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Abstract

The intrahepatic biliary destruction of primary biliary cirrhosis (PBC) appears secondary to a

multi-lineage response that includes autoantibodies, biliary apotopes, and cellular responses.

Although there has been considerable effort in defining the role and specificity of anti-

mitochondrial autoantibodies, a major challenge has been the characterization of T effector

pathways. This difficulty is due in part to the limitation of current technologies for directly

isolating and characterizing autoreactive T cells from patients. Herein, we successfully

demonstrate a novel technology for characterizing the surface phenotype of T cell oligoclonal

expansions directly ex vivo. Using PBC as a prototypic disease we were able to detect clonal T cell

expansions in 15/15 patients examined. Although the T cell expansions from different patients

expressed different TCR Vβ gene segments, the surface phenotype of the cells was the same. The

clonal T cell expansions in PBC patients are CX3CR1+ Fas+ effector-memory T cells, a finding of

particular importance given the known up-regulation of fractalkine on injured biliary epithelial

cells (BEC). In contrast to the persistent aberrantly expanded T cells observed in the PBC patients,

T cell expansions detected in response to a herpes viral infection were very dynamic and resolved

over time. This protocol can be used to characterize T cell expansions in other autoimmune

diseases.
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1. Introduction

We have chosen to gain insight into the pathophysiology of T cell mediated autoimmune

diseases by identifying and characterizing the T cells involved. T cell oligoclonal expansions

have been detected in the setting of autoimmunity and are generally considered evidence in

favor of an antigen-specific immune response driving the disease pathology [1–6]. However,

the clonally expanded T cells have rarely been characterized in detail.

There are a variety of techniques that can be employed to study pathogenic T cells. One

powerful approach is to characterize bulk lymphocyte populations by flow cytometry. This

technique can detect both cell surface and intracellular molecules. Patients with

autoimmunity can be compared to healthy controls and multicolor flow cytometry can

identify the presence of unique lymphocyte populations. Unfortunately, the pathogenic T

cell component sometimes comprises only a small fraction of the peripheral T cell

repertoire. Thus, observed differences can be relatively small and difficult to interpret. In

addition, flow cytometry cannot identify individual T cell clones from within a bulk

population of lymphocytes. Another strategy is to culture autoreactive T cells directly from

the peripheral blood or inflamed tissue. This technique has several advantages. For one, the

antigen specificity of the T cell clone is known. Once cloned, the T cells are available for in

vitro cellular assays that can identify the cell’s cytokine secretion profile, intracellular

signaling pathways, and expression pattern of co-receptors and adhesion molecules, among

other things. The T cell receptor (TCR) expressed by the cloned cell can also be identified.

Although this strategy is very powerful, it also has many limitations. One of the most

concerning is that autoreactive T cells can be easily isolated from healthy controls [7], thus,

their simple presence does not verify that they are participating in the pathogenic immune

response. T cells may also alter their cytokine secretion profile and their cell surface

phenotype after prolonged in vitro culturing [8]. Lastly, assumptions are usually made

during T cell cloning. For example, a self-antigen must be chosen to stimulate the

autoreactive T cell clones and, unfortunately, different self-antigens may be dominant in

different individuals suffering from the same autoimmune disease. If investigators chose the

wrong antigen for the cloning process, they might select for a T cell population that does not

play a dominant role in the pathophysiology of that particular patient’s disease.

One technique that was once very popular but has now become somewhat passé is T cell

repertoire analysis. The main advantage of this technique is that it allows for individual T

cell expansions to be detected from within a bulk population of lymphocytes. This technique

divides the T cell repertoire based upon the lengths of the TCRs’ complementarity

determining region 3 (CDR3) and the different variable gene segments that encode this

region [9]. The assumption is that T cell expansions seen in the setting of autoimmunity are

involved in the autoreactive immune response. The major limitation of this technique is that
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it cannot further characterize the putatively pathogenic T cell beyond identifying the TCR it

expresses.

