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Summary

Inflammatory bowel disease (IBD) is associated with imbalances of the local
intestinal immune responses, with dysregulated CD4* T cells contributing to
Health and Medical Sciences, Grebro University, the chronic inflammation. Having demonstrated altered T cell maturation in
the thymus in two different mouse models of colitis, we set out to investigate
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whether abnormalities in T cell maturation is present in patients with ulcer-
ative colitis (UC) or Crohn’s disease (CD). Specimens were obtained from
peripheral blood (CD; n =14, UC; n=22), colon and small intestinal speci-
mens (CD; n=6, UC; n=13). As controls, peripheral blood specimens were
Sweden obtained from healthy volunteers, patients with adenocarcinomas (n=18)
and colonic specimens from patients with adenocarcinomas (n = 14). Recent
thymic emigrants were estimated by analysis of the normalized ratio of T cell
receptor excision circles (TRECs) by real-time polymerase chain reaction
(PCR). The frequency of naive- and proliferating T lymphocytes and markers
of extrathymic T cell maturation in the mucosa was analyzed by flow cytom-
etry and real time-PCR. TREC levels in peripheral blood T lymphocytes were
similar between IBD patients and controls. In contrast, UC patients demon-
strated significantly increased levels of TRECs both in intraepithelial and
lamina propria lymphocytes from the colonic mucosa compared to patients
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with adenocarcinomas and CD. However, markers for extrathymic T cell
maturation in the mucosa were not different between controls and IBD

patients. The increased TREC levels in mucosal but not peripheral blood
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tion [6] and thymectomy was demonstrated to prevent

Introduction . . . . "
relapse in ulcerative colitis (UC) patients [7]. In addition, a

It is generally appreciated that alterations in T cell subsets
may lead to an inflammatory bowel disease (IBD)-like syn-
drome: reconstitution of immunodeficient severe combined
immunodeficient (SCID) mice with CD4*CD45RB"e" T cells
[1,2], tge26 mice transgenic for the human CD3¢ gene dis-
playing a lack of normal thymic microenvironment [3],
interleukin (IL)-2-deficient mice challenged in vivo with
trinitrophenyl-keyhole limpet haemocyanin (TNP-KLH)
exhibiting a thymocyte maturation defect [4] and T cell
receptor (TCR)-o. chain-deficient mice [5] all develop
colitis. In humans remission of Crohn’s disease patients was
observed after human immunodeficiency virus (HIV) infec-
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case study described cure of UC by excision of an invasive
thymoma [8].

T lymphocytes are generated from haematopoietic stem
cells in the bone marrow and become immunocompetent
through a maturation process in the thymus, during which
they are termed thymocytes. In the thymus they undergo
negative selection, deleting self-reactive thymocytes by
apoptosis, thereby generating central tolerance.

Our previous studies on the Gaii2-deficient mouse model
of colitis, as well as mice with dextran sodium sulphate
(DSS)-induced colitis, demonstrated aberrant thymocyte
development with reduced frequencies of immature and
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increased frequencies of mature thymocytes before and
during onset of colitis, as well as reduced migration towards
intrathymic chemokines [9,10]. We therefore hypothesized
that similar abnormalities might also be present in human
IBD. Due to the very limited access of thymic tissue from
IBD patients, we used the technique of T cell receptor exci-
sion circle (TREC) analysis to investigate the relative abun-
dance of recent thymic emigrants (RTE) in the periphery.

Upon entrance into the thymus the thymocytes undergo
rearrangement of their TCR genes, along with intense
proliferation. T lymphocytes have four sets of TCR genes
that will form either of two types of heterodimers: o3 TCRs
which are expressed by the majority of peripheral T cells, or
YOTCRs, expressed by a subset of T cells mainly in the skin
and intestinal epithelium [11]. The great diversity in the
antigen-recognizing domains of the TCR molecules are gen-
erated by random combinations of multiple variable (V),
diversity (D) and joining (J) gene segments (TCR & and 8
chains), or V and ] gene segments (TCR 7y and o chains).
V(D)] recombination is initiated by the recognition of
recombination signal sequences (RSSs) that flank the coding
segments, and during this process the DNA located between
the two RSS regions is circularized, forming an extrachro-
mosomal circular excision product containing the two
ligated RSS regions [11]. These so-called TRECs are stable
and are not duplicated during mitosis, and are thus diluted-
out with each cell division [12]. The levels of TRECs in naive
T cells in peripheral blood are therefore a good measurement
of thymic output. The method has been used extensively to
study T cell reconstitution in highly active antiretroviral
therapy (HAART)-treated HIV-patients [13] as well as after
bone marrow transplantation following, e.g. myeloablative
therapy for leukaemia [14].

In the present study we investigated the TREC levels in
peripheral blood lymphocytes as well as in intraepithelial
lymphocytes (IEL) and lamina propia lymphocytes (LPL)
from the colon and small intestine of IBD patients, and
compared that to healthy volunteers and patients undergo-
ing therapeutic colectomy due to adenocarcinomas of the
colon.

