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Summary

The endothelial cell adhesion molecule, CD146, is expressed on =2% of
normal circulating T cells, correlating with T cell activation, endothelial
interactions and T helper type 17 (Th17) effector functions. In this study, we
have characterized CD146 expression in circulating T cells from healthy con-
trols and patients with stable, well-controlled autoimmune connective tissue
diseases (CTDs). In vitro, anti-CD3/anti-CD28 stimulation induced CD146
expression in both CD4 and CD8 T cells. In healthy controls and CTD
patients, CD146 was associated with expression of recent and chronic activa-
tion markers (CD25%, OX-40*, CD69*, CD27") and was confined to
CD45RO*/RA7/CD28"* populations within the CD4 subset. Except for CD69,
these markers were not associated with CD146 in the CD8 subset. Surpris-
ingly, most CTD patients exhibited no T cell hyperactivation ex vivo. In five
of five patients with secondary Sjogren’s syndrome circulating T cells
appeared activated despite therapy, and CD146 up-regulation, associated
with activation markers, was observed both on CD4 and CD8 T cells. There
was no association between CD146 and putative pro-atherogenic T cell
subsets. In conclusion, the relationship of CD146 expression to T cell activa-
tion differs between T cell subsets in healthy subjects and correlates with sys-
temic hyperactivity, where present, in patients with CTDs, as exemplified by
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CD146/melanoma cell adhesion molecule (MelCAM) is an
immunoglobulin superfamily glycoprotein expressed at
endothelial tight junctions on vascular smooth muscle cells
and trophoblast cells, and variably on malignant melanoma
cells [1,2]. Human T cells induce CD146 expression after
mitogen stimulation [3]. In vivo, CD146" T cells are
enriched in delayed-type hypersensitivity lesions [3]; cer-
ebrospinal fluid in multiple sclerosis [4]; and synovial effu-
sions, tissue and blood in inflammatory arthritis [3,5] (C.
Wu, R. Busch, J.S.H. Gaston, unpublished). CD146 is
present on 1-2% of circulating T, B and natural killer (NK)
cells of healthy humans [6,7], whereas murine CD146 is
expressed on neutrophils and NK cells [8]. In these studies,
CD146 on CD4" cells was associated with activation and
memory markers, increased adhesion to cytokine-activated
endothelia and T helper type 17 (Th17) (and Th1) effector

rolling interactions with endothelia [9].

In this study, we examined CD146 expression on circulat-
ing T cells from patients with autoimmune connective
tissue diseases (CTDs), which were reported previously to
exhibit phenotypic activation, effector cytokine production
and derangement of memory/effector subsets ex vivo
(reviewed in [10,11]). Patients with CTDs, particularly
lupus, are at increased risk for atherosclerosis. This is not
explained fully by conventional risk factors or side effects of
therapy, due probably to exacerbation of the inflammatory
component of atherosclerosis by autoimmunity [12-14].
Different CTDs exhibit different patterns of vascular
involvement [15-17]. The immune component of athero-
sclerosis involves infiltration of atherosclerotic plaques by
CD4'CD28 (late effector/senescent) T cells, expressing
CCR5 and Thl cytokines [18]. Therefore, we also tested
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whether CD146 expression correlates with pro-atherogenic
T cell phenotypes.

Materials and methods

Human subjects

Patients with systemic lupus erythematosus (SLE), systemic
sclerosis (SSc) or primary or secondary Sjogren’s syndrome
(pSS or sSS) were recruited through the CTD Clinic and the
Vasculitis Clinic at Addenbrooke’s Hospital, Cambridge,
UK. Healthy donors (HDs) were recruited through the
Department of Clinical Pharmacology. SLE patients fulfilled
at least four ACR criteria, as revised in 1982 [19] and 1997
[20]. SSc patients met a recently revised set of criteria [21],
and pSS patients followed the criteria of the European
Union/United States consensus [22]. Patients with sSS met
criteria for Sjégren’s syndrome plus another CTD (SLE or
SSc). The clinical characteristics of all patients are summa-
rized in the online Supporting information, Table S1.
Healthy individuals were screened to exclude those with
autoimmune/inflammatory disease, and their history of
cardiovascular disease was obtained. Pregnant women and
smokers were excluded. Ethical approval was obtained
(Norfolk REC 07/H0310/178), and all volunteers gave
informed consent.

