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Apoptotic cells must be rapidly eliminated to avoid harmful in-
flammatory and autoimmune reactions. Innate immunity is de-
signed/poised to identify dying cells by their unique surface-
associated molecular patterns. Here we demonstrate for the first
time, to our knowledge, that the human complement protein
properdin binds to early apoptotic T cells and initiates complement
activation, leading to C3b opsonization and ingestion by phago-
cytic cells. Properdin binding was facilitated by the glycosamino-
glycan chains of surface proteoglycans. Properdin released by
activated neutrophils was particularly effective at recognition of
apoptotic T cells, whereas the binding activity of properdin in the
serum appeared to be inhibited. “Properdin tagging” of apoptotic
T cells also induced their uptake by phagocytes independent of
complement activation or other complement proteins. Although
our findings were made primarily with apoptotic T cells, they
suggest that properdin could play a similar role during apoptosis
of other cell types.

apoptosis | glycosaminoglycan

Apoptosis (programmed cell death) is a fundamental biolog-
ical process in which harmful or obsolete cells are safely
eliminated (1-4). Apoptosis plays critical roles in morphogen-
esis, cellular homeostasis, regulation of cellular immunity, and
the removal of injured and virus-infected cells (1, 3). The prompt
clearance of cells at an early stage of apoptosis is essential to
avoid the harmful inflammatory and autoimmune reactions that
occur when cell integrity is breached during late apoptosis and
secondary necrosis (5).

Several pathways ensure the rapid recognition of apoptotic
cells (6). During apoptosis, cells express new surface proteins
and undergo reorientation of membrane phospholipids resulting
in the surface exposure of phosphatidylserine (7, 8). Phagocytes
harbor receptors that can interact either directly with the altered
apoptotic cell surface (8—10) or via receptors for soluble proteins
that bind to apoptotic cells (5, 11, 12). Engagement of phagocyte
receptors through these direct or indirect mechanisms induces
the uptake of bound apoptotic cells (5, 6).

The complement system quickly identifies potentially harmful
targets such as invading pathogens or infected cells, marking
them for destruction or removal via opsonization with its major
effector molecule, C3b (13, 14). It is therefore not surprising that
complement also participates in the recognition of apoptotic
cells (5, 12, 15, 16). Complement activation can be triggered via
three pathways, the classical pathway (CP), the lectin pathway
(LP), and the alternative pathway (AP), each culminating in the
formation of the surface-bound C3 convertases and C3b opso-
nization. According to the current paradigm, recognition of
apoptotic cells is initiated through the CP and/or LP, which in
turn activates the AP (12, 15, 17-19).

In the longstanding model for the initiation of the AP on
target surfaces, nascent C3b generated by the slow fluid phase
activation of C3 covalently attaches nonspecifically to nearby
targets and forms a starting point for the subsequent assembly
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of C3bBb, a functional but relatively unstable C3 convertase
(13). C3bBb then associates with the serum protein properdin,
which stabilizes the complex 5- to 10-fold (20) [supporting
information (SI) Fig. Sla]. Recently we described a second
mechanism for the assembly of C3bBbP: We showed that
properdin could bind certain microbial targets and serve directly
as a platform for C3bBbP assembly and function (21, 22) (Fig.
S1b). This observation suggested to us that properdin might play
a broader role in immune surveillance, and so we asked whether
properdin can direct AP activation to other potentially harmful
biological targets. In this study we show that human properdin
recognizes dying T cells via specific surface proteoglycans and
mediates their opsonization and phagocytosis.