Materials and methods

Patients

Peripheral blood and colon or small intestinal specimens
were obtained from IBD patients undergoing small intestinal
resection or subtotal colectomy. The rectal specimens were
obtained from patients undergoing proctectomy prior to the
construction of a pelvic pouch. The patients were either in
remission or in a chronic phase of the disease, the former
undergoing different forms of reconstructive surgery while
the latter were undergoing surgery with curative intent due
to active disease. The diagnosis for each patient was deter-
mined on the basis of past and present clinical parameters
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and histopathological criteria post-surgery. The control
group consisted of healthy volunteers (peripheral blood) and
patients undergoing therapeutic bowel resection for adeno-
carcinomas (peripheral blood and colonic specimens). For
the specimens from the adenocarcinoma patients only tissue
from uninvolved colon was used. The data on the participat-
ing individuals are shown in Table 1.

Cell preparation

Peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll/Hypaque (Amersham Biosciences AB, Uppsala,
Sweden) density gradient centrifugation. When indicated,
cells were stained with anti-integrin J; allophycocyanin
(APC) (clone FIB504; Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany), incubated with anti-APC-conjugated
magnetic beads and separated once on the positive selection
program on an Auto-MACS (Miltenyi Biotec GmbH).
The positively selected lymphocytes were 91 = 9% integrin
B;-positive, whereas the remaining lymphocyte population
contained 36 * 12% integrin 3;* lymphocytes as judged by
fluorescence activated cell sorter (FACS) analysis. The fre-
quency of integrin B;* lymphocytes in the unseparated cell
population was 56 = 12%. The mucosal layers of the intes-
tinal specimens were separated mechanically from underly-
ing fat and muscle tissue with scissors and cut into small
pieces. The mucosal fragments were incubated 4 X 15 min at
37°C on a magnetic stirrer in RPMI-1640 medium contain-
ing 10% AB-serum, 1mM ethylenediamine tetraacetic
acid (EDTA) (Sigma-Aldrich Chemie GmbH, Stienheim,
Germany) and 1 mM DL-dithiothreitol (Sigma-Aldrich).
Supernatants from the three first incubations, containing
IEL, were poured over a nylon mesh, washed twice and kept
on ice until further analysis. The remaining mucosal pieces
were washed twice with Hanks’ balanced salt solution
(HBSS) and were then incubated at 37°C on a magnetic
stirrer in RPMI-1640 medium containing 5% AB-serum,
0-1 mg/ml DNAse 1 (D-5025; Sigma-Aldrich) and 100 U/ml
collagenase (C-7657; Sigma-Aldrich) for 1-5-2h. Cells
released into the supernatant, containing LPL, were sepa-
rated from mucosal pieces by 100-pm pore size cell strainers
(BD Bioscience, Bedford, MA, USA) and were then washed
in phosphate-buffered saline (PBS), and put on ice. IEL, LPL
or peripheral blood lymphocytes (1-5x 10°) were each
diluted in 200 ul PBS containing 0-6 mM/ml Proteinase K
(Sigma-Aldrich) and 200 pl lysis buffer AL (QIAamp DNA
Blood Mini kit, Qiagen, Hilden, Germany), incubated for
10 min at 56°C and then stored at room temperature in lysis
buffer AL until further use. IEL, LPL or intestinal mucosal
biopsies (2 x 10°) were also incubated in RNAlater (Ambion,
Austin, TX, USA) at 4°C overnight and then stored at —80°C.

Flow cytometry

Peripheral blood and mucosal lymphocytes (1x 10°) in a
volume of 30 ul were incubated at 4°C for 20 min with a
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cocktail of the following antibodies: anti-CD4-APC,
anti-CD3-peridinin  chlorophyll (PerCP), anti-CD62L-
phycoerythrin (PE) and anti-CD45RA-fluorescein isothio-
cyanate (FITC) (BD multi-test for naive CD4" T cells; BD
Biosciences, San Jose, CA, USA). For analysis of extrathymic
maturation of T lymphocytes in the intestinal mucosa,
1 X 10° LPL in a volume of 30 ul were stained with the fol-
lowing mouse anti-human antibodies CD2-PECy5, CD3-
Pacific-blue (clone: UCHT1), CD5-APC (clone: L1712),
CD7-FITC, CD16-PE and CDI19-PE (all from BD
Biosciences). Isotype controls were mouse immunoglobulin
(Ig)G1-PE, mouse IgG2a-FITC, mouse IgG1-PECy5, mouse
IgG2a-APC (clone: G155-178) and mouse IgG1-Pacific blue
(clone: MOPC-21) (all from BD Biosciences). For analysis of
the frequency of proliferating T lymphocytes in peripheral
blood the cells were prestained with anti-CD3 Pacific-blue,
permeabilized and fixed with 100 pl fixation and permeabi-
lization buffer (Nordic BioSite, Tédby, Sweden), incubated at
4°C overnight and stained with Ki-67-PE or isotype control
IgGi« (Ki-67 PE-conjugated reagent set; BD Biosciences
Pharmingen) in 50 pul permeabilization buffer (Nordic
BioSite). Flow cytometry was performed by acquisition of at
least 20 000 lymphocytes, based on forward- and side light-
scatter characteristics, on a BD LSR II (BD Biosciences) and
subsequent analysis was performed using FlowJo software
(Tree Star Inc., San Carlo, CA, USA).

