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The Journal of Immunology

Hyaluronan Induces Cell Death in Activated T Cells
through CD44'

Brian Ruffell and Pauline Johnson?

In the immune system, leukocyte activation induces CD44 to bind hyaluronan, a component of the extracellular matrix. Here we
used gain and loss of hyaluronan-binding mutants of CD44 to examine the consequence of hyaluronan binding in T cells. Jurkat
T cells transfected with CD44 mutated at S180, which prevented the addition of chondroitin sulfate, displayed constitutively high
levels of hyaluronan binding. These cells were more susceptible to activation-induced cell death, whereas cells expressing a CD44
mutant unable to bind hyaluronan (R41A) were resistant to cell death. In TCR or PMA activated Jurkat T cells, hyaluronan
induced rapid cell death. This depended on the level of hyaluronan binding by the cell, and the amount and size of hyaluronan.
High molecular mass hyaluronan had the greatest effect and cell death occurred independently of Fas and caspase activation. In
splenic T cells, high hyaluronan binding occurred in a subpopulation of cells undergoing activation-induced cell death. In addition,
hyaluronan induced cell death in ~10% of reactivated splenic T cells when Fas-dependent apoptosis was prevented by Ab blocking
or in Fas negative MRL/Ipr T cells. This demonstrates that hyaluronan can induce cell death in activated, high hyaluronan binding

T cells via a Fas-independent mechanism. The Journal of Immunology, 2008, 181: 7044-7054.

D44 and its ligand hyaluronan (HA)?, an extracellular

matrix glycosaminoglycan, have been implicated in a

number of processes including wound healing, inflam-
mation, angiogenesis, and metastasis (reviewed in Refs. 1-6).
In immune-mediated diseases, CD44 can either augment or re-
duce symptoms. For example, CD44 '~ mice have reduced dis-
ease severity in autoimmune models of atherosclerosis (7) and
arthritis (8), whereas disease severity is increased in mouse
models of lung inflammation (9) and inflammatory bone loss
(10). In T cells, the evidence suggests a largely proinflamma-
tory role for CD44. Increased expression of CD44 is a marker
for activated and memory T cells in mice (11), and a population
of activated T cells is able to bind HA (12). CD44 has the
potential to provide costimulatory activity during T cell activa-
tion, as cross-linking CD44 together with the TCR increases
proliferation and expression of activation markers, as well as
augmenting IL-2 production (reviewed in Ref. 13). HA binding
is induced upon T cell activation, and there is some evidence to
suggest that HA can enhance CD3-mediated activation of hu-
man peripheral T cells (14). HA is synthesized and expressed by
dendritic cells (15), and HA and HA oligosaccharides induce
dendritic cell maturation in a CD44-independent, TLR-4-depen-
dent manner (16, 17). Better established is a role for CD44 and
HA in the extravasation of T cells to sites of inflammation.
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CD44 allows a mouse T cell line to roll on HA coated surfaces
(18) and on TNF-« stimulated endothelial cells in vitro (19),
with similar observations being made in vivo with Thl and
Th2 polarized cells (20). Rolling on endothelial cells is neces-
sary for subsequent firm adhesion and extravasation of T cells,
and CD44 has been shown to facilitate this process by enhanc-
ing VLA-4 mediated adhesion (21). Furthermore, T cell recruit-
ment to inflammatory sites in staphylococcal enterotoxin B-in-
duced peritonitis (22) and collagen-induced arthritis (8) is
CD44-dependent.

There is also evidence that CD44 is involved in activation-in-
duced cell death (AICD). AICD usually occurs following second-
ary stimulation of activated T cells that have experienced pro-
longed exposure to IL-2 and primarily involves the interaction of
the death receptor Fas with Fas Ligand (FasL). The process of
AICD, together with activated cell-autonomous death, is respon-
sible for removal of activated T cells and maintenance of immune
homeostasis (reviewed in Ref. 23). Nagarkatti’s group has shown
that T cells from CD44 null mice are less susceptible to apoptosis
after conconavalin A stimulation and more resistant to TCR-stim-
ulated AICD in vitro (24, 25). This was not due to increased Fas
expression and occurred independently of Fas, as lymphoprolif-
erative and autoimmune symptoms in mice lacking expression of
both CD44 and Fas were exacerbated (26). However, another
study using CD44 and Fas double null mice reported a reduction in
lymphoproliferative symptoms when compared with Fas null mice
(27). In addition, studies with human Jurkat T lymphoma cells and
peripheral blood T cells have indicated that CD44 has the potential
to affect Fas-dependent cell death (28, 29), and CD44 cross-linking
can reduce apoptosis and AICD in T cell lines (30, 31). Thus the
precise role of CD44 in AICD is not clear and the effect of the
interaction with its physiological ligand, HA, has not been deter-
mined. In this study, we use two CD44 mutants that either increase
or prevent HA binding to show that the interaction between CD44
and HA causes cell death in activated human Jurkat T cells. This
HA-dependent cell death occurred independently of both Fas and
caspases, and was observed in primary T cells in the absence of
Fas-dependent apoptosis.
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Materials and Methods
Cell lines

The human Jurkat T lymphoma cell line, clone E6.1, was purchased from
the American Type Culture Collection (ATCC) and was cultured in RPMI
1640 supplemented with 10% FCS, 1 mM sodium pyruvate (Invitrogen), 2
mM L-glutamine (Sigma-Aldrich), and 50 U/ml Penicillin/Streptomycin
(Invitrogen). To obtain CD44-positive cells, Jurkat cells were electropo-
rated with 20 ug of CD44H-pCEP4 plasmid DNA using the Gene Pulser
apparatus (Bio-Rad) at 250 V and 950 uF and selected in 300 wg/ml
hygromycin B (Calbiochem). Cells were then sorted for high CD44 ex-
pression on a FACS Vantage SE Turbo (BD Biosciences). All experiments
were performed with cells grown in the absence of selection for 3—10 days.