Results

Properdin Binds Human Apoptotic CD4+ T Cells. We set out to
determine whether properdin recognizes apoptotic cells. To that
end we generated three populations of T cells (Fig. 1): (i)
primary CD 4% T cells, isolated directly from blood samples
obtained from healthy donors; (if) activated T cells, derived from
primary CD4* T cells treated with anti-CD3/anti-CD28 mAbs;
and (iii) apoptotic T cells, obtained by treating the activated
CD4* T cells further with either anti-Fas mAb or staurosporin
and monitoring their apoptotic/necrotic stage via annexin V and
propidium iodide (PI) staining (Fig. la). We incubated the
CD4" T cell populations with purified properdin at physiological
concentrations (5-10 ug/ml) (23). Although purified properdin
bound the apoptotic T cells, it bound neither activated (nonapo-
ptotic) nor resting T cells (Fig. 10), nor did it bind any cells within
the freshly purified peripheral blood mononuclear cell (PBMC)
populations of healthy donors (data not shown). Properdin
binding capacity correlated with annexin V binding capacity,
except in the small fraction of late apoptotic/necrotic cells where
properdin binding appeared absent. This suggests that properdin
might preferentially recognize early and intermediate apoptotic
cells.

Properdin Bound to Apoptotic T Cells Initiates C3b Deposition. We
next assessed whether properdin bound to dying T cells initiates
C3b deposition. Early apoptotic T cells were pretreated with
purified properdin and incubated with properdin-deficient hu-
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Fig. 1. Properdin binds to apoptotic human CD4* T cells. (a) Annexin V and
Pl staining of nonactivated T cells, activated T cells, and apoptotic T cells
(anti-Fas or staurosporin-induced). (b) FACS analysis of properdin bound to T
cell populations after their incubation with purified properdin (5 ug/ml in
media). Numbers adjacent to the boxes indicate the percentage of annexin
V-positive cells (a) or properdin-positive cells within the annexin V-positive
population (b). Results shown are representative of five independent
experiments.

man serum in the presence of Mg-EGTA, which chelates the
calcium required for the classical and lectin pathways but permits
the alternative pathway, which requires magnesium. Subsequent
analysis by flow cytometry revealed prominent C3b deposition
that correlated with the amount of prebound properdin (Fig. 2
Right, uppermost panel) and 10-fold greater than that attained
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Fig. 2. Properdin binding to apoptotic T cells initiates C3b deposition.
Apoptotic T cells were either left untreated (Left) or preincubated with 5
wrg/ml purified properdin (Right). Cells were washed and then incubated for 15
min with 15% properdin-deficient (AP) serum diluted in Mg2* EGTA, AP serum
diluted in Mg2* EGTA and reconstituted with purified properdin, 15% AP
serum diluted in PBS, or 15% heat-inactivated human serum diluted in PBS.
Deposition of C3b on apoptotic T cells was measured by FACS analysis (with the
following MFIs: uppermost panel in Left, 35 + 5; uppermost panel in Right,
320 =+ 45; second panel in Left, 720 = 25; second panel in Right, 710 = 40; third
panelin Left, 850 + 50; third panel in Right, 420 + 40; lowermost panelsin Left
and Right, <10). Gates were set at the complete apoptotic cell population,
excluding only viable cells. Results shown are representative of three inde-
pendent experiments.
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by cells that had not been pretreated with properdin [mean
fluorescence intensity (MFI) 320 *+ 45 versus MFI 35 + 5] (Fig.
2 Left, uppermost panel). Properdin-mediated C3b deposition
achieved maximal levels in 2 min (data not shown). As expected,
C3b deposition was also promoted by properdin-deficient serum
reconstituted with fluid phase properdin (Fig. 2, second panel)
or when calcium was provided to permit the CP and LP to
function (Fig. 2, third panel). C3b deposition was negligible when
cells were incubated with heat-inactivated (complement-
deficient) serum (Fig. 2, lowermost panel). These results dem-
onstrate that properdin that is bound to apoptotic T cells can
directly initiate AP activation.