Genomic DNA extraction and reverse
transcription—polymerase chain reaction (RT-PCR)
for TRECs

Genomic DNA from peripheral blood or mucosal lympho-
cytes was purified by the QIAamp DNA Blood Mini kit
(Qiagen) according to the manufacturer’s instructions. Prior
to the PCR, the DNA concentrations in all samples were
determined by ultraviolet spectrophotometry at 260 and
280 nm wavelengths and adjusted to a concentration of
30 ng/pl.

The amount of TRECs relative to the amount of the ref-
erence DNA sequence, originating from the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), was determined by
quantitative real-time PCR (LightCycler 1-2; Roche Diagnos-
tics GmbH, Roche Applied Science, Mannheim, Germany),
using specific primers and the fluorescent dye SybrGreen 1
for detection of the specific products. The PCR primers were
purchased from Scandinavian Gene Synthesis AB (Koping,
Sweden). The sequences were as follows: TREC forward:
5’-CAT CCC TTT CAA CCA TGC TGA CAC CTC T-3" and
reverse: 5-CGT GAG AAC GGT GAA TGA AGA GCA GAC
A-3’; GAPDH forward: 5'-CAG CCC CTT CAT ACC CTC
A-3" and reverse 5'-GGA CCA TAT TGA GGG ACA CA-3’,
generating specific products of 142 base pairs (bp) for TREC
and of 240 bp for GAPDH.

Each 20 ul PCR reaction contained 2 pl of DNA and 18 pl
of mastermix containing FastStart DNA Master SybrGreen I,
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4 mM MgCl, (both from Roche), 0-5 uM of each primer and
sterile dH,O.

The PCR was performed as follows: one cycle of denatur-
ation at 95°C for 10 min, 45 cycles of amplification consist-
ing of denaturation at 95°C for 10 s, primer annealing at
72-62°C for 5 s (0-5°C drop in each cycle for 20 cycles) and
extension at 72°C for 6 s, followed by melting at 95°C for 0 s,
62°C for 10 s and 95° for 0 s (0-1°C/s temperature increase)
and ending by cooling at 40°C for 30 s.

RNA extraction

Frozen mucosal tissue, preincubated in RNAlater, as well as
frozen thymic tissue obtained from human infants undergo-
ing cardiac surgery, was homogenized with a mortar and
pestle in liquid nitrogen and then added to RLT buffer
(RNeasy mini kit, Qiagen). Frozen cells, preincubated in
RNAlater, were placed in RLT buffer directly and both tissues
and cells were homogenized by passing the lysate through a
blunt 20-gauge needle. RNA was purified by the RNeasy
mini kit (Qiagen) according to the manufacturer’s
instructions. The RNA concentrations in all samples were
determined by ultraviolet spectrophotometry at 260 and
280 nm and the purity and integrity of extracted RNA was
confirmed by electrophoresis in a 1% agarose gel. Fifty ng/ul
RNA was reverse-transcribed to ¢cDNA using QuantiTect
reverse transcription kit (Qiagen) according to the manufac-
turer’s instructions and then stored at —20°C.

Detection of recombination activation gene (RAG1)
and pre-TCR-a transcripts

The amount of RAGI and pre-TCR-o. mRNA relative to the
amount of the reference gene CD3y mRNA was determined
by real-time PCR (LightCycler480; Roche Diagnostics
GmbH), using specific primers and human universal probes
as specified below for detection of specific products. The
PCR primers were purchased from Invitrogen, Paisley, UK.
The sequences were as follows: RAG1 forward: 5'-ATT GCA
GAC ATC TCA ACA CTT TG-3’ and reverse: 5'-GAA AGA
GGC TGC CAT GCT-3"; pre-TCR-0o. forward: 5'-TCC TGC
CTC CTT CCG AGT-3" and reverse: 5’-CCA GAG AAG GAA
AGG GTG TG-3"; CD3y forward: 5-TTG GGG TCT ACT
TCA TTG CTG-3" and reverse: 5-AAC AGA GTC TGC TTG
TCT GAA GC-3’. These primers generated specific products
of 74, 111 and 70 bp, respectively. Each 15 ul PCR reaction
contained 80 ng of cDNA in a volume of 5 ul, 5 pl LightCy-
cler480 Probes Master and 0-2 ul human universal probe
number; 27 (RAG1-primer), 2 (pre-TCR-o-primer) or 58
(CD3y-primer), 0-2 ul (20 uM) of each primer and 4-4 pl
RNase free dH,0. The PCR was performed as follows: dena-
turation at 95°C for 10 min, 45 cycles of amplification at
95°C for 10 s, annealing at 60°C for 30 s and extension at
72°C for 1 s, before the samples were cooled at 40°C for 30 s.
All mastermixes and probes were purchased from Roche.
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Calibrator-normalized relative quantification of TREC,
RAG1 and pre-TCR-o including efficiency correction

