The cells were observed
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for the formation of C5b-9 using a confocal and fluorescent
microscope. The percentages of cells with deposits were calcu-
lated by counting the cells with and without C5b-9 deposits
from at least three fields in three independent experiments. The
images were captured using both X200 and 630.

Co-localization of Ova-ICs and AHG with in Situ C5b-9
Deposits on Naive CD4™ T Cells and Jurkat Cells—To co-local-
ize ICs and C5b-9, Jurkat or naive CD4™" T cells were treated
with labeled Ova-ICs or AHG, 5 ug of total protein for 1 X 10°
cells during assembly of in situ C5b-9. Control cells were
treated with equivalent amounts of labeled ICs or labeled C9.
Ova-ICs were formed in vitro by incubating the ovalbumin with
anti-ovalbumin antibody labeled with Alexa Fluor® 488 (Invit-
rogen). AHG was also labeled with Alexa Fluor® 488. The Ova-
ICs with antibody to antigen molar ratio of 1:4 were used for
membrane deposition, because this ratio demonstrated the
most consistent phosphorylation of proteins of the TCR path-
way in the Western blot analysis. After treatment of cells with
Ova-ICs or AHG and in situ C5b-9, cells were washed and
images were captured using either fluorescent or confocal
microscope.

Co-localization of MRs and C5b-9 on Human Naive CD4" T
Cells—The cells were starved for 4 h in plain RPMI, before
treatment. Human naive CD4 " cells or Jurkat cells were treated
with either nonlytic C5b-9 or in situ C5b-9 in the presence of
SLE-ICs (2 ug) or Ova-ICs (2 pg). Post-treatment, the cells
were harvested and washed with cold PBS and resuspended in
0.1% BSA/PBS. To 1 X 10° cells, a total of 0.2 pg of cholera toxin
B (CTB) conjugated with FITC was added and allowed to incu-
bate for 20 min in an ice bath (31). In control cells during the in
situ C5b-9 formation, C8 protein was omitted. Thereafter,
these cells were washed and mounted on slides using SlowFade
Gold antifade reagent with DAPI. These cells were then exam-
ined as described previously. The cell images were captured at
X400 and 630.

Staining for F-actin and Phosphorylated Ezrin, Radixin, and
Moesin (pERM)—To observe the cytoskeletal polarization, we
stained cells for F-actin and pERM (32). In 24-well plates, 2 X
10° cells were treated with 2 ug of purified SLE-ICs or Ova-ICs
with 2.5 ug of nonlytic C5b-9 for 2 h. After a 2-h treatment, the
medium was replaced with RPMI supplemented with 10% FBS
and incubated at 37 °C in 5% CO,. For staining, the cells were
harvested at 4- and 12-h intervals. The cells were washed with
cold PBS and fixed in cold 3% formaldehyde prepared in PBS for
10 min and then permeabilized for 10 min by keeping in 90%
ice-cold methanol at —20 °C. After washing again, the cells
were stained using a 1:200 dilution of anti-pERM antibody pre-
pared in blocking buffer obtained from Cell Signaling Technol-
ogies (Danvers, MA) for 1 h. After washing two times with PBS,
the cells were again washed and treated at RT for 1 h with 1:100
dilution of anti-rabbit Alexa Fluor® 594 prepared in blocking
buffer. Following pERM staining, the cells were stained with
phalloidin-Alexa Fluor® 488, according to the manufacturer’s
recommendation. The cells were observed with the appropriate
filter in the fluorescent microscope, and images were captured
at X200, 400, or 630. For scoring cells with cytoskeletal
changes, images from three fields were examined in each exper-
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iment. The percentages of cells exhibiting the changes were
calculated by counting total cells and cell with changes.

Co-localization of CD3 with in Situ C5b-9 Deposits on Naive
CD4™ T Cells and Jurkat Cells—Cells were treated with puri-
fied complement proteins C5b-6, C7, C8, and Alexa Fluor®
594-labeled C9 to form in situ C5b-9. These cells were fixed
with 3% formaldehyde for 15 min at RT. For detection of CD3,
after two washes cells were incubated with anti-CD3-FITC
conjugate in 1% BSA/PBS for 30 min. The cells were washed
and mounted on a slide and examined for C5b-9 and CD3 with
a fluorescent microscope, and images were captured at X200
and 630.

Confocal Microscopy—Fluorescence was analyzed using an
Olympus confocal laser-scanning microscope (Olympus
FV1000, BX61). Multiple channel imaging was employed to
analyze conjugates emitting fluorescence at wavelengths of 405,
488, and 594 nm. To visualize the cells, we used DAPI for stain-
ing nuclei and differential interference contrast (DIC) image.
Cellular distribution of proteins in cells was observed by cap-
turing images in horizontal optical sections from 0.22 to 0.55
pm in vertical steps throughout the whole height of the repre-
sentative cell. In some circumstances, the optical zoom was
used to visualize and capture the cellular details in the images.