Properdin Bridges the Association of Apoptotic T Cells and Phago-
cytes. We next determined whether properdin-directed C3b
opsonization of apoptotic T cells promotes their ingestion by
phagocytes. To that end, T cells prelabeled with allophycocyanin
(APC)-conjugated anti-CD4 mAb were incubated in 15% nor-
mal human serum with mature confluent CFSE-labeled den-
dritic cells (DCs) that had been grown in microtiter wells.
Noningested T cells were removed by washing, and the DCs were
detached with trypsin/EDTA and analyzed by flow cytometry.
Using this experimental design, CFSE* DCs that had ingested
the APC* apoptotic T cells would now be detected as CFSE™*/
APC*. After 60 min, ~80% of the DCs incubated with apoptotic
T cells had become APC". In contrast, <5% of the DCs
incubated with control nonapoptotic T cells were APC* (Fig. 3
a and b). As expected, maximal uptake of apoptotic T cells by
DCs was dependent on the presence of normal human serum.
Uptake was diminished to 65% when cells were incubated in the
presence of heat-inactivated (complement-deficient) serum and
to 55% in serum-free media (Fig. 3b). Performing the phago-
cytosis assays in properdin-depleted serum decreased uptake to
80% compared with normal human serum (Fig. 3c). Pretreat-
ment of apoptotic T cells with properdin enhanced their asso-
ciation with the phagocytes under each of the analyzed condi-
tions: in media alone and in the presence of normal human
serum, heat-inactivated serum, and properdin-depleted serum
(Fig. 3 b and c). Comparable results were obtained by using
immature DCs (data not shown) or macrophages in place of
mature DCs (Fig. 3 d and e). Properdin-dependent uptake was
not expected in the absence of serum components. Maximum
uptake in serum-free media occurred between 15 and 30 min of
incubation (Fig. S2 a and b), and at 30 min T cells, DCs, and
macrophages had not stained positively for C3b, thus excluding
the possible participation of C3 that might have been synthesized
by the phagocytes (data not shown). These findings suggest most
simply that macrophages/DCs can recognize properdin-tagged
targets without C3b receptor (CR3) engagement (17). This
possibility is consistent with our subsequent observation that
differentiated macrophages and DCs can bind purified proper-
din (Fig. S3a).

We confirmed and extended our FACS analysis with light
microscopy: As above, differentiated human macrophages gener-
ated ex vivo from purified monocytes were incubated with apoptotic
T cells that had been pretreated with properdin or with control
untreated apoptotic T cells. After the incubation, noningested T
cells were removed by washing and the remaining cells were
examined by light microscopy (Fig. S4). As in the FACS experi-
ments, macrophages ingested apoptotic T cells more readily than
nonapoptotic control cells, uptake was largely dependent on the
presence of normal human serum, and uptake was greatest when
apoptotic T cells were first pretreated with properdin. Once again,
pretreatment of apoptotic T cells with properdin alone enhanced
their phagocytosis even in the absence of complement activation.

Properdin Binds Nonapoptotic Malignant T Cells. Given that proper-
din binds apoptotic T cells, we speculated that properdin might
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Fig.3. Quantification of properdin-mediated uptake of apoptotic T cells by
macrophages and DCs. (a) FACS-based assay for the measurement of ingested
T cells. DCs were grown to confluence and labeled with CFSE. Apoptotic T cells
were labeled with an APC-conjugated anti-CD4 mAb and added to the DCs in
media containing 15% NHS. At indicated time points, nonbound/ingested T
cells were aspirated and DCs were detached. The percentage of CFSE/APC-
positive DCs (CFSE-labeled DCs that ingested apoptotic APC-labeled T cells
during the incubation period) was determined by FACS analysis and is shown
within the boxes. (b and c) Properdin increases uptake of apoptotic T cells by
DCs. Apoptotic, APC-labeled T cells were either incubated with purified
properdin (5 ug/ml media) or left untreated. T cells were washed and then
incubated with DCs in media, media with NHS, media with AHS (b), or media
with properdin-depleted serum (AP) (c) for 60 min, and T cell uptake was
measured by FACS. (d and e) Properdin increases uptake of apoptotic T cells by
macrophages. Experiments were performed as in b and ¢ but with macro-
phages in place of DCs. Shown are the mean = SD values of three separate
experiments. Statistical difference between the ingestion of T cells either with
or without properdin preincubation by DCs and macrophages was P < 0.01 in
all cases.

recognize other potentially dangerous T cells. We examined the
binding activity of properdin to Jurkat cells, a derivative of a human
T cell leukemia line. Indeed, purified properdin binds nonapoptotic
Jurkat cells (Fig. S5a). In contrast, neither C1q nor MBL, two other
complement proteins involved in the recognition of apoptotic cells,
recognizes the malignant T cell line (Fig. S5a). Pretreatment of
Jurkat cells with properdin before incubation in properdin-depleted
serum led to a >20-fold increase in AP-dependent C3b deposition
over nonpretreated control cells (Fig. S5b). Properdin also bound
nonapoptotic HUT 78 cells (a T cell leukemia derivative) but not
nonapoptotic Raji cells (a B cell Burkett’s lymphoma derivative)
(data not shown).