We hypothesized that oligoclonal T cell expansions would be found in patients with primary

biliary cirrhosis (PBC). This hypothesis was based in part on previous observations that

patients with PBC have PDC-E2-specific CD4 and CD8 T cells [10–13]. However, since

antigen specific T cell clones comprise only a small fraction of the peripheral T cell

repertoire, it is extremely difficult to define their cellular and molecular characteristics

without first culturing them in vitro.

Herein, we demonstrate a novel technology for characterizing the surface phenotype of T

cell oligoclonal expansions directly ex vivo. Specifically, we have combined CDR3-length T

cell repertoire analysis with magnetic cell sorting and flow cytometry to directly

characterize the surface phenotype of T cell clonal expansions. Our results demonstrate that

the clonal T cell expansions detected in PBC patients are CX3CR1+ Fas+ effector-memory

cells. This protocol will allow for the further characterization of other immune mediated

diseases.

2. Methods

2.1. Subjects

Fifteen patients with PBC and 16 healthy controls were included in this study. The diagnosis

of PBC was based on internationally accepted criteria as previously described [14]. Subjects

were excluded if they had malignancies or were using immunosuppressive drugs. The age of

the patients are outlined in Table 1. Informed consent was obtained in writing from each

patient and the Institutional Review Board for Human Research approved the study.

2.2. Preparation of peripheral blood cells

Fresh peripheral blood was collected into a BD Vacutainer® CPT™ Cell Preparation Tube

with Sodium Citrate (BD Franklin Lakes, NJ). Peripheral blood mononuclear cells were

isolated. Two lymph node homing receptors CD62L and CCR7 were employed for isolation

of memory cells. Essentially, total PBMCs were divided into two aliquots. One aliquot was

incubated with anti-CD62L microbeads for separation of CD62L positive and negative

fractions using magnetic cell sorting (Miltenyi Biotec Inc, Auburn, CA). Another aliquot

was stained with PE conjugated anti-human CCR7 antibody (BD Biosciences, San Jose,

CA) followed by anti-PE microbeads incubation for magnetic separation of CCR7 positive

and negative fractions (Stemcell Technologies, Vancouver, Canada). The purity of CD62L

negative population and CCR7 negative population were assessed by flow cytometry. To

collect highly purified CD62L− (>90%), the CD62L− fraction was passed through an LD

depletion column (Miltenyi Biotec Inc). Four different subsets, namely CD62L+, CCR7+,

CD62L−, and CCR7− were subjected to CDR3-length T cell repertoire analysis.

To estimate the CD4 and CD8 T cell repertoire diversity, we separated effector-memory T

(CD62L negative) cells into CD4+ and CD8+ populations. First, CD62L negative sorted

cells were incubated with anti-CD4 or anti-CD8 microbeads and divided into either

CD62L−CD4+ or CD62L−CD8+ populations using magnetic cell sorting (Miltenyi Biotec
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Inc). The purity of CD62L−CD4+ or CD62L−CD8+ was assessed by flow cytometry (>90%).

Then, the CD62L−CD4+ or CD62L−CD8+ subpopulations were subjected to CDR3-length

TCRVβ repertoire analysis. This identified expanded T cell populations as being either

CD4+ or CD8+.

2.3. CDR3-length analysis of TCRVβ gene segments

The clonal T cell expansions were identified by CDR3-length analysis of TCRVβ gene

segments as previously described [15]. Total RNA was extracted immediately from sorted

cells by using a RNeasy Mini Kit (QIAGEN, Valencia, CA). RNA quantities were

determined using a Nanodrop ND-100 spectrophotometer (Thermo Scientific, West Palm

Beach, FL). cDNA was then synthesized by reverse transcription using SuperScript® III

Reverse Transcriptase kit (Invitrogen, Carlsbad, CA). From each cDNA, PCR reactions

were performed using Vβ primers and a common Cβ primer HTCB3:

GACAGCGGAAGTGGTTGCGGGGT.