Abs and reagents

Purified rat anti-human/mouse CD44 mAb IM7.8.1 (ATCC no. TIB-235) was
conjugated to Alexa 488 (Molecular Probes) or coupled to cyanogen bromide-
activated Sepharose 4B (Amersham Biosciences) according to the manufac-
turer’s instructions. The mouse anti-human CD44 mAb 3G12 was obtained
from G. Dougherty (University of Arizona, Tucson, AZ) (32) and the mouse
anti-human CD44 mAb Hermes-3 was obtained from the ATCC (no. HB-
9480). Hermes-1, a rat anti-human CD44 mAb capable of blocking binding to
HA, was purchased from the Development Studies Hybridoma Bank (Univer-
sity of Iowa, Iowa City, IA). The mouse anti-human TCR mAb C305 (no.
CRL-2424) and anti-CD3 mAb OKT3 (no. CRL-8001) were obtained from
the ATCC. The anti-chondroitin sulfate (CS) mAb 2B6 was purchased from
Seikagaku America. The mouse anti-human Fas mAb DX2 was purchased
from Southern Biotechnology Associates, whereas 7C11, an IgM mAb capa-
ble of inducing Fas-mediated apoptosis, was purchased from Immunotech.
The mouse anti-human blocking mAb against Fas (ZB4) was obtained
from Stressgen, whereas the mouse anti-human (NOK-1) and hamster
anti-mouse (MFL3) blocking mAbs against FasL. were obtained from
eBioscience. Unlabeled goat anti-rat Ab and goat anti-mouse Ab were
a gift from I. Trowbridge (Salk Institute, La Jolla, CA). FITC-conju-
gated goat anti-mouse Ab was purchased from Caltag Laboratories, and
HRP-conjugated goatanti-mouse Ab was obtained from Jackson Immuno-
Research. Fluorescein-conjugated HA (FI-HA) was made as described
(33) using rooster comb HA obtained from Sigma-Aldrich. Prestained
molecular mass standards were purchased from NEB, and the pan-
caspase inhibitor z-VAD-fmk was obtained from Calbiochem.

Generation of point mutations

Human CD44H cDNA (34) in pCEP4 (Invitrogen) and S180A and G181A
mutations in human CD44 were described previously (35). The R41A mu-
tation was created by oligonucleotide site directed mutagenesis using four
primers: primer 1 containing a Ncol site (forward, 5'-CGCTCCGGACAC
CATGGACAAG-3"); primer 2 containing a Hpal site (reverse, 5'-
CGGGTGCCATCACGGTTAACAATAGT-3'); and complementary
primers 3 (forward, 5'-AAAAATGGTGCCTACAGCATCTCTCGG-3")
and 4 (reverse, 5'-CCGAGAGATGCTGTAGGCACCATTTTT-3') con-
taining the R41A mutation. The mutated sequences are italicized. Two
fragments were generated by PCR using primers 1 with 4 and 2 with 3. The
fragments were then mixed and PCR performed again. The final product
was inserted into the CD44 sequence using Ncol and Hpal.

Flow cytometry

Cells (2 X 10°) were incubated with 1 pg/ml DX2 in PBS containing
2% FCS and 5 mM EDTA for 30 min on ice, washed once, and incu-
bated with 10 wg/ml FITC-goat anti-mouse Ab. Alternatively, cells
were incubated with ~5 wg/ml IM7-Alexa 488 or FI-HA. After wash-
ing, cells were resuspended in buffer containing 1 ug/ml propidium
iodide (PI; Sigma-Aldrich). A minimum of 5000 live events was col-
lected on a FACScan and analyzed using CellQuest (BD Biosciences)
or FlowJo (Tree Star) software.

Analysis of CS on CD44

Immunoprecipitation, sulfate labeling, and Western blotting of CD44 was
performed as described (35). In brief, cells were cultured for 2 days in
Na,[*°S0,] following a 1 day incubation in the presence or absence of 2
mM  p-nitrophenyl B-p-xylopyranoside (S-D-xyloside; Sigma-Aldrich).
Cells were lysed and incubated with IM7-coupled beads. Some samples
were digested with Proteus vulgaris chondroitinase ABC or Flavobacte-
rium heparinum heparitinase (Seikagaku America). Immunoprecipitated
CD44 was resolved on a 7.5% SDS polyacrylamide gel and transferred to
a polyvinylidene fluoride membrane (Millipore). Membranes were exposed
to Kodak BioMax MR film (Interscience) at —80°C for 3-10 days. To
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determine relative CD44 levels, membranes were blotted with 3G12. To
detect CS, immunoprecipitated CD44 from 1 X 107 cells was digested with
chondroitinase ABC to expose the epitope for the anti-CS mAb 2B6. Fol-
lowing sequential incubations with the 2B6 mAb and HRP-goat anti-mouse
Ab, membranes were developed with ECL (Amersham Biosciences) ac-
cording to the manufacturer’s instructions.

Low molecular mass HA generation and analysis

HA was dissolved in 150 mM NaCl, 100 mM NaOAc, | mM EDTA, (pH
5.0) at a concentration of 5 mg/ml and bovine testes hyaluronidase (Cal-
biochem) was added at 200 U/ml. The mixture was incubated at 37°C for
10 s or 16 h before inactivation of the enzyme by boiling for 10 min,
followed by adjustment of the pH to 7.0. HA was analyzed by PAGE and
silver staining as described (36). From the observed pattern, HA digested
for 10 s was termed intermediate molecular mass HA, whereas HA di-
gested for 16 h was low molecular mass HA. To compare relative binding
of CD44 to different sizes of HA a competitive binding assay was set up in
which cells stimulated for 8 h with 10 ng/ml PMA (Sigma-Aldrich) were
incubated with 0.5 pg/ml FI-HA mixed with 0.5 pg/ml to 5 mg/ml unla-
beled HA, intermediate HA, or low molecular mass HA on ice for 30 min.
Cells were analyzed by flow cytometry as described above.

Cell death analysis

Cell viability was assessed by flow cytometry following labeling with PI
and Annexin V-FITC (Southern Biotechnology Associates) according to
the manufacturer’s instructions. Annexin V-PE obtained from BD Bio-
sciences was also used in one experiment. The percentage of viable cells
was determined by the percent of cells negative for both Annexin V and PI.
In one experiment, cells were labeled with PI alone and the number of live
events collected in 30 s was counted. Data was normalized by setting the
number of live events in the untreated sample to 100%. Caspase activation
was determined by Western blotting to detect cleaved fragments with an
anti-caspase 3 Ab or an anti-caspase 8 mAb purchased from Cell Signaling.
Mitochondrial membrane polarization was measured using JC-1 (Molecu-
lar Probes) according to the manufacturer’s instructions. Cell polarization
was measured by labeling with DiOC(3) (Calbiochem) at a final concen-
tration of 40 nM followed by the addition of PI and analysis by flow
cytometry. DNA fragmentation was measured using the TUNEL based
FlowTACS kit obtained from R&D Systems according to the manufactur-
er’s instructions. Chromatin condensation was assessed either by analysis
of 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) labeled cells using an
Olympus FluoView FV1000 laser scanning confocal microscope or by
flow cytometry of cells labeled with a mouse IgM mAb against ssDNA
(Chemicon) and PI according to the manufacturer’s instructions.