Properdin Binds Glycosaminoglycan (GAG) Chains Associated with Cell
Surface Proteoglycans. Previous studies have shown that properdin
can bind heparin, a prevalent GAG (24). Because protein:GAG
conjugates (proteoglycans) are present on most mammalian cells
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Fig.4. Sulfated GAGs mediate the binding of properdin to apoptotic T cells.
(a) Wild-type, GAG-deficient, and HS-deficient CHO cells were incubated with
purified properdin and bound properdin measured via FACS. (b) Wild-type
CHO cells were cultured in chlorate-containing media to prevent sulfation of
GAGs and then analyzed for their ability to bind properdin. The addition of
sodium sulfate (SO4) reversed the inhibitory effect of chlorate on GAG sulfa-
tion. (c) Apoptotic T cells were preincubated at 20 ug/ml in buffer/media with
heparin (predominantly alternating 1doA2S-GInNS6S), HS (an undersulfated
form of heparin), CS-A (chondroitin sulfate-A; GIcA-GalNAc4S), CS-B (derma-
tan sulfate; IdoA-GalNAc), CS-C (GlcA-GalNAc6S), CS-D (GlcA2S-GalNAC6S), or
CS-E (GIcA-GalNAc4, 6S). Purified properdin was then added to all samples,
and properdin deposition on the T cell surface was assessed. (d) T cells were
activated in normal media or media containing chlorate or chlorate and SOa,
and deposition of purified properdin was measured after apoptosis induction.
All values shown are the mean = SD values derived from a minimum of three
separate experiments.

and can direct protein:surface interactions through their specific
GAG structures (25), we hypothesized that properdin might bind
apoptotic T cells via surface proteoglycans.

Wild-type and GAG-defective type Chinese hamster ovary
(CHO) cells have been used extensively to study protein:GAG
interactions (26). We observed that properdin binds wild-type
CHO cells, known to harbor both heparan sulfate (HS) and
chondroitin sulfate (CS) surface proteoglycans (Fig. 4a). Aver-
age properdin binding was decreased to 38 = 22%) of the wild
type in CHO cells deficient in HS (26) and to 6 = 8% of wild type
in CHO cells deficient in both HS and CS GAGs (Fig. 4a) (27).
These observations indicate that properdin can bind CHO cells
via both HS and CS chains. Additional experiments showed that
the recognition of CHO cells by properdin depends on the
presence of sulfate groups within the GAG chains: Properdin did
not bind to cells pretreated with sodium chlorate, conditions that
reduce GAG sulfation (28). Properdin binding was recovered,
however, if cells were pretreated with both sodium chlorate and
sodium sulfate, conditions that permit GAG sulfation (Fig. 4b).

We next examined whether properdin also recognizes apo-
ptotic T cells via GAGs. Because GAG mutations were not
available for the human T cell system, we first examined the
effects of a variety of fluid phase GAGs on properdin:cell
interactions. Apoptotic T cells were preincubated with the
indicated fluid phase GAGs, properdin was then added, and the
cells were analyzed for properdin deposition. HS, a partially
sulfated GAG composed primarily of alternating IdoA2S and
GInNS6S, reduced properdin binding to the T cells by 30 + 8%,
chondroitin C (CS-C, GlcA-GalNAc6S) reduced binding by 75 *
12%, and CS-E (GlcA-GalNAc4, 6S) showed the highest impact,
reducing properdin binding by 85 = 2% (Fig. 4c). These results
indicated that properdin recognized apoptotic T cells via GAG-
binding site(s) and suggested that certain GAG sulfate groups
may be involved. Thus, we treated apoptotic T cells with chlorate
to prevent/decrease GAG sulfation. As with the case of CHO
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cells, binding of properdin to the surface of apoptotic T cells was
decreased >50% by the treatment (Fig. 4d).