To calibrate TREC levels in our samples, DNA from umbili-
cal cord blood mononuclear cells, known previously to
contain high levels of TRECs, was used as calibrator as well as
the reference gene GAPDH. For calibration of RAGI and
pre-TCR-o levels, cDNA from human infant thymi was used
as calibrator as well as the reference gene CD3y. Calibrator
and samples were run in triplicate and a mean was
calculated. For each sample and calibrator the relative
amount of the target and reference gene was determined
by the calculation of the crossing point (Cp) values and
results of normalized ratios of TREC were calculated by the
following equation: (TREC*™"'/GAPDH*"F*¢)/(TREC<!>2or/
GAPDH“®") Normalized ratios of RAGI1 or pre-TCR-o.
were calculated by similar equations: (RAGI*™" or pre-
TCR-0*™Pe/CD3y*mP)/(RAG1#Pr - or  pre-TCR-orter/
CD3ylibrr) - The normalized ratio corrects for sample
inhomogeneities and detection-caused variations. The
efficiency-corrected quantification was performed automati-
cally by the Relative Quantification (RQ) Software and the
Light Cycler480 analysis program (Roche Diagnostics,
GmbH) for TREC and RAG1/pre-TCR-a, respectively, and
was based on relative standard curves describing the PCR
efficiencies of the target and reference genes.

Statistical analysis

Data are shown as mean * standard deviation (s.d.) in the
text, or as values for individual specimens in the figures. The
Mann—-Whitney non-parametric test was used for determi-
nation of significances. For correlation analysis between
TREC content and age, Pearson’s correlation (r) was used.
Values of P = 0-05 were considered to be significant.

Ethical considerations

The study protocol was approved by the Ethical Committee
of Sahlgrenska University Hospital and informed consent
was obtained from all participating IBD patients and healthy
controls before entering this study.

Results

Equal amounts of TREC:s in peripheral blood
lymphocytes from IBD patients and healthy controls

To analyse the production and output of newly matured T
lymphocytes from the thymus during chronic intestinal
inflammation, we first analysed the relative amount of
TREC:s in peripheral blood lymphocytes from IBD patients
compared to healthy controls. The TREC levels in peripheral
blood T lymphocytes from IBD patients was not significantly
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Fig. 1. Comparable levels of T cell receptor excision circles (TRECs) in
peripheral blood in inflammatory bowel disease (IBD) patients and
healthy controls. Relative amounts of TRECs in unseparated and
positively selected integrin ;" peripheral blood mononuclear cells
(PBMC) populations, respectively, from healthy controls and

colon cancer patients (n = 9, white circles), ulcerative colitis

patients (n = 10-11, grey circles) and Crohn’s disease patients (n = 4-7,
black circles). Results are expressed as normalized ratios between
relative amounts of TRECs and the reference gene glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) as % of a highly positive standard
(cord blood = 100%). Each dot represents a single individual and
horizontal bars indicate mean value within the group.

different between UC (9:5% = 11:9%) and CD (15-6% =+
14-6%) patients and healthy controls (15:3% = 13-2%),
although a trend towards reduced TREC levels in the UC
patients was seen (Fig. 1). As lymphocytes en route to the
intestinal mucosa express the homing receptor integrin o.,3;,
the PBMCs were separated into one subpopulation enriched
for integrin B,-positive lymphocytes and one subpopulation
with the remaining cells. Sorted integrin B;* lymphocytes
demonstrated decreased TREC levels in both UC
(9-8% = 9:4%) and CD (9-8% * 11-3%) patients (Fig. 1),
compared to healthy controls (21-9% = 22-4%), even
though no statistically significant difference was found. In
fact, four of 11 of the UC patients showed undetectable levels
of TRECs compared to only one of nine in the control group.
A similar trend was seen in the remaining cell population
(data not shown). Collectively, these results demonstrate a
thymic output in IBD patients comparable to what is found
in healthy individuals.

As TREC levels are reduced with increased cell division
within the T cell population, we examined the frequency of
proliferating cells within the CD3" T lymphocyte population
in peripheral blood from IBD patients and healthy controls
by investigating the expression of the proliferation marker
Ki-67. The frequency of Ki-67* CD3* T lymphocytes in
peripheral blood was not different between IBD patients and
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healthy controls [mean value; 2-0 * 1-3% in UC (n = 10),
2:6 = 1:6% in CD (n=8) and 1-8 = 0-9% in Ctr (n=6)]. In
addition, CD4* T lymphocytes were analysed for their
expression of the naive cell surface markers CD45RA and
CD62L in peripheral blood. No significant difference was
found between IBD patients and healthy individuals [mean
values CD45RA; 25 *+ 26% in UC (n=13), 14 = 10% in CD
(n=10) and 21 = 16% in Ctr (n = 14), mean values CD62L;
79 *20% in UC (n=12), 75 = 13% in CD (n=10) and
77 £ 12% in Ctr (n=14)]. Thus, the low/undetectable
TREC levels in peripheral blood in a number of IBD patients
cannot be explained by increased proliferation of T lympho-
cytes or reduced frequencies of naive T cells.