Flow cytometry

Peripheral blood was collected in 9-ml heparinized tubes
and subjected to Ficoll density gradient centrifugation.
Peripheral blood mononuclear cells (PBMCs) were isolated
from the gradient interface and cryopreserved in 10%
dimethylsulphoxide (DMSO)/90% heat-inactivated fetal
bovine serum (FBS). Thawed PBMCs were washed and sus-
pended in fluorescence activated cell sorter (FACS) buffer
[phosphate-buffered saline (PBS)/1% bovine serum
albumin/0-05% sodium azide] at 4 x 10° cells/ml. Aliquots
(50 pl) were incubated in a 96 U-well plate with cocktails of
fluorochrome-conjugated monoclonal antibodies (mAbs)
in the dark for 45 min at 4°C, washed, suspended in FACS
buffer and transferred into 12 X 75 mm tubes (Falcon, BD
Ltd, Pontypridd, UK). The following antibodies (and corre-
sponding isotype controls) were used, after titration (all
from BD Biosciences, San Jose, CA, USA): CD25, CD69,
CD70, human leucocyte antigen D-related (HLA-DQ),
HLA-DR, OX40, CD40L, CD45R0O, CD27, CD28 or CD31
[fluorescein isothiocyanate (FITC)]; CD45RA, CD54, or
CXCR3 [antigen-presenting cells (APC)]. CD4-peridinin
chlorophyll protein (PerCP) and CD146-phycoerythrin
(PE) were included in all analyses. Some cocktails contained
CD3-Alexa488 along with an APC-conjugated subset
marker; others contained CD3-APC along with a FITC-
conjugated subset marker. Intracellular staining with
forkhead box protein 3 (FoxP3)-APC (eBioscience, San

Diego, CA, USA) was performed as per the manufacturer’s
instructions, following surface staining for CD3, CD4 and
CD146, using 5 X 10° cells per well. Some marker combina-
tions were studied in only a subset of patients.

Analysis was performed using a FACSCantoll flow
cytometer running FACSDiva software (BD Biosciences). In
order to estimate low expression frequencies, 50 000—
100 000 events were recorded per sample. Singlet lympho-
cytes were gated based on forward-scatter peak height
versus peak area. Dead cells with reduced forward-scatter
were excluded (as much as possible without use of viability
dyes), but lymphocytes with larger forward-scatter, includ-
ing activated cells undergoing blast transformation, were
included. CD8 T cells were identified as CD3*CD4" cells;
this approach yielded similar frequencies of CD146" cells as
positive staining for CD3 and CD8 (Supporting informa-
tion, Fig. S1). Moreover, cryopreservation did not alter sub-
stantially the frequency of T cells expressing CD146
(Supporting information, Fig. S2).

In-vitro activation

Fresh PBMC from healthy donors were cultured in com-
plete RPMI-1640 [GiBco, Carlsbad, CA, USA; with 5%
human AB+ serum, 10 mM HEPES, non-essential amino
acids, sodium pyruvate, 2 mM L-glutamine (Sigma, St
Louis, MO, USA), 100 units/ml penicillin and 100 pg/ml
streptomycin (Invitrogen, Carlsbad, CA, USA)] at 0-5 x 10°
cells per 100 ul medium per well. T cells were stimulated
with plate-bound anti-CD3 (HIT3a, coated onto microwells
at 0-01, 0-1 or 1 pug/ml in PBS overnight) and soluble anti-
CD28 (BD Biosciences; 0-1 pg/ml). PBMCs were cultured in
a humidified incubator at 37°C with 5% CO, for up to 4
days and analysed by flow cytometry.

Statistics

Percentages of CD4" and CD4™ T cells expressing CD146
and/or other markers were determined. Statistical analysis
was performed using GraphPad Prism (version 4.02). Dif-
ferences in subset frequencies between patient populations
were compared by analysis of variance (ANOvVA) on ranks
(Kruskal-Wallis test) with Dunn’s multiple comparison.
The Wilcoxon signed-rank test was used to compare the fre-
quencies of two T cell subpopulations within each donor.
P-values of less than 0-05 were reported as significant.

Results

Clinical and demographic characteristics of
study populations

Peripheral blood was obtained from healthy, non-smoking
donors (HD; n=24), who were predominantly female
(F: M =15:9; none of the phenotypes investigated showed
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Fig. 1. Gating strategy for analysis of CD146 expression on T cells. Peripheral blood mononuclear cells (PBMCs) were gated sequentially to exclude
doublets and include lymphocytes. T cells were then gated as CD3" T cells, and usually (except in Fig. 3) divided further into CD4" and CD4™ T cell
subsets (the latter representing mainly CD8" T cells). Both subsets were then analysed for expression of CD146 and an additional marker (CD25 is
shown here). The cut-off for positive staining was established using isotype controls (bottom right).

significant sex bias). Their median age was 61-5 years
[interquartile range (IQR)=34-68; range, 21-77]. Five
HDs had a cardiovascular history (myocardial infarction,
n = 2; hypertension, n = 2; angina, n = 1).