We also examined the effects of soluble GAGs on the binding
of properdin to Jurkat cells, DCs, and macrophages. In the case
of Jurkat cells, properdin binding was inhibited 88 * 8% by
heparin (a highly sulfated form of HS), 84 = 12% by CS-C, and
97 + 2% by CS-E (Fig. S5¢), but not inhibited by HS. In the case
of the phagocytes, preincubation of immature or mature DCs
with CS-C and CS-E together decreased properdin binding from
~85 * 3% to 5 * 2% (Fig. S3b). Similar results were obtained
when DCs were incubated with either CS-C or CS-E alone,
indicating that these GAGs have comparable inhibitory prop-
erties (data not shown). Preincubation of macrophages with
CS-C and/or CS-E, however, did not reduce properdin binding
(Fig. S3b). Accordingly, the addition of CS-C and CS-E during
the incubation of DCs with properdin-covered apoptotic T cells
abrogated T cell phagocytosis, whereas the GAGs had no
inhibitory effect on the phagocytosis of apoptotic T cells by
macrophages (Fig. S3c).

Properdin Newly Released from Neutrophils Binds Apoptotic T Cells.
Although properdin is found in plasma (23), it is also stored in
neutrophil granules and rapidly released upon cell stimulation
(29). It has been proposed that the release of properdin from
neutrophils is a major determinant of local AP activity (30). We
therefore used apoptotic T cells to compare the target-binding
activity of endogenous serum properdin to that of properdin
released from activated neutrophils.

We incubated apoptotic T cells with C3-depleted serum, which
was used to prevent properdin binding to preformed surface-
deposited C3b. Surprisingly, we saw only minimal properdin
binding under these conditions (Fig. 5 Top and Middle). We did
observe properdin bound to the apoptotic T cells in a parallel
control experiment wherein the cells were pretreated with
purified properdin before serum exposure (data not shown).
Thus, we conclude that properdin circulating in serum does not
freely bind to apoptotic T cells. In contrast, we readily detected
properdin bound to apoptotic T cells that had been incubated
with freshly activating neutrophils (Fig. 5 Bottom). Importantly,
properdin binding was independent of complement activation
because concomitant C3b deposition on either the T cells or
neutrophils after their coincubation was not observed (data not
shown). We detected only minimal properdin deposited on
nonapoptotic T cells incubated with activated neutrophils or on
apoptotic T cells that had been incubated with nonactivated
neutrophils (data not shown). These results indicate that pro-
perdin freshly expelled by degranulating neutrophils freely binds
apoptotic T cells whereas endogenous serum properdin is subject
to stringent regulation.

Discussion

Several pathways ensure the rapid recognition of apoptotic cells
(6). According to the current paradigm, complement-dependent
recognition of apoptotic cells is initiated through the CP and/or
LP, which in turn activates the AP (12, 15, 17-19). We describe
here experiments that demonstrate that properdin binds apo-
ptotic T cells, promoting AP activation and phagocytosis. Pro-
perdin recognition was cell stage-specific: it bound neither
resting T cells nor nonapoptotic activated T cells. In addition,
properdin did not bind to any cells within the PBMC populations
freshly isolated from blood or to red blood cells (data not shown
and ref. 22). Properdin binding was most marked in early
apoptotic T cells and reduced upon secondary necrosis (Fig. S6).
We also present evidence that recognition involved the binding
of properdin to HS and/or CS chains of surface proteoglycans
although additional interactions were not precluded.
Surface-bound properdin directed the opsonization of apo-
ptotic T cells with C3 activation fragments and uptake by
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Fig. 5. Neutrophil-derived properdin binds to apoptotic T cells. (Top) FACS
analysis of properdin bound to apoptotic T cells after their incubation with
purified properdin. (Middle) Measurement of bound properdin on apoptotic
T cells after their incubation for 15 min with 25% C3-depleted human serum
diluted with PBS. (Bottom) Analysis of properdin bound to apoptotic T cells
after their incubation with activated neutrophils. TNF-«a (100 nM) was added
to freshly isolated neutrophils mixed with apoptotic T cells, and cell mixtures
were incubated for 15 min at 37°C in RPMI medium 1640. Cell mixtures were
analyzed for deposition of properdin on T cells by FACS. The shaded histo-
grams depict staining with the isotype control mAb. Bound properdin is
depicted by the nonshaded histograms. All datasets shown are one represen-
tative result of at least three independently performed experiments. Activa-
tion of neutrophils with PMA or GM-CSF resulted in comparable amounts of
properdin deposition on apoptotic T cells (data not shown).