Increased frequencies of CD62L* T lymphocytes in the
lamina propria in UC patients

To investigate whether recent thymic emigrants are recruited
rapidly to the intestinal mucosa in IBD patients and reside for
only a short time in peripheral blood, we first examined the
frequency of mucosal T lymphocytes from IBD patients dis-
playing a naive phenotype, compared to uninflamed controls.
The frequency of CD4" lamina propria T cells expressing
CD62L, a marker for naive lymphocytes and/or lymphocytes
homing to lymph nodes via binding to peripheral node
addressins (PNAds) on high endothelial venules (HEV) or to
the intestine via binding to the carbohydrate moiety of
MAdCAM-1, was increased significantly in UC patients com-
pared to controls and CD patients (Fig. 2a). As expected, the
frequencies of CD4*CD45RA* T lymphocytes were very low
in the lamina propria, ranging from zero to 6%. We were not
able to detect any statistically significant differences between
the groups, but the mean frequencies of CD4*CD45RA*" T
lymphocytes were 2% and 2-1% in the UC and CD groups,
respectively, compared to 0-9% in the control group (Fig. 2b).

Increased levels of TRECs in the intestinal mucosa of
UC patients

A more direct measurement of the amount of recent thymic
emigrants (RTE) in the intestinal mucosa is the quantification
of the relative amounts of TRECs in situ in the gut. The
relative TREC levels were estimated in LPL as well as IEL.
During the isolation of IEL three fractions of lymphocytes are
obtained based on the duration of the incubation of the tissue
in EDTA, and the three fractions were analysed separately.
The mean normalized TREC ratio in the intestinal mucosa
was reduced dramatically compared to peripheral blood,
especially in CD patients and uninflamed controls, due most
probably to the fact that mucosal lymphocytes are, in the vast
majority, activated/memory lymphocytes [15,16]. Interest-
ingly, however, the amount of TRECs were significantly
higher in all three IEL fractions from UC patients, compared
to controls (Fig. 3). In fact, all but one of the uninflamed
controls had undetectable TREC levels in all three IEL frac-
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Fig. 2. Increased frequency of CD62L" T lymphocytes in the lamina
propria of ulcerative colitis (UC) patients. Lamina propria
lymphocytes from uninflamed control patients (n = 10, white circles),
UC patients (n =7-8, grey circles) and Crohn’s disease patients
(n=4-5, black circles) were stained with anti-CD3-peridinin
chlorophyll (PerCP), anti-CD4-allophycocyanin (APC),
anti-CD45RA-fluorescein isothiocyanate (FITC) and
anti-CD62L-phycoerythrin (PE). Symbols represent frequencies of
(a) CD3"CD4*CD62L" lymphocytes and (b) CD3*CD4"CD45RA*
lymphocytes from individual specimens and horizontal bars indicate
mean value within the group. Statistical analysis was performed using
the Mann—Whitney non-parametric test.

tions. The increased TREC levels were seen only in UC
patients and not in CD patients. Significantly increased
TREC levels were also seen in LPL from UC patients com-
pared to uninflamed controls. Again, no increased TREC
levels were found in LPL from CD patients. Thus, UC
patients have a high influx of RTE into the colonic mucosa.

Equal levels of TRECs in UC patients with active and
inactive disease

To evaluate further the high influx of RTE into the colonic
mucosa in UC patients, we next examined the TREC levels in
UC patients with active compared to inactive disease. No
statistically significant differences in TREC levels could be
demonstrated: [active versus inactive: IEL1; 4-4 = 9-3%
(n=5) versus 40 £ 5:7% (n=4), IEL2; 2.9 £ 32% (n=7)
versus 4-4 = 4-1% (n=5), IEL3; 29 = 3-1% (n=7) versus
75+ 47% (n=4) and LPL; 59 = 52% (n=7) versus
7-0 £ 6:7% (n=5), respectively]. These results indicate that
RTE are recruited to the intestinal mucosa in UC patients,
irrespective of disease activity.