Tyrosine Phosphorylation of TCR Signaling Proteins—Briefly,
1 X 10°Jurkat cells were washed and suspended in 1 ml of RPMI
and plated in 24-well culture plates. Cells were then starved for
4 h in plain RPMI prior to treatment. These cells were treated
with nonlytic C5b-9 alone, ICs alone, or in combination with
the ICs and nonlytic C5b-9. Purified nonlytic C5b-9 (2.5 ug)
and ICs purified from two SLE patients at two concentrations of
SLE-ICs, one at 1 ug and the other at 4.5 ug, were used. In
addition, Ova-ICs at antibody to antigen molar ratios of 1:0.5
designated as Ova-IC(1) and molar ratio of 1:4 designated as
Ova-IC(2) were also used. These ratios were selected to gener-
ate ICs in either antibody or antigen excess (33, 34). At the end
of the incubation period, cells were removed from the culture
dish, washed with ice-cold PBS, and lysed with buffer contain-
ing 20 mm Tris (pH 8.0), 137 mm NaCl, 5 mMm Na,EDTA, 10%
(v/v) glycerol, 1% (v/v) Triton X-100, 1 mMm EGTA, 10 mm
sodium fluoride, 1 mm PMSF, 1 mm aprotinin, 1 mm leupeptin,
and 10 mM Na;VO,. The cell lysates were vortexed, briefly son-
icated, and then subjected to centrifugation at 13,500 rpm in a
microcentrifuge (Eppendorf5424). The protein quantities were
estimated using a commercial protein assay kit (Bio-Rad), and a
total of 50 ug of protein was mixed with SDS-PAGE 4X loading
buffer containing 50 mm DTT. The samples were electrophore-
sed using NuPAGE 4-12% gradient gel and transferred to
Immobilon PVDF membrane (Millipore). The blots were incu-
bated with blocking buffer composed of 3% BSA at RT. There-
after, blots were washed with Tris-buffered saline containing
Tween 20 (TBS-T), and the membranes were probed with anti-
phosphotyrosine monoclonal antibody (PY20) followed by
anti-mouse-HRP antibody, and the blots were developed with
chemiluminescent substrate (Millipore).

Western Analysis of Lck, Syk, Src, and Zap-70—T o investigate
the activation of the TCR complex, the membrane blots pre-
pared as above were probed for phospho-Lck (Tyr'*?/Ser'**),
phospho-Syk (Tyr>>*/>2¢), phospho-Src (Tyr*'®), and phospho-
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Zap-70 (Tyr®'®). We used primary antibodies at a dilution of
1:5000 in 3% BSA prepared in TBS-T. Next, the blots were
treated with an appropriate dilution of the secondary antibod-
ies conjugated to HRP enzyme, and blots were developed as
above. The same blots were re-probed using anti-pSyk, anti-
pLck, anti-pSrc, and anti-pZap-70. After Western blot analysis,
the membranes were stripped and stained with Coomassie Blue
R-250 stain, and the stained membranes were scanned, and
images were analyzed using Image] software (National Insti-
tutes of Health, Bethesda) to compare the intensity of protein
loading for each lane.

Co-localization of TCR Signaling Proteins—The purified
naive CD4 " T cells were plated in RPMI with 10% FBS supple-
mented with 50 ng/ml of IL-2 and allowed to grow for 2 days.
Thereafter, the cells were harvested, washed two times with
plain RPMI 1640 medium, and starved for 4 h. Naive CD4" T
cells (1 X 10°) were treated with 2.5 ug/ml nonlytic C5b-9 in
the presence of 1 ug/ml ICs. The cells were harvested at 1- and
2-h intervals, washed twice with cold PBS, and fixed for 15 min
with 3% paraformaldehyde in PBS at RT. After washing, cells
were permeabilized as described previously. The cells were
then washed and treated for 1 h with blocking buffer composed
of 1% BSA and 5% species-specific serum. These cells were then
treated overnight with an appropriate dilution of primary anti-
bodies at 4 °C. Subsequently, cells were stained with appropri-
ate secondary antibody conjugated with either Alexa Fluor®
488 or Alexa Fluor® 594 diluted in blocking buffer. After 1 h of
incubation, cells were washed three times and mounted on
glass slides with antifade reagent containing DAPI from Invit-
rogen. The cells were examined in a minimum of three fields in
every experiment. Confocal imaging was performed as
described earlier using the Olympus Fluoview 1000
microscope.

Cell Proliferation—Cells were loaded using carboxyfluores-
cein diacetyl succinimidyl ester (CFSC) as per the manufactur-
er’s suggested protocol (Invitrogen). Immediately after CFSC
loading, cells were kept in RPMI supplemented with 10% FBS
for 30 min at 37 °C. These cells were then washed three times
with 15 ml of plain RPMI and incubated further for 4 h. 1 X 10°
cells were then treated with 2.5 ug of nonlytic C5b-9, 1 ug of
SLE-ICs, or a combination of C5b-9 and ICs for 2 h in plain
RPML. Thereafter, 50,000 cells were plated in an individual well
of a 48-well culture plate with RPMI supplemented with 10%
EBS. The cells were harvested at 24 and 48 h and analyzed in
flow cytometer (SLRII, BD Biosciences) for carboxyfluorescein
diacetate succinimidyl ester dilution. For positive control, 1 X
10° cells/1 ml were stimulated using 5 pl of phytohemaggluti-
nin (Invitrogen). The data were analyzed using proliferation
node of FlowJo software (Treestar, Ashland, OR). The dead
cells were excluded from the analysis by SSC and FSC gating.