Induction of cell death

Cells were suspended at 5 X 10° cells/ml and treated with 100 nM stau-
rosporine (Sigma-Aldrich) or 10-100 ng/ml 7C11, an anti-Fas mAb, for
various times. CD44 was cross-linked either by incubating cells with 10
ng/ml Hermes-1 or Hermes-3 for 20 min on ice, washing once, and cul-
turing cells for 16 h with 10 pg/ml goat anti-rat or goat anti-mouse Ab, or
by incubating cells for O to 8 h with both 5 wg/ml Hermes-1 and 25 pg/ml
goat anti-rat Ab. Serum starvation was conducted by incubating 1 X 10°
cells/ml in RPMI 1640 without FCS for O to 3 days.

Cell stimulation

Cells were suspended at 5 X 10° cells/ml in RPMI-10% FCS and stimu-
lated with 10 ng/ml PMA for various times in the presence or absence of
the mAbs Hermes-1 or Hermes-3 at 10 wg/ml. Alternatively, cells were
added to 96-well plates coated with 50 ul of 5 wg/ml C305 or OKT3. To
control the amount of HA in the culture medium, cells were resuspended
in AIMV (Invitrogen), which is a defined serum-free media that does not
contain HA. Various concentrations of HA, intermediate HA or low mo-
lecular mass HA along with 10 ug/ml Hermes-1 or 1 U/ml Streptomyces
hyaluronidase (Calbiochem) were then added to the cells for 30 min before
PMA stimulation for 16 h. Alternatively, cells were stimulated in AIMV
for 12 h with PMA, and then incubated with or without blocking Abs or
inhibitors for 20 min before the addition of various amounts of HA for up
to 8 h.

FasL RT-PCR

RNA from ~4 X 10° cells was isolated using RNeasy Mini kit (Qiagen)
and 10 pg was reverse transcribed with Superscript II (Invitrogen) accord-
ing to the manufacturer’s instructions. PCR using ~2.5 ug of cDNA was
performed with TagDNA polymerase in 50 ul with 1 mM Mg>" as fol-
lows: 94°C for 2 min; 25-40 cycles at 94°C for 30 s, 58°C for 30 s, and
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72°C for 50 s; 72°C for 10 min. B-actin primers (forward, 5'-GACTAC
CTCATGAAGATCCT-3'; reverse, 5'-ATCCACATCTGCTGGAAGGT-
3") formed a 512 bp fragment and amplification was done for 25 cycles.
FasL primers (forward, 5'-CACTACCGCTGCCACCCC-3'; reverse, 5'-
CCAGAGAGAGCTCAGATACGTTG-3') formed a 606 bp fragment, and
amplification was done for 40 cycles. PCR product (20 ul) was electro-
phoresed in 1.5% agarose gel containing SYBR Safe (Invitrogen) and vi-
sualized under UV light.

Primary cells

Splenic T cells were purified from 6—12-wk-old C57BL/6 (The Jackson
Laboratory) and CD44 '~ mice (37) by negative selection. In brief, spleens
were ground up using glass slides and RBC were lysed using 0.83% am-
monium chloride. Cells were then suspended in PBS containing 2 mM
EDTA and 0.5% BSA, and incubated with biotin-conjugated mAbs against
B220, CD11b and Terl19, washed, then incubated with anti-biotin mag-
netic microbeads (Miltenyi Biotec). After washing, cells were run through
a MACS LS separation column (Miltenyi Biotec) to remove non-T cells.
Preparations were over 90% positive for CD3 expression immediately after
purification and over 98% positive by day 6, as determined by flow cy-
tometry. Fas negative T cells from MRL/Ipr mice were purified as above,
except that an anti-CD19 mAb was used in place of the B220 mAb. Fol-
lowing purification, cells at 10%ml were stimulated with 2.5 ng/ml PMA
and 500 ng/ml ionomycin (Sigma-Aldrich) in complete RPMI 1640 with
10 mM HEPES and 55 uM 2-ME. After 2 days, 20 U/ml of IL-2 (R&D
Systems) was added to the media and the cells were maintained in IL-2 at
1-2 X 10° cells/ml. On day 5, cells were resuspended at 1 X 10 cells/ml
in AIMV with or without 1 ug/ml of the Fas blocking mAb MFL3 and
added to wells coated with 0.1-5 wg/ml of the anti-CD3 mAb 2C11 and/or
5 pg/ml of the anti-CD44 mAb IM7 for 24 h. HA at 500 ng/ml was added
to some samples at various times during stimulation. Cell viability and HA
binding was assessed as described above. Animal experimentation was
conducted in accordance with protocols approved by the University Ani-
mal Care Committee and Canadian Council of Animal Care guidelines.

Statistics

Data are shown as the mean = SD of three experiments, unless otherwise
indicated. Significance was determined by the Student’s  test. *, p < 0.05,
wk, p < 0.01, #x, p < 0.001.

Results
CS addition to CD44 regulates HA binding in Jurkat T cells

To evaluate the effect of HA binding in T cells, CD44 negative
Jurkat T lymphoma cells were transfected with human CD44 or
CD44 containing SI80A or R41A point mutations. R41, located
within the HA binding site, is critical for HA binding and mutation
to an alanine abolishes HA binding (38, 39). The S180A mutation
acts as a gain-of-function mutant as it prevents CS addition and
increases the affinity of CD44 for HA when made as an Ig-fusion
protein or when expressed in mouse fibroblast L cells (35). How-
ever, it was not known whether CS modification negatively regu-
lates HA binding in T cells. To first determine whether S180A-
CD44 could be used as a constitutive HA binding mutant in T
cells, HA binding was assessed in the transfected cells. Levels
of CD44 expression were approximately equivalent, yet S180A-
CD44 expressing cells bound significantly higher levels of FI-HA
compared with wild-type CD44, as determined by flow cytometry
(Fig. 1A). Stimulation of CD44 transfected Jurkat cells with 10
ng/ml of PMA for 8 h induced HA binding in CD44 expressing
cells and further enhanced binding in S180A-CD44 expressing
cells, whereas R41A-CD44 transfected cells did not bind HA un-
der any condition tested. This suggested that CS addition to CD44
was reducing HA binding in Jurkat T cells.