macrophages and DCs. Although maximum uptake depended on
complement activation, we also found, unexpectedly, that pro-
perdin bound to apoptotic T cells promoted their uptake in the
absence of complement activation or other serum proteins.
These results, together with our observation that differentiated
macrophages and DCs can bind properdin (Fig. S4), strongly
suggest that properdin:target complexes can direct phagocytosis
without further complement involvement. Thus, we envision two
possible mechanisms by which properdin could promote phago-
cytosis of apoptotic T cells: In the first case, properdin binds to
apoptotic T cells, initiates AP-mediated C3b deposition, and
promotes cell uptake by CR3-bearing phagocytes (17, 31). In the
second case, properdin binds to apoptotic T cells and mediates
contact with phagocytes directly. In this latter scenario, proper-
din functions as a bridging protein. Properdin:T cell and prop-
erdin:DC interactions could be directly mediated by surface
GAGs. Although our findings were made only with apoptotic T
cells, they suggest to us that properdin could play a similar role
during apoptosis of other cell types.

Apoptotic cells must be rapidly eliminated to avoid harmful
inflammatory and autoimmune reactions. We have shown that
properdin can identify apoptotic T cells and facilitate their
clearance. Although no published studies have examined clear-
ance of apoptotic cells in these properdin-deficient individuals,
and only isolated reports have suggested a possible relationship

Kemper et al.


http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0801015105/DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

P

1\

=y

between properdin deficiency and autoimmune disease (32, 33),
other pathways can also promote the clearance of apoptotic cells
(6) and so in some cases the lack of properdin may not preclude
the safe clearance of apoptotic cells. We have also observed that
properdin binds malignant T cell lines. This could indicate that
properdin deficiency or dysfunction could potentially be a risk
factor in the development of certain T cell malignancies. Inter-
estingly, somatic mutations of the properdin gene have been
linked to some breast tumors (34).

Properdin occurs in dimer, trimer, or tetramer arrangements
of a 53-kDa subunit (35), which is in turn composed of six
thrombospondin repeats (TSRs) (36). TSRs in thrombospondin,
TRAP, and other proteins harbor heparin-binding sites (37).
Structural analyses of several TSRs have revealed a possible
GAG “recognition face” composed of disulfide-stabilized alter-
nating tryptophan and arginine side chains (37, 38). The arginine
side chains are ~9 A apart, which matches the length of the
GAG:disaccharide repeat. Thus, it has been proposed that
TSR:GAG interactions are facilitated by electrostatic bonds
between the TSR arginine pairs and GAG sulfate pairs (38). The
key amino acids in this model have been conserved in five of the
six properdin TSRs, and so one or more similar GAG recogni-
tion faces could facilitate properdin:GAG interactions. CS-C
(GlcA-GalNAc6S) and CS-E (GIcA-GalNAc4, 6S) inhibited
properdin interactions with apoptotic and malignant T cells and
with DCs. Their common sulfate moieties at the carbon 6
position of GalNAc may play an important role in recognition.
CS-D (GIcA2S-GalNAc6S) also has a sulfate at the GalNAc
carbon 6 position but did not affect properdin binding, possibly
because of interference from its unique GIcA carbon 2 sulfate.