Measurement of IFN-y—Purified naive CD4" T cells at a
density of 1 X 10°/ml were starved in plain RPMI for 4 h. Then
1 ml of cells were treated with 2.5 ug of nonlytic C5b-9, 1 ug of
SLE-ICs, or a combination of nonlytic C5b-9 and ICs for 2 h.
Control cell did not receive any treatment. After treatment, the
media were replaced with complete media supplemented with
20 ng of IL-2, and 0.5 X 10° cells were seeded in 96-well plate.
For positive control, 1 ug of plate-bound anti-CD3 and 0.5 ug
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FIGURE 1. A, in situ C5b-9 assembled from purified complement proteins
(image captured at X630 and enlarged in Photoshop). C5b-9 deposit formed
ata single site on CD4™ T cell (red). Time was 45 min (left panel) and 3 h (right
panel) after addition of complement proteins. Image represents one of five
experiments. B, in situ C5b-9 shown on multiple naive CD4™ T cells at 90-min
intervals. From left to right, cells were treated with C9 alone (left panel); C5b-9
formed with purified C5b-6, C7, C8, and labeled C9 (2nd from left), C5b-9 with
phase contrast image of cells (2nd from right) at X200. Confocal DIC image of
cells showing C5b-9 deposit captured at X600 with 2.3X optical zoom (right
panel). Arrows point to the in situ C5b-9 deposits. Image represents 1 of 10
experiments.

of anti-CD28 antibodies were used. The supernatants were har-
vested at 48-h intervals for IFN-y measurement. IFN-y was
measured using an ELISA kit as per the manufacturer’s recom-
mendation (PeproTech).

RESULTS

General Experimental Approach—Purified human periph-
eral blood naive CD4™" T cells or Jurkat cells were treated with
nonlytic C5b-9 and ICs. In addition, in situ C5b-9 was assem-
bled using purified complement proteins. Two types of ICs,
including the in vitro-formed Ova-ICs or SLE-ICs, were used to
treat both cell types in combination with either nonlytic or in
situ C5b-9. AHG was also utilized as IC substitute. The effect of
these two players, ICs and C5b-9, were characterized relative to
events associated with T cell activation and IS formation,
including mobility of MRs, cytoskeletal changes, phosphoryla-
tion of TCR signaling proteins, cell proliferation, and IFN-y
production. Similar results were obtained with all three types of
ICs and two forms of C5b-9.

Pattern of C5b-9 Deposition—To address a possible role of
nonlytic C5b-9 in T cell activation, we assembled the in situ
C5b-9 on naive CD4™ T cells and Jurkat T cells using purified
human terminal complement pathway proteins (C5b-6, C7, C8,
and Alexa Fluor® 594-labeled C9). We observed that in both
cell types over a period of 1-2 h, the deposited C5b-9 formed a
single large cluster on the cell membrane (Fig. 1A and supple-
mental Video 1). C9 alone or the assembly of in situ C5b-9 in the
absence of C8 did not demonstrate this pattern (Fig. 1B, left
panel, and supplemental Video 2). The in situ C5b-9 could be
visualized as early as 45 min from the start time of treatment of
cells with complement proteins. A total of 30-50% of the cells
showed C5b-9 deposition as scored by examination of three
independent optical fields (Fig. 1B). By 3—4 h, these deposits
had grown substantially, occupying ~5-15% of the cell mem-
brane (Fig. 14, right panel). All initial experiments were done
using Jurkat cells, and afterward these findings were also con-
firmed using naive CD4™ T cells.
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FIGURE 2. Co-localization of in situ C5b-9 with Alexa Fluor® 488-labeled
Ova-ICs on naive CD4™ T cell. Cells were treated with labeled Ova-ICs in the
presence of in situ C5b-9 for 45 min. Arrows point to the C5b-9 and ICs (X630).
Image represents one of five experiments.

Co-localization of ICs with in Situ C5b-9—To assess the
effect of ICs on in situ C5b-9 deposition, we followed in parallel
the binding of Ova-ICs labeled with Alexa Fluor® 488. The
simultaneous treatment of cells with labeled Ova-ICs and in
situ-formed C5b-9 showed co-deposition of both complexes on
naive CD4™ T cells (Fig. 2) and Jurkat cells (data not shown).
Similar co-deposition of in situ C5b-9 was observed with Alexa
Fluor® 488-labeled AHG (supplemental Fig. S1) and SLE-ICs
(data not shown). The presence of C5b-9 was required to clearly
visualize the AHG or ICs on the cells.

MRs Aggregation Triggered by Nonlytic and in Situ C5b-9—
To further investigate the relevance of C5b-9 deposition rela-
tive to T cell function, we analyzed the behavior of MRs. MRs
are rich in cytoskeletal proteins and participate in the forma-
tion of IS. In activated T cells, as part of IS formation, signaling
proteins are phosphorylated and organize themselves in central
and peripheral supramolecular activation clusters. This struc-
tural organization is accomplished by the formation of
branched actin filaments coupled to retrograde F-actin (35).
During this process, multichain oligomers of the TCR become
associated with the MRs (36). We employed the B subunit of
CTB conjugated with FITC to visualize MRs. CTB binds to
GM1 ganglioside, a major constituent of MRs, and is routinely
used for identifying these membrane structures (37).

Nonlytic deposition of C5b-9 on the T cell membrane trig-
gered lateral diffusion of MRs that resulted in their aggregation
below the C5b-9 on both naive CD4™" T cells (Fig. 3A and sup-
plemental Video 3) and Jurkat cells (data not shown). This pat-
tern was observed with in situ C5b-9, as well as with the preas-
sembled nonlytic C5b-9 (Fig. 3, A and B, and supplemental
Video 4). Cells incubated with ICs alone did not show MRs
aggregation (Fig. 3C and supplemental Video 5). Omission of
C8 during in situ C5b-9 assembly abrogated MRs aggregation
(supplemental Video 2). Simultaneous addition of ICs with the
C5b-9 did not alter this pattern. These results show that the
C5b-9 deposition alone is sufficient to cause MR aggregation.