Patients with SLE (n=14), SSc (n=5), pSS (n=7) and
sSS (n=5) were recruited. These patients were, with few
exceptions (one SLE and one SSc), female; median ages
ranged from 48 to 63 years in different groups. Clinically,
patients had mild to moderate disease activity and were
stable on current therapy (Supporting information,
Table S1).

Activation-induced CD146 expression on CD4 and
CD8 T cells in vitro

CD4 and CD8 (CD4") T cells were gated in HD PBMC after
exclusion of doublets and gating on intact lymphocytes by
light scatter. The strategy is shown in Fig. 1 for a representa-
tive sample, analysed ex vivo. Baseline CD146 expression
was detected on small percentages of CD4" and CD4" lym-
phocytes, but clearly above isotype controls. The cells were

stimulated in vitro with anti-CD3 and anti-CD28 antibod-
ies, and subsequent up-regulation of CD146 and activation
markers on T cells was measured. Activation was confirmed
by up-regulation of CD69 (Fig.2a) and CD25 (Fig. 2b).
CD146 was induced on activated CD4 and CD8 T cells,
starting at 24 h and persisting until at least 96 h, similar to
CD25. From day 2 onwards, CD146 expression continued to
increase, even as activated cells began to lose CD69. T cells
underwent blast transformation (not shown), although cell
division was not tracked. Thus, both CD4 and CD8 T cells
were capable of up-regulating CD146 expression in
response to stimulation via CD3 and CD28 in vitro.

CD146 expression on CD4* and CD8* T cells from HDs
ex vivo

Representative ex-vivo analyses of CD4 versus CD146 stain-
ing, gated on CD3" lymphocytes from HDs, are shown in
Fig. 3a. The frequencies of CD146" cells ranged from 0-3 to
3:6% of CD4* T cells (Fig. 3b, left; median: 1-70%, IQR:
1-00-2-60%), as reported previously [7]. Within the CD8
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Fig. 2. CD146 is an activation antigen on CD4 and CD8 T cells in vitro. Peripheral blood mononuclear cells (PBMCs) from a healthy donor were
stimulated using plate-bound anti-CD3 (1 pg/ml) and soluble anti-CD28 (0-1 pg/ml) antibodies. After various times, as shown, expression of CD146
and CD69 (a) or CD25 (b) was quantified on CD4 and CD8 T cells (gated as in Fig. 1). Percentages of single- and double-positive cells are shown.
Data are representative of five donors. For baseline expression of CD69 and CD146 in healthy donors (HDs), see Figs 3 and 6.

(CD4°CD3"*) subset, CD146" T cells were less frequent
(Fig. 3b; P<0:0001 for HD, paired analysis by Wilcoxon
test). Isotype control staining did not differ between the T
cell subsets (not shown). As described further below, most
CTD patients had normal frequencies of CD146" T cells,
but a minority showed increased frequencies.

Association of CD146 with T cell activation markers in
HDs ex vivo

First, we examined whether or not HD T cells expressing
CD146 were enriched or depleted of activation markers. Ex

vivo, a minority of total CD4" T cells in HDs expressed
CD25 (Fig. 4a, left). The small subset of CD146% cells
appeared to be shifted towards raised CD25 fluorescence
intensity compared to the double-negative population, even
though most of these cells did not exceed the threshold for
positivity. This suggested that most CD146* T cells express
low levels of CD25. If the two markers were expressed inde-
pendently of each other, the frequency of CD25" cells in the
CD146" subset should be the same as in bulk CD4 T cells.
However, CD25" cells comprised a greater proportion of
CD146" cells than of total CD4 cells, indicating a mutual
association, which was highly reproducible between donors
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Fig. 3. Increased expression of CD146 on circulating T cells in patients with secondary Sjogren’s syndrome (sSS) compared to healthy donors (HDs)
and other connective tissue diseases (CTD) patients. (a) Representative dot plots of CD146 versus CD4 expression on peripheral blood mononuclear
cells (PBMCs) from healthy donors (HD) and patients with systemic lupus erythematosus (SLE), systemic sclerosis (SSc) or sSS after gating for
CD3* T cells. Percentages of single- and double-positive cells are shown. (b) Expression frequency of CD146 within the CD4 and CD8 (CD4") T cell
subsets, calculated from quadrant statistics similar to those shown in (a). Each symbol represents one individual; horizontal bars represent group
medians. The increased CD146" CD4" T cell frequency in sSS was statistically significant (P-values by Kruskal-Wallis analysis of variance (ANova)
on ranks with Dunn’s post-test for multiple comparisons). In addition, frequencies of CD146" cells within the CD4 and CD8 subset from each
donor were compared by Wilcoxon’s signed-rank test (P = 0-0002 for HD, 0-0007 for SLE, 0-016 for pSS; the trend was similar in magnitude for sSS

and SSc, but did not reach significance).