To confirm CS modification of residue S180, CD44 was immu-
noprecipitated from cells grown in the presence of sodium
[*°S]sulfate (Fig. 1, B and C). Although CD44 did not display the
heavily sulfated, heterogeneous, high molecular mass forms nor-
mally indicative of large chain CS addition, sulfate incorporation
by CD44 was reduced by growth in the presence of 3-D-xyloside,
an inhibitor of glycosaminoglycan addition, and by treatment with

A CD44 FI-HA
. PMA = PMA

S180A -
AN L LA L LA |
E
CD44 2
/\ -/‘\ _ﬁ:&g
Vectorj ‘
1115 15 1.5 1, 1715 1, I 1o 1,
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B i C %
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o
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5 238232
05O &
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FIGURE 1. S180A mutation in CD44 prevents CS addition and results
in constitutive HA binding in Jurkat cells. A, CD44 expression and HA
binding were analyzed by flow cytometry in transfected Jurkat cells either
unstimulated or stimulated for 8 h with PMA. The two left panels show
expression levels of CD44, detected using Alexa 488 conjugated IM7,
whereas the two right panels show binding to FI-HA. B, CD44 immuno-
precipitated from sodium [**S]sulfate-labeled cells grown in the presence
or absence of B-p-xyloside and resolved by SDS-PAGE. C, Relative quan-
titation of sulfate incorporation by CD44 before and after digestion with
chondroitinase ABC (ABC) or heparitinase (Hep) as measured by densi-
tometry. Sulfate incorporation by untreated wild-type CD44 was set to
100% after adjustment for the level of CD44. Data are shown as the
mean * SD of three experiments with significance determined by the Stu-
dent’s # test (++:, p < 0.001). D, Detection of CS on immunoprecipitated
CD44 by Western blotting with the anti-CS mAb 2B6. CD44 loading levels
were determined by blotting with the mAb 3G12.

chondroitinase ABC. This suggested that CD44 in Jurkat T cells is
modified by short chains of CS. Wild-type CD44 was sulfated to
a much greater extent than S180A-CD44, which was also unaf-
fected by B-p-xyloside or chondroitinase ABC, indicating that
S180 is the major site of CS addition. This was further supported
by Western blotting CD44 with the anti-CS mAb 2B6 (Fig. 1D),
which bound to wild-type and R41A-CD44, but not to CD44 con-
taining either the S180A or G181A mutations that prevent CS
addition (35). Together, these data indicate that CS addition occurs
on CD44 in Jurkat T cells and negatively regulates HA binding.
Notably, even low molecular mass forms of CS on CD44 are able
to exert this effect.

High HA binding T cells are more susceptible to AICD

The generation of Jurkat cells expressing CD44 with different
binding abilities for HA (high, low, and not detectable) allowed us
to investigate the consequences of HA binding. Stimulation with
immobilized TCR mAb induced cell death in both Jurkat T cells
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FIGURE 2. Cell death is preferentially induced in TCR- or PMA-stim-
ulated Jurkat cells expressing a high HA binding form of CD44. A, Time
course showing percentage of live cells after stimulation with the anti-TCR
mADb C305. Data are shown as the mean = SD of three experiments and
were normalized by setting the number of live events in the untreated
samples to 100%. B, Representative experiment showing the percentage
of cells that were unstained (viable), single positive for Annexin V, or
double positive for both Annexin V and PI following anti-TCR stimu-
lation. C, Time course of cell viability during PMA stimulation as de-
termined by lack of Annexin V-FITC and PI staining. Data are shown
as the mean * SD of three experiments. D, Same as B, except cells were
stimulated with PMA.

and CD44 expressing Jurkat T cells; however, this AICD was no-
ticeably more pronounced in both S180A-CD44- and G181A-
CD44 expressing cells (Fig. 2A). A subset of Annexin V single
positive cells, most noticeable in the S180A-CD44 expressing
cells, indicated that phosphatidylserine (PS) exposure was occur-
ring either before, or in the absence of, cell death (Fig. 2B). PMA
stimulation protects Jurkat cells from Fas-dependent apoptosis
(40) and in accordance with this, minimal cell death was observed
in vector control and wild-type CD44 transfectants following PMA
stimulation (Fig. 2C). However, Annexin V binding and cell death
was still observed in cells expressing the high HA binding S180A-
CD44 mutant (Fig. 2D). Enhanced survival, not death, was ob-
served in cells expressing either R41A-CD44 or R41A;S180A-
CD44, suggesting that it is the ability to bind HA, not the loss of
CS addition, that is a factor in PMA-induced T cell death (Fig. 2C).
The data showed a good correlation between the HA binding abil-
ity of CD44 and the degree of cell death observed during the ac-
tivation of Jurkat cells with anti-TCR mADb or PMA. Furthermore,
as PMA activation protects against Fas-mediated apoptosis in Ju-
rkat cells, it suggests that this cell death may occur independently
of Fas.

HA binding by CD44 enhances AICD in T cells

To verify that all mutant forms of CD44 had a similar capacity to
induce PS exposure and cell death, all forms of CD44 were cross-
linked with Hermes-1, a mAb that binds to the HA binding site of
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FIGURE 3. CD44 mAbs can induce or prevent cell death of transfected
Jurkat cells during PMA stimulation. A, Representative experiment show-
ing the percentage of cells that were viable, single positive for Annexin V,
or double positive for both Annexin V and PI following incubation with
Hermes-1 or Hermes-3 for 20 min and cross-linking with secondary Ab for
16 h. B, Same as A, except unstimulated or PMA stimulated cells were
grown in AIMV serum-free media before coincubation of Hermes-1 and
secondary Ab for 8 h. C, Graph showing percentage of viable cells fol-
lowing PMA stimulation for 16 h in the presence or absence of the HA
blocking anti-CD44 mAb Hermes-1 or the nonblocking anti-CD44 mAb
Hermes-3. Data are shown as the mean * SD of three experiments with
significance determined by the Student’s ¢ test (¢, p < 0.01, k%, p <
0.001).

-+ 4+
- - 4 = - - g =
- - -t

CD44. This induced equal amounts of Annexin V and PI staining
from all CD44-expressing cells in unstimulated and PMA stimu-
lated Jurkat T cells (Fig. 3, A and B). More cell death was noted
after PMA stimulation (Fig. 3B), and CD44 cross-linking with
Hermes-3, a CD44 mAD that does not bind to the HA binding site,
did not induce PS exposure (Fig. 3A). This suggested that HA
binding may cross-link CD44 and induce AICD in the PMA-stim-
ulated Jurkat T cells. To further evaluate this possibility, soluble
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FIGURE 4. Enhanced AICD in Jurkat transfectants is dependent upon
HA binding by CD44. A, Graph showing cell viability in SI80A-CD44
cells following PMA stimulation for 16 h in RPMI 1640 supplemented
with 10% FCS or in RPMI 1640 with or without 5 ug/ml HA. Hyaluron-
idase (HA’ase) treatment was done for 30 min before PMA stimulation.
Data are shown as the mean * SD of three experiments with significance
determined by the Student’s 7 test (, p < 0.05, #x, p < 0.01, *#x, p <
0.001). B, Cell viability is shown following PMA stimulation for 16 h in
AIMV serum-free media with various concentrations of HA. The HA-
blocking anti-CD44 mAb Hermes-1 was added to some samples. C, The
mean fluorescence intensity (MFI) for CD44 and S180A-CD44 expression
(top panel) and FI-HA binding (middle panel) at various time points during
PMA stimulation is shown. The bottom panel shows the relationship be-
tween FI-HA binding and the level of CD44 expression for CD44 and
S180A-CD44. Data in B and C are shown as the mean = SD of three

experiments.