Using first-round PCR products as a template, Vβ primers and a common fluorescent-

conjugated (6-FAM) Cβ primer HTCB1: FAM-TTGGGTGTGGGAGATCTCTGC was

applied to a run-off PCR reaction. PCR products were then analyzed on an ABI 3100 Prism

Genetic Analyzer (Applied Biosystems, Carlsbad, CA) and Peak Scanner Software v1.0

(Applied Biosystems). The relative intensity of signal (RIS) values were calculated as the

area under the experimental peak divided by the area under the control peak found within a

Gaussian distribution. Peaks were normalized before division. RIS values >4 were

considered significant [16–19].

2.4. Sequencing of Expanded T cell clone

TCRVβ expansions were first identified by CDR3-length analysis. This allowed us to apply

nucleotide sequencing of the CDR3 region to determine whether the T cell expansion was

oligoclonal. The Vβ22 T cell expansion from Patient BD01 was found in the effector-

memory population (CD62L− fraction) and CD62L−CD8+ population, but not in the

CD62L−CD4+ population. Therefore, total RNA was isolated from the CD62L− and

CD62L−CD8+ populations using a RNeasy Plus Mini Kit (QIAGEN), and then cDNA was

synthesized by reverse transcription using the SuperScript® III Reverse Transcriptase kit

(Invitrogen). cDNA was amplified with Vβ22 and HTCB3-specific primers and Phusion™

Hot Start High-Fidelity DNA Polymerase (Finnzyme F-540). After adding deoxyadenosine

(A) to the 3′ ends of PCR products, PCR products were TA ligated and cloned into PCR

2.1-TOPO vector using the PCR 2.1-TOPO TA Cloning Kit (Invitrogen) according to the

manufacturer’s instructions. cDNA-containing plasmid DNA was extracted using QIAprep

96 Turbo Miniprep Kit (QIAGEN) and sequenced with M13 primers. Amino acid sequences

of CDR3 were analyzed and identified with IMGT-V-Quest software (Immunogenetics

Information System; http://www.imgt.org/IMGT_vquest).

2.5. Flow Cytometry Analysis of clonally expanded T cells

CD62L positive cells and negative cells were stained with a specific PE-conjugated anti-

TCRVβ antibody for Vβ4, Vβ22, Vβ23, FITC-conjugated anti-TCRVβ16, Vβ22 (Beckman

Coulter, Brea, CA), PerCP-conjugated anti-CD4 and CD8 antibodies (Biolegend, San Diego,
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CA), and a panel of antibodies against CD45RO, CD27, CD57, CD69, CCR5, CCR7,

CXCR1, CXCR5, CX3CR1, Fas, and FasL (BD Biosciences). Stained cells were analyzed

using a FACScan flow cytometer (BD Bioscience) that was upgraded by Cytec

Development (Fremont, CA), which allows for five-color analysis. Data were analyzed

utilizing CELLQUEST software (BD Bioscience). Appropriate known positive and negative

controls were used throughout.

2.6. Statistical Analysis

Values for the percentage of clonally expanded CD45RO, CD27, CD57, CCR7, CX3CR1,

and Fas positive T cells in PBC patients were compared to non-expanded controls in PBC

patients. The data are presented as the mean ± SEM. Two-sample comparisons were

analyzed using the two-tailed Mann-Whitney U test. A value of p < 0.05 was considered

statistically significant.

3. Results

3.1. Clonotypic T cell expansions are predominantly present in the peripheral effector
memory T cell population

Because autoreactive T cells can reside at relatively low frequencies in the peripheral blood,

we first sought to identify a protocol that would increase the sensitivity of traditional T cell

repertoire analysis. To accomplish this, we took into account that effector memory T cells

lose expression of both CCR7 and CD62L. Thus, PBMCs were equally divided into two

populations, one sorted for the presence of CCR7 and the other for CD62L. Magnetic beads

and depleting columns were used for cell sorting. RNA was then extracted from the four

resulting populations (CCR7+, CCR7−, CD62L+, and CD62L−) and CDR3-length T cell

repertoire analysis was conducted. Fig. 1 reveals that T cell expansions were predominantly

in the effector memory population, virtually identical in the CCR7− and CD62L−

populations (Vβ5A Vβ8 Vβ13B Vβ22, and Vβ23). However, they were consistently larger

in the CD62L− population. This was also true for other patients examined (data not shown).