(Fig. 4b, left; numerical P-values indicate a significant asso-
ciation, as assessed by a paired, non-parametric analysis).
None the less, many CD25" cells expressed no detectable
CD146. These findings were similar to previous findings in
individual donors [7].

CD25 is expressed on activated effector T cells and, at
higher levels, on CD4* regulatory T cells (T.e) [23]. Indeed,
a small minority of the CD146"CD4"* T cells was CD25"¢"
(Fig. 4a, left) and expressed the T., transcription factor,
FoxP3 (Supporting information, Fig.S3). On most
CD146'CD4* T cells, however, CD25 expression was low
(Fig. 4a, left). Other T cell activation antigens [OX40
(Fig. 5) and CD69 (Fig. 6), but not major histocompatibil-

© 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 73-88

ity complex (MHC) class II (Supporting information,
Fig. S4) or CD70 (Supporting information, Fig. S5)] were
also over-represented systematically within the CDI146"
population of the CD4" T cell subset in HDs (a,b, left).
(Only a subset of HDs was analysed for all activation
markers; the trend for OX40 was consistent but did not
reach statistical significance.)

Of these activation markers, only CD69 was over-
represented consistently in HD CD146" CD8 cells
(Figs 4-6, Supporting information, Figs S5 and S6, A and
C, left panels). Thus, CD146 was associated with recent T
cell activation, although none of the markers exhibited
perfect overlap and the association was less marked in

77



A. V. Hadjinicolaou et al.

(@) HD SLE ssc sSS
10° 10° 06
10° 10* :
cDa* |10° i 10°
0 : 0 0
gL 28]l 8 08 N i i <
T 0 10° 10* 10%|| T 1030103 1o4 10° ® _10%010° 10* 10%|| ¥ 0 10 10* 10°
1,7 -3,425 -4,164 —2,522
0-1 o-11| | 10° F19:3 0-1]]]10°
104
10°
s Lo A2l S BT 08 8 ) S 2D
010% 10* 10°|| T —10%010® 10* 10°|| ¥ —10%010® 10* 105|| 7 0 10° 10° 10°
-3,566 -3, 2,522
CD146-PE
(b)
P = 0-0001 P = 0-0005
80
70
6ol . (HD)
T_c(‘) *%
D 50 - A *k
O 40} (HD)
X 30t
20 b u
10 b u
0 -
tl 146+ l 146+ 146+ 146+ 1l 146+
HD SLE SSc pSS sSS
()
80 r
70 t
60 |
g ooy **(HD)
8 40 + *(SLE)
ES 5253 * (HD) ** (HD)
P 4%< é; : . é
0 .
146+ 1 146+ 1l 146+ tI 146+ 146+
HD SLE SSc pSS sSS

Fig. 4. Co-expression of CD146 with CD25 ex vivo. Co-expression of CD146 with CD25 was analysed in peripheral blood mononuclear cells
(PBMCs) from healthy donors (HDs) and connective tissue diseases (CTD) patients. (a) Representative flow cytometry dot-plots of CD146 versus
CD25, gated on CD4" (top row) or CD8 (bottom row) T cells as shown in Fig. 1. Percentages of single- or double-positive cells are shown. (b) In
each patient group, expression of CD25 was compared between total CD4 T cells (squares) and CD146" CD4 T cells (triangles) in individual donors
(connected by lines). (c) The same analysis is shown for CD8 T cells. In (b) and (c), the numerical P-values indicate significant (P < 0-05)
enrichment for activation marker expression within the CD146" subset, compared to bulk T cells from the same donor (paired analysis by
Wilcoxon’s signed-rank test). In contrast, the asterisks indicate significantly increased (*P < 0-05; **P < 0-01, by Kruskal-Wallis analysis of variance
(aNova) on ranks with Dunn’s post-test) frequencies compared to the same population in HDs or disease controls (as indicated in parentheses).
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Fig. 5. Co-expression of CD146 with OX-40 ex vivo. Analysis as in Fig. 4.

CD8 cells. In CTD patients, deviations from these normal
patterns were uncommon, as described further below.

Correlation of memory and adhesion/homing markers
with CD146 expression in HDs

CD45RO is expressed following priming of naive T cells
and persists in central and effector memory T cells; chroni-

cally stimulated cells may re-express the CD45RA isoform
[24,25]. As reported previously in individual donors [7],
CD146 expression on HD CD4 T cells was confined to
CD45RO" cells (Fig. 7a,b, left panels). However, within
the CD8 subset, both CD45RO* and RO™ cells expressed
CD146 (Fig.7¢c, left). RO" cells were enriched among
CD146* CD8 cells, but this trend was far less pronounced
than in CD4 cells. CD45RA was analysed in some HDs and
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Fig. 6. Co-expression of CD146 with CD69 ex vivo. Analysis as in Fig. 4.

patients with SLE, showing reciprocal patterns to those
observed with the RO isoform (Supporting information,
Fig. S6).