Hermes-1 and Hermes-3 mAbs were added to cells during PMA
stimulation. Hermes-1 completely prevented cell death induced by
PMA stimulation in S180A-CD44 and wild-type CD44 cells,
whereas Hermes-3 had no effect (Fig. 3C). These results strongly
suggest that the binding of serum HA by wild-type and S180A-
CD44 enhances cell death during PMA stimulation. Unexpectedly,
the small amount of death observed in the vector control cells as a
result of PMA stimulation was not observed in the CD44-R41A
transfectants (Fig. 3C). This implies that the inability of CD44 to
bind HA protects against cell death, whereas high HA binding
forms of CD44 promote cell death.

As Jurkat T cells do not produce HA (41), the likely source of
HA in these experiments was the FCS present in the media. To
examine this, 500 ng/ml of HA purified from rooster comb was
added to CD44-S180A transfectants cultured in medium without
FCS. In the absence of FCS, only a small amount of cell death
occurred following PMA stimulation for 16 h, whereas the addi-
tion of HA greatly increased cell death (Fig. 4A). This was not due
to contaminants in the purified HA, as cell death was prevented by
digestion of the HA with hyaluronidase before PMA stimulation.
Titration of purified HA into serum-free AIMV media revealed

A HA

0 10° 10' 102 10° 10%
Ratio of HA to FI-HA (x:1)

=&~ High == High + Hermes-1 § 30 4
~8=|nt =0=Int+ Hermes-1 204
=e—Low =0=Low + Hermes-1 104

0 005 05 § 5 80

HA (ng/mL)
FIGURE 5. The size of HA affects its ability to induce cell death in
PMA-stimulated cells. A, Visualization of high, intermediate (int), or low
molecular mass HA by silver staining samples run on a 15% acrylamide
gel. Bromophenol blue (BPB) was used as a marker dye. B, Competition
assay between FI-HA and increasing amounts of unlabeled high, interme-
diate, and low molecular mass HA in S180A-CD44 cells. C, Cell viability
is shown in S180A-CD44 cells following PMA stimulation for 16 h in
AIMV serum-free media with various concentrations of high, intermediate,
or low molecular mass HA. The HA-blocking anti-CD44 mAb Hermes-1
was added to some samples. Data in B and C are shown as the mean = SD
of three experiments.

that concentrations as low as 10 ng/ml augmented AICD signifi-
cantly in both CD44 and S180A-CD44 transfectants, with the max-
imum amount of cell death occurring with HA concentrations be-
low 500 ng/ml (Fig. 4B). CD44 and HA dependency was
demonstrated by the ability of Hermes-1 mAb to completely block
death from occurring, even in the presence of 5000 ng/ml of HA.
Therefore, the data show that HA binding by both wild type and
mutant CD44 results in a substantial increase in AICD upon PMA
stimulation of Jurkat transfectants.

Analysis of CD44 expression and HA binding in CD44 and
S180A-CD44 expressing cells revealed a time-dependent increase
in both upon PMA stimulation (Fig. 4C). HA binding was signif-
icantly induced in wild-type CD44 transfectants and increased in
S180A-CD44 transfectants such that HA binding was always
greater in S180A-CD44-expressing cells (Fig. 4C, middle panel).
Furthermore, S180A-CD44 expressing cells showed consistently
higher HA binding when equivalent CD44 levels were compared
(Fig. 4C, lower panel), suggesting that cells expressing this mu-
tated form of CD44 have a higher overall avidity for HA than those
expressing wild-type CD44.

The size of HA affects its ability to enhance cell death

HA in the extracellular matrix normally consists of high molecular
mass chains (>10° Da), but in inflamed tissues HA is degraded
and lower molecular mass HA fragments can be detected. These
smaller forms of HA have been shown to be proinflammatory
when added to dendritic cells or macrophages (reviewed in Ref. 5).
It was therefore of interest to determine whether the size of HA
could affect its ability to enhance AICD in T cells. To generate
intermediate or low molecular mass HA, bovine testicular hyal-
uronidase was used to digest HA (Fig. 5A). Both intermediate and
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FIGURE 6. HA can rapidly induce cell death in CD44-expressing cells

after PMA activation. A, Graph showing cell viability in S180A-CD44
cells suspended in AIMV media and stimulated with PMA in the presence
or absence of 500 ng/ml HA. Cells were initially stimulated for 12 h, then
washed twice and incubated for an additional 4 h in the presence of PMA
and/or HA. Data are shown as the mean = SD of three experiments with
significance determined by the Student’s ¢ test (, p < 0.05, sk, p <
0.001). B, Time course of cell viability following the addition of HA to
S180A-CD44 cells prestimulated for 12 h with PMA. Hermes-1 mAb was

added 20 min before the addition of HA for one sample set. Data are shown

as the mean = SD of three experiments.
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low molecular mass HA displayed an ability to compete for FI-HA
binding to CD44 (data not shown) and S180A-CD44 (Fig. 5B).
Although unlabeled HA effectively competed with FI-HA when
used in 10-fold excess, a 1,000-fold excess was required for in-
termediate, and a 10,000-fold excess for low molecular mass HA.
During PMA stimulation 500 ng/ml of intermediate-sized HA
caused significant death in S180A-CD44 cells. However, cell
death was only a fraction of the cell death observed with high
molecular mass HA, even when the concentration was increased as
high as 50 wg/ml (Fig. 5C). Low molecular mass HA did not affect
viability at any concentration tested. This experiment demonstrates
that the size of HA is important in determining its ability to
enhance AICD.