CD3 Localizes with in Situ C5b-9—We next analyzed the
behavior of the CD3 signaling complex with in situ C5b-9-
treated CD4 ™" T cells. Within 45 min following the assembly of
in situ C5b-9, the CD3 signaling complex moved from a uni-
form membrane distribution to form aggregate below the in
situ C5b-9 deposit (Fig. 4). ICs had no effect on this event. Cells
lacking in situ C5b-9 deposit did not show CD3 aggregation
(upper cell in Fig. 4). Both CD3 and MRs co-localized with the in
situ C5b-9 deposits.

S
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FIGURE 3. A, co-localization of MRs with in situ C5b-9 on naive CD4™ T cells.
Cells stained with CTB for MRs after 2 h of in situ C5b-9 assembly (X630). Cells
show aggregation of MRs below the in situ C5b-9 deposits. Arrows point to
aggregated MRs and C5b-9. Image represents 1 of 10 experiments. B, MR
aggregation in naive CD4™ T cell upon treatment with nonlytic C5b-9 and
Ova-ICs for 2 h. Cells stained with CTB-FITC show aggregation of MRs. Confo-
cal image captured at X630 with X 2.3 optical zoom. Arrows point to aggre-
gated MRs. Merge shows MRs on DIC image. Image represents 1 of 10 exper-
iments. C, naive CD4™ T cells treated with Ova-ICs for 2 h and stained for MRs
as in B. MRs aggregation was not observed.

FIGURE 4. Naive CD4* T cells with in situ C5b-9 deposit stained for CD3.
CD3 co-localizes with C5b-9 (arrows point to CD3 and C5b-9). A cell without in
situ C5b-9 deposition shows a uniform pattern of staining without clustering
of CD3 (upper cell). A cell treated with Ova-ICs also shows uniform staining (far
right panel). Image was captured at X630 after 2 h of C5b-9 formation. Image
represents one of two experiments.

ICs and C5b-9 Treatment Lead to the Formation of Distal
Pole Complex (DPC) and Uropods—Based on co-localization of
CD3 and MRs with the in situ C5b-9 deposits, we reasoned that
the nonlytic C5b-9 could be activating the T cells. Activation of
T cells is associated with polarization and phosphorylation of
TCR signaling proteins. Polarization of T cells is achieved
through actin polymerization by forming F-actin. The ERM
complex proteins ezrin and moesin tether transmembrane and
cytoplasmic proteins to these actin filaments. As these events
unfold, there is concomitant migration of proteins not directly
participating in TCR signaling to the opposite pole. This pole is
marked by accumulation of phosphorylated ezrin (Thr®®”),
radixin (Thr®®*), and moesin (Thr>*®) (pERM) proteins, discs-
large homologue-1 (DLG1), and LFA antigens and is termed as
DPC (38, 39).

The treatment of cells with nonlytic C5b-9 and ICs led to the
formation of F-actin filaments and cellular redistribution of
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A Actin

PERM

MERGE

FIGURE 5. A, naive CD4 " T cells stained for F-actin with phalloidin (green) and
PERM (red). Cell image is 4 h post-treatment with nonlytic C5b-9 and Ova-ICs.
Migration of pERM and F-actin formation is observed. Images were captured
at X630. Image represents one of two experiments. B, naive CD4" T cells
stained for F-actin (green) and pERM (red) (confocal z-series sequential
images) after 12 h of treatment with nonlytic C5b-9 and SLE-ICs. Cells show
complete migration of pERM and formation of F-actin and uropods. Uropod is
marked by arrows (upper panel from left to right). Uropods show accumulation
of pERM and F-actin. Lower panel, cells as in upper panel on DIC image back-
ground. Images represent one of five experiments.

pERM. Both naive CD4™ T cells (Fig. 5, A and B, and supple-
mental Video 6) and Jurkat cells (supplemental Video 7) devel-
oped F-actin filaments. A bipolar distribution of F-actin was
observed (supplemental Fig. S3). Treatment of cells with either
the nonlytic C5b-9 or ICs alone was insufficient to trigger these
polarization events (supplemental Videos 8 and 9). Counting
cells from three microscopic fields revealed that ~35% of cells
treated with the nonlytic C5b-9 and ICs formed a bipolar F-ac-
tin complex and showed migration of pERM to the DPC. The
initial migration of pPERM to the DPC could be observed as early
as 4 h (Fig. 5A4), and this polarization was complete by 12 h (Fig.
5B). The nonlytic C5b-9- and IC-treated cells also formed a
uropod where both F-actin and pERM preferentially accumu-
lated (Fig. 5B). The pERM did not pack as tightly as the F-actin,
being primarily observed below the polarized side. These
events, including the accumulation of pERM in uropods in
response to nonlytic C5b-9 and ICs, are consistent with T cell
activation phenomena.