Importantly, these two different sorting strategies independently verified that oligoclonal

expansions are present in patients with PBC and that these expansions are predominantly

present in the effector memory population. All patients (15/15) with PBC had strong T cell

expansions detected by this method, while only half (8/16) of the control patients had

detectable T cell expansions (Table 1).

3.2. An additional magnetic sort can further characterize the T cell expansion as either
CD4 or CD8 positive

Conducting repertoire analysis on CD62L negative and positive fractions easily identifies T

cell expansions from within peripheral leukocyte populations, but it does not further

characterize these expansions. Knowing whether or not they are CD4 or CD8 positive will

be of importance to understanding the pathophysiology of autoimmunity. Thus, PBMCs

were sorted for the presence or absence of CD62L as described above and the resulting

CD62L− populations were sorted again, this time for the presence or absence of CD8. By

this method we were able to determine that the Vβ22 expansion detected in Fig. 1 expressed

CD8 on its surface (Fig. 2). The second sort was performed four months later, so the
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expansion was stable over this time period, and thus it was not specific to a transient

pathogen. Table 1 reveals that patients with PBC had both CD4 and CD8 positive T cell

expansions, though there were more CD8 positive expansions.

3.3. Expansions detected by T cell repertoire analysis are clonal

T cell expansions detected in mice are often oligoclonal, or have multiple DNA sequences

that encode for the same amino acid sequence [20, 21]. Thus, a T cell expansion detected by

repertoire analysis in the mouse is often the result of several very similar T cell clones

expanding in response to an antigenic stimulus. To determine if the detected T cell

expansions of the PBC patients were oligoclonal, we performed DNA sequencing of cloned

TCR cDNA. Table 2 reveals that the expanded CD62L− CD8+ Vβ22 T cell clone is

monoclonal. These results were also consistent with the spectratype profile. Since the

CD62L− population contains both CD4 and CD8 cells, and there is no obvious expansion in

the CD4+ CD62L− population in Patient BD01(Fig. 2), the frequency of expanded clone was

only 75.6% in the CD62L− population, whereas it was 95.2% in the CD8+ CD62L−

population (Table 2).

3.4. Expanded T cell clones highly express CX3CR1 and several activation molecules

Following the identification of clonally expanded T cells and determining their expression

of CD4 or CD8, we next sought to further characterize the individual cells by flow

cytometry. We first enriched the PBMCs for the clone of interest by following the same

magnetic sorting protocol just described. Then corresponding anti-Vβ antibodies and a panel

of antibodies to various effector and activation markers were used to characterize the surface

phenotype of the T cell expansions. Although the expression profile of every clone within

the expanded set was not perfectly matched, as a whole the expansions were fairly

homogeneous. Each expansion had a significant increase in the expression of CD45RO

(86.98 ± 5.26 % vs. 47.01 ± 10.80 %, p < 0.05), CD57 (69.50 ± 17.55 % vs. 2.475 ± 0.39 %,

p < 0.05), Fas (98.45 ± 0.60 % vs. 38.01 ± 6.74 %, p < 0.05), and CX3CR1 (71.81 ± 7.00 %

vs. 2.888 ± 0.76 %, p < 0.05) when compared to un-expanded T cell populations from the

same patient. Also of interest was the finding that the surface phenotype of the CD4 and

CD8 T cell expansions were very similar. Both CD4 and CD8 T cell expansions had a high

percentage of T cells bearing CD45RO+, CD57+, Fas+, and CX3CR1+ (the receptor for

fractalkine). They also lacked expression of CCR7 (Fig. 3). Because fractalkine (CX3CL1)

is known to be upregulated on activated-endothelial cells [22], the expanded CX3CR1-

expressing T cells detected in our analysis will be especially poised to migrate into the

injured liver.