TREC levels in the intestinal mucosa of UC patients are
not influenced by age

Thymus size, activity and output are highest early in life. By
increasing age, this process decreases and results in limited
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Fig. 3. Increased T cell receptor excision circles (TREC) levels in the
intestinal mucosa of ulcerative colitis (UC) patients. TREC levels in
intraepithelial lymphocytes (IEL) fractions 1-3 and lamina propia
lymphocytes (LPL), isolated from uninflamed patients (n = 10, white
circles), UC patients (n = 9-12, grey circles) and Crohn’s disease
patients (1 = 3-5, black circles). Results are expressed as normalized
ratios of relative amounts of TREC and the reference gene
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) as % of a
highly positive standard (cord blood = 100%). Symbols represent
values for individual specimens, and horizontal bars indicate mean
within the group. Statistical analysis was performed using the
Mann-Whitney non-parametric test.

production of newly produced naive T cells. To exclude the
possibility that the high TREC levels seen in the intestinal
mucosa in UC patients is only a natural result of high thymic
output within the patient group due a younger mean age,
40-6 (19-65) years, compared to the control group consisting
of colon cancer patients with a mean age of 67-8 (50-80)
years, a correlation analysis was carried out between age and
the TREC levels.

TREC levels in peripheral blood from IBD patients (both
UC and CD) with active and inactive disease and healthy
individuals were plotted against age and analysed with Pear-
son’s correlation test. Peripheral blood lymphocytes demon-
strated a trend towards decreased TREC levels with
increasing age but did not reach statistical significance
(r=-0-42, P=0-053, data not shown). Moreover, a correla-
tion analysis on TREC data from IBD patients alone showed
no significant correlation between TREC levels and age
(r=-0-26, P = 0-56, data not shown), nor did analysis of IBD
patients with active and inactive inflammation separately
improve the correlation (r=-0-21, P=0-56 and r=-0-33,
P =0-89, respectively, data not shown).

To analyse if the increased TREC levels seen in the intes-
tinal mucosa of UC patients were dependent upon age, a
similar correlation analysis was performed with the TREC
data from lamina propria lymphocytes from IBD patients
and uninflamed controls. The results from the uninflamed
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controls are very homogeneous; high age spans with negative
TREC levels, while the results from the IBD patients had a
generally lower age span with both positive- and negative
TREC levels. To be able to judge if there is a correlation
between age and TREC levels in LPL, all results with unde-
tectable TREC levels from both uninflamed controls and
IBD patients were excluded and only those with a positive
TREC value were included in the correlation analysis, irre-
spective of diagnosis. Similar to peripheral blood, no signifi-
cant correlation was found between TREC levels in LPL and
age of the individual (r = 0-084, P = 0-78, data not shown).

Thus, the levels of TREC containing lymphocytes in the
intestinal mucosa are independent of the activity of the intes-
tinal inflammation and increasing age has no or low influence
on the levels of TRECs in IBD patients either in peripheral
blood or in the intestinal mucosa (data not shown). These
correlation analyses demonstrate that the elevated TREC
levels seen in UC patients in the intestinal mucosa are not a
result of age difference between IBD patients and the unin-
flamed controls.

Increased TREC levels in the intestinal mucosa of UC
patients is not due to extrathymic maturation of T cells
in situ in the mucosa

There are several lines of evidence demonstrating that T
lymphocytes can develop in situ in the intestine [17,18]. As
TRECs are formed during TCR gene rearrangement, the pos-
sibility that the high levels of TRECs seen in the inflamed
mucosa in UC patients was due to extrathymic maturation
could not be excluded. To establish that the increased levels
of TREC:s seen in the intestinal mucosa of UC patients stem
from T cells of thymic origin and not from progenitor T
lymphocytes recruited from the bone marrow directly to the
inflamed intestinal mucosa, we analysed the intestinal T lym-
phocytes for subpopulations of early lineage T cells, being
CD16°CD19°CD2*CD5"CD7*CD3" using five-colour flow
cytometry. The staining is restricted to LPL as the limited
numbers of IEL retrieved in the isolation procedure was not
sufficient to perform this analysis. A representative dot plot
demonstrating the gating on CD16 CD19°CD2* lympho-
cytes and subsequently on CD5*CD7* and CD3"*~ lympho-
cytes is shown (Fig. 4a). Figure 4b summarizes the data from
LPL from uninflamed controls and IBD patients and dem-
onstrate that the frequency of early T cell progenitors is
similar in the two groups.

To further exclude enhanced extrathymic maturation in
IBD patients we also analysed the expression of mRNA
encoding one of two subunits of the heterodimeric RAG
protein participating in the initial process of TCR gene rear-
rangement, RAG1, as well as the expression of pre-TCR-o.
mRNA, a surrogate, invariant TCR-o chain pairing with the
rearranged TCR-B chain during T cell maturation. Both
these genes are expressed transiently during T cell develop-
ment, but not in mature T lymphocytes. RAGI and pre-
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Fig. 4. Similar levels of extrathymic maturation in inflammatory
bowel disease (IBD) patients and controls. (a) Representative flow
cytometric analysis of lamina propria lymphocytes staining

negative for CD16-phycoerythrin (PE), CD19-PE and CD3-Pacific
blue and positive for CD2-PE-Cy5, CD5-allophycocyanin

(APC) and CD7-fluorescein isothiocyanate (FITC). The

CD16 CD19"CD2*CD5"CD7*CD3" cells were considered to be
extrathymically maturing T cell precursors. The gating was based on
three control stainings on the same population in the same patients,
(i) unstained cells; (ii) isotype controls for each antibody; and (iii)
gating on CD16"CD19-CD2*CD5"CD7" lymphocytes without CD3
Pacific blue staining. (b) Frequency of CD16"CD19"CD372*5%7*
lamina propria lymphocytes in IBD patients (ulcerative colitis patients
n =6, Crohn’s disease patients n = 2) and uninflamed controls (n = 6).
Symbols represent values for individual specimens, and horizontal
bars indicate mean within the group. Statistical analysis was
performed using the Mann—Whitney non-parametric test.