Phosphorylation and Co-localization of TCR Signaling
Proteins—We next examined the phosphorylation of proteins
known to associate with TCR signaling using Western blotting
(40). Ova-ICs or SLE-ICs, in conjunction with the nonlytic
C5b-9, led to the phosphorylation of six proteins in the molec-
ular mass range of 50-74 kDa (Figs. 6A and 7A). Nonlytic
C5b-9 or ICs alone did not trigger these phosphorylation
events. Minor differences in the phosphorylation patterns
between Ova-ICs and SLE-ICs were observed. One was the
stronger phosphorylation of a 74-kDa protein, likely Lck, in
Ova-IC-treated cells (Fig. 6A4). Phosphorylation of a 110-kDa
protein was also observed, likely to be the p110a subunit of
PI3K (41). The 36-kDa adaptor protein, linker for activation of
T cells (LAT), shifted to 38 kDa, because of the phosphorylation
of all of six available sites compared with four such sites in the
inactive 36-kDa LAT protein (42). Phosphorylation of ZAP-70
and Lck, two early TCR signaling proteins, was observed in
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FIGURE 6. A, Western blot analysis of cell lysates probed with an anti-PY20
antibody. Jurkat cells were treated with nonlytic C5b-9 and two Ova-ICs prep-
arations, antibody to antigen ratio of 1:0.5 marked ICs (lane 1) and at ratio of
1:4 marked ICs (lane 2) for 2 and 4 h.1Cs and nonlytic C5b-9-treated cellsat 2 h
(lanes 3 and 5) show phosphorylation of several proteins, including those of
38, 50-74, and 110 kDa. ICs or C5b-9 alone did not show phosphorylation of
these proteins. Figure represents one of two experiments. B, Western blot
analysis of cells treated as described in A. Blots were probed for phosphoryl-
ated Lck, ZAP-70, Src, and Syk. All four proteins are phosphorylated in
response to Ova-ICs and nonlytic C5b-9 together. Cells treated for 2 h show

enhanced phosphorylation in comparison with 4-h intervals. Figure repre-
sents one of two experiments.

response to both Ova-ICs and SLE-ICs treatment (Figs. 6B and
7B). In addition, phosphorylation of Syk and Src was observed.
These phosphorylation events are consistent with T cell
activation.

Following co-incubation of cells with nonlytic C5b-9 and
ICs, TCR signaling proteins appeared in microclusters in Jurkat
(data not shown) and naive CD4" T cells (Fig. 8, A and B). In
such cells, these proteins were phosphorylated and migrated
toward the C5b-9 deposits, accumulating by 1 h below and
around the C5b-9. In these microclusters the intensity of phos-
phorylation of signaling proteins increased up to 2 h, which
then slowly declined. Co-localization of the phosphorylated
form of the {-chain and ZAP-70 along with the C5b-9 deposits
(Fig. 84 and supplemental Videos 10 and 11) was observed. The
co-receptor signaling protein Lck also co-localized with the
phosphorylated {-chain (supplemental Fig. S4). Furthermore,
pLck formed a cluster roughly 4 wm in diameter (supplemental
Fig. S3), which is similar in size to those observed in T cells
activated with peptide-MHC (43). Treatment with the nonlytic
C5b-9 alone or ICs alone did not phosphorylate the ¢-chain or
ZAP-70 (Fig. 84, far right panel, and supplemental Video 12) or
cause Lck cluster formation.

LAT and the Sh2-binding leukocyte phosphoprotein of 76
kDa (SLP-76) are recruited to the MRs and are crucial for T cell
activation (42, 44— 46). Phosphorylation of LAT by ZAP-70 is
an early event in T cell activation that contributes to the assem-
bly of signaling scaffolds. In cells treated together with ICs and
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172 3 4

FIGURE 7. A, Western blot analysis of cell lysates probed with an anti-PY20
antibody. Jurkat cells were treated with nonlytic C5b-9 and SLE-ICs purified
from two patients marked /Cs(7) and ICs(2). Cells treated with SLE-ICs together
with nonlytic C5b-9 (lanes 3 and 6) show phosphorylation of at least six pro-
teins from 50 to 74 kDa. Proteins at 36, 38, and 110 kDa were also phospho-
rylated. Figure represents one of two experiments. B, Western blot analysis of
cells treated as described in A. Blots were probed for phosphorylated Lck,
ZAP-70, Src, and Syk. SLE-ICs and nonlytic C5b-9-treated cells after 2 h show
phosphorylation of all four signaling proteins. The strongest phosphorylation
was observed for Lck followed by Src and then Syk and ZAP-70. Figure repre-
sents one of two experiments.

nonlytic C5b-9, confocal microscopy revealed co-localization
of phosphorylated forms of LAT with the {-chain (Fig. 8B and
supplemental Video 13). Cells treated with either ICs (supple-
mental Video 14) or nonlytic C5b-9 alone did not phosphoryl-
ate LAT (Fig. 8B, bottom right two panels). Overall, these results
are similar to the events observed in T cells activated by the
peptide-MHC complex (47).

ICs and Nonlytic C5b-9 Induce T Cell Proliferation—To fur-
ther evaluate the relevance of the T cell activation signal ema-
nating from ICs and nonlytic C5b-9, we asked whether this
signal is sufficient to induce proliferation of the
CD4"CD45RA™ T cells. The CFSE-loaded cells, upon treat-
ment with nonlytic C5b-9 and ICs together, showed prolifera-
tion (Fig. 9). The microscopic examination of the cells treated
with ICs and nonlytic C5b-9, revealed a small number of large
foci, whereas phytohemagglutinin-treated cells showed a large
number of smaller foci (supplemental Fig. S5). In the phytohe-
magglutinin-treated group, almost all cells responded to signal,
and after a limited number of cell divisions, cell growth was
arrested. In contrast, a smaller number of cells that received the
nonlytic C5b-9 and ICs continue to divide until the time of
examination, thus forming large colonies (supplemental Fig.
S5). Previous reports using non-T cells have also demonstrated
cellular proliferation in response to nonlytic C5b-9 (48, 49).