Importantly, without the knowledge gained from T cell repertoire analysis and the magnetic

bead sorting step, flow cytometry would have been unable to characterize the surface

phenotype of the individual T cell expansions, which normally resides in comparatively low

numbers among other non-expanded T cells. Using our novel protocol, we were able to

characterize the surface of just the putatively pathogenic clones, which comprised less than

0.1% of the peripheral blood PBMCs.
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3.5. Recurrent viral infection results in transient T cell expansions

PBC patients underwent two or more blood draws separated by a minimum of 3 months. At

each time point, T cell repertoire analysis was repeated and the detected expansions were

virtually identical at each time point (data not shown). Healthy control, JV, also underwent

two blood draws and the T cell expansions detected at each time point were also identical.

Thus, it is possible that a recurrent viral infection could be responsible for the sustained T

cell expansions observed in these patients. To investigate this further, a patient experiencing

an outbreak of herpes labialis was enrolled in our study. Fig. 4 reveals that during her herpes

outbreak, numerous T cell expansions were detected; three of these are depicted here.

However, 6 months and 12 months later, these expansions were undetectable. Thus, a

normally functioning immune system is very dynamic, allowing for rapid expansions and

contractions of T cells. Therefore, we can conclude that PBC patients and a fraction of

healthy controls have aberrant chronically expanded circulating T cells.

4. Discussion

We demonstrated that the surface phenotype of clonally expanded T cells can be

characterized directly ex vivo without the need of prolonged in vitro culturing. To our

knowledge, this is the first report on the cellular characteristics of T cell clonal expansions

in patients with PBC.

During a typical immune response the initial antigen encounter triggers a massive clonal

expansion inducing the differentiation of naïve T cells into effector T cells. Ideally, this

rapid T cell expansion is followed by a contraction phase to avoid immunopathology after

the antigen or infection is cleared [23–25] (Fig. 4). However, intrinsic T cell defects or

disease states might render immune systems more susceptible to sustained unopposed T cell

responses, which may result in the development of autoimmunity [25–27]. In the setting of

autoimmunity, there is accumulating evidence that the organ-specific destruction is mediated

by cellular immune responses, particularly T cells [28, 29]. PBC is an organ-specific

autoimmune liver disease characterized by mononuclear cell infiltrates in the portal tracts.

The infiltrates are comprised predominantly of CD4+ and CD8+ T cells [30–32].

Oligoclonal expansions have been observed in the CD8+ CD57+ T cell population of

rheumatoid arthritis (RA) patients [33]. Likewise, autoreactive CD8 T cells are currently

believed to be a major effector cell type responsible for some of the tissue damage seen in

PBC [34, 35]. Furthermore, proinflammatory IFN-γ-producing PDC-E2-specific CD8+

cytotoxic T lymphocytes were found in the liver of patients with PBC [13], and a mouse

model of PBC also demonstrated a prominent role of CD8 T cells in liver pathogenesis [36].

Finally, immunohistochemistry analysis of liver biopsy specimens revealed increased CD3+

CD57+ T cells within the portal tracts in patients with PBC, particularly around injured

interlobular bile ducts [37]. Based on these findings, a positive correlation between the

clonally expanded CD8+ CD57+ T cells observed in our study and the pathogenesis of PBC

is plausible. Seven of the control patients also had T cell expansions and in prior studies, up

to 50% of healthy individuals have shown T cell expansions in their peripheral CD8 T cell

repertoire [38]. Thus, the observed T cell expansions in our PBC patients are not necessarily

autoreactive. This is a major drawback of our study. Unlike many reports of T cell
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expanions in healthy controls, our PBC patients had expansions in both their CD4 and CD8

T cell populations (Fig. 3).

A critical component of the pathogenesis of autoimmunity is the ability of T cells to be

recruited to the target organ. By providing signals for lymphocyte adhesion, migration, and

retention, chemokines and cellular adhesion molecules contribute to the pathogenesis and

progression of inflammatory diseases. CX3CR1 is a seven-transmembrane G-protein-

coupled chemokine receptor dominantly expressed on NK cells, monocytes, dendritic cells,

and some T cells [39]. Its high-affinity ligand is fractalkine, also known as CX3CL1, a novel

fourth class of chemokine. Fractalkine is a unique transmembrane molecule with a CX3C-

motif and a mucin-like stalk. Fractalkine/CX3CR1 interactions mediate both cell adhesion

and migration [22, 39, 40]. Up-regulation of fractalkine has been observed on injured biliary

epithelial cells (BEC) and in the serum of patients with PBC [41], in the lesional tissue of

patients with Crohn’s disease, and in the serum of patients with allergic asthma [42–44].