HA rapidly induces cell death in PMA stimulated Jurkat T cells

As CD44 cross-linking has been reported to provide costimu-
latory activity during T cell activation (13, 42), it was possible
that the HA-mediated augmentation of cell death observed dur-
ing the activation of Jurkat cells was due to HA providing a
costimulatory signal through CD44 and enhancing T cell acti-
vation. To determine whether the HA signal had to be given
simultaneously with the TCR or PMA signal, CD44-S180A
cells were stimulated with PMA for 12 h, washed twice, and
then incubated with HA for 4 h (Fig. 6A). Incubation of cells
with HA for 4 h subsequent to PMA stimulation had the same
effect on cell viability as incubation with both HA and PMA for
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FIGURE 7. HA-induced cell death does not occur via the Fas/FasL pathway. A, Cell viability was assessed in unstimulated cells incubated with the
anti-Fas mAb 7C11 for various times. Data are shown as the mean = SD of three experiments. B, Fas expression as determined by flow cytometry in cells
cultured in 10% FCS and either stimulated with PMA for 8 h or left untreated (NT). C, FasL mRNA expression in AIMV-cultured SI80A-CD44 cells as
determined by semiquantitative PCR following PMA stimulation in the presence or absence of HA. B-actin was used as a loading control. D, Cell viability
of S180A-CD44 transfectants following the addition of HA for 2 h to cells prestimulated with PMA. Cells were preincubated for 20 min with the
Fas-blocking mAb ZB4 or the FasL-blocking mAb NOK-1 before the addition of HA. E, Cell viability of S180A-CD44 cells activated for 16 h with
immobilized anti-CD3 mAb OKT3 in the presence of various combinations of HA, ZB4, or Hermes-1. F, Western blot analysis of caspase 8 activation
following the addition of HA to PMA-stimulated SI80A-CD44 cells. Incubation of unstimulated cells with the anti-Fas mAb 7C11 for 2 h was used as a
positive control. G, Same as D, except cells were preincubated for 20 min with 25 or 50 uM of the pan-caspase inhibitor z-VAD-fmk. As a control,
unstimulated cells were incubated with z-VAD-fmk before the addition of the 7C11 mAb. For D, E, and G data are shown as the mean = SD of three
experiments with significance determined by the Student’s ¢ test (xx, p < 0.01, s, p < 0.001).
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16 h. Cell death following the addition of HA occurred rapidly
within 30 min, with the degree and time of cell death dependent
on the amount of HA being added (Fig. 6B). These data dem-
onstrate that HA binding induces cell death, and that this is not
due to costimulation, but instead occurs independently in acti-
vated cells capable of binding high levels of HA.

HA-induced cell death occurs independently of Fas- and
caspase-mediated apoptosis

Fas-susceptible Jurkat T cells become resistant to Fas-mediated
apoptosis upon PMA stimulation (40), despite an up-regulation of
FasL (43). It was therefore possible that HA binding by CD44 was
causing cell death in Jurkat cells by reversing the effects of PMA
on Fas signaling or otherwise inducing Fas signaling. In unstimu-
lated cells, neither CD44 expression (Fig. 7A) nor the presence of
exogenous HA (data not shown) affected sensitivity to apoptosis
induced with an anti-Fas mAb. The expression of Fas (Fig. 7B) and
FasL. mRNA (Fig. 7C) were also unaffected by the presence of HA,
although, as expected, FasL. mRNA was increased by PMA stim-
ulation. As these results did not rule out an effect of HA on the Fas
signaling pathway, HA was also added to PMA-activated cells
pretreated with blocking mAbs against Fas (ZB4) or FasL. (NOK-
1). Neither mAb had an effect on HA-induced cell death (Fig. 7D),
indicating that HA was not acting via the Fas/FasL interaction.
This was further confirmed by anti-CD3 activation of S180A-
CD44 expressing Jurkat cells with various combinations of HA or
blocking mAbs (Fig. 7E). Although blocking Fas largely prevented
cell death in the absence of HA, it had minimal effect on HA-
induced cell death. Notably, blocking Fas consistently reduced cell
death in activated cells by ~10%, whereas blocking the CD44-HA
interaction reduced cell death by an additional 30%. This indicates
that HA- and Fas-dependent cell death are additive and suggests
that the two signaling pathways are distinct. In support of this, the
addition of HA to PMA stimulated cells did not result in the ac-
tivation of caspase 8 (Fig. 7F), and even high concentrations of the
pan-caspase inhibitor ZFAD-fmk failed to inhibit HA-induced cell
death (Fig. 7G).

Although AICD occurs primarily through the extrinsic Fas-de-
pendent apoptotic pathway, the intrinsic mitochondrial-dependent
pathway can also play a role (44). This is particularly true in Jurkat
T cells, where even effective Fas signaling requires the mitochon-
drial pathway (45). As CD44 did not appear to be enhancing AICD
via the extrinsic pathway, we investigated whether CD44 expres-
sion enhanced cell death via the intrinsic pathway. Death induced
by either staurosporine or serum withdrawal was equal between
the different Jurkat transfectants (Fig. 8A), with the addition of
exogenous HA having no effect on apoptosis (data not shown).
More importantly, membrane depolarization during HA-in-
duced cell death was not detected before loss of membrane
integrity, as measured with the mitochondrial specific JC-1
probe (Fig. 8B). Similar results were obtained with the more
general DiOCy(3) probe (Fig. 8C), with depolarization only ob-
served in cells that were positive with PI. Caspase 3 activation,
which can result from cytochrome C release from the mitochon-
dria, was also not observed following the addition of HA (Fig.
8D). These results indicate that HA-induced cell death in acti-
vated Jurkat cells does not activate this intrinsic, mitochondrial-
dependent, apoptotic pathway.

The absence of caspase 3 and 8 activation and the failure of
a pan-caspase inhibitor to block HA-induced cell death, sug-
gested that CD44 induces a form of nonapoptotic programmed
cell death. It has been proposed that caspase-independent cell
death can be subdivided into either apoptotic-like or necrotic-
like cell death depending upon the degree of chromatin con-
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FIGURE 8. HA-induced cell death does not occur via the mitochon-
drial pathway. A, Cell viability of unstimulated Jurkat transfectants in-
cubated with staurosporine for 1-3 h (left panel) or incubated in RPMI
1640 without FCS for 1-3 days (right panel). B, Time course of mito-
chondrial depolarization in S180A-CD44 cells. PMA-stimulated cells
were incubated with either HA or Hermes-1 mAb and goat anti-rat Ab
(2°) and then labeled with the mitochondrial membrane-specific dye
JC-1. Incubation of unstimulated cells with the 7C11 mAb was used as
a positive control. C, Same as B, except cells were analyzed after 2 h
with the membrane dye DiOCg(3) and the percentage of live depolar-
ized cells (PI negative, DiOCg4(3) low) is shown. D, Western blot anal-
ysis of caspase 3 activation following the addition of HA to PMA-
stimulated S180A-CD44 cells. Data from A, B, and C are shown as the
mean = SD of three experiments.