Production of IEFN-y—The IFN-v is the signature cytokine of
Ty 1 phenotype that is associated with a proinflammatory
response and autoimmune disease pathology (50). To further
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substantiate a role for ICs and nonlytic C5b-9 in T cell-medi-
ated immune pathology, we measured secretion of IFN-vy by
naive CD4" T cells following 48 h of treatment with various
stimuli. The untreated cells did not demonstrate secretion of
IEN-v. A very low level of IFN-vy production was observed fol-
lowing treatment of T cells with only nonlytic C5b-9 (15 pg/ml).
The cells treated with SLE-ICs showed significant production
of IFN-v (360 pg/ml), which was further enhanced by the pres-
ence of nonlytic C5b-9 (506 pg/ml). The SLE-ICs and nonlytic
C5b-9-treated cells demonstrated a 33-fold increase in IFN-vy
production when compared with nonlytic C5b-9 treatment
alone. Cells treated with anti-CD3 and anti-CD28 also secreted
IFN-vy (127 pg/ml) (Fig. 10). Similar results were obtained in
two additional experiments. These findings are similar to a pre-
vious report in which the production of C-C and C-X-C chemo-
kines in response to C5b-9 was enhanced by the presence of ICs
during treatment (51).

DISCUSSION

The major observation in this study is the activation of
human peripheral blood naive CD4™ T cells by the nonlytic
C5b-9 and ICs. To begin C5b-9 formation, C5 is cleaved to C5a
and C5b. C5b then initiates the formation of C5b-9 by binding
C6,C7,and C8, followed by up to 16 C9 proteins. C5b-9 present
in fluid phase is associated with clusterin and vitronectin and is
unable to form trans-membrane channels. In contrast, the in
situ-formed C5b-9 is capable of transiently inserting into the
membrane. Although most of the in situ C5b-9 behaves like
nonlytic, a small fraction is able to transiently insert in the
membrane and trigger Ca®>" flux. Previous reports have shown
that the cytolytically inactive C5b-9 activates endothelial cells
and procoagulant activities in these cells (52). We show that
both in situ and nonlytic C5b-9 trigger aggregation of MRs and
cytoskeletal changes, and in situ C5b-9 co-localizes with ICs
and CD3. Nonlytic C5b-9 triggered signaling events, cell prolif-
eration, and production of IFN-vy.

Recently, C5a has been shown to facilitate T cell activation in
amurine system (9) and Th17 cell differentiation in an arthritic
mouse model (53). In this study, we demonstrate a potential
role of the nonlytic C5b-9 complex in T cell activation. C5b-9
and ICs are commonly present in humoral autoimmunity and
mediate disease pathology (54, 55). Employing these two natu-
ral immunoreactions instead of antibodies to cross-link T cell
receptors, we demonstrate activation of naive CD4* T cells.
Interaction of ICs and nonlytic C5b-9 with the T cells could
occur predominantly in secondary germinal centers and endo-
thelial venules, where complement activation products and ICs
are present along with naive CD4™ T cells (56, 57).

C5b-9 Bindingto T Cells—Aggregation of CD3 and MRs with
in situ C5-9 are events similar to those observed during TCR
engagement by peptide-MHC complex. Monomeric C5b-9
binds to as many as 918 phospholipid molecules, whereas the
dimer binds up to 1460 phospholipid molecules (58). C5b-9 at
different stages of assembly on the cell membrane is also capa-
ble of physically re-organizing the lipid bilayer (59) and thereby
creating conformational changes in the membrane proteins.
We hypothesize that the initial binding of C5b-9 to membrane
phospholipids creates a hydrophobic zone on the T cell mem-
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Zeta Chain

FIGURE 8. A, naive CD4™ T cells stained for p{-chain (green) and pZAP-70 (red), following treatment with nonlytic C5b-9 and SLE-ICs. Nuclei were stained with
DAPI.Shown are the p{-chain (left), pZAP-70 (2nd left), and merge of p{-chain and pZAP-70 (2nd right). Both proteins are presentin peripheral microclusters and
co-localize by 1 h of treatment. IC-treated cells do not show p¢-chain and pZAP-70 (right panel) (enhanced using Photoshop to observe microclusters of p¢
and/or pZAP-70). Confocal image at X630. Figure represents one of five experiments. B, naive CD4 ™ T cells stained for pLAT (red) and p{-chain (green), treated
with SLE-ICs and nonlytic C5b-9. Both proteins are present in microclusters and co-localize after 1 h of treatment (upper panels). Merge of pLAT and p{-chain on
DIC image (upper far right panel) and nuclei stained with DAPI (lower far left panel). Nonlytic C5b-9 treated (lower central panel) and SLE-ICs treated (far right
panel). Nonlytic C5b-9 or ICs alone did not phosphorylate either LAT or ¢-chain. Confocal image is at X630. Figure represents one of five experiments.
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FIGURE 9. Proliferation of naive CD4* T cells in response to treatment with nonlytic C5b-9 and SLE-ICs, observed by CFSC loading. Cells treated with
nonlytic C5b-9 and SLE-ICs together show proliferation as observed by dilution of CFSC label as secondary peaks. Data were analyzed with FlowJo software

(proliferation node). Figure represents one of three experiments.

brane. This further attracts additional molecules of C5b-9 and
C9, resulting in the growth of the primary deposit (Fig. 1). This
was most evident based on the increasing intensity of the C9
label within in situ C5b-9 over time.