TCR-0. mRNA levels were quantified by real-time PCR in
intestinal mucosal biopsies, which includes mRNA from
both IEL and LPL. The results demonstrated equally low or
undetectable levels in both IBD patients (UC; n=5, CD;
n=1) and controls (n =7) (data not shown).

Collectively, these data suggest strongly that the increased
TREC levels seen in UC patients is not a result of increased
extrathymic maturation in the intestinal mucosa of IBD
patients.

Discussion

This is, to our knowledge, the first study investigating TREC
levels in IBD patients. Here we demonstrate equal levels of
TRECs in peripheral blood between IBD patients and
healthy controls but increased levels of TRECs in the intes-
tinal mucosa of UC patients, but not CD patients, com-
pared to uninflamed controls. In addition to the increased
TREC levels in the colon of UC patients, these patients also
demonstrated high frequencies of CD3'CD4"* T cells
expressing the adhesion molecule L-selectin (CD62L*) but
with low expression of CD45RA. We also demonstrated that
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age has a low impact on the levels of TRECs in the intestinal
mucosa and that disease activity did not affect TREC levels
in either peripheral blood or the intestinal mucosa. As no
increased extrathymic maturation was found in the intesti-
nal mucosa, this strongly suggests that the increased levels
of TRECs in the intestinal mucosa of UC patients reflect
recent thymic emigrants (RTE) being recruited directly to
the mucosa.

Substantial efforts have been devoted to identify a pheno-
type for RTE and candidate T cell surface markers exist for
chicken (chT1) [19,20] and rats (Thy-1, RT6) [21]. For
humans, two markers have recently been proposed: CD31
and CD103, both being present on thymocytes at a late stage
of development but being lost quickly after T cell entrance
into the periphery. However, although the amount of CD31*
T cells are reduced with increasing age [22-24], the TREC
levels within the CD31* T cell population are also declined
[23], suggesting a certain degree of in vivo turnover of CD31*
T cells with ageing. Thus, we believe that TREC content is at
present the most reliable marker for recent thymic emi-
grants, at least when investigating both CD4* and CD8" T
lymphocytes in the gut mucosa.

TREC quantification has been used to monitor T lympho-
cyte ontogeny in patients with multiple sclerosis (MS) [25]
and rheumatoid arthritis (RA) [26,27]. In line with our find-
ings in UC patients, both studies reported decreased levels of
TREC in peripheral blood lymphocytes from patients, com-
pared to healthy controls [25,27]. However, neither study
evaluated TREC levels in the affected tissue, the central
nervous system (CNS) and joints, respectively. TREC levels
in the intestinal mucosa were generally much lower than in
peripheral blood in control subjects. This is consistent with
the fact that the gut mucosa predominantly contains
memory/effector T lymphocyte populations, in which the
TRECs will be diluted due to extensive previous
proliferation.

When comparing TREC content in the three different IEL
fractions obtained during the isolation procedure, we found
that the number of individuals with positive TREC levels
increased from the first to the third fraction in UC patients.
Although we do not know the exact reason for this, it is likely
that the T lymphocytes in the first fraction represent cells
having migrated up along the villus—crypt axis, which have
probably undergone more cycles of proliferation compared
to their crypt counterparts, and will thus contain lower levels
of TRECs.