densation (reviewed in Ref. 46). Analysis of DAPI-labeled cells
by confocal microscopy did not detect significant chromatin
condensation in cells that had undergone HA-induced cell
death, whereas it was apparent in cells that had undergone Fas-
dependent apoptosis (Fig. 94). To quantify the degree of chro-
matin condensation, cells were heated in the presence of form-
amide, which causes denaturation and ssDNA formation only in
condensed chromatin (47), and then labeled with a mAb against
ssDNA (Fig. 9B). A large proportion of cells treated with the
anti-Fas mAb were positive for ssDNA, whereas only a small
percentage of untreated, necrotic, or PMA stimulated cells were
positive. Notably, there was an increase (8§ = 1%) in the percent
of cells positive for ssDNA after HA and PMA stimulation for
16 h, but this was small compared with the percent of Annexin
V positive cells (Fig. 9C). Approximately 40% of the HA stim-
ulated cells had reduced cell volume, an event observed in the
majority of cells undergoing Fas-mediated apoptosis (Fig. 9D).
Consistent with the limited amount of chromatin condensation,
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FIGURE 9. HA-induced cell death occurs in the absence of significant chromatin condensation or DNA fragmentation. Cells were PMA stimulated for
16 h with or without 500 ng/ml of HA. Apoptosis was induced with the anti-Fas mAb 7C11 for 16 h and necrotic cells were generated by heating cells
at 56°C for 1 h. A, Confocal microscopy of DAPI-labeled cells. An optical section of 0.19 wm thickness is shown with the scale bar representing 10 wm.
B, Chromatin condensation in diploid cells measured by flow cytometry using a mAb that recognizes ssDNA following heat denaturation in the presence
of formamide. C, Annexin V labeling measured by flow cytometry. D, Cell size measured by flow cytometry. E, DNA fragmentation detected by TUNEL.
The number of cells (#) is indicated on the y-axis in B—E and fluorescent intensity (FL1) on a log scale or size (FSC-H) is indicated on the x-axis in B,
C, E, or D, respectively. The percentage of positive cells is indicated in each panel. One of three representative experiments is shown.

DNA fragmentation measured via the TUNEL assay (Fig. 9E)
was not increased during HA-induced cell death. These data
further show that HA-induced cell death is distinct from Fas-
mediated or classical apoptosis involving caspase activation
and chromatin condensation. Although HA induced certain
characteristics consistent with apoptotic cell death such as de-
creased cell volume and increased PS exposure, HA-induced

cell death appears to be most appropriately classified as necro-
sis-like programmed cell death.

CD44 and HA can mediate AICD in ex vivo T cells

Although AICD occurs upon TCR-mediated stimulation of Jurkat
T cells, it requires secondary TCR stimulation preceded by culture
in IL-2 in ex vivo T cells (48). This has led to the development of
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FIGURE 10. AICD in ex vivo activated murine splenic T cells is en-
hanced by the presence of HA. A, Representative experiment showing the
percentage of live day 6 splenic T cells from wild-type (WT) and CD44
knockout (KO) mice following reactivation with immobilized anti-CD3
mADb 145-2C11 for 24 h (see Materials and Methods for details). Some
samples were incubated with 500 ng/ml HA or with both immobilized
anti-CD3 and anti-CD44 (IM7). The mean of three experiments is shown.
B, Analysis of CD44 expression and FI-HA binding of day 6 activated
splenic T cells either unstimulated (thin line) or restimulated (thick line) for
24 h. The cells alone negative control (shaded) is also shown. C, Analysis
of PS exposure and FI-HA binding in day 6 wild-type splenic T cells. After
restimulation for 24 h with 2.5 pg/ml of immobilized anti-CD3 mAb, cells
were incubated with FI-HA for 30 min at 37°C, labeled with Annexin V-PE
on ice, and then analyzed by flow cytometry. Live cells were divided into
non-, low-, and high-HA binding populations and analyzed for levels of
Annexin V-PE binding. The percent of cells positive for Annexin V within
each population is indicated. Mean fluorescence intensity (MFI) was nor-
malized between experiments by setting the intensity of the non-HA bind-
ing population to 1, and data are shown as the mean * SD of three ex-
periments with significance determined by the Student’s ¢ test (, p <
0.05). D, Graph showing the relative decrease in cell viability in day 6 T
cells incubated in the presence of 1 wg/ml of the Fas blocking mAb MFL3
for 24 h on immobilized anti-CD3 mAb. HA at 500 ng/ml was added to the
cells for 0.5 h, 2 h, or 24 h. To normalize between experiments, the per-
centage of loss of cell viability between cells stimulated in the absence vs
the presence of HA is shown. Data are the mean = SEM of four experi-
ments with pools of two mice per experiment. Significance (*, p < 0.01)
is shown compared with CD44 knockout (KO) cells. E, Graph showing the

an in vitro system for studying AICD where T cells are activated
and then incubated for several days in IL-2 before restimulation.
Using this procedure we determined whether HA was able to
induce cell death in activated splenic T cells purified from
wild-type C57BL/6 or CD44 '~ mice. Equal amounts of death
were observed after restimulation with immobilized anti-CD3 be-
tween wild-type and CD44 null cells, and the addition of HA had
no effect (Fig. 104). However, cell death was greatly enhanced
when wild-type T cells were activated in the presence of immo-
bilized anti-CD44 mAb IM7. Increased death was observed even
with low concentrations of immobilized anti-CD3, yet there was
no effect when the cells were not stimulated. This shows that CD44
can significantly augment AICD. However, this was not observed
with HA, suggesting that the level of HA binding by restimulated
T cells may be insufficient to induce significant cell death. Al-
though the levels of CD44 were increased upon restimulation, the
activated T cells showed a range of HA binding (Fig. 10B). To
determine whether HA augmented AICD in the high HA binding
cells, T cells were stimulated with suboptimal levels of anti-CD3,
then incubated with FI-HA for 30 min at 37°C, and finally labeled
with Annexin V-PE. Analysis of live cells revealed that FI-HA
binding cells were also positive for Annexin V (Fig. 10C). FI-HA
binding cells were not Annexin V positive after primary stimula-
tion of T cells (data not shown). Because we had previously found
in the Jurkat T cells that HA-induced cell death occurred indepen-
dently of Fas-dependent cell death, and given that the high HA
binding population represented only a fraction of the activated T
cells, we set out to determine whether HA-induced cell death could
be observed more readily in the absence of Fas-dependent cell
death. Fas-mediated AICD was blocked with an anti-FasL. mAb
added before stimulation and a comparison of cells stimulated in
the presence vs the absence of HA revealed approximately a 10%
reduction in the percent of viable cells (Fig. 10D). This decrease
was not observed when HA was added to CD44 '~ T cells. Death
occurred within 30 min of adding HA to the T cells, recapitulating
the timeframe observed in Jurkat T cells. Furthermore, CD44- and
HA-dependent cell death was observed when AICD was induced
in splenic T cells from MRL//pr mice, which lack functional Fas
(Fig. 10E). This demonstrates that HA-induced cell death occurs
independently of Fas in a subset of activated T cells.