MRs Engagement—MRs are microdomains rich in choles-
terol and sphingolipid that float in membrane phospholipids.
They play a central role in T cell activation through protein
sorting and membrane trafficking (36), as well as participate in
the spatial organization of the structures involved in cell acti-
vation (60, 61). In activated T cells, TCR-CD3 complexes are
translocated to the MRs where they cluster at the IS. The phase
separation of MRs and glycerophospholipids in the cell mem-
brane allows for a high degree of MR lateral mobility (62). T
cells isolated from SLE patients demonstrate aggregation of
MRs. Aggregation of MRs has been implicated in disease patho-
genesis. We observed aggregation of MRs in cells from assem-
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bly of in situ C5b-9 as well as with preassembled nonlytic
C5b-9. Ligation of MRs with CTB triggers MR aggregation and
accelerates disease progression in the lupus mouse model (63).
In contrast, the disruption of MR aggregation by methyl-g-
cyclodextrin delayed the appearance of disease (64).

The aggregation of the MRs by C5b-9 and their co-localiza-
tion with the TCR signaling proteins suggests a role for C5b-9
in T cell hyperactivation and its possible contribution to altered
CD3-TCR signaling observed in SLE (23). The ICs formed with
autoantibodies triggers activation of the classical complement
pathway resulting in the formation of C5b-9. Elevated levels of
C5b-9 are observed in plasma and urine of SLE patients (55). In
the peptide-MHC-activated T cells, MRs are polarized toward
the uropod initially and thereafter cycle toward and accumulate
at the leading edge of T cells (65). We noted similar changes in
naive CD4" T cells after treatment with ICs and nonlytic
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FIGURE 10. IFN-vy production in response to nonlytic C5b-9 and SLE-ICs. Lev-
els of IFN-y produced by naive CD4™ T cells, untreated and treated with nonlytic
C5b-9, SLE-ICs, nonlytic C5b-9 with SLE-ICs, and anti-CD3 with anti-CD28 anti-
bodies are shown. Maximum level of IFN-y was produced by cells treated with
SLE-ICs and nonlytic C5b-9. Figure represents one of three experiments.

C5b-9. We presume that this lateral movement of MRs by the
C5b-9 is triggered by binding of C5b-9 to glycerophosphates
(62). Ligation of CD28 lowers the threshold for T cell activation by
recruiting the MRs to the site of interaction between T cells and
APCs (66). Nonlytic C5b-9 may thus support a similar co-activa-
tion. Human naive CD4™ T cells treated with ICs and nonlytic
C5b-9 in the presence of anti-CD3 show increased expression of
CD25 and glucocorticoid-induced tumor necrosis factor recep-
tor.> Hence, we propose that the complement system and ICs trig-
ger T cell activation using the same membrane structures that are
used during peptide-MHC presentation.

Involvement of CD3—The TCR-CD3 clustering upon pep-
tide-MHC recognition results in conformational changes that
are necessary for cell activation (67). The physical reorganiza-
tion of the cell membrane is central to all three proposed mod-
els of TCR activation, ie. multimerization, conformational
change, or co-receptor heterodimerization (68). The binding of
C5b-9 dimers to membrane phospholipids by altering the cell
polarity could trigger clustering of CD3, resulting in its aggre-
gation leading to the conformational changes in TCR.

Nonlytic C5b-9 and ICs Binding Mediated Cellular Events—
Cytoskeletal polarization observed during TCR activation is sup-
ported by formation of the F-actin that is also responsible for the
formation of microtubule-organizing center (39). Microtubule-
organizing center formation leads to the organization of IS, a key
requirement for T cell activation. Such cytoskeletal changes were
observed in cells treated with nonlytic C5b-9 and ICs (60). We
found an absolute requirement of both C5b-9 and IC:s for trigger-
ing of the changes associated with T cell activation.

Nonlytic C5b-9 in Other Cell Types—In aortic endothelial
cells, the nonlytic C5b-9 induces cell cycle activation through
the PI3K/Akt pathway (48). Deposition of nonlytic C5b-9 on
target cells during acute and chronic inflammation induces
hydrolysis of plasma membrane phospholipids and activation
of heterotrimeric G proteins (69). Other activities associated

with nonlytic C5b-9 include cytokine synthesis, proto-onco-
gene activation, and mitotic signaling (70, 71). In addition, it
activates Ras, Raf-1, extracellular signal-regulated kinase (ERK-
1), and cytokine synthesis in the JY25 B cell line (72) as well as
proliferation (48). Taken together, these results indicate that
the nonlytic C5b-9 is capable of influencing cell function by
reorganization of signaling molecules on the cell membrane. In
these cited studies, complement activation to form C5b-9 was
achieved using antibodies directed to cell surface antigens
thereby forming in situ ICs (48, 71). However, in our studies we
separated these two potential signaling events.