CD27 and CD28 are down-regulated sequentially upon
chronic stimulation of T cells [26-28]. CD4" T cells lacking
CD28 have been implicated in atherogenesis [29]; CD28-
negative CD8 cell expansion is associated with persistent

herpesvirus infections. Both CD27* and CD27CD4 and
CD8 T cells expressed CD146 (Fig. 8). Within the CD4, but
not the CD8 subset, CD146" cells were enriched for cells
that had lost CD27. In most HDs, CD4"CD28™ T cells were a
small minority; virtually all CD146" cells retained CD28
expression (Fig. 9). CD28 loss was more extensive in the
CD8 subset and CD28 CD146" CD8 cells were detectable
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Fig. 7. Co-expression of CD146 with CD45RO ex vivo. Analysis as in Fig. 4.

(Fig. 9¢), yet CD146 expression on CD8 cells was associated
statistically with retention of CD28. In conclusion, CD146
is expressed by both early (CD27%) and late (CD27°)
memory/effector CD4 T cells, but not by proatherogenic,
‘senescent’ CD28°CD4" cells. In contrast, in CD8 cells,
CD146 expression may be retained following loss of CD28
in late effector cells.

Considering the role of CDI146 in lymphocyte/
endothelial interactions [9], CD146 expression might corre-
late with adhesion and homing markers. Expression of the
proinflammatory chemokine receptor, CCRS5, varied
between HDs. Within the CD4, but not the CD8 subset,
CCR5" cells were over-represented on CD146" T cells
(Fig. 10). The expression of CXCR3, another chemokine
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Fig. 8. Co-expression of CD146 with CD27 ex vivo. Analysis as in Fig. 4.

receptor, also varied between donors, independently of
CD146 expression (Supporting information, Fig. S7). HD
CD4 and CD8 T cells expressed CD31/platelet endothelial
cell adhesion molecule (PECAM) (Supporting information,
Fig. S8) and CD54/ intercellular adhesion molecule 1
(ICAM-1) (Supporting information, Fig. S9) at varying fre-
quencies. CD146" HD CD4 T cells, but not CD8 cells, were

depleted slightly but systematically of CD31* cells, and very
slightly enriched for CD54" cells.

Throughout this study, dead cells were only excluded by
scatter; non-specific binding of isotype control antibody to
0-1-0-2% of cells was seen in some experiments (Fig. 1).
However, CD4 and CD8 cells differed in their co-expression
patterns; some markers were enriched whereas others were

82 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 73-88



HD

CD146 on T cells in CTD

SLE sSS

93.7

94.2

4.1

cD4* .
£ Q31| Q4-1 3
0E 0 . 0 F
i R A © b L 20 of ] 00
- 010 10* 10° 9P 0 10 10* 10° N 0 10° 10* 10°
I 2,705 -1,288 -1,805
10%f 562 0-9 10°} 504 1.1 10°
104k : 10* 10* [
cba- 92, ,
(cps) [10° ‘ 108 10
Q4
0 : 0
© e 0-1 0 0-1 © 01
e L9 0 O © .
L 010% 10* 10° 0 0 10% 10* 10° N 0 10° 10* 10°
] 5 -1,288 -1,805
[m)
O CD146-PE
(b)
0 =t —
90}
[o0)
a
o sof -\
*
70 |
60
tl 146+ 146+ 146+ I 146+
HD SLE pSS sSS
(© P < 0-0001 P = 0-0059
100 . A
90|
. 80}
8 70 L =
O 60} "
& 50+ *
40l (HD, SLE)
30
tl 146+ 146+ 146+ 146+
HD SLE pSS sSS

Fig. 9. Co-expression of CD146 with CD28 ex vivo. Analysis as in Fig. 4.

depleted, and the associations between CD146 and other
markers in CD4" T cells were consistent between donors
and, where previously studied, consistent with earlier work.
Taken together, the results are not explained by non-specific
staining.