Moreover, it has been reported that CX3CR1-positive mononuclear cells and CX3CR1-

positive intraepithelial lymphocytes are found in the portal tracts and injured bile ducts,

respectively, of patients with PBC [41, 45]. This evidence supports the pathogenic nature of

the characterized T cell expansions in our PBC patients.

This paper is part of a special dedicated issue in honor of Chella David. Dr. David’s

contributions to immunology have been enormous and we especially note his willingness to

provide unique mouse strains without the burdens of MTAs that are so often required. This

issue is part of a special series of the Journal of Autoimmunity and Autoimmunity Reviews

that honors autoimmunologists including Ian Mackay, Noel Rose, Harry Moutsopoulos, but

also has included special dedicated issues that attempt to focus on critical problems of

geoepidemiology and especially treatment. This current issue likewise attempts to provide a

broad overview of these critical areas [46–63].
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Fig. 1.
PBC patients have dominant T cell expansions belonging to their peripheral effector

memory pool. PBMCs were sorted into four populations using magnetic beads and

antibodies specific to CCR7 or CD62L, markers known to be down regulated on effector

memory T cells. The resulting populations were then subjected to TCR Vβ CDR3-length

repertoire analysis. All spectra are shown. With this technique, if there is no detectable T

cell expansion within a Vβ spectrum, a Gaussian distribution of CDR-3 lengths is observed.

In contrast, clonal expansions are observed as a perturbation of this Gaussian distribution.
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There were no strong expansions detected in the CD62L+ and CCR7+ populations. In

contrast, several spectratype expansions were found in CD62L− or CCR7− populations, as

indicated by arrows.
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Fig. 2.
Additional sorting identifies T cell clonal expansions as either CD4+ or CD8+. A) The buffy

coat obtained from a healthy control was sorted into CD62L+ and CD62L− populations.

Vβ22 spectra are shown at 5x scale. The Gaussian distributions of these spectra indicate that

there are no clonal expansions present. B) The same protocol performed on a patient with

PBC reveals a large clonotypic expansion present in the CD62L- population. Results are

shown at 1x scale. C) 4 months later, this same expansion was observed. Further sorting

reveals that the expansion is a CD8+ T cell (1x scale).
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Fig. 3.
A multistep strategy reveals the surface phenotype of the clonally expanded T cells. PBMCs

were separated into CD62L− and CD62L+ fractions using magnetic beads, and the resulting

samples underwent TCRVβ CDR3-length T cell repertoire analysis. Expansions were

identified in the CD62L− population, data not shown. Staining with specific anti-Vβ
antibodies and a panel of other antibodies, the phenotype of clonally expansion T subsets

was characterized by Flow Cytometry. (A) Clonally expanded Vβ22T cells detected in the

CD8+ CD62L− T cell fraction isolated from Patient BD01, Vβ4 T cells in the CD4+ CD62L−

T cells isolated from Patient BM11, and Vβ23 T cells in the CD4+ CD62L− and CD8+

CD62L− T cells isolated from Patient TW13 were analyzed by Flow Cytometry. (B)

Compared with non-expansion controls, clonally expanded Vβ subpopulations have an

effector memory phenotype and a significant increase in CD45RO, CD57, CCR7, CX3CR1,

and Fas expression (* p < 0.05).
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Fig. 4.
Healthy control mounts a dynamic T cell response after recurrent viral exposure. Blood was

drawn from a healthy control approximately 4 days after small grouped vesicles appeared on

her cutaneous upper lip, indicating herpes viral infection. PBMCs were isolated and sorted

into CD62L positive and negative fractions. Vβ3, Vβ7, and Vβ16 T cell expansions were

identified at the 4 day time point but were undetectable at 6 and 12 months.
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