IC Binding to T Cells—The binding of ICs observed to the T
cell membrane is mediated via Fc receptors (FcR). C5b-9 by
triggering capping and/or aggregation increases local receptor
density, thus facilitating the IC binding (Fig. 2). Although the
presence of the FcR on human CD4*T cells is controversial
(73), increased expression of FcyR and FcuR chain receptors on
T cells in multiple sclerosis has been reported (74). In addition,
FcR-bearing cells are increased upon allogenic activation (75).
Also, in SLE T cells, the expression of the CD3{ chain is decreased,
although the expression of FcRy chain is up-regulated, and it pop-
ulates the CD3-TCR complex (76) and MRs (77). Binding of AHG
via FcR in mouse thymocytes and T cells has been observed (78).
These previous studies and the IC binding observed in this report
suggest the presence of low affinity FcR on T cells. In our system,
ICs play a crucial role in TCR activation, because in their absence
the nonlytic C5b-9 treatment alone did not lead to cell polarization
or phosphorylation of TCR signaling proteins. The binding of
labeled AHG to T cells was blocked by an affinity-purified anti-
FcyRIIIB and a monoclonal antibody that recognizes both
FcyRIIIA and FcyRIIIB. In addition, FcRIII'YA/B gene-specific
transcripts were amplified from naive CD4" T cells, and DNA
sequencing confirmed them to be FCRyIIIA/B.* This suggests that
ICs and AHG binding utilized low affinity FcyRIII receptors pres-
ent on CD4™" T cells.

Formation of Synaptic Structures Similar to IS—T cell activa-
tion is associated with the formation of a specialized signaling
structure known as the IS. Antigen presentation by APCs to T
cells triggers formation of TCR microclusters, which originate
in the periphery and migrate to the central supramolecular
association cluster. The cells treated with nonlytic C5b-9 and
ICs showed a similar type of microclusters, where the phospho-
rylated TCR signaling proteins localize. Similar IS-like struc-
tures have also been observed in activated NK cells (2, 26). Con-
focal images of cells treated with ICs and in situ C5b-9
demonstrated the formation of dense structures at a single site
similar to those observed in activated T and NK cells. Synapse-
like structure formation by the nonlytic C5b-9 suggests a role
for complement in reorganizing the cell membrane thus influ-
encing the lymphocyte function.

Summary and Hypothesis—We are unaware of previous
reports demonstrating the effects of nonlytic C5b-9 on the acti-
vation of naive CD4™" T cells, with or without ICs. The findings
reported here were surprising to us and raise many questions.
The T cell repertoire selection is based on the strength of the

3 A. K. Chauhan and T. L. Moore, unpublished observations.
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4 Chauhan, A. K., and Moore, T. L. (2011) Clin. Exp. Immunol., in press.
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TCR signal generated upon binding of peptide-MHC com-
plexes presented by APC. In addition, T cell signal strength is a
key determinant of T cell tolerance (27, 79). Hence, the activa-
tion of downstream signaling of TCR by nonlytic C5b-9 and ICs
has the potential to modulate the peripheral tolerance by con-
tributing to the strength of the primary TCR signal generated
by peptide-MHC. The dwell time of the interaction between
TCR and peptide-MHC complexes is influenced by co-recep-
tors such as CD28. Signal emanating from C5b-9 and ICs could
either alter the amount or the site of phosphorylation of immu-
noreceptor tyrosine-based activation motif in the CD3 complex
or change the dwell time to modulate the T cell selection (80). A
weak T cell activation signal generated by ICs and nonlytic
C5b-9 in the absence of peptide-MHC engagement could lead
to escape of T cells from deletion. In addition, by adding to the
strength of the TCR signal that is received by effector T cells
could increase their resistance to suppression (81).

The ICs and nonlytic C5b-9-mediated phosphorylation of
signaling proteins point to the involvement of classical TCR
signaling events and a possible role for Syk. We observed phos-
phorylation of Syk in ICs and nonlytic C5b-9-treated cells, pos-
sibly due to FcRy chain engagement, upon ligation of FcR by
ICs (Figs. 6B and 7B). This was also confirmed by confocal
microscopy and Western blotting of anti-FcRyIIIA/B immuno-
precipitates. The CD4™ T cells from SLE bind to labeled AHG
and demonstrate the presence of FcyRIIIA/B.* The strong
phosphorylation of Lck, along with that of {-chain, ZAP-70, and
LAT and their co-localization, points to participation of tradi-
tional downstream TCR-signaling elements.

We speculate that in the setting of infections in which anti-
body and complement are key to pathogen clearance, the pres-
ence of ICs bearing complement fragments would facilitate T
cell activation. Once antigen is cleared by the immune
response, IC formation and complement activation cease.
However, in the setting of humoral autoimmunity and persis-
tent inflammation secondary to chronic antigenemia, T cell
activation by ICs and nonlytic C5b-9 could perpetuate undesir-
able immune responses. Bystander T cell activation, which can
be induced by cross-linking of membrane-bound receptor and
certain cytokines, is implicated in disease pathology (82). ICs
and nonlytic C5b-9 either by engaging components of TCR or
by triggering the bystander T cell activation could influence T
cell responses. These results also provide insight into the pos-
sible mechanisms that are responsible for altered T cell
responses observed in autoimmunity (23). The results pre-
sented may also partly explain the difficulties targeting the T
cell surface markers for therapeutic interventions such as TGN
1412 (anti-CD28). The T cell responses described in this report
outline several new avenues as to how the complement system
and ICs could modulate T cell responses.
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