Ex-vivo analysis of CTD patients

Surprisingly few CTD patients showed evidence of CD146
up-regulation ex vivo (Fig.3). The median frequency of

© 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 73-88

CD146'CD4" T cells remained normal in patients with SLE
(1-60%), SSc (2:0%) and pSS (1-80%; one patient was just
above the normal range). In contrast to previously
described patients with SLE and pSS [30-32], including
patients from our CTD clinic (C. Bryson and E.C. Hall,
unpublished data), these patients showed no T cell activa-
tion or derangement of memory subsets or adhesion
markers (Figs 4-10 and Supporting information, Figs S4—
S9, middle panels). In these patients, systemic T cell
dysregulation appeared to be minor or well controlled by
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Fig. 10. Co-expression of CD146 with CCR5 ex vivo. Analysis as in Fig. 4.

therapy. This contrasts with other studies of blood T cell
activation in patients with SLE or pSS, with implications for
the interpretation of our results (see Discussion).

In contrast, the five sSS patients in our study had signifi-
cantly increased CD146 expression on CD4 cells (median:
4-0%) and, to a lesser extent, on CD8 cells (Fig. 3). These
patients harboured elevated frequencies of CD4 and CD8
cells expressing the activation markers CD25 and OX-40
(Figs 4 and 5; asterisks symbolize significant differences

from HDs or other CTD groups by non-parametric
ANOVA). Moreover, the correlation of CD146 with activa-
tion markers was more extensive in the sSS patients. In all
five patients, each of the activation markers tested (CD25,
HLA-DQ, OX-40, CD69 and CD70) was over-represented
in the CD146" subpopulation of CD4 cells (Figs 4-6, Sup-
porting information, Figs S4 and S5). Also, the frequencies
of CD25* and OX40" in the CD146" subsets of both CD4
and CD8 cells were increased significantly above healthy

84 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 174: 73-88



donors and SLE disease controls (asterisks). Independently
of CD146, the sSS patients exhibited increased CD31
expression on CD4 and CD8 cells; some showed loss of
CD28 from CD4 cells (Supporting information, Fig. S8).
Other memory, adhesion and homing markers were similar
to those in HDs. Thus, circulating T cells in the few CTD
patients who exhibited phenotypic T cell activation had
increased CD146 expression, associated with a broadened
range of activation markers.

Discussion

We examined CD146 expression on circulating CD4 and
CD8 T cells of HDs and patients with CTDs, and character-
ized the relationship of CD146 with surface markers associ-
ated with activation, memory, adhesion and homing. As
expected, CD146 expression correlated with some activa-
tion and memory markers, but unexpected differences
between CD4 and CD8 T cells were observed. CD146 on T
cells was increased in a small number of patients with sSS,
all of whom exhibited systemic T cell activation, but not in
patients with other CTDs, who did not.

Previous work has shown CDI146 induction by
phytohaemagglutinin-activated T cells [3,7]. We found that
stimulation of HD T cells with anti-CD3/anti-CD28, a
more physiological stimulus, up-regulated CD146 expres-
sion with slower kinetics and longer persistence than CD69,
but similar to CD25. Both activated CD4 and CD8 T cells
expressed CD146. Ex vivo, however, the relationship of
CD146 expression to T cell activation was more complex.
CD146-expressing CD4 T cells contained a greater propor-
tion of activated-phenotype cells than bulk CD4 T cells
(OX40%, CD69" and low-level CD25 expression). Within the
CD4 subset, the CD146" population comprised almost
exclusively CD45RO*/RA/CD28" non-senescent memory
cells, and was enriched in CD27" cells, suggesting repeated
activation. Nevertheless, the correlation with activation was
not absolute: most activated cells lacked CD146, and no
single marker correlated perfectly with CD146 expression.
Thus, CD4 T cell activation in vivo does not induce CD146
expression as uniformly as it does in vitro. This could partly
reflect differences in the timing of expression of activation
markers post-stimulation but suggests that physiological
stimuli induce CD146 expression more selectively than is
recapitulated in vitro. A few CD146'CD4 T cells are FoxP3*
CD25"¢h, consistent with a T, phenotype, but FoxP3 can be
expressed by human activated effector T cells and additional
markers would be required to address this definitively [33].
Previous work has reported similar findings, albeit with
fewer markers analysed in individual donors [7].

Unexpectedly, the association of CD146 with activation
and memory ex vivo was less marked in CD8 T cells. In HD
CD8 cells, CD146-expressing cells were less frequent than in
CD#4 cells; of the activation markers studied, only CD69 was
enriched significantly in CD146" CD8 cells. Moreover,

CD146 on T cells in CTD

CD146 expression was found both on CD8 cells expressing
and lacking CD45RO, CD45RA, CD27 and CD28. Late
(CD45RACD28") effector CD8 cells express CD146. Col-
lectively, these findings suggest two modes of CD146
expression: one that is related closely to recent or chronic
memory T cell activation and predominates in healthy
donor CD4 T cells, and another, which appears to be more
stochastic and predominates in the CD8 subset.