Complement activation is controlled in part by serum inhib-
itors that function to protect self-tissue from complement-
mediated damage: factor H regulates AP activation, and C4b-
binding protein regulates CP and LP activation (13). We
observed that apoptotic T cells strongly bind properdin purified
from serum as well as properdin freshly released from neutro-
phils, but they bind poorly the properdin present in unfraction-
ated serum (Fig. 5). This observation indeed suggests stringent
serum-level regulation of properdin:target recognition. We have
shown that soluble/fluid phase GAGs, especially certain chon-
droitin sulfates, can inhibit binding of properdin to apoptotic
cells (Fig. 4¢). It is feasible that free or protein-associated GAGs
in circulation suppress systemic properdin:target interactions
and thereby regulate/control properdin-induced complement
activation. By this view, properdin-dependent recognition of
apoptotic cells/targets is mediated largely by neutrophil-derived
properdin, whereas the properdin in the plasma functions pri-
marily to stabilize C3 convertases.

The innate immune system constantly monitors a spectrum of
biological agents including those of self, altered self, and non-
self. It distinguishes those that are dangerous from those that are
benign and initiates appropriate immunogenic or tolerogenic
responses, often mediated by adaptive immunity (39, 40). Po-
tential targets are recognized on the basis of their characteristic
surface-level molecular patterns. In this study, we show for the
first time, to our knowledge, that properdin recognizes apoptotic
and malignant T cells (altered self) and CHO cells (non-self) but
neither resting T cells nor resting B cells, and we have previously
observed that properdin does not recognize human red blood
cells (22). Thus, properdin appears to distinguish certain harmful
cells. We also show here that GAGs associated with surface
glycoproteins facilitate properdin:cell contact. Thus, specific
GAG structures could direct properdin:cell recognition.

Methods

Media, Cell Lines, Antibodies, Additional proteins, and Inhibitors. Media, cell
lines, sera, antibodies, and proteins used are listed in S/ Methods.
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T Cell Isolation and Activation. Blood samples were obtained from healthy
volunteers by using protocols approved by the Washington University Human
Studies Committee. CD4* T cells were purified from whole blood as previously
described using the human CD4* MicroBeads from Miltenyi Biotec (41). The
purity of the obtained T cell population was consistently >97%. In vitro
stimulation of isolated CD4" T cells was performed in 96-well culture plates
coated with mAbs to CD3 (1 ug/ml) and CD28 (1 ug/ml). The wells were
washed, and purified CD4* lymphocytes (1.5-2.0 X 105 cells per well) were
added in 100 ul of culture medium supplemented with 25 units/ml recombi-
nant human IL-2. Cells were cultured at 37°C in 5% CO, for 2-3 days and used
in subsequent assays with or without induction of apoptosis or necrosis.

Neutrophil Isolation and Activation/Induction of Properdin Release. Human
neutrophils were isolated as previously described (29). Briefly, freshly drawn
blood was separated using a Ficoll gradient. The neutrophil-containing cell
pellet was resuspended in room temperature Hanks’ buffered saline solution
(HBSS), mixed with an equal volume of 3% Dextran (Sigma-Aldrich) in 0.9%
saline solution, and incubated for 20 min at 37°C to allow neutrophils to
segregate to the surface. The top 2-3 ml of the solution was then collected,
and neutrophils were pelleted through centrifugation at 250 X g for 6 min at
4°C. From here on, cells and solutions were kept on ice. Neutrophils were
depleted of contaminating erythrocytes through hypotonic lysis and then
resuspended in PBS containing 0.2% glucose. Activation of neutrophils and
release of properdin from granules was induced through the addition of 30
ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma), 100 ng/ml TNF-« (Bio-
Source International), or 10 ng/ml GM-CSF.

Generation of DCs and Macrophages. Monocytes were isolated from PBMCs via
positive selection by using human CD14 MicroBeads (Miltenyi Biotec) and imma-
ture or mature DCs generated as previously described via culture in media
supplemented with 10% FCS (HyClone), GM-CSF, and IL-4 (41). Maturation status
of DCs was monitored via analyzing for the expected CD14, CD80, CD86, and
HLA-DR expression profile. Cultures contained consistently >95% of DCs with the
desired maturation level. Macrophages were generated by incubating freshly
purified PBMCs in RPMI medium 1640 in 24- or 48-well plates for 2 h at 37°C.
Nonadherent cells were washed away, and adherent enriched monocytes were
differentiated into macrophages by culture in media containing 50 ng/ml recom-
binant human M-CSF for 5-7 days. Media was exchanged every other day. The
percentage of differentiated macrophages in the culture was assessed by mea-
suring CD220 expression and was >90% each time.