Because TRECs are stable within the original T cell and
do not duplicate during mitosis they are diluted out in the
periphery with antigen-driven or homeostatic cell division
[28]. However, in healthy individuals, only homeostatic
proliferation of naive T cells is likely to affect peripheral T
cell TREC content significantly, as antigen-induced T cell
proliferation will, to the most extent, affect memory/
antigen-primed T cells with very minute amounts of
TRECs, and thus not the population of RTE. Nevertheless,
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to exclude that the reduced TREC concentrations in periph-
eral blood lymphocytes from several UC patients, as well as
CD patients, were caused by an increased peripheral T cell
turnover we determined the frequencies of proliferating T
lymphocytes, detected as Ki67*CD3* T lymphocytes, and
found the prevalence to be equivalent in IBD patients and
healthy individuals. Supporting the notion that the reduced
TREC levels in peripheral blood T cells in several IBD
patients are not caused by extensive proliferation was also
the finding of comparable frequencies of CD45RA* as well
as CD62L" T lymphocytes in peripheral blood from IBD
patients and healthy individuals. Thus, a likely explanation
to the reduced TREC levels in peripheral blood from IBD
patients could be enhanced migration of RTE from the
blood to the inflamed mucosa, purging the peripheral blood
of this population. The purpose of separating the integrin
B;" lymphocytes in peripheral blood was to analyse if there
was a direct recruitment of gut homing T cells from the
thymus. The fact that the integrin B, population did not
differ from unseparated lymphocytes regarding TREC
content indicate that the majority of peripheral blood
lymphocytes have divided, irrespective of integrin of B;*
expression. Although the frequency of proliferating T lym-
phocytes was not estimated in the intestinal mucosa, the
proliferation rate in UC patients would be increased rather
than decreased compared to controls, due to the chronic
inflammation. Thus, if anything, we are underestimating
the amount of TRECs in mucosal lymphocytes of IBD
patients by not expressing it relative to the proliferation rate
of the T lymphocytes. Splitting the patient group into those
with active disease versus those with inactive disease dem-
onstrated that this recruitment was not limited to the
actively inflamed mucosa, indicating a constant influx of
RTE to the intestinal mucosa in UC patients also during
remission. It would be very interesting to investigate the
role of these RTE for the disease course, e.g. by prospec-
tively analysing TREC levels in a larger cohort, to investigate
whether higher TREC levels are associated with a more
aggressive disease course, in line with the ongoing substrati-
fication of UC and especially CD.

The increased TREC levels in the intestinal mucosa could,
theoretically, represent T lymphocytes that have matured in
situ in the intestinal mucosa, as the intestinal mucosa can act
as a site for extrathymic maturation of both IEL and LPL T
lymphocytes in human infants [17], and developing T cells
that are rearranging their TCR genes are found in the small
intestine in human adults [18]. In addition, immunocom-
promized mice, i.e. major histocompatibility complex
(MHC) class I-deficient and TCR-of-deficient mice, of
which the latter spontaneously develop colitis [5,29], also
have evidence of extrathymic maturation. Thus, it is possible
that T cell progenitors in the bone marrow receive signals
from the inflamed intestine to go directly to the intestinal
mucosa for further maturation. However, we employed flow
cytometric analysis using previously established phenotypic
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characteristics of T cell progenitors in the gut, identified
as CD19°CD16 CD3°CD2*CD5'CD7* lymphocytes [17,18]
[30], and found no differences in frequencies of this popu-
lation between IBD patients and non-inflamed controls. As
only the LPL population was investigated, due to limited
amounts of IEL, it could be argued that extrathymic
maturation could be increased, specifically in the IEL
compartment. However, as quantitative RT-PCR analysis of
pre-TCR-o. and RAG1 mRNA expression [18,30,31] was per-
formed in mucosal biopsies containing both IEL and LPL,
and revealed no increased expression in IBD patients com-
pared to controls, this is highly unlikely.

Corroborating our findings of significantly increased fre-
quencies of mucosal T cells expressing CD62L/L-selectin in
UC but not CD patients is a report that HEV-like vessels
expressing PNAd, one of the ligands for CD62L, were
induced preferentially in active UC [32]. In addition, serum
concentrations of soluble L-selectin have been shown to be
correlated positively to disease activity in UC but not CD
[33]. In mice, CD62L" expressing CD4" T cells [34], as well as
CD4"CD45RB" [1,2,35], can induce colitis upon transfer
into immunodeficient recipient mice. However, in humans
CD62L is expressed by both CD45RA™ and CD45RA™ T lym-
phocytes, of which naive T cells express both, while the
CD62L*CD45RA™ T lymphocytes have been shown previ-
ously to be central memory T cells [36]. Although we did not
analyse this population for expression of the chemokine
receptor CCR7, this suggests that the increased frequency of
CD4'CD62L*CD45RA™ lymphocytes found in the intestinal
mucosa of UC patients represents CD62L*CD45RA"CCR7*
central memory T lymphocytes, found predominantly in
lymphoid tissue [37].

Although the present study investigated a limited
number of patients, we demonstrate that UC patients, and
not CD patients, display an increased recruitment of RTE
to the colonic mucosa, possibly before acquiring immuno-
regulatory properties in the periphery. The increased levels
of TREC* T cells in the intestinal mucosa in UC patients
warrant further investigations. For example, analysis of
TREC content in different subpopulations of mucosal lym-
phocytes would probably shed more light on the immuno-
pathogenesis of IBD. The current method chosen for TREC
analysis is limited to show whether the TREC levels are
increased or decreased in IBD patients, and do not
show the actual frequency of TREC-positive T cells in the
population.

Recently, several mathematical models have been devel-
oped to determine thymic output, with equations that con-
sider parameters that influence directly the measurement of
TRECs (cell death, proliferation, age, etc.). It would thus be
of great interest to apply mathematical modelling for analy-
sis of RTE in patients with IBD and also other inflammatory
conditions in comparison to uninflamed controls. Such
studies are currently under way in our research group using
the Goi2-deficient mouse model of colitis.

© 2010 The Authors
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