Consistent with previous reports [11], circulating T cells
in patients with sSS were phenotypically activated
(increased CD25, OX40, and perhaps CD69), both in the
CD4 and the CD8 subset. The increased frequency of
CD146-expressing CD4 and CDS8 cells in these patients, as
well as the correlation with several activation markers, is
consistent with this. Combinatorial analysis of activation
markers including CD146 may improve the assessment of T
cell activation in CTDs. Importantly, CTD patients in
general maintain normal or slightly reduced lymphocyte
counts in blood [10,11]; PBMC yields (by haemocytometer
counting) were not markedly abnormal in our CTD
patients.

Unexpectedly, activation markers were not increased in T
cells from our SLE and most pSS patients. This contrasted
with previous studies, in which increased frequencies of
recently and chronically activated and senescent T cells were
found in patients with SLE [10] or pSS [34-37], including
patients studied by us (C. Bryson, EC. Hall, unpublished
observations). Most of the patients examined in the present
study lacked critical organ involvement and had mild or
moderate disease activity. Their disease was well controlled
by drug therapy, ranging from hydroxychloroquine alone
to various combinations of anti-proliferative agents,
corticosteroids and biologicals (Supporting information,
Table S1). This might account for their non-activated
peripheral T cell phenotypes and low CD146 expression.
This is not a sensitivity issue, as we detected T cell activation
and CD146 up-regulation in sSS, and more recently in a
separate study of patients with inflammatory arthritis, using
the same reagents and protocols (C. Wu, R. Busch, J.S.H.
Gaston, unpublished data). As a result of the unexpected
non-activated phenotypes in these patients, this study
cannot address whether CD146 up-regulation is a disease-
specific feature of sSS or a consequence of systemic hyper-
activity, which happened to be detectable only in sSS
patients in our study. The latter explanation is, however,
both more conservative and plausible. A much larger multi-
variate analysis of CTD patients with diverse diagnoses,
varying in T cell activation, would be required to address
this fully and to account for confounding variables.

Our unpublished work (C. Wu et al.) also confirms previ-
ous findings (cf. Introduction) that CD146" CD4 cells are
strongly enriched for Th17 cells [CCR6*, CD161* mitogen-
stimulated interleukin (IL)-17 and IL-22 secretion]. Even
though the present study was not designed to explore
cytokine secretion patterns, our findings might suggest that
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Th17 activity in these CTD patients was well controlled by
standard therapy.

The increased T cell activation and CD146 expression in
our sSS patients was not explained by unique features with
regard to disease activity, serology or severity of immuno-
suppression, compared to the other patient groups (Sup-
porting information, Table S1). T cell hyperactivity may be
inherently greater in sSS, or more difficult to control with
drugs, relating possibly to more extensive organ involve-
ment than would be present in pSS, for example. However,
other clinical variables, rather than their diagnosis of sSS,
might have been critical. In any case, combinatorial analysis
of T cell activation markers and CD146 could aid differen-
tiation between patient subgroups on a clinical spectrum of
CTD. Future studies will show whether this might identify
subpopulations of CTD patients who would benefit
from more aggressive therapy, or from targeting Th17 cells
specifically.

Effector lymphocyte subsets are recruited to inflamma-
tory sites by several mechanisms. T cell recruitment by
CCL21 and its receptor, CCR7, promotes ectopic
lymphoneogenesis at inflammatory lesions in subsets of
patients with Sjogren’s syndrome and SLE [38—-40]. Another
pathway recruits effector T cells via other, proinflammatory
chemokines and their receptors, including CCR5 [41]. The
correlation between CD146 and CCR5 on T cells suggests
that CD146 participates in the latter pathway, and this may
be exaggerated in our sSS patients. This is consistent with
increased CD146 expression by tissue-infiltrating T cells
(see Introduction).

One study reported that the frequency of circulating
CD146* apoptotic cells was elevated in SLE, correlating with
endothelial dysfunction, a known risk factor for atherogen-
esis and cardiovascular morbidity [42]. Endothelial cells
were enumerated by staining for CD146, but lymphocytes
were not excluded. However, circulating endothelial cells
(defined by CD146 and other endothelial antigens and
absence of leukocyte markers [43]) are vastly outnumbered
by CD146* lymphocytes, which might have confounded
these results [7] (Supporting information, Fig. S10). The
possibility remained that CD146 might identify a pro-
atherogenic T cell subset. However, we observed no increase
in the frequency of CD146" T cells in SLE, even though ath-
erosclerosis is accelerated in this disease [12,44,45]; nor did
we find unusual patterns of CD146 expression on T cells in
HDs with a history of CVD. T cells in atherosclerotic plaque
are CD4'CD28, and an increased frequency of such cells in
blood correlates with atherosclerosis [18,46], yet we found
no correlation of CD28 down-regulation with CD146
expression. T cells in atherosclerotic plaque express CCR5
[47-50], and this marker was associated weakly with CD146
expression; however, CCR5 also directs homing to other
inflamed tissues and to the gastrointestinal tract. Collec-
tively, our work provides no support for CD146 as a marker
of atherogenesis.