Induction and Detection of Apoptosis and Necrosis. Apoptosis was induced in
activated T cells through the addition of 10 wg/ml monoclonal anti-FAS (CD95)
antibody (BD Biosciences) for 12 h or through addition of 250 nM staurosporin
(Sigma) for 5 h. Necrosis was induced by incubating activated T cells for 4 h in
culture medium containing 10 nM H,0; (Sigma). Monitoring of apoptosis or
necrosis was performed by staining with annexin V and PI (Sigma). Cells
negative for PI (MFI = 15) but positive for annexin V (MFI = 25) were defined
as apoptotic cells. Late apoptotic and necrotic cells were identified by strong
Pl staining (MFI = 500).

Detection of Purified Properdin on Apoptotic T Cells and CHO Cells. Cells were
washed and resuspended to 5 X 105 cells in 100 ul of PBS containing 1% FCS.
Purified properdin was added to the cells to a final concentration of 5 ug/ml, and
the mixture was incubated for 15 min at 37°C. Cells were then washed twice with
PBS plus 1% heat-inactivated FCS, and bound properdin was detected by incu-
bating the cells first with the biotinylated anti-properdin mAb followed by an
incubation with fluorochrome-labeled streptavidin and FACS analysis.

Detection of Neutrophil-Derived Properdin on Apoptotic T Cells. Apoptotic T
cells were mixed with freshly purified autologous neutrophils ata 1:1 cell ratio
(5 X 10° cells of each cell population) in 48-well plates in RPMI medium 1640.
Activation of neutrophils was induced through the addition of PMA, TNF-q, or
GM-CSF, and cell mixtures were incubated at 37°C. At 0, 1, 5, 10, and 30 min,
reaction samples were transferred to ice and washed twice with ice-cold PBS
containing 1% heat-inactivated FCS. Cell mixtures were then stained for cell
surface-bound properdin and analyzed via FACS. Apoptotic T cells and neu-
trophils were identified by their distinct laser scatter profiles.

Phagocytosis Assay. DCs or macrophages were grown to confluence in 24-well
plates and labeled with CFSE. Apoptotic T cells, preincubated with purified
properdin and then washed or left untreated, were labeled with an APC-
conjugated anti-CD4 mAb and added to the phagocytes at 0.5 to 1 X 10° per
well in prewarmed RPMI medium 1640 containing 15% NHS, 15% heat-
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inactivated human serum (AHS), or 15% properdin-depleted serum (AP). Cell
mixtures were incubated at 37°C for up to 1 h. Wells containing cell mixtures
were then washed several times with cold PBS to aspirate noningested T cells.
To detach DCs or macrophages, cells were incubated for 20 min at 37°Cin a
0.5% trypsin/5 mM EDTA solution, collected by forceful pipetting, and imme-
diately analyzed by FACS. DCs or macrophages that had ingested T cells were
identified by their positive signal for both CSFE and APC.

Statistical Analysis. Data represent mean + SD of at least three independent
experiments using cell populations from different donors with each condition
conducted in triplicate. Results were compared and analyzed for statistical
significance by using the paired Student t test. Significant differences were
defined as P < 0.05.

Note Added in Proof. After this article had been accepted for publication, a
report was published that describes properdin binding to late apoptotic and
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necrotic Jurkat cells (42). Although we conclude in the current investigation
that properdin binds primarily to early apoptotic cells, our conclusion is based
on studies of apoptotic and necrotic primary T cells. The apparent disparity
between the two studies is, therefore, likely due to methodological differ-
ences and should not detract from the potential significance of properdin in
the recognition and clearance of apoptotic cells.
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