Discussion

In this study we have shown that HA induces cell death in acti-
vated T cells via CD44. HA-induced cell death was dependent on
the ability of CD44 to bind HA, as a loss-of-function mutation in
CD44 prevented cell death and a gain-of-function mutation in-
creased cell death. Inhibition of HA-induced cell death by soluble
CD44 mAbs and the induction of cell death by CD44 cross-linking
suggest that the ability of HA to cross-link CD44 is an important
factor in its function. This is also supported by the fact that inter-
mediate to low molecular mass HA had a decreased ability to
induce cell death. However, CD44 cross-linking with mAbs has
previously been shown to decrease AICD (30, 31). These conflict-
ing results may be due to the type or state of the cell examined, as
we have shown that the outcome of CD44 ligation can depend on
the activation state of the cell. CD44 cross-linking caused PS ex-
posure in both unstimulated and PMA stimulated Jurkat T cells,
yet significant cell death only occurred in activated cells. This

relative decrease in cell viability in Fas-negative T cells from MRL/Ipr
mice that were cultured and stimulated as in A. The data shown are the
mean = SEM of three experiments with a total of six mice. Significance
(%, p < 0.001) is shown compared with the preceding sample.
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demonstrates that activation is required to make the cells suscep-
tible to CD44-dependent cell death. Similarly, S180A-CD44 ex-
pressing Jurkat T cells bound HA constitutively, yet HA only in-
duced cell death in PMA activated cells, again indicating that cells
must first be activated to become susceptible to HA-induced cell
death. This corresponds well to our observations with activated
splenic T cells, in which neither incubation on immobilized anti-
CD44 mAb nor the presence of HA induced cell death unless the
cells were reactivated via the TCR. Furthermore, there was a cor-
relation between the extent of HA binding and the percentage of
cells showing PS exposure following secondary, but not primary,
stimulation. This indicates that HA-induced cell death only occurs
in T cells primed to undergo AICD.

This requirement of secondary activation for T cells to be sus-
ceptible to HA-dependent AICD is also observed for Fas-depen-
dent AICD (23). Despite this, we found that Fas and HA acted
independently to induce AICD. This was demonstrated most
clearly in transfected Jurkat cells where both anti-Fas and anti-
CD44 mAbs were required to completely block cell death. HA
induced more AICD than Fas in activated CD44 " Jurkat T cells,
whereas the opposite appeared to be true in reactivated splenic T
cells. This may relate to the extent of HA binding in activated T
cells, as CD44-dependent AICD induced with immobilized CD44
mAbs was dramatic in both cell types. CD44 cross-linking can
increase surface expression of FasL in human peripheral blood T
cells (29). However, the independence of these two pathways dur-
ing AICD in mice was demonstrated using MRL/Ipr T cells that
lack functional Fas, but were still susceptible to CD44 and HA-
dependent AICD. This independence is also observed in vivo
where the loss of CD44 increased the severity of lymphoprolifera-
tive and autoimmune disease in Fas deficient (Ipr/lpr) mice (26).

Caspase-independent death has been previously described in an
erythroleukemia cell line following treatment with an anti-CD44
mAD (49). In this case, death was linked to release of apoptosis-
inducing factor and activation of calpain. However, we did not see
mitochondrial depolarization, which is necessary for the release of
apoptosis-inducing factor (reviewed in Ref. 50), and HA-induced
cell death occurred in a much shorter time frame. Caspase-inde-
pendent cell death has also been reported after cross-linking of
CD2 (51), CD45 (52), CD47 (53), and CD99 (54). Although both
CD45 and CD47 cross-linking induced mitochondrial depolariza-
tion, many similarities with CD44 were observed including a rapid
onset of PS exposure, cell shrinkage, loss of membrane integrity,
and no evidence of DNA fragmentation or significant chromatin
condensation (53, 55). These characteristics are indicative of ne-
crosis-like programmed cell death (46) where the pathways lead-
ing to rapid PS exposure and cell death still remain to be
delineated.

The difference between the percentage of cell death observed in
T cells upon CD44 cross-linking vs the addition of HA suggests
that HA-induced death may be limited to cells that exhibit high
levels of HA binding. In vitro, using purified HA, this appears to
be ~10% of activated T cells; although this only became evident
after blockage of Fas-mediated AICD. However, this percentage
may be greater in vivo as HA binding proteins present in the ex-
tracellular matrix have been shown to enhance HA binding to
CD44 (56, 57). Indeed, an in vivo role for CD44 in AICD has been
suggested to explain the increased severity of Con A induced hep-
atitis (25) and the delayed-type hypersensitivity response (24) in
CD44™'" mice.

CD44 mAbs that bind to the HA binding site of CD44 were
efficient at inducing cell death in activated T cells, whereas
Hermes-3, a mAb that binds to CD44 at another site, did not. This
infers that a specific interaction with the HA binding site of CD44
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is required to induce cell death. HA binding may facilitate a con-
formational change in CD44 or its repeating structure may facili-
tate clustering, which then transmits a signal to the cell. The re-
sponse to HA may relate to the avidity of the interaction with
CD44, as there was a correlation between the level of HA binding
and cell death. A reduced ability of low molecular mass HA to
engage multiple CD44 molecules or facilitate clustering may help
explain its inability to enhance AICD in the transfected Jurkat
cells. It is tempting to speculate that low molecular mass or frag-
mented HA in inflamed tissue could reduce CD44-dependent
AICD, thereby maintaining T cell activation and promoting the
inflammatory response, whereas newly synthesized high molecular
mass HA, produced to facilitate tissue repair, could increase AICD
and thus promote contraction of the immune response and resto-
ration of immune homeostasis. However, it is currently unclear
what effect the presence of cells undergoing necrotic-like pro-
grammed cell death would have on the inflammatory response.
One possibility is that loss of membrane integrity occurs before
phagocytosis and the release of cytoplasmic contents would result
in immune cell activation similar to what is observed in the pres-
ence necrotic cells. Alternatively, as PS exposure is sufficient to
target cells for recognition, phagocytosis, and subsequent degra-
dation by macrophages (reviewed in Ref. 58); high HA binding by
activated T cells may trigger PS exposure and flag these cells for
rapid removal. High HA binding may be a characteristic of highly
active T cells, as increased CD44 expression is a marker for acti-
vated T cells and HA binding identifies highly active T regulatory
cells (59). Levels of CD44 expression and HA binding by T cells
could therefore be important for the initiation of inflammation due
to their role in extravasation, and be important for the resolution of
inflammation due to their ability to mediate AICD in T cells.
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