In summary, our studies confirm the status of CD146 as
an activation-related antigen on T cells. Ex vivo, CD146
expression was correlated with circulating, non-senescent
(CD28"CD45RO") early and late (CD27" or CD27)
memory CD4 T cells. CD146 expression in CD4 cells was
associated with recent activation, albeit less closely than in
vitro, and was found with increased frequency in patients
with sSS, who exhibited phenotypic T cell hyperactivity
despite immunomodulatory therapy. On CD8 T cells,
CD146 expression extended to CD28" late effector cells, but
the association with activation was limited, except in
patients with CD8 cell hyperactivity. CD146 expression was
associated weakly with CCR5, but not with other adhesion
or homing markers. Moreover, our studies show heteroge-
neity with regard to residual systemic T cell hyperactivity
(including CD146 expression) among conventionally
treated patients with CTDs. This might be more prominent,
or less well controlled, by drug therapy in particular
patients, who might therefore benefit from additional T
cell-targeted therapy.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s website:

Fig. S1. Similar patterns of CD146 co-expression with other
markers after distinguishing CD3* T cell subsets by either
CD4 or CD8 staining. Peripheral blood mononuclear cells
(PBMCs) from a systemic lupus erythematosus (SLE)
patient were stained for CD146 and a panel other markers
(‘Antigen X). (a) CD4 T cells were gated either as
CD3'CD4" or CD3*'CD8 lymphocytes. Frequencies of
CD146" CD4 cells with or without Antigen X were then
enumerated. (b) The same analysis performed for CD8 T
cells, which were gated either as CD3*CD4~ or CD3*CD8*
lymphocytes. In both subsets, closely similar expression pat-
terns were obtained with either gating procedure.

Fig. S2. No effect of cryopreservation on patterns of CD146
versus CD45RO expression on T cells. Analysis of three sys-
temic lupus erythematosus (SLE) patients. (a) Representa-
tive dot-plots from one patient, gated on CD4" or CD4™ T
cells. (b) Percentages of indicated subpopulations in three
patients. The CD4'/CD4  ratio was also unaffected by
cryopreservation.

Fig. §3. Surface CD146 versus intracellular forkhead box
protein 3 (FoxP3) expression in gated CD4' and CD8
peripheral blood T cells from a representative HD (of five
analysed).

Fig. S4. CD146 versus human leucocyte antigen D-related
(HLA-DQ) [major histocompatibility complex (MHC) class
II] expression in peripheral blood CD4* and CD4™ (CD8) T
cells from healthy donors (HDs) and connective tissue
disease (CTD) patients, analysed as in Fig. 4 of the main
paper.

Fig. S5. CD146 versus CD70 expression, analysed as in
Fig. 4 of the main paper.

Fig. S6. CD146 versus CD45RA expression in T cells from
healthy donors (HDs) and systemic lupus erythematosus
(SLE) patients, analysed as in Fig.4 of the main paper.
#Indicates a single donor in whom carryover of CD3-
antigen-presenting cells (APC) from an adjacent well
caused 100% of T cells to be aberrantly positive for CD146.
Fig. S7. CXCR3 expression in total versus CD146" CD4 and
CD8 T cells from healthy donors (HDs) and systemic lupus
erythematosus (SLE) patients; paired analysis as in Fig. 4b,c
of the main paper (P > 0-05, not significant).

Fig. S8. CD146 versus CD31 expression, analysed as in
Fig. 4 of the main paper.

Fig. $9. CD146 versus CD54/intercellular adhesion mol-
ecule 1 (ICAM-1) expression, analysed in healthy donors
(HDs) and systemic lupus erythematosus (SLE) patients, as
in Fig. 4 of the main paper.

Fig. $10. CD146" lymphocytes greatly outnumber CD146*
circulating endothelial cells. Peripheral blood mononuclear
cells (PBMCs) from a healthy donor were co-stained for
CD45 (leucocyte common antigen), CD146 and CD34 (the
latter is expressed both on haematopoietic progenitors and
on endothelial cells). Numbers represent percentages or fre-
quencies. In the CD45" leucocyte gate a proportion of cells
stained for either CD146 or CD34, but not both. In the
CD45" gate, a small number of CD34'CD146" double-
positive events were detected, which may be circulating
endothelial cells (versus one event detected in isotype
control).

Table S1. Clinical characteristics of